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Coexpression of Multiple Acetylcholine Receptor Genes in Neurons: 
Quantification of Transcripts during Development 

Rodetick A. Corriveau and Darwin K. Berg 

Department of Biology, University of California at San Diego, La Jolla, California 92093-0322 

A large family of genes encoding subunits of nicotinic ACh 
receptors (AChRs) has been identified in vertebrates and 
shown to be expressed in the nervous system. The multi- 
plicity of genes raises questions about which gene products 
coassemble to produce native receptor subtypes and how 
the expression of receptor genes is regulated in neurons. 
We report here that five neuronal AChR genes are expressed 
in the chick ciiiary ganglion at both early and late times in 
development. Quantitative RNase protection experiments 
demonstrated that at embryonic day 18 (E18) the ganglion 
contains about 1800 copies of a7 transcript per neuron, 900 
copies of a3 transcript per neuron, and 200-300 copies each 
of a!& 82, and @4 transcripts per neuron. The same five genes 
are expressed at significantly lower levels at E8 but show 
the same rank order of abundance in transcripts per neuron. 
Few, if any, transcripts were found for the a2, a4, a8, and 
@3 AChR genes in ciliary ganglion RNA at either E8 or E18. 
The 8- and 13-fold increases previously reported for two 
classes of AChRs on the neurons between E8 and El8 ap- 
proximate the 4-14-fold increases observed here in AChR 
gene mRNA levels per neuron over the same time period. 
The a3, a5, a7, and /34 genes have previously been correlated 
with subunits of ciliary ganglion AChRs, but the /I2 gene has 
not. The abundance of /X2 transcripts raises the possibility 
either that the known AChRs in the ganglion have a more 
complex subunit composition than previously described or 
that additional receptor subtypes remain to be discovered. 
Northern blot analysis revealed no changes in transcript pat- 
tern for the a3, a5, and 84 genes between E8 and E18; a 
small change may occur in the transcript pattern for the a7 
gene. In situ hybridizations demonstrated that a5 and 84 
transcripts are expressed in essentially all ciiiary ganglion 
neurons as has been shown previously for the more abun- 
dant a3 transcript and inferred for the a7 transcript. The 
results indicate that neurons can stably coexpress multiple 
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AChR genes, including three of the a type, and that transcript 
levels may be rate limiting for accumulation of AChRs during 
development. 

[Key words: nicotinic receptors, neuronal ACh receptors, 
ciliary ganglion, ligand-gated ion channels, gene expression, 
RNase protection, in situ hybridization, transcripts, mRNA] 

A substantial contribution to understanding synaptic transmis- 
sion at the molecular level comes from the recent cloning of 
gene families encoding subunits of neurotransmitter receptors. 
Best characterized is the muscle nicotinic ACh receptor (AChR), 
which is a ligand-gated ion channel made up of four kinds of 
subunits arranged in a pentamer (for review, see Schuetze and 
Role, 1987). Prior to innervation, an embryonic form containing 
the cul, pl, y, and b gene products prevails and is distributed 
along the muscle fiber. Subsequently, it is replaced by an adult 
form that contains an c gene product instead of y and is con- 
centrated at synapses. Numerous studies have examined the 
developmental regulation of AChR gene expression in muscle, 
elucidating the roles of innervation, muscle activity, soluble 
factors, and second messengers (Goldman and Staple, 1989; 
Kirilovsky et al., 1989; Klarsfeld et al., 1989; Osterlund et al., 
1989; Goldman et al., 199 1; Martinou and Merlie, I99 1; Mar- 
tinou et al., 1991). In contrast, very little is known about the 
developmental regulation of gene expression for neurotrans- 
mitter receptors on neurons and, in most instances, it is not 
even clear which gene products make up individual receptor 
subtypes. 

Ten genes have been identified on the basis of sequence ho- 
mology as being neuronal members of the family encoding nic- 
otinic AChR subunits in chick and in rat (for review, see Sargent, 
1993). Seven of these (a2+~8) are thought to encode ligand- 
binding subunits, while the other three (/32+4) are thought to 
encode structural subunits. Expression studies in Xenopus oo- 
cytes have confirmed that four of the a-type genes and two of 
the P-type genes encode functional AChR subunits. The ex- 
pression studies have also shown that as few as one or two gene 
products are sufficient to produce functional AChRs in oocytes 
(Boulter et al., 1987; Ballivet et al., 1988; Deneris et al., 1988; 
Wada et al., 1988; Duvoisin et al., 1989; Couturier et al., 
i990a,b). Studies with subunit-specific monoclonal antibodies 
(mAbs), however, have indicated that native AChRs on neurons 
may have a more complex subunit composition (Conroy et al., 
1992; Vcmallis et al., in press). The number of AChR genes 
normally coexpressed by individual neurons is not known. 

The chick ciliary ganglion provides a useful system for study- 
ing the expression of neuronal AChR genes. Two classes of 
AChRs have been identified on the neurons. One class (mAb 
35AChRs) is located predominantly in synaptic membrane, 
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binds mAb 35, and is responsible for mediating nicotinic trans- 
mission through the ganglion (Ravdin and Berg, 1979; Jacob et 
al., 1984; Loring et al., 1984; Halvorsen and Berg, 1986, 1987; 
Loring and Zigmond, 1987). The other,class (aBgt-AChRs) is 
located primarily in nonsynaptic membrane, binds a-bungaro- 
toxin (aBgt) but not mAb 35, and only recently has been dem- 
onstrated to function as a nicotinic receptor (Jacob and Berg, 
1983; Smith et al., 1985; Vijayaraghavan et al., 1992). Subunit 
analyses of receptors from 18 d embryos show that mAb 35 
AChRs as a population contain the (~3,@4, and (~5 gene products. 
At least some mAb 35-AChRs have all three kinds of gene 
products coassembled. aBgt-AChRs, in contrast, contain a7 gene 
product but lack a3, 84, and a5 (Vernallis et al., in press). 

During development the nicotinic responses of chick ciliary 
ganglion neurons undergo several changes. Between embryonic 
day 8 (E8) and El 6, the mean response increases six- to eightfold, 
and the predominant single-channel event (40 pS) becomes lon- 
gcr in duration. In addition, the neurons acquire the ability to 
regulate their responses in a CAMP-dependent manner (Mar- 
giotta et al., 1987a,b; Margiotta and Gurantz, 1989; Engisch 
and Fischbach, 1990). During the same period, synaptic contacts 
on the neurons from preganglionic terminals mature in efficacy 
and morphology, and the neurons innervate their synaptic tar- 
gets in the periphery. Other major changes in the ganglion at 
this time are the proliferation of non-neuronal cells and the 
reduction of the neuronal population by half through naturally 
occurring cell death (Landmesser and Pilar, 1972, 1974a,b). It 
is possible that during development cell-cell interactions reg- 
ulate the expression of AChR genes in neurons as in muscle 
(Schuetze and Role, 1987) and thereby change the properties of 
the ACh response by changing the receptor subtypes present. 

The experiments described here were undertaken to deter- 
mine which members of the ncuronal AChR gene family are 
expressed in chick ciliary ganglion neurons and whether changes 
occur in the pattern of expression during development. The 
results show that most, if not all, ciliary ganglion neurons con- 
tain transcripts from four neuronal AChR genes: a3. 64, a5, 
and a7. In addition, substantial amounts of p2 transcript are 
present in the ganglion. The fact that p2 protein has yet to be 
identified in ganglionic receptors suggests either that the rc- 
ported compositions of mAb 35-AChRs and aBgt-AChRs arc 
incomplete or that other AChR species remain to be identified. 
The relative increases in AChR mRNA observed during de- 
velopment mimic the increases reported previously for receptor 
protein. This finding is consistent with the possibility that tran- 
script levels arc rate limiting for accumulation of AChRs on the 
neurons. No evidence was obtained for known AChR genes 
being turned on or off late in embryonic development. 

Materials and Methods 
RNA probes. Riboprobes were generated for the chicken a2, a3, a4, a5, 
a7, a8,82,83, and 64 genes by “runoff transcription” using T3, T7, or 
SP6 polymerase (Promega) and appropriate DNA constructs. The 02, 
83, and 84 genes are also known as non-al, non-u2, and non-a3, re- 
spectively, while a7 and a8 are also known as aBgtBPa 1 and aBgtBPa2, 
respectively (Sargent, 1993). The a2 probe was transcribed from a con- 
struct containing 300 nucleotides corresponding to exon 5 and encoding 
amino acids 96-196 of the a2 gene. The construct was obtained by 
subcloning a fragment of an a2 genomic clone (Nef et al., 1988) into 
pSP65 (Promega). The a3 probe was transcribed from a construct sub- 
cloned from pCH35-4 (Schoepfer et al., 1989) into pSP72 (Promega) 
and contained 384 bases encoding amino acids 3 15-44 1 of the a3 gene. 
The a4 probe was transcribed from a construct obtained by subcloning 

a cDNA of 1878 nucleotides (Nef et al., 1988) into pSP72 (Boyd et al., 
1988); the construct was linearized to produce transcripts containing 
265 bases encoding amino acids 5 12-599 and 330 bases of 3’ untran- 
slated sequence of the a4 gene. The a5 probe was transcribed from a 
construct obtained by subcloning a 736 base pair fragment of a full- 
length cDNA clone (Couturier et al., 1990b) into pGEM-7Zf(+) (Pro- 
mega); the construct was linearized to produce transcripts containing 
130 bases encoding amino acids 305-347 of the a5 gene. The a7 probe 
was transcribed from the previously described pCh29-3 and contained 
I66 nucleotides encoding amino acids 125-l 79 of the a7 gene (Schoep 
fer et al., 1990). The a8 probe was transcribed from the previousiy 
described pCh31-1 and contained 154 nucleotides of 3’ untranslated 
sequence of the a8 gene (Schoepfer et al., 1990). The 82 probe was 
transcribed from a 2 I6 base pair PCR fragment encoding amino acids 
325-396 (Nef et al.. 1988) that was cloned into DGEMX-1 (Promeaa) ” , 
and sequenced. The 83 probe was generated by using sequence infor- 
mation kindly provided by Dr. Marc Ballivet (University of Geneva; 
M.-C. Hemandez and M. Ballivet, unpublished observations) to amplify 
a 83 cDNA sequence by PCR from chick ciliary ganglion cDNA. A 239 
base pair fragment of N-terminal coding sequence was cloned into pSP72, 
sequenced, and used to generate 83 riboprobe. The 84 probe was tran- 
scribed from a construct obtained by subcloning a 84 genomic fragment 
(Couturier et al., 1990b) into pSP73 (Promega); the construct was lin- 
earized to produce transcripts containing 34 I bases coding for amino 
acids 30942 I of the j34 gene. 

Antisense riboprobes were transcribed using either carrier-free a-12P- 
UTP (800 Ci/mmol; New England Nuclear) for RNase protection ex- 
periments and Northern blots (a3, a5, and 134) or a-‘IS-UTP (3000 Ci/ 
mmol; New England Nuclear) for in situ hybridizations. Synthetic sense 
RNAs complementary to the antisense probes were generated from the 
a3, a5, a7,82, and 04 constructs for use in standard curves. They were 
trace labeled with a-“P-UTP at a 200-fold dilution in specific activity 
for quantification. Synthetic sense RNAs were also used in RNase pro- 
tection experiments to confirm that the ~22, a8, p3 (data not shown), 
and a4 (Boyd et al., 199 1) antisense probes could be protected by the 
appropriate complementary sequences. 

RNA isolation. Embryonated chicken eggs were obtained and incu- 
bated as previously described (Boyd et al., I99 1). Ciliary ganglia were 
rapidly dissected from chick embryos at the indicated times and im- 
mediately frozen in liquid nitrogen. (For some experiments, El 8 samples 
included RNA nooled from El 7-E19.) Total RNA was isolated from 
the ganglia by homogenization and extraction with an acid guanidinium 
thiocyanate-phenol-chloroform mixture as previously described 
(Chomczynski and Sacchi, 1987). RNA concentrations were determined 
by OD?, and corroborated by ethidium bromide staining in agarose 
gels. Gel analysis and Northern blots were used to assess integrity of 
the isolated RNA. 

RNA from the rat pheochromocytoma cell line PC12 was kindly 
provided by D. Johnson and S. Heinemann (Salk Institute) and con- 
tained mRNA from several AChR genes including a7 (D. Johnson and 
J. Boulter, personal communication). 

RNase protecfion. RNase protection experiments were carried out as 
previously described (Melton et al., 1984; Ausubel et al., 1989) with 
minor modifications. Briefly, total ciliary ganglion RNA (5-20 rg) or 
synthetic sense RNA (0.1-100 pg) was annealed to a molar excess of 
‘2P-labeled antisense RNA for 5.min at 85°C in 80% formamide, 40 
mM PIPES buffer (pH 6.7), 0.4 M NaCl, and 1 mM EDTA, and the 
hybridization was continued for 12-l 8 hr at 45°C (SOOC in the case of 
82). Single-stranded RNA was digested by incubating for 60 min at 15°C 
(30°C in the case of 82) with 4 &ml DNase-free RNase (Boehrinaer 
Mannheim) and 0.4 &ml RNa& ?l. The RNases were then’inactivakd 
by treatment with proteinase K and SDS, and the RNA was extracted 
with phenol/chloroform, precipitated with ethanol, dissolved in 80% 
formamide, and electrophoresed in 5% acrylamide gels containing 8 M 
urea. The gels were dried onto Whatman 3 MM paper, and signals were 
quantified directly from the gels using either a Molecular Dynamics 
PhosphorImager or an Ambis Radioanalytic Imaging System. Dried 
gels were also exposed at -70°C to Kodak XAR-5 x-ray film using a 
Du Pont Cronex intensifying screen. All statistical comparisons were 
made with unpaired two-tailed t tests. 

Northern blots. RNA was fractionated on 1% agarose gels containing 
7.4% formaldehyde and then was transferred to GeneScreen Plus (Du 
Pont) according to the manufacturer’s instructions. For a7 Northern 
blot analysis, a gel-purified cDNA containing 908 bases encoding amino 
acids 179480 and 1192 bases of 3’ untranslated sequence was labeled 
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Fzgure I. RNase protection experiments quantifying the numbers of or3 and ~y7 transcripts in ciliary ganglion RNA. 3ZP-labeled single-strand 
antisense RNA probes complementary to (~3 and (~7 transcripts were synthesized, isolated, annealed with the indicated RNA sample, digested with 
RNases, and fractionated by gel electrophoresis. Autoradiographs of gels are shown for (~7 (A) and (~3 (B) probe protected by 10 rg of tRNA (lane 
I), the indicated ages and amounts of ciliary ganglion RNA (lanes 2-7), and the indicated amounts of complementary synthetic sense RNA (lanes 
8-12). The predicted sizes of the undigested probe (lane 13), probe protected by native RNA, and probe protected by synthetic sense RNA are 
indicated in each case. The amount of radioactivity associated with each species was measured directly from the gel with a Molecular Dynamics 
PhosphorImager. Signals obtained with the synthetic sense RNA samples yielded linear standard curves for the 013 (C, s&d circles) and ~y7 (open 
squares) probes. The standard curves were used to convert signals obtained with ciliary ganglion RNA samples to numbers of transcripts, and these 
values in turn were corrected for the total amount of RNA per ganglion and the number of neurons listed in Table 1 to calculate the number of 
transcripts per neuron (D). Results represent the mean + SEM of three or more determinations except for the a3 El 1 value, which averages two 
determinations. Both the amounts of 013 and (~7 transcripts per neuron increase between ES and E 18, with the sharpest increases occurring between 
El1 and E15. 

to about lo9 cpm/pg with ru-32P-dCTP using a random primers labeling 
kit (GIBCO/Bethesda Research Laboratories), and filters were prehy- 
bridized, hybridized, and washed as recommended (GeneScreen Plus 
manual). For (~3, a5, and p4 Northern blot analysis, filters were probed 
with antisense riboprobe at lo6 cpm/ml, and prehybridization and hy- 
bridization procedures were carried out in 50% formamide, 4 x SSPE, 
1% SDS, 10% dextran sulfate, 1% Denhardt’s solution, and 100 &ml 
salmon sperm DNA at 60°C. Nonspecific radioactivity was removed 
by three 20 min washes at 65°C in 0.2~ saline-sodium citrate (SSC) 
with 0.1% SDS. Filters were exposed to Kodak XAR-5 film at -70°C 
with a Du Pont Cronex intensifying screen, 

In situ hybridization. (~5 and 84 RNA probes labeled with o(-YS-UTP 
were used to detect hybridizing material in sections of frozen tissue 
using methods previously described (Simmons et al., 1989) with minor 
modifications. Briefly, 12 pm sections were prepared and mounted on 
poly+lysine-coated glass slides, air dried, permeabilized with either 

Triton X- 100 or proteinase K treatment, dehydrated with ethanol, and 
hybridized with labeled RNA probes for 18 hr at 57-59°C. The sections 
were incubated with 20 j&ml RNase A for 30 min at 37°C to digest 
the residual probe and then washed with a series of SSC solutions of 
increasing stringency, ending with 0.1 x SSC at 60°C. After exposure to 
Kodak XAR-5 x-ray film at room temperature, sections were coated 
with NTB-2 emulsion, developed, and stained with thionin. Cell counts 
were performed on nonadjacent sections (to avoid double counting) 
viewed with a light microscope at 400x both with bright-field and 
Nomarski optics. Cells were considered labeled if the grain density over 
the soma exceeded by at least threefold background labeling over an 
equivalent area. Background grains per unit area were determined on 
regions adjacent to labeled cells, for example, over processes and spaces 
devoid of cells. Photomicrographs were taken with phase-contrast op- 
tics. 
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Table 1. RNA yields and neuron counts from embryonic ciliary 
ganglia 

RNA weurons 
Age OLdganglion) (number/ganglion) 

E8 0.2 e 0.1 (2) 6600 
El1 0.4 (1) 4450 

El5 1.4 + 0.3 (3) 3300 

El8 1.3 IL 0.4 (3) 3200 

Total RNA was extracted from about 300 (El 5 and E18) or about 1000 (E8 and 
El 1) ganglia for each preparation by the method of Chomczynski and Sacchi 
(1987), quantified by OD,,,, and expressed as the mean * SEM micrograms per 
ganglion for the number of determinations shown in parentheses. Values for the 
number of neurons per ganglion were taken from Landmesser and Pilar (1974b). 

Results 
Quantification of AChR gene transcripts during development 
Initial RNase protection experiments revealed transcripts from 
five AChR genes in ciliary ganglion RNA: 0~3, a5, (~7, 02, and 
p4. To determine the absolute amounts present and to compare 
their levels during development, quantitative RNase protection 
assays were carried out. Total RNA extracted from ganglia of 
a gi+en age was hybridized with an excess of ‘*P-labeled anti- 
sense probe for the desired gene. After RNase treatment, the 
products were fractionated by gel electrophoresis and quantified 
for radioactivity. In each case a standard curve was constructed 
by using known amounts of synthetic sense RNA to protect the 
probe and then analyzing the products on the same gel used for 
the ciliary ganglion RNA samples. 

The protection experiments revealed significant amounts of 
a7 mRNA in ciliary ganglia at each of the stages examined from 
E8 to El 8 (Fig. 1A). The signal was specific since it was not 
obtained when tRNA was substituted for ganglionic RNA. Sim- 
ilarly, rat PC12 RNA, which contains several AChR gene 
mRNAs including a7, was not able to protect the chicken a7 
probe (data not shown). The sizes of the protected species ob- 
tained with ciliary ganglion RNA were consistent with those 
predicted after removal of vector sequences present in the probe 
(224 bases for undigested probe, 166 bases for probe protected 
by ciliary ganglion RNA, and 177 bases for probe protected with 
synthetic sense RNA that contained a residual 11 bases of vector 
sequence). Doubling the amount of ciliary ganglion RNA in the 
assay doubled the amount of probe protected, demonstrating 
proportionality. Similar results were obtained with the a3 probe 
that also indicated significant amounts of a3 mRNA present at 
all developmental stages examined (Fig. 1B). Again, the pro- 
tection was specific and proportional to the amount of ciliary 
ganglion RNA included in the hybridization. 

The amount of protected probe per unit of RNA decreased 
between ES and E 18, both for a7 and ot3 transcripts (Fig. lA,B). 
The amount of total RNA obtained per ganglion, however, in- 
creased substantially over the same time period (Table 1). The 
increase is presumably caused by neuronal growth as well as 
glial proliferation (Landmesser and Pilar, 1972; Margiotta and 
Gurantz, 1989). In addition, about half of the neurons are lost 
between E8 and El4 in the ganglion because of naturally oc- 
curring cell death (Landmesser and Pilar, 1974b). Accordingