
Summary. Using intracellular recording and
immunohistochemistry, we studied the presynaptic
muscarinic autoreceptor subtypes controlling ACh
release in the neuromuscular junctions of the newborn
(3-6 days postnatal) and adult (30-40 days) rat. In the
Levator auris longus muscles of both newborn and adult
rats, acetylcholine release was modified by the M1-
receptor selective antagonists pirenzepine (10 µM) and
MT-7 (100 nM) and by the M2-receptor selective
antagonists methoctramine (1 µM) and AF-DX 116 (10
µM). The M4-receptor selective antagonists tropicamide
(1 µM) and MT-3 (100 nM) can also modify the
neurotransmitter release in certain synapses of the
newborn muscles. The neurotransmitter release was not
altered by the M3-receptor selective antagonist 4-DAMP
(1 µM) in the adult or newborn rats. However, we
directly demonstrate by immunocytochemistry the
presence of these receptors in the motor endplates and
conclude that M1-, M2-, M3- and M4-type muscarinic
receptors are present in all the neuromuscular junctions
of the rat muscle both in newborn and adult animals.
These receptors may be located in the perisynaptic glial
cell as well as at the nerve terminals.
Key words: Motor nerve, Cholinergic synapse,
Autoreceptors

Introduction

Presynaptic muscarinic acetylcholine autoreceptors
(mAChRs) are involved in both the inhibition and
enhancement of acetylcholine (ACh) release in
cholinergic synapses (Ganguly and Das, 1979; Abbs and
Joseph, 1981; Wessler et al., 1987; Arenson, 1989;
Caulfield, 1993; Caulfield and Birdsall, 1998;

Nathanson, 2000; Parnas et al., 2000). However, the
subtypes of mAChRs (M1-M5) related to the modulation
of neurotransmitter release in the various central and
peripheral cholinergic circuits during development and
in the adult are not fully resolved (Allen, 1999; Arellano
et al., 1999; Slutsky et al., 1999; Minic et al., 2002,
Santafé et al., 2003, 2004). A dual M1/M2
(enhancement/inhibition) pattern of mAChRs functional
expression has been found recently at the adult skeletal
neuromuscular junctions (NMJs) (Slutsky et al., 1999;
Minic et al., 2002; Santafé et al., 2003). We also
observed that M1, M2 and M4 muscarinic autoreceptors
are differentially expressed in nerve endings on the
dually- and monoinnervated synapses of the newborn
mammals. We have showed that these receptors are
differentially linked to the L-, N- and P/Q-type voltage-
dependent calcium channels (VDCC), and may directly
modulate both synaptic consolidation (transmitter
release potentiation in the most active ending) and
elimination (depression in certain less active endings)
during axonal competition and neural connectivity
maturation (Santafé et al., 2004).

Transmitter release can be self-modulated by
autoreceptors on the presynaptic terminal itself (see
Starke et al. 1989 for a review). Muscarinic
autoreceptors regulate acetylcholine release in several
regions of the brain and presynaptic localization of
muscarinic receptors was demonstrated for several
instances in the rat brain (Rouse and Levey, 1997). To
date however, in spite of the high understanding of the
mAChRs functionalism in the skeletal muscle synapses,
direct evidence of mAChRs in newborn and adult NMJs
is partial. Recently, M1 mAChRs have been observed in
adult mice NMJs (Minic et al., 2002), but there is no
clear and direct demonstration for the other mAChRs
subtypes during development in the newborn and adult
NMJs. Therefore, although the relevant mAChRs have
not been directly observed in the NMJs, their action in
the neurotransmitter release process has been clearly
described. The aim of this paper is to directly
demonstrate, in the newborn and adult rat NMJs by

Expression of muscarinic acetylcholine 
receptors (M1-, M2-, M3- and M4-type) in the
neuromuscular junction of the newborn and adult rat
N. Garcia, M.M. Santafé, I. Salon, M.A. Lanuza and J. Tomàs
Histology and Neurobiology Unit, Faculty of Medicine and Health Sciences, Rovira i Virgili University, Reus, Spain

Histol Histopathol (2005) 20: 733-743

Offprint requests to: Dr. M.M. Santafé, Unitat d’Histologia i
Neurobiologia (UHN), Facultat de Medicina i Ciències de la Salut,
Universitat Rovira i Virgili, carrer St Llorenç num 21, 43201 Reus, Spain.
e-mail: msm@fmcs.urv.es / manuel.santafe@urv.net

DOI: 10.14670/HH-20.733

http://www.hh.um.es

Histology and
Histopathology
Cellular and Molecular Biology



immunocytochemistry, the presence of these different
subtypes of autoreceptors. 
Material and methods

Animals

Experiments were performed on the Levator auris
longus (LAL) muscle of adult (30-40 days) and neonatal
(3-6 days) Sprague-Dawley rats (Criffa, Barcelona,
Spain). The rats were cared for in accordance with
European Community Council Directive guidelines
(86/609/EEC) for the humane treatment of laboratory
animals.
Electrophysiological recordings

For the electrophysiological experiments, the rats
were anesthetized with 2% tribromoethanol (0.15 ml / 10
g body weight, I.P.). The muscle with its nerve supply
was excised and dissected on a Sylgard-coated Petri dish
containing normal Ringer solution (in mM): NaCl, 137;
KCl, 5; CaCl2, 2; MgSO4, 1; NaHCO3, 12; Na2HPO2, 1and glucose 11, continuously bubbled with 95% O2 / 5%
CO2. The preparation was then transferred to a recording
chamber of 5 ml for adult muscles and 1 ml for neonatal
LAL muscles. The bathing solution was circulated at 8
ml hour-1 with a peristaltic pump (Minipuls-3, Gilson).
Experiments were performed at room temperature (22-
25°C). The bathing temperature was also monitored
during experiments (23.4±1.7°C, Digital Thermometer
TMP 812, Letica).

Evoked endplate potentials (EPPs) and miniature
endplate potentials (MEPPs) were recorded
intracellularly with conventional glass microelectrodes
filled with 3M KCl (40-70 MΩ resistance). Recording
electrodes were connected to an amplifier (Tecktronics,
AMS02) and a distant Ag-AgCl electrode connected to
the bath solution via an agar bridge (agar 3.5% in 137
mM NaCl) was used as reference. The signals were
digitized (DIGIDATA 1200 Interface, Axon Instruments
Inc, CA, USA), stored and computer analyzed. The
software Axoscope 9.0 (Axon Instruments Inc, CA,
USA) was used for data acquisition and analysis.

To prevent stimulation-induced contractions, both
neonatal and adult muscles were cut on either side of the
main intramuscular nerve branch (Hubbard and Wilson,
1973). A pre-incubation with normal Ringer was
performed for 30 minutes after being cut and before the
experiment. The cut fiber muscle preparations became
partially depolarised, which inactivated voltage-
dependent sodium channels. Muscle contractions were
therefore almost eliminated. With this procedure we saw
small EPPs without the attenuating effect of curare or
low extracelular calcium.

Neuromuscular preparations were equilibrated with
the various pharmacological agents (see later) used 
for at least 20 min before electrophysiological 
recordings.

Adult muscles
After a muscle fiber had been impaled, the nerve

was continuously stimulated (70 stimuli at 0.5 Hz) by
two platinum electrodes coupled to a pulse generator
(CIBERTEC CS-20) associated to a stimulus isolation
unit. The last 50 EPPs were recorded (minimum 15
fibers per muscle). The intensity of the stimulus was
always 3 times the threshold. Records were rejected if
the membrane potential (Vm) was < -30 mV or if this
fell by more than 5 mV during the recording period. We
calculated the mean amplitude (mV) per fiber and
corrected it for non-linear summation (EPPs were
usually more than 4 mV; McLachlan and Martin, 1981).
The records were rejected if the rise time was > 1 ms.

Newborn muscles
When a neonatal muscle fiber was impaled, the

nerve was stimulated by a suction electrode with
increasing intensity from zero until we observed an EPP.
If the size and latency of the EPP remained constant as
the stimulus was raised, we concluded that the endplate
was mono-innervated. In endplates with polyneuronal
innervation, raising the stimulus amplitude caused one or
more axons to be recruited, which produced a stepwise
increment in the EPP (Redfern, 1970). With dually
innervated fibers, a second EPP can appear after the first
one when the intensity of the electrical stimulus is
raised. This compound EPP is built by the recruitment of
two axons. In this study, we calculated the EPP
amplitude of the second axon response by subtracting
the first EPP amplitude from the compound EPP. The
lowest and highest amplitudes are designated as “the
small-EPP” (S-EPP) and “the large-EPP” (L-EPP),
respectively. We found that neither the low nor the high
threshold was related to the size of the EPP that they can
generate. In this paper, we did not study the NMJs
innervated by more than two axons.

Once we knew the number of axonal inputs per
endplate and had determined the single or dual
innervation of a NMJ, the nerve was stimulated as in
adult muscles. At the mono-innervated endplates, a train
of 20 stimuli (0.5 Hz) was delivered and the last 10 EPPs
were recorded. At dual junctions we repeated this
procedure for both axonal inputs by changing the
stimulus amplitude. We studied a minimum of 15 fibers
per muscle and usually a minimum of 5 muscles in each
type of experiments. Records were rejected if the
membrane potential (Vm) was < -15 mV or if it fell by
more than 5 mV during the recording period. We
calculated and corrected the mean amplitude (mV) per
fiber by assuming a membrane potential of -35 mV
(mean membrane potential of LAL 3-6-day-old muscle
fibers after 30 minutes of muscle cut = -35.72 mV ±
1.77). This membrane potential did not significantly
change during the longest exposures to the muscarinic
antagonists. To ensure the recordings were made close to
the endplate(s), we took care to record from sites where
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the EPP had the steepest rise time possible (usually less
than 5 ms).
Electrophoresis and western immunoblotting

We dissected neonatal and adult LAL muscles as for
the electrophysiological experiments and preserved them
at -80°C until use. To obtain the subcellular fractions,
the muscles were homogenized in buffer A containing 20
mM Tris (pH 7.5), 10 mM EDTA, 10 mM EGTA, 10
mM ß-mercaptoetanol, 50 µg/ml Leupeptine, 10 mM
benzamide, 0.5% Aprotinine, and 10 mM
phenylmethylsulfonyl fluoride. Insoluble material, such
as nuclei and extracellular matrix, was removed by
centrifugation at 6,000 g for 4 min. The supernatants
were collected and centrifuged at 95,000 g for 45 min to
yield supernatants (cytosolic fractions) and the pellets
(membrane fractions) were resuspended in buffer A
containing 1% triton X-100. Protein concentrations were
determined using the Bio-Rad protein assay.

For the immunoblot analysis, samples (50 µg) were
electrophoresed on 10% SDS-polyacrylamide gels
(Laemmli, 1970) and transferred to polyvinylidene
difluoride PVDF membranes (Amersham-Pharmacia) by
electroblotting. The PVDF membranes were blocked in
5% nonfat milk in Tris–buffered saline (50 mM Tris pH
7.4, 200 mM NaCl, 0.1% Triton X-100) containing 0.2%
Tween 20. The dilution for the primary antibodies anti-
M1, anti-M2, anti-M3 and anti-M4 muscarinic receptors
was 1/200. Horseradish peroxidase-conjugated
secondary antibody from Santa Cruz was used at dilution
of 1/2000. Horseradish peroxidase-bound signal was
detected using enhanced chemioluminescence (ECL,
Amersham Live Science). Specific binding was blocked
by preincubating with anti-M1, anti-M2, anti-M3 and
anti-M4 muscarinic receptors with an excess of peptide.

The densitometry program Phoretix (Non Linear
Dynamics LTD, Newcastle-Upon-Tyne, UK) was used to
analyse the density of different bands. The results were
expressed in densitometric units.
Immunohistochemistry

Levator auris longus muscles were dissected from
anesthetized rats and fixed with 4% paraformaldehyde in
phosphate buffer saline (PBS) for 30 min. After fixation
the muscles were rinsed with PBS, then incubated with
1% bovine serum albumin (BSA) and 0.5% Triton X-
100 in PBS. Whole mounts of LAL muscles were
processed for triple immunohistochemistry to
simultaneously detect postsynaptic nicotinic
acetylcholine receptors (nAChRs), mAChRs and
syntaxin. nAChRs were stained with Alexa fluor 647-α-
BTX. Muscles were incubated overnight with a rabbit
antibody against M1 or M2 receptors or a goat antibody
against M3 or M4 mAChR and a mouse anti-syntaxin in
1% BSA in PBS and then rinsed with 1% BSA in PBS.
The appropriated two secondary antibodies conjugated
with FITC or TRICT were then added and incubated for

2 h. An amplification system was used to increase the
signal of mAChRs staining. After rinsing, muscle fibers
were mounted in Mowiol with p-phenylenediamide
(Sigma). For each age (adult and newborn), at least three
muscles were used as negative controls (one control was
incubated in the absence of antibody and the other was
preincubated with 100 mM mAChR specific blocker
peptide from Santa Cruz).
Confocal microscopy 

Labeled NMJ were viewed with a laser Scanning
Spectral Confocal Microscope Leica SP2 (Leica Laser
Technik GmbH, Heidelberg, Germany). Images were
taken using a 63x objective (numerical aperture 1.4, oil).
FITC, TRICT and Alexa 647 were sequentially excited
at the 488 nm, 568 nm and 633 nm in argon–krypton
–HeNe laser. Bandpass filters were chosen to select each
emission. x,y-sections were collected in the z-direction
through the sample using a high-resolution z-stage.
Three dimensional (3D; maximum intensity projections)
projections of the successive dual color confocal x,y-
sections were performed using the 3D module of the
Leica confocal scanning laser microscope software.
Statistical procedure

Values are expressed as means ± S.E.M. We used a
one-way analysis of variance (ANOVA) to evaluate
differences between groups and the Bonferroni test to
make multiple comparisons. When evaluating
differences between only two groups, we used two-tailed
Welch’s t-test (for unpaired values and not assuming
equal variances). Differences were considered
significant at P < 0.05.
Chemicals

Muscarinic agents and toxins
Stock solutions: Pirenzepine dihydrochloride 10 mM

(TOCRIS), Methoctramide tetrahidrochloride 1 mM
(Sigma), N-ethyl-3-hidroxi-2-phenil-N-(pyridinyl-
methyl) propanamide (Tropicamide) was made up as a
10 mM stock solution in dimethylsulfoxide (DMSO),
(TOCRIS), 1,1-dimethyl-4-diphenylacetoxy-
piperidinium iodide (4-DAMP) 100 mM (TOCRIS), AF-
DX 116 (TOCRIS) ) was made up as a 100 mM stock
solution in DMSO, MT-3 50 µM (Alomone Labs) and
MT-7 50 µM (Peptides International).
Working solutions: Pirenzepine 10 µM, Methoctramine
1 µM, Tropicamide 1 µM, 4-DAMP 1 µM, AF-DX 116
10 µM, MT-3 100nM and MT-7 100 nM. All solutions
were stored at 4°C for less than 4 weeks.

The final DMSO concentration in control and drug-
treated preparations (Nitrendipine, tropicamide and AF-
DX 116) was 0.1% (v/v). In control experiments, this
concentration of DMSO did not affect any of the studied
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parameters (data not shown).
α-bungarotoxin conjugated with Alexa Fluor 647

and Alexa Fluor 488 signal-amplification Kit were
purchased from Molecular Probes, The Netherlands.
Antibodies: The rabbit antibodies against M1 or M2
receptors were purchased from Alomone-Labs and the
goat antibodies against M3 or M4 mAChR from Santa
Cruz. The mouse monoclonal anti-syntaxin antibody was
purchased from Sigma. Fluorescein isothiocyanate
(FITC)-conjugated donkey antigoat, FITC-conjugated
donkey antirabbit and tetramethylrhodamine (TRICT)-
conjugated donkey antimouse were from Jackson
Immunoresearch Laboratories.
Results

Functional expression of mAChRs subtypes on the
newborn and the adult neuromuscular junction

Table 1 shows the effect on neuromuscular
transmission of several drugs and toxins that selectively

block the different mAChRs subtypes. The data are
expressed as the ratio (EPP2/EPP1) between the EPP
amplitude before (EPP1) and after 60 minutes incubation
with a muscarinic antagonist (EPP2). Our results show
that in the adult NMJs there are pirenzepine-sensitive
(and MT-7 sensitive) M1 receptors than can tonically
enhance release (positive feedback) when operated by
endogenous ACh, and methoctramine-sensitive (and AF-
DX 116 sensitive) M2 receptors performing a negative
feedback function. M3 and M4 selective antagonists
cannot modify the adult neuromuscular ACh release. 

In the newborn rats, the response to the muscarinic
antagonists of the nerve ending in the singly innervated
endplates is similar to the response of the ending that
generates the large-EPP in dual junctions. These
responses involve an inhibition of ACh release by the
M1-receptor antagonists pirenzepine and MT-7 and the
M2-receptor antagonists methoctramine and AF-DX
116. The small-EPP was also inhibited by both M2-
receptor antagonists methoctramine and AF-DX 116.
However, the small-EPP was enhanced by M1-receptor
antagonists pirenzepine and MT-7. The M4-receptor
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M1 ANTAGONISTS M2 ANTAGONISTS M3 ANTAGONISTS M4 ANTAGONISTS
Pirenzepine MT-7 Methocthramine AFX-116 4-DAMP Tropicamide MT-3

(1) (2) (3) (4) (5) (6) (7)

ADULT 0.536* 0.406* 1.676* 1.440* 1.000 1.047 1.068
±0.177 ±0.018 ±0.154 ±0.029 ±0.090 ±0.030 ±0.031

SINGLE-EPP 0.502* 0.502* 0.598* 0.520* 0.954 0.873 0.994
(newborn) ±0.064 ±0.044 ±0.051 ±0.103 ±0.045 ±0.039 ±0.073
L-EPP 0.757* 0.658* 0.295* 0.497* 0.931 0.938 1.019

±0.016 ±0.044 ±0.211 ±0.043 ±0.056 ±0.020 ±0.025
S-EPP 1.890* 1.498* 0.295* 0.579* 0.935 1.741* 2.222*

±0.430 ±0.009 ±0.155 ±0.044 ±0.022 ±0.028 ±0.193

The table shows the effect on both the adult and newborn NMJ transmission of several drugs and toxins that selectively block the various mAChRs
subtypes. The data are expressed as the ratio (EPP2/EPP1) between the EPP amplitude before (EPP1) and after (60 minutes) incubation with a certain
muscarinic agent (EPP2). In the dually innervated fibers of the newborn, a second EPP can appear after the first one when the intensity of the electrical
stimulus is raised. This compound EPP is built by the recruitment of two axons. In this study, we calculated the EPP amplitude of the second axon
response by subtracting the first EPP amplitude from the compound EPP. The lowest and highest amplitudes are designated as “the small-EPP, (S-
EPP)” and “the large-EPP, (L-EPP)”, respectively. The data are expressed as mean ± SEM. For each group, n= 5 muscles, minimum 15 fibers per
muscle. *, P < 0.01.

The Diagrams (on the top of the Table) are a graphic representation to show the pattern of the muscarinic antagonists effect on the four types of
NMJs described here. The thin line means the ratio 1 or “no effect”. The experimental effect of the muscarinic antagonists is showed by the thick line.
The ordinal numbers of the axis mean the different antagonists used. SEMs are eliminated for clarity. It can be noted that the single-EPP and the L-
EPP show a similar pattern of response to the muscarinic antagonists whereas the S-EPP has a very different pattern.

Table 1. Effect of several drugs and toxins that selectively block the mAChRs subtypes on adult and newborn NMJ transmission. 



selective antagonists tropicamide and MT-3 can also
increase the small-EPP amplitude. Therefore, M1 and
M2 receptors are functionally present in the NMJs of the
adult and newborn LAL muscle and M4 receptors are
present in some NMJs of the newborn rat. Their
selective block results in defined and specific patterns of
neurotrasmitter release modulation (see also Santafé et
al., 2003, 2004). M3 receptors are not functionally
coupled in these synapses. The diagrams included in
Table 1 show the differences in the pattern of the
mAChRs inhibition on the four types of NMJs studied.

To discard the postsynaptic effects of the drugs and
toxins, we also analyzed the effect of the muscarinic
antagonists on MEPP amplitude from adult and newborn
muscles. We found that at the concentrations used, these
compounds did not modify the size of the single
quantum event and that a postsynaptic effect is therefore
unlikely. Therefore, the effects observed in evoked
synaptic potentials are really due to presynatic changes
in transmitter release. 
Expression of muscarinic receptor subtypes M1, M2, M3
and M4 in the newborn and adult LAL skeletal muscle

To test the antibodies used and determine the
presence of the mAChRs subtypes in the newborn and
adult LAL muscle before analyzing their
immunocytochemical localization in the NMJs and any
developmental changes, the anti-M1, anti-M2, anti-M3
and anti-M4 antibodies were tested with immunoblots of
homogenates of the muscle (Fig. 1). Identical amounts of
total protein from soluble and membrane-associated
extracts of muscle homogenates were immunoblotted
with the antibodies. In the soluble extract, we did not
detect any band. In the membrane-associated muscle
extracts, both in newborn and in adult rats, anti-M1
antibody reacted with a single immunoreactive band of
120 KDa and anti-M2 antibody also reacted with a

single band of 62 KDa. The anti-M3 mAChR antibody
revealed bands with apparent molecular weights of 95
and ~45 KDa, and a nonspecific labelling of ~90 KDa
not observed in brain homogenates (data not shown)
whereas anti-M4 antibody reacted with a single band of
77 KDa. In all cases, the band position is consistent with
the predicted molecular mass of these receptors. As
previously reported for mAChRs (Zeng and Wess, 1999)
the ~45 KDa band observed in the M3 Western blot
seems to be derived from the 95 KDa molecule by
proteolytic breakdown. We performed a quantitative
densitometric study to evaluate the relative amounts of
the receptors during the developmental evolution in the
whole muscle. In the adult, M1, M2, M3 and M4
receptors are more abundant than in the newborn 1.72-,
2.74-, 3.12 and 1.47-fold, respectively.
Localization of the mAChRs subtypes by
immunohistochemistry on the LAL skeletal muscle NMJs

To determine the presence of M1-, M2-, M3- and
M4-subtypes of mAChRs in the NMJs, we performed an
immunofluorescence analysis. In the confocal laser
microscopy examination, we found a distinctive pattern
of immunoreactivity for these four receptors, both in the
newborn (Fig. 2) and in the adult (Fig. 3). By
immunocytochemistry, M1, M2, M3 and M4 mAChRs
were detected at the adult endplates and also at the
newborn NMJs during all the postanatal days studied
(P3-P6). Although there seem to be some differences in
fluorescence intensity on different days, in the newborn
animals this difference was not quantified in this study.
In the neural bands of all the muscles, we observed
fluorescently labelled discrete areas with all the
antibodies to the muscarinic receptors. Apparently, there
was one area per muscle cell. These areas co-localized
with Alexa 647-α-BTX-labeled nAChRs, and also with
anti-syntaxin labeled motor nerve terminals (Figs. 2, 3).
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Fig. 1. Western immunoblotting. Western blot analysis of M1, M2, M3 and M4 mAChRs in the membrane fraction of the isolated LAL nerve-muscle
preparations of the newborn (B) and adult (A) mouse. The amount of protein loaded in each lane was 50 µg. The apparent molecular weights of each
receptor protein are indicated. Preadsorbed M1, M2, M3 and M4 mAChRs antibodies with their highly purified immunogenic peptide was used to control
specificity of the antibody (C).



Fig. 2. Immunocytochemical location of M1, M2, M3 and
M4 mAChRs in the newborn NMJs (P3-P6). The anti-M1,
anti-M2, anti-M3 and anti-M4 fluorescently labeled areas (in
green) co-localized with Alexa 647-α -BTX labeled
postsynaptic nAChRs (in blue) and with anti-syntaxin
labeled motor nerve terminals (in red). The last column
shows the coincident points of mAChRs with syntaxin and
nAChRs and represents the co-localization between the
three labels. This indicates the specific presence of all
muscarinic receptors at these synapses. The optical
sections were performed from the top of the NMJ (the
presynaptic region) to the bottom (the postsynaptic
membrane with nAChRs). M1-type mAChRs: In the upper
endplate of figure 2a, the syntaxin label was slightly
displaced above the nAChR mark. In this synapse, the area
with the highest intensity of the mAChRs mark can
correspond with the syntaxin mark suggesting the presence
of the M1 molecule mainly in the axon terminal. Syntaxin-
labeled preterminal axon is also positive to the M1 mAChR.
However, figure 2a (arrow in co-localization) shows
mAChRs immunoreactivity beyond the borders of syntaxin
and nAChRs marks, which suggests the presence of M1
also in the teloglial Schwann cell. M2-type mAChRs: In
figures 2c and 2d, zones of the M2 mAChR mark do not
coincide with the syntaxin or nAChR labels (arrows in
colocalization in c and d), though in general the respective
marks correspond well. This pattern suggests (as with the
M1-type mAChRs) the presence of M2 in the Schwann cell
and in the nerve terminal (the syntaxin-labeled preterminal
axon is also M2 mAChR positive). M3-type mAChRs:
Figure 2 (e and f) show the presence of well defined M3
immunoreactivity in the newborn NMJs. There is a good co-
localization with syntaxin and nAChRs. In addition, there
are also immunoreactive spots that suggest the presence of
M3 in Schwann cells (arrow in the co-localization picture of
f igure 2e). M4-type mAChRs: There is an anti-M4
immunolabel in the neuromuscular junctions of the newborn
(figures 2g and 2h). There is generally good
correspondence between the syntaxin and nAChRs mark
and the mAChRs signal. However, areas of low-intensity
mAChRs immunoreactivity suggest Schwann cell nuclei
(arrow in 2g). The preterminal axons are not
immunoreactive for M4-type mAChRs. Scale bar: 10 µm.
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Fig. 3. Immunocytochemical detection of M1, M2, M3 and
M4 mAChRs at the adult NMJs. The mAChRs positive
areas co-localize with Alexa 647-α-BTX labeled nicotinic
receptors (nAChRs), but also with anti-syntaxin labeled
axon terminals. The last column shows the coincident
points of mAChRs with syntaxin and nAChRs and
represents the co-localization between the three labels.
M1-type mAChRs: In the highly differentiated NMJs of the
adult muscle, we generally found the same pattern of
mAChRs immunoreactivity as in the newborn muscle,
though the mAChRs mark was more diffuse inside the
adult motor endplate area. There are coincident syntaxin-
and mAChRs-positive labels clearly outside the nAChRs
postsynaptic gutters. Arrows in the nAChRs picture of
figures 3a and 3b mark “holes” outside the postsynaptic
gutters (unreactive to nAChRs) but occupied by mAChRs
and syntaxin labels. This suggest that M1 is not present in
the nAChR-defined postsynaptic site. Although the
coincidence between syntaxin and mAChRs is high,
difusse mAChR immunoreactivity in the NMJ may suggest
the possible labeling of the teloglial cell. Syntaxin-labeled
preterminal axons are also positive to the M1 mAChRs.
M2-type mAChRs: In the adult muscles, the anti-M2
antibody does not label the preterminal axon (figures 3c
and 3d), and in all cases the endplate mAChR-positive
area goes beyond the borders of the almost exactly
coincident (this is the rule in almost every adult endplate)
syntaxin and nAChRs marks. Moreover, oval areas of low-
intensity mAChRs may be occupied by Schwann cell
nuclei (arrows in c and d mAChR). M3-type mAChRs: The
pictures (e and f) show a similar pattern of labeling in the
adult NMJs as in the newborn. Oval areas without staining
strongly suggest Schwann cell nuclei (arrows in the co-
localization picture of the figure 3e and 3f). In all cases
(newborn and adult), preterminal axons are also stained
with the anti-M3 antibody. M4-type mAChRs: We
observed anti-M4 immunolabels in the neuromuscular
junctions of the adult muscles (figures 3g and 3h). The
mAChRs mark shows here a diffuse pattern and their
limits go beyond the syntaxin and the nAChRs marks. The
preterminal axons are not immunoreactive for mAChRs.
Scale bar: 10 µm. 



The NMJs in the P3-P6 newborn rats (Fig. 2) are under
the maturation process of nAChRs distribution and the
elimination of polyinnervation. At this time, the
postsynaptic clusters of nAChRs are elongated oval
plaques with a few hints of inhomogeneities in receptor
density. A greater density of nAChRs was located in a
few narrow ridges that occur within the plaque, and one
or more non-innervated fluorescence-free “holes”
(without nicotinic receptors) began to appear inside the
receptor clusters. On the other hand, very faint anti-
syntaxin labeled presynaptic buttons and axonal
terminals appeared in P3-P6 muscles, and in most cases
intramuscular nerve fibers were not fully marked. In the
NMJs of the adult rat (Fig. 3), the oval nAChRs areas
were transformed into a more mature branched pattern
with a moderately convoluted external border and high
and low receptor density areas. The high density regions
were overlain by nerve terminal branches, while the
other regions were not innervated.

M1-type mAChRs
In the upper endplate of figure 2a, the syntaxin label

was slightly displaced above the nAChR mark. In the
confocal optical sections, this arrangement can be seen
in a side view of the synapses (lateral view in contrast to
the en face view). In this synapse, the area with the most
intense mAChRs signal corresponds to the syntaxin
label. This high correspondence is also seen in figure 2b,
which suggests the presence of a M1 molecule mainly in
the axon terminal. However, figure 2a (arrow in
colocalization) shows some faint mAChRs
immnunoreactivity in a NMJ area outside the borders of
syntaxin and nAChRs labeling, which suggests the
presence of M1 also in the teloglial Schwann cell. 

The same pattern of mAChRs immunoreactivity was
observed in the highly differentiated NMJs of the adult
muscle, though in this case the mAChRs mark was

diffuse inside the motor endplate area between the
synaptic gutters. There were coincident syntaxin- and
mAChRs-positive labels clearly outside the nAChRs
postsynaptic gutters (the arrows in the nAChRs pictures
of figure 3a,b mark “holes” outside the postsynaptic
gutters and unreactive to nAChRs, though the holes are
occupied by mAChRs and syntaxin labels), which
suggests that M1 is not present in the nAChR-defined
postsynaptic site. Although the coincidence between
syntaxin and mAChRs is high, diffuse mAChR
immunoreactivity in the NMJ may suggest the possible
labeling of the teloglial cell.

In both the newborn and adult NMJs, the syntaxin-
labeled preterminal axon is also immunoreactive to the
M1 mAChR.

M2-type mAChRs
In the newborn muscles (fig. 2c,d), we observed

areas of the M2 mAChR mark that did not coincide with
either the syntaxin or the nAChR labels (arrows in
colocalization in c and d), though in general the marks
corresponded well. As with the M1-type mAChRs, this
pattern suggests the presence of M2 in the Schwann cell
and in the nerve terminal (the syntaxin-labeled
preterminal axon is also M2 mAChR positive).
However, in the adult muscles, the anti-M2 antibody did
not label the preterminal axon (Fig. 3a,c,d) and in all
cases the endplate mAChR-positive area was greater
than and extended beyond the borders of the almost
exactly coincident (the rule in almost every adult
endplate) syntaxin and nAChRs marks. Moreover, oval
areas of low-intensity mAChRs may be occupied by
Schwann cell nuclei (arrows in c and d mAChR).

M3-type mAChRs
As previously stated M3-type mAChRs are not
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Fig. 4. The diagram summarizes the results of this
study and indicates the presence of all mAChRs (M1 to
M4) in the presynaptic counterpart (in all cases
probably in the nerve terminal and perisynaptic
Schwann cell) of both newborn and adult rat NMJs.



coupled to transmitter release modulation in the newborn
and adult NMJs. Surprisingly, Figure 2e,f shows the
presence of well defined M3 immunoreactivity in the
newborn NMJs. There is a good co-localization with
syntaxin and nAChRs. In addition, there are also
immunoreactive spots that suggest the presence of M3 in
Schwann cells (arrow in the co-localization picture of
figure 2e). 

Figure 3 (e and f) show the same pattern of labeling
in the adult NMJs. Oval areas without staining strongly
suggest Schwann cell nuclei (arrows in the co-
localization picture of the figure 3e and 3f). In all cases
(newborn and adult), preterminal axons are also stained
with the anti-M3 antibody.

M4-type mAChRs
We observed anti-M4 immunolabels in the

neuromuscular junctions in both the newborn (Fig. 2g,h)
and adult muscles (Fig. 3g,h). In general there is good
correspondence between the syntaxin and nAChRs mark
and the mAChRs signal, especially in the newborn
muscles. In the adult muscles, the mAChRs mark shows
a diffuse pattern that goes beyond the syntaxin and
nAChRs marks. In this case also, areas of low mAChRs
immunoreactivity suggest Schwann cell nuclei (arrow in
2g). The preterminal axons are not immunoreactive for
mAChRs. 

In summary, the triple colocalization of mAChRs,
nAChRs and syntaxin in all the muscles we studied
indicates the specific presence of the M1, M2, M3 and
M4 muscarinic receptors at the newborn and adult
neuromuscular junctions.
Discussion

The main result of this study is the direct
observation by immunocytochemistry of both functional
(coupled to ACh release modulation: M1, M2 and also
M4 -in certain NMJs-) and non-functional (M4 -in most
synapses- and M3 in all cases) subtypes of mAChRs in
all the NMJs in both newborn and adult rat muscles. The
presence of these receptor subtypes in the mammalian
motor endplates has been functionally
(electrophysiologically) tested in this and in previous
papers (Santafé et al., 2003, 2004). We found that M3
receptors are not coupled to release modulation both in
newborn and adult NMJs. However, M3 mAChRs has
been found previously in western blots from innervated
areas of the mouse diaphragm (Minic et al., 2002).

In many cholinergic synapses, muscarinic
autoreceptors affect transmitter release. Acetylcholine
release can be self-modulated by autoreceptors on the
presynaptic terminal itself (see Starke et al., 1989 for a
review). The enhancement of ACh release has been
related to the M1 receptor in peripheral vagal nerve
endings (Ren and Harty, 1994) and in the neuromuscular
junctions of the frog (Slutsky et al., 1999), mouse (Minic
et al., 2002) and rat (Santafé et al., 2003). In the

inhibition of release, it seems that M2 receptors are
mainly involved in basal forebrain central neurons
(Allen and Brown, 1993; Allen, 1999) and also in
amphibian (Slutsky et al., 1999) and mammalian NMJs
(Minic et al., 2002, Santafé et al., 2003). However, M3
receptors in neostriatum (Hsu et al., 1995), and indeed
the M1 receptor in cerebral cortex and hippocampus
(Vannucchi and Pepeu, 1995), also seem to be involved
in mechanisms of inhibiting ACh release.

We have found that in the adult rat, M1 and M2
receptors modulate transmitter release by simultaneously
operating positive and negative feedbacks, respectively.
This situation has been also reported in the adult frog
(Slutsky et al., 1999) and mouse (Minic et al., 2002).
That there is more than one receptor type to explain the
muscarinic inhibition of ACh release was suggested
several years ago (M2 and M3, Ren and Harty, 1994; M2
and M1, Vannucchi and Pepeu, 1995). However, the dual
M1-M2 (enhancement-inhibition) pattern of mAChRs
has only recently been found at the adult skeletal NMJs.

In the newborn we identified a differential
endowment and behaviour of the mAChRs in the strong
and weak inputs at polyinnervated developing rat NMJs.
In the weak nerve terminal we found a M4-mediated
mechanism and a M1 mechanism that both produced a
powerful neurotransmission inhibitory modulation in
these axons. The strong ending has M1 and M2
mechanisms coupled to neurotransmission enhancement
(Santafé et al., 2004). Therefore, we found that M1, M2
and M4 muscarinic autoreceptors are differentially
expressed in nerve endings on neonatal multiinnervated
synapses. These receptors are also differentially linked
to the L-, N- and P/Q-type voltage-dependent calcium
channels (Santafé et al., 2004) and may directly
modulate both synaptic consolidation (largest ending
potentiation) and elimination (small ending depression)
during axonal competition and neural connectivity
maturation.

However, in this study we found, in relation to the
immunocytochemical localization of these receptors, that
M1, M2, M3 and M4 receptors are present in all
synapses observed both in adult and newborn NMJs.
Western immunoblotting indicates the good specificity
of the antibodies used and the confidence of the
histological marks. Therefore, M4-type mAChR that is
not operative in the adult or in the strongest nerve
terminals in the newborn can be functionally repressed
or uncoupled to release in these synapses. Similarly, M3
was present in all NMJs but we cannot find any coupling
to release modulation in our conditions. There are many
examples of membrane proteins that are recruited to
fully express a role only in certain developmental and
functional situations. These include ion channels such as
the L-type VDCC in the adult motor nerve terminals
(Urbano and Uchitel, 1999; Urbano et al., 2001) and
receptors such as AMPA glutamate receptors (Hanse et
al., 1997). mAChRs are G protein-coupled receptors that
are known to be phosphorylated in an agonist
concentration-dependent manner by G protein coupled
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receptor kinases, and this leads to desensitization (Tsuga
et al., 1994; Holroyd et al., 1999). It would be interesting
to see whether the higher level of ACh release in the
adult in comparison with the weakest endings of the
newborn contributes to the desensitization and functional
block of the M4 receptor. Also, different conditions of
release and the resulting variations in ACh concentration
in the synaptic cleft may influence the prevalence of M1
or M2 mAChRs. In several conditions in which
acetylcholinesterase is inactive, the predominant effect
of mAChRs may be to enhance ACh release by the M1
receptor subtype (Minic et al., 2002). We show that with
a physiological activation of the NMJs (action potentials
arriving at the nerve terminal, normal extracellular
calcium, unblocked postsynaptic receptors and full
physiological activity of acetylcholinesterase), M1- and
M2-mechanisms can operate in parallel and balance each
other out (Santafé et al., 2003). 

The expression of M1 to M4 mAChRs in all
newborn and adult NMJs may provide these synapses
with a wide range of activity-dependent release
modulation capacity by presynaptic autoreceptors.
However, a simple interpretation of our results was
difficult because: i) we were dealing with several
mAChRs types in the NMJs, ii) these were probably
located, at least in part, in different, although
functionally interdependent, NMJ sites (Schwann cell
and nerve ending), iii) they were also located in different
presynaptic components (several axon terminals in
polyinnervated newborn synapses or in monoinnervated
adult junctions) with different functionally expressed
mechanisms and competitive success depending on their
developmental destination of elimination or
consolidation. Also, we cannot rule out the possibility
that the mAChRs in the newborn rats are endowed with
non-standard properties, such as a common sensitivity to
different antagonists.

Presynaptic localization of muscarinic receptors was
demonstrated for several instances in the rat brain
(Rouse and Levey, 1997). To date, direct evidence of
mAChRs in newborn and adult skeletal muscle fibers is
partial. Recently, M1 mAChR has been seen in adult
mice NMJs (Minic et al., 2002), though a clear and
direct demonstration at the presynaptic compartment of
the NMJ is lacking for this and the other mAChRs.

The involvement of the muscle cells in the
functional effects of the muscarinic agents cannot be
completely excluded. However, we found that at the
concentrations used to determine the presence of the
muscarinic receptors the muscarinic drugs did not
modify the single quantum event, so a postsynaptic
effect is unlikely (Santafé et al., 2003). On the other
hand, the morphological samples show, in almost all
NMJs studied (stained for M1-, M2-, M3- or M4-type
mAChRs, both in newborn and adult muscles), many
spaces or holes between the postsynaptic gutters
(unreactive for the nAChRs) that are nevertheless
occupied by a mAChRs and/or a syntaxin label. Also, in
some synapses there are muscarinic marks outside the

nAChRs-defined endplate limits. All this suggests that
there is no significant presence of muscarinic receptors
in the muscle cell side of the synapse.

The mAChRs may be located in the axon terminal
because modulation of the mAChRs activity rapidly
changes evoked ACh release in the NMJs. The P/Q-type
related calcium-influx-dependence of the different
muscarinic effects on ACh release, in both the newborn
and the adult rat (Santafé et al., 2003, 2004), also
suggests that the presynaptic axonal membrane would
locate the mAChRs involved in modulating transmitter
release. We found that the syntaxin-positive preterminal
axon is also positive to M1 and M3 (in both the newborn
and the adult) and M2 (in the newborn) muscarinic
receptor mark. This agrees with the presynaptic location
of these receptors.

However, for M1, M2, M3 and M4 mAChRs, we
often found defined or diffuse areas that at some points
go beyond the syntaxin and nAChRs staining. In some
instances these areas contain oval sites with low-density
mAChRs stains that may correspond to glial nuclei. This
strongly suggests that teloglial cells can possess also
mAChRs.

Schwann cells at the frog NMJ respond to high-
frequency synaptic activity by increasing intracellular
calcium (Jahromi et al., 1992; Reist and Smith, 1992;
Auld and Robitaille, 2003a,b). This calcium transient is
dependent on neurotransmission because these cells
respond to released ACh and ATP. Therefore, muscarinic
and purinergic receptors seem to regulate the genetic
expression (Robitaille et al., 1997) or certain forms of
synaptic efficacy in these amphybian glial cells
(Robitaille, 1998). Mouse teloglial Schwann cells also
respond to synaptic activity with increased calcium
(Rochon et al., 2001). In this paper we found
immunocytochemical indications that M1, M2, M3 and
M4 mAChRs may be present in the perisynaptic glial
cells as well as at the nerve terminals (see the diagram in
figure 4). This supports the concept of the tripartite
synapse that suggests that glial cells serve as integral
modulatory elements at synapses (Araque et al., 1999). 
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