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Abstract

The cochlear nucleus (CN) receives cholinergic inputs primarily from centrifugal pathways. There
is evidence that the effects of these cholinergic inputs may be mediated mainly by muscarinic
acetylcholine receptors. We used 1-[N-methyl-3H]scopolamine (NMS) to study muscarinic
receptor binding in the rat CN autoradiographically. To determine which muscarinic receptor
subtypes participate in the binding, we included competition assays using the unlabeled subtype-
preferential ligands pirenzepine, AF-DX 116, 4-DAMP, HHSID, and tropicamide to compete

with [3H]JNMS for binding. Our results suggest that NMS binding density in the CN is about

a tenth of that in the facial nucleus. Inside the CN, the highest binding was found in granular
regions, followed in order by the dorsal CN (DCN) fusiform soma layer, the DCN molecular
layer, the DCN deep layer, the anteroventral CN (AVCN) and posteroventral CN (PVCN). Binding
in the interstitial nucleus (auditory nerve root) was similar to background. The results of the
competition assays suggest that the M5 receptor subtype predominates in VCN, My in the DCN
fusiform soma layer, and both subtypes in DCN molecular and deep layers. M4 and M3 subtypes
predominated in the granular region of AVCN, while M1 and M, were more prominent in the
granular region of PVCN. The results show similarities to those obtained with pharmacological
and immunohistochemical methods, but also some discrepancies. The different distributions of the
different muscarinic receptor subtypes suggest that the effects of cholinergic inputs may differ
among CN subregions, in agreement with /n vivo pharmacological results. Overall, the centrifugal
cholinergic influences on information processing in the CN may especially involve M, and My
receptors.
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IT HAS BEEN KNOWN for some time that cholinergic synapses, deriving predominantly
from more central locations, have an important role in the cochlear nucleus (CN) (Comis
and Davies, 1969; Pickles and Comis, 1973; Godfrey et al., 1985, 1987). Although both
nicotinic (Morley et al., 1977; Clarke et al., 1985; Vetter and Heinemann, 1995) and
muscarinic (Pickles and Comis, 1973; Wamsley et al., 1981; Yao and Godfrey, 1995; Chen
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et al., 1995) cholinergic receptors have been implicated in this function, recent evidence
suggests that, in the dorsal CN (DCN), muscarinic receptors are much more prevalent (Chen
et al., 1994).

Muscarinic receptors in the CN have previously been localized using immunohistochemistry
(Yao and Godfrey, 1995) as well as receptor binding with quinuclidinyl benzilate (QNB)
(Wamsley et al., 1981; Whipple and Drescher, 1984; Frostholm and Rotter, 1986;
Glendenning and Baker, 1988).

More recently, multiple subtypes of muscarinic receptors have been identified, both by
pharmacological (subtypes M1 — M) and molecular cloning (subtypes m1 — m5) methods.
Further, there is evidence that different muscarinic receptor subtypes may have different
specific functions (Hulme et al., 1990). So far there is little information about which of these
subtypes are especially prevalent in the CN and where they are localized within it. It has
been reported that m2 is the most abundant subtype in the brainstem, based on detection

of proteins (Levey et al., 1991), mRNA (Buckley et al., 1988), and antagonist binding
(Waelbroeck et al., 1986). A pharmacological study in slices found evidence for preferential
involvement of muscarinic receptor subtypes M, and M, on neurons of the DCN (Chen et
al., 1995). Further, immunohistochemistry with an antibody to the m2 subtype suggested its
presence throughout most of the CN (Yao et al., 1995).

Based on the results noted above, we hypothesized that there should be different distribution
patterns of the different muscarinic receptor subtypes, with My and My4 the most prominent,
at least in the DCN. To test these hypotheses, we carried out autoradiography for muscarinic
receptor binding, using 1-[N-methyl-3H]scopolamine (NMS, a non-selective muscarinic
antagonist), to map the distribution of muscarinic receptor binding in rat CN. The lower
affinity of NMS, as compared to the previously used QNB, facilitates competitive binding
studies. We then used several unlabeled subtype-preferential antagonists—pirenzepine(My,
Hammer et al., 1980), AF-DX 116 (M>, Giachetti et al., 1986), 4-DAMP (M3, Waelbroeck et
al., 1987), HHSID (M3, Lambrecht et al., 1989), and tropicamide (Mg, Lazareno et al., 1990)
—to perform competitive binding to estimate quantitative distributions of M1—M, subtypes
among the rat CN subregions.

MATERIALS AND METHODS

Materials

1-[N-methyl-3H]scopolamine ([BH]NMS, 85 Ci/mmol), [3H] Hyperfilm and Hypercassettes
were from Amersham Life Science Corp. (Arlington Heights, IL). Atropine,

pirenzepine (PZ) and tropicamide were from Sigma. Hexahydro-sila-difenidol

(HHSID) and 4-diphenylacetoxy-N-methylpiperidine methiodide (4-DAMP) were

from RBI. 11[[2-[(diethylamino)methylI]-1-piperidinyl]acetyl]-5, 11-dihydro-6H-pyrido[2,3-
b][1,4] benzodiazepine-6-one (AF-DX 116) was a gift from Boehringer Ingelheim, Inc.
Emulsion NTB-2, developer D19 and Rapid Fixer were from Eastman Kodak. Other
chemicals were obtained from either Sigma or Fisher.
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Autoradiographic Receptor Binding

The radioactive ligand binding and autoradiography procedure was adapted from previous
publications (Wamsley et al., 1980; Cortés and Palacios, 1986).

Tissue preparation: Young adult male Sprague-Dawley albino rats (200-300 g) were
sacrificed by decapitation under sodium pentobarbital anesthesia (50 mg/kg, IP). Brain
blocks were quickly removed and frozen on dry ice. Transverse sections 15 pm thick were
cut through the cochlear nucleus (lower brainstem) using a microtome-cryostat (Hacker-
Bright Instruments, Inc.) and thaw-mounted on gelatin-coated glass slides in alternating
series. In some series, sections were mounted on gelatin-coated small glass coverslips so
that they could be easily and accurately wiped off for post-binding scintillation counting.
Sections on slides were vacuum-dried at room temperature for 2 hours and stored at -80°C
(no longer than 3 days) until used.

Radioligand binding: Slide-mounted sections were brought to room temperature, washed
with 0.1 M phosphate-buffered saline (PBS, pH 7.4) for 10 minutes, then incubated with
[BHINMS in PBS for 60 minutes at room temperature, followed by two 5-minute washes
with PBS at +4°C. In some initial experiments, sections were wiped from the slides with
Whatman GF/C filters for liquid scintillation spectrometry to determine binding kinetics.
Otherwise, slides were rinsed with +4°C deionized distilled water and then blow-dried

and desiccated for 2 hours before proceeding with autoradiography. Binding equilibrium
was tested over a range of 5 to 90 minutes incubation with 10 nM [3H]NMS and was
reached within 30 minutes, as determined by liquid scintillation counting of wiped sections.
Saturable binding in the lower brainstem was determined by incubation with [SBH]NMS
ranging from 0.1 nM to 20 nM. Nonspecific binding was determined in the presence of
1000 times concentration of atropine (e.g., 1 uM atropine with 1 nM [3H]NMS) for each
experiment.

Competition for muscarinic binding sites was assayed by incubating slide-mounted sections
with 1 nM [3H]NMS in the presence of various concentrations of subtype-preferential
unlabeled ligands, including PZ (1-1000 nM), AF-DX 116 (0.1-10,000 nM), 4-DAMP
(0.1-1000 nM), HHSID (1-1000 nM) and tropicamide (0.1-1000 nM). As a control for
nonspecific binding, incubation was done in the presence of 1 UM atropine in all the
experiments.

Autoradiography: Autoradiograms were generated by apposing slide-mounted sections to
[3H]-sensitive Hyperfilm in a Hypercassette for two weeks at +4°C, followed by processing
with Kodak developer D19 and fixing with Rapid Fixer. After exposure to the Hyperfilm,
slides were dipped in NTB-2 emulsion (43°C), dried, and put in light-proof slide boxes with
Drierite for another two weeks at 4°C before being developed, fixed, rinsed and air-dried.
The sections were finally stained with cresyl violet to provide a cytoarchitectonic reference.

For quantitative calibration, a standard slide was included with each film. To generate
the standard slides, tissue blocks consisting of rat brain homogenate mixed with serial
concentrations of [3H] NMS were prepared. Sections 15 um thick were cut from these
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blocks and collected either for scintillation counting to determine the radioactivity, for
Lowry assay to determine the protein content, or for mounting on coated slides.

Microdensitometry

Computerized images of developed autoradiograms were taken and stored using NIH Image
1.44 (courtesy of Dr. E.I. Tietz, Department of Pharmacology, Medical College of Ohio).
On these microimages, CN subregions were either identifiable or identified by staining

with cresyl violet: anteroventral cochlear nucleus (AVCN), posteroventral cochlear nucleus
(PVCN), dorsal cochlear nucleus deep layer (DCN-d), fusiform soma layer (DCN-f), and
molecular layer (DCN-m), interstitial nucleus (IN, including auditory nerve root), and
granular regions next to AVCN (Gr-A) and PVCN (Gr-P). Microdensitometric values of
binding in these subregions and in the facial nucleus were obtained, corrected by subtracting
the atropine control, and converted to radioactivity and ligand concentrations using the
standard slide as a reference. Measurements for AVCN and Gr-A were made at middle-to-
caudal locations.

Data Analysis

The features of [3H]NMS binding to the CN regions—dissociation constant (K), maximum
binding (Bmax), and Hill coefficient—were obtained from saturation plots, Rosenthall plots
and Hill plots. For analysis of competitive binding, the percentage inhibition of [SH]NMS
binding in each CN subregion was plotted vs. concentration for each ligand. From each
competition curve, the IC50 (concentration of ligand that inhibits 50% of NMS binding) was
obtained, and the competing ligand affinities (K;) were estimated by the Cheng and Prusoff
equation (Cheng and Prusoff, 1973), using the results of saturation binding of [SH]NMS for
each CN subregion.

Animals
The care and use of the animals reported on in this study were approved by the National
Institutes of Health (NIDCD grant DC 00172-*Microchemistry of the Cochlear Nucleus’)
and by the Medical College of Ohio Institutional Animal Care and Use Committee.
RESULTS

Distribution of Muscarinic Receptor Binding Sites in the CN

At the level of the lower brainstem (Fig. 1), the facial nucleus (FN) contained a high density
of muscarinic receptors (Wamsley et al., 1981; Cortés and Palacios, 1986) and therefore was
used as a positive reference for our cochlear nucleus (CN) results. Our average value for the
muscarinic receptor density in the FN (Bpax = 1463 fmol/mg of protein) was similar to that
in the literature (Cortés and Palacios, 1986). By comparison, the muscarinic receptor density
([BH]NMS binding) in the CN was lower (5-25% of the FN in most regions) and showed
subregional differences (Fig. 1).

Based on autoradiographic saturation analyses (Fig. 2), the quantitative distribution of
muscarinic receptor binding among CN subregions was estimated (Table I). The most
abundant [BH]NMS binding was found in the granular regions next to both AVCN and
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PVCN (Fig. 1a,c., Table 1), while [BHINMS binding in the central portions of AVCN and
PVCN was only 20-30% as much. [3H]NMS binding in DCN was more abundant than in
VCN and showed differences among layers: DCN-f > DCN-m > DCN-d (Fig. 1c., Table I).
[3BH]NMS binding in the IN was almost undetectable (Fig. 1c) and not statistically different
from background (not shown in Table I). The centrifugal labyrinthine bundle, which includes
the OCB, appeared to be at least partially labeled with [BH]NMS, but not in all sections (Fig.
1a,b). No [BH]NMS binding was seen in the facial nerve root (FR, Fig. 1a).

In Gr-A, PVCN, and DCN-d, Hill coefficients were relatively low (Table I), suggesting that
NMS binding to these CN subregions might involve negative cooperativity or more than one
binding site.

Regional Distributions of Subtype-Preferential Muscarinic Antagonist Binding in the CN

The distributions of muscarinic receptor subtypes in the CN were examined by using
unlabeled subtype-preferential antagonists to compete for [SH]NMS binding sites (Fig. 3).
The competition curves showed that the inhibitions of [BHJNMS binding by the antagonists
were dose-dependent (Fig. 4). The inhibition parameters (IC5q and K;) of these antagonists
are summarized in Table II.

In AVCN and PVCN, the inhibitions of [3H]NMS by PZ, 4-DAMP, HHSID and tropicamide
were less than 50% at all ligand concentrations tested (Fig. 4); therefore, no 1Csg and K;
values were obtained (Table Il). Among CN subregions, all tested ligands showed a range
of binding affinities, but AF-DX 116 showed an especially wide range (Table I1). This
heterogeneous binding profile may be a reflection of the variety of Hill coefficients and Ky
values for NMS binding in the CN, suggesting the presence of multiple receptor subtypes
and /or binding sites, in contrast to the FN, where it appears that only one subtype (M5)
predominates (Buckley et al., 1988; Levey et al., 1991; Vilario et al., 1992; Table I1). To
assess potential involvement of muscarinic receptor subtypes, the binding affinities for the
ligands were compared with values averaged from the literature, particularly for cloned
receptor subtypes (Table 111). All the ligands can bind to all muscarinic receptor subtypes,
but each has a highest affinity (lowest K;) for its preferred subtype (i.e., PZ for M1, AF-DX
116 for My, 4-DAMP and HHSID for M3, and tropicamide for M,). We divided the K;
values for different CN regions into a high-affinity group, likely to be binding particularly
to the preferred subtype for the ligand, and a low-affinity group (Table I1). The cutoff value
chosen for division into these two groups was the mean plus one standard deviation of the
literature values for each ligand with its preferred subtype. Since only one source of K; for
tropicamide could be found, the standard deviations were arbitrarily set equal to the averages
of those for the other ligands. High affinity binding of tropicamide (M4 preference) was
found in all CN regions except AVCN and PVCN, while that of AF-DX 116 (M, preference)
was found in all regions except Gr-A. By comparison, high-affinity binding of the ligands
with preferences for My and Mg subtypes were found in fewer regions.

The amount of each receptor subtype in each CN region was estimated by measuring, from.
Figure 4, the percentage reduction of [BH]NMS binding at a concentration of competing
ligand equal to the average of the high-affinity K;s for that ligand in the CN (Table II).
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Multiplication of these percentage reductions by the total [SHJNMS binding for each region
provided a rough estimate of the amount of each subtype in each region (Fig. 5).

Based on these estimates, only the M receptor subtype appeared to be prominent in the
central portions of AVCN and PVCN.

The granular regions of AVCN (Gr-A) and PVVCN (Gr-P) had different results for prevalence
of muscarinic receptor subtypes. In Gr-A, subtypes M3 and M, were more prominent than
Mj or My (although the K; values for HHSID and 4-DAMP were somewhat high). On the
other hand, Gr-P had a surprisingly high prevalence of M1, as well as some representation of
all other subtypes.

Except in the DCN deep and molecular layers, the binding of 4-DAMP and HHSID gave
comparable estimates for the prevalence of Mg receptors (Fig. 5). In making conclusions
about M3 receptors, we gave preference to the results with HHSID because of its higher

selectivity for M3 relative to M, or Mg (Table 111).

In all layers of the DCN, My receptors were especially prominent, but M, receptors were
also prominent, particularly in the molecular layer.

Based on the competitive binding of the preferential antagonists across regions (Fig. 5), all
known muscarinic receptor subtypes have some representation in the CN, although M, and
Mg are dominant. The estimated binding site concentrations for M4 and M3 were especially
high in the superficial layers of the DCN and granular regions. M5 sites were especially
concentrated in the molecular layer of the DCN and the granular region next to PVVCN, but
were also well represented elsewhere in the CN. My sites had a strikingly high concentration
in the granular region next to PVCN.

Only AF-DX 116 demonstrated relatively high affinity binding in the facial nucleus, in
agreement with previous evidence for predominance there of the M, receptor subtype
(Spencer et al., 1986; Buckley et al., 1989; Levey et al., 1991,1995).

DISCUSSION

[3BH]NMS has previously been suggested to have similar affinities for all muscarinic receptor
subtypes (Wamsley et al., 1980; Cortés and Palacios, 1986; Ehlert et al., 1989; Smith et al.,
1990) and was used in the present study to demonstrate the whole population of muscarinic
receptors in the CN. Our results for [BH]NMS binding to the FN, which contained a high
density of muscarinic receptors and was used as our positive reference, are similar to

those in the literature (Wamsley et al., 1981; Cortés and Palacios, 1986). Concentrations

of muscarinic receptors in the CN averaged about 11% of those in the FN. Most of the
muscarinic receptors in the CN were concentrated in the regions where granule cell somata
and terminals predominate: granular regions next to AVCN and PVCN and the fusiform
soma and molecular layers of DCN.
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Comparisons with [3HJQNB Binding in the CN

The distribution pattern of [BHJNMS binding was generally in agreement with that of
[3H]JQNB binding in rat CN, which appeared to be related to the granular regions (Wamsley
etal., 1981), and in mouse CN, in which [BH]QNB binding sites were seen in the molecular
layer, possibly extending into the pyramidal (i.e., fusiform soma) layer of DCN, and in the
granular region next to PVCN (Frostholm and Rotter, 1986). In cat CN, [*H]JQNB binding
was also closely associated with granule cells (Glendenning and Baker, 1988). Our higher
values for [BH]NMS binding in DCN than in VCN agree with a biochemical quantitation of
[3H]JQNB binding in guinea pig CN (Whipple and Drescher, 1984). Thus, the localization
of muscarinic receptor binding in the CN is consistent across different ligands and different
species.

Comparisons with Immunolocalization of Muscarinic Receptor Proteins

There are discrepancies between our [BH]JNMS binding results and our previous
immunohistochemical results for distribution of muscarinic receptor proteins in rat CN

(YYao and Godfrey, 1995). With M35, an anti-muscarinic-receptor antibody, muscarinic
receptor proteins were, unlike [3H]INMS and [3H]JQNB binding, mostly found in VCN,

less in DCN, and even less in granular regions. Further, M35 labeling in the DCN fusiform
soma layer, where there is a high density of granule cells, was not associated with the
granule cells, but with larger cells (Yao and Godfrey, 1995). There are some possible
explanations for these discrepancies. For immunolocalization of mAChR, the specificity
and positive/negative controls (Andreé et al., 1983, 1984; Van der Zee et al., 1989; Yao

and Godfrey, 1995) should have been able to exclude false-positive immunolabeling. A
more likely false-negative in M35 labeling might have resulted from failure of penetration
of the antibody to small cells or fibers and terminals, especially in and near the granular
regions. Our previous suggestion that M35 may not detect m2 receptors (Yao and Godfrey,
1995) even worsens the discrepancy in magnocellular VCN, because most of the muscarinic
receptor binding there appeared to be associated with M. For receptor binding, it is unlikely
that our results included false positive [BH]NMS binding in the CN, given the agreement
with [3H]JQNB binding in CN (Wamsley et al., 1981) and other data in the literature

(Cortés and Palacios, 1986; Ehlert et al., 1989; Hulme et al., 1990), and given the atropine
specificity control. However, there are some possible explanations for the low [3BH]NMS
binding in magnocellular VCN: (1) Tritium quenching may result in underestimates of
[3BH]NMS binding in the white-matter-rich IN, magnocellular VCN, and DCN deep layer.
This is a potential problem for autoradiography using tritiated ligands. The magnitude of
absorption is dependent upon the density of the tissue (dry mass per unit volume) (Kuhar
and Unnerstall, 1985; Kuhar, 1986). Previous measurements indicate that IN, AVCN, PVCN,
and the deep layer of DCN have higher dry weights per volume than granular regions and
the molecular and fusiform soma layers of DCN (Godfrey et al., 1978). (2) M35-revealed
muscarinic receptor proteins in the magnocellular VCN, although functionally important,
may have low binding affinity for [SH]NMS (Herkenham and McLean, 1986). (3) M35-
labeled muscarinic receptors may include some unidentified subtype(s) with low affinity for
[BHINMS. (4) Large cells of magnocellular VCN might be muscarinic-cholinoceptive, but
have immunoreactivity for M35 mostly concentrated in their somata, while binding sites
for muscarinic ligands might be mostly on their dendrites. Such an explanation could fit
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with the model of Benson and Brown (1990) for OCB innervation of CN neurons, wherein
fibers terminate in or near granular regions, but on the dendrites of neurons with somata in
magnocellular VCN.

Comparisons with AChE and ChAT

The distribution of muscarinic receptor binding sites in rat CN is highly correlated with that
of histochemical staining for AChE activity (r = 0.86, P < 0.05), which is closely associated
with granular regions in the CN (Osen et al., 1984; Yao and Godfrey, 1995). This would be
consistent with colocalization of binding sites for acetylcholine with its degradative enzyme.
On the other hand, [3H]NMS binding sites and ChAT immunoreactivity differ from each
other in their distributions, particularly in the relative distributions between magnocellular
VCN and granular regions. Anatomical mismatch between the distributions of transmitters,
or their synthetic enzymes, and receptor binding has been reported previously and suggested
to possibly result from technical limitations or actions of transmitters at sites distant from
where they are released (Herkenham, 1986, 1987; Spencer et al., 1986; Ernsberger et al.,
1988).

Overall, the available evidence for localization of markers for cholinergic transmission
indicates a dichotomy in the VCN: ChAT enzyme activity and ChAT-immunoreactive
puncta, presumably representing cholinergic terminals, as well as M35 immunoreactivity,
are particularly concentrated in VCN magnocellular regions, whereas [SH]JNMS and
[®H]QNB binding sites, as well as AChE activity, are especially prominent in granular
regions. The resolution of this notable discrepancy requires further study. There is evidence
for nicotinic acetylcholine receptors in the CN (Morley et al., 1977; Hunt and Schmidt,
1978; Swanson et al., 1987; Wada et al., 1989; Vetter and Heinemann, 1995), which may
at least partially represent the cholinoceptive counterpart to the cholinergic innervation
(ChAT-labeled puncta) in the CN regions (especially AVCN and PVCN) where muscarinic
receptor binding was not prominent.

Subtype-Preferential Muscarinic Antagonist Binding in Rat CN

Pharmacological classification of receptor subtypes is based on the binding of subtype-
selective antagonists. In the present study, prevalences of muscarinic receptor subtypes
were estimated by inhibition of [SH]NMS binding with unlabeled antagonists. The results
of our autoradiographic competition assays suggested a complex muscarinic receptor
subtype profile in rat CN. However, the low selectivities of the antagonists, wherein none
exhibits much greater affinity for one subtype over all others (Hulme et al., 1990; Table

I11), complicated the analysis of these results and led us to refer to the antagonists as
subtype-preferential rather than subtype-selective. In some CN regions, competitive binding
curves, especially for AF-DX 116, could be more closely fit with a two-binding-site

model, including both high- and low-affinity binding sites. However, this more sophisticated
approach to analysis of the binding did not seem clearly justified for antagonists with
relatively low selectivity and has not provided consistent results in the past (Hulme et

al., 1990). Therefore, our analysis of competitive binding results was based on a simpler
one-binding-site model.
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Our high-affinity Kjs for the antagonists were generally comparable to the literature values,
except for some extremely low AF-DX 116 values in AVCN and PVCN. It is possible that
these very low K; values represent errors related to the relatively low density of [BHINMS
binding and the low Hill coefficients in AVCN and PVCN. However, there is other evidence
that AF-DX 116 may show a relatively wide range of affinities over different muscarinic
receptor subtypes (Batink et al., 1987; Hulme et al., 1990). Also, there is evidence that
AF-DX 116 recognizes some very high affinity binding sites in the brainstem (Messer et al.,
1992). The extremely high affinities of AF-DX 116 in AVCN and PVCN might correlate
with the few neurons immunoreactive to m2-specific antibody (Yao et al., 1995). On the
basis of our criteria, only AF-DX 116 demonstrated a high-affinity K; in the facial nucleus,
in agreement with other evidence that almost all muscarinic receptors in the facial nucleus
are of the M5 subtype (Spencer et al., 1986; Buckley et al., 1989; Levey et al., 1991, 1995).

Overall, M, and M, appear to be the most prevalent muscarinic receptor subtypes in tire
CN. The results are generally in agreement with results of m2 immunohistochemistry (Yao
et al., 1995) and the results of electrophysiological studies on the DCN (Chen et al., 1995).
Both m2 immunoreactivity and high-affinity binding for AF-DX 116 were found in all CN
subregions. In granular regions of AVCN and PVCN and their vicinity, [BHINMS binding
and m2 immunolabeling were somewhat different. Examined with the cresyl violet-stained
sections, [BH]NMS did not reveal preferential binding to a subgranular layer, which was
prominently labeled in the m2 immunohistochemistry. Preferential binding of AF-DX 116
to a subgranular layer also could not be shown. In DCN, AF-DX 116 binding appeared
more prevalent in the molecular layer than in the deep and fusiform soma layers, while

m2 immunoreactivity had similar staining densities across the three layers. One possible
explanation for the discrepancies between AF-DX 116 binding and m2 immunoreactivity in
the granular regions and DCN might be the presence of an axonally transported form of the
receptor, visible with m2 immunolabeling, but less accessible to [PH]JNMS or having a lower
binding affinity. This explanation would agree with the apparently inconsistent [BHJNMS
binding to the fiber bundle containing the OCB.

Functional Considerations

The evidence for muscarinic receptor binding sites in the CN is complementary to the
evidence that there is a cholinergic input to the CN and is consistent with the evidence that
cholinergic effects on DCN neurons are primarily mediated by muscarinic receptors (Chen
etal., 1994a, 1995). The presence of multiple subtypes of muscarinic receptors suggests
heterogeneity of muscarinic receptor functions in the CN. Through different subtypes of
muscarinic receptors, the effects of the same neurotransmitter, acetylcholine, could vary
among different CN subregions or upon different neurons within a subregion. This may be
consistent with /n7 vivo pharmacological results (Caspary et al., 1983).

The predominance of My receptors in the DCN is consistent with evidence for M, receptor
influences on both regular and bursting neurons in slices of DCN (Chen et al., 1995).
Further, our evidence for particularly high concentrations of M4 receptors in the fusiform
soma layer agrees with the predominant localization there of recordings from regular and
bursting neurons (Waller arid Godfrey, 1994; Chen et al., 1994a, 1995). Many of the regular
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neurons in. these slices should represent the activity of DCN fusiform cells, while most of
the bursting neurons should represent the activity of cartwheel cells (Manis et al., 1993;
Zhang and Oertel, 1993; Waller and Godfrey, 1994). Evidence has also been reported that
muscarinic effects on bursting neurons may be indirect, through activation of granule cells,
and that M, as well as M, receptors are probably involved (Chen et al., 1994a, 1995). The
evidence presented here for a higher concentration of M, receptors in the molecular layer
than in the fusiform soma layer of DCN suggests that muscarinic receptors on granule cells
may include the M, subtype especially near their somata in the fusiform soma layer and

the M, subtype especially on the terminals of their parallel fibers in the molecular layer
(Wouterlood and Mugnaini, 1984). Since the muscarinic effects in the DCN in slices appear
to be entirely excitatory, the evidence from these two studies may suggest the presence of
M, muscarinic receptors on parallel fiber terminals that promote release of neurotransmitter
glutamate (Oliver et al., 1983; Manis et al., 1993; Chen et al., 1994b; Waller et al., 1994).

The possibility that the multiple subtypes of muscarinic receptors may be correlated to
some extent with the multiple neuronal types in the CN showing muscarinic receptor
immunoreactivity (Yao and Godfrey, 1995) will need to be studied by other methods, such
as immunohistochemistry (Yao et al., 1995) or /n situ hybridization (Yao et al., 1994). M,
receptors, many of which have been suggested to be presynaptic autoreceptors (Potter et
al., 1983; Spencer et al., 1986), were found to some extent in all CN regions except IN,
consistent with the widespread presence of cholinergic terminals throughout the rat CN
(Godfrey, 1993; Vetter et al., 1993; Yao and Godfrey, 1995).

Overall, muscarinic receptors in the CN have been found to have effects on detection of
acoustic signals in a noisy background (Pickles and Comis, 1973; Pickles, 1988). How this
results from the functions of the individual subtypes, and whether there are other particular
functions of the subtypes as suggested by their different localizations, will need to be the
subjects of future behavioral studies.
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Table of Abbreviations

4-DAMP 4-diphenylacetoxy-N-methylpiperidine methiodide

AChE acetylcholinesterase

AChR acetylcholine receptor

AVCN anteroventral cochlear nucleus

AF-DX 116 11[[2-[(diethylamino)methyl]-1-piperidinyl]acetyl]-5,11-dihydro-6H-

pyrido[2,3-b][1,4] benzodiazepine-6-one

Audit Neurosci. Author manuscript; available in PMC 2021 January 27.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

YAO and GODFREY

Cb
ChAT
CN
DCN
DCN-d
DCN-f
DCN-m
FN

FR
Gr-A
Gr-P
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FIGURE 1. Autoradiographic images of [3H]NMSbinding sitesin rat CN and nearly regions.
Tranverse sections through the lower brainstem are shown from more rostral (A) to more

caudal (C). Higher magnification views of CN and nearby regions from the right sides of
(A), (B) and (C) are shown in (a), (b) and (c). Tracings of the right sides of these same 3
sections after staining for AChE show regional boundaries: solid lines for outside boundaries
and dashed lines for inside boundaries. The cerebellum (Cb) is lateral to the cochlear
nucleus. The X symbol in (a) indicates a tissue fold. In (a) and (b) and their tracings,
outlined arrow points to the location of the centrifugal labyrinthine bundle, which includes
the olivocochlear bundle. The CN in (b) was damaged during processing, and the X symbols
indicate position of lost DCN tissue. In (c), the DCN is outlined by dots. Both distances
between sections are 150 um. Abbreviations are identified in Table of Abbreviations. Also,
AVCN is labeled by A, PVCN by P, DCN by D, granular region by G, and restiform body by
R. Scale bar in (c) represents 3 mm for (A), (B) and (C), and 1.5 mm for (&), (b) and (c). Top

is dorsal for all.
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FIGURE 2. Autoradiogr aphic deter mination of saturating [3H]NM Shindingtorat CN
subregions.

Saturation curves are displayed in the large figure (top). Individual Rosenthall plots for
subregions are displayed in the small figures to illustrate determination of K4 (—=1/slope)
and Bynax. (X intercept) of NMS binding to them. Rosenthall plot is not shown for IN since
measured density of NMS binding there was not significantly different from background.
B/F indicates ratio of bound to free ligand concentrions. Abbreviations are identified in
Table of Abbreviations.
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FIGURE 3. Autoradiograms of [3H]NM Sbinding, and competitive binding with unlabeled
subtype-preferential antagonists, to CN subregions.
Top left is 1 nM[3H]NMS binding: left picture is more rostral showing AVCN (A); right

picture is 225 pm more caudal, showing PVCN (P) and DCN (D); G indicates granular
region. On top right, tracings of these two sections after staining with cresyl violet

show regional boundaries: solid lines for outside boundaries and dashed lines for inside
boundaries. Examples of inhibition of 1 nM [3H]NMS binding by 100 nM of unlabeled PZ
(sections 15 pm rostral to those in top row) and AF-DX 116 (30 pm caudal) are shown

on bottom. Abbreviations are identified in Table of Abbreviations. Scale bar =2 mm and
applies to all autoradiograms. Top is dorsal and left is lateral for all.
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FIGURE 4. I nhibition of [3H]NM S binding to rat CN subregions and FN by unlabeled PZ,
AF-DX 116, 4-DAMP, HHSID and tropicamide.

For each concentration of each unlabeled antagonist ligand, the binding density of

1 nM [BH]NMS to each CN subregion (as shown in Fig. 3) was subtracted from

the binding density of 1 nM [3BH]NMS in the absence of antagonist (Densitynms —
Densitynms-+antagonist) and then multiplied by 100 to generate the percentage inhibition.
Means (x S.D.) of the results from three animals are shown.
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Pigrcentage displacement (%) of [BH]NMS binding in each region by the ligand at a
concentration equal to the mean high-affinity K; for its preferred substrate (from Table II,
average of K;s marked with *: PZ (M;) = 14 nM; AF-DX 116 (M>) = 40 nM; 4-DAMP (M3)
= 0.79 nM; HHSID (M3) = 12 nM; tropicamide (M,4) = 7.6 nM) was calculated (from Fig. 4)
and multiplied by the total binding of [3BH]NMS for that region. Abbreviations are identified
in Table of Abbreviations.
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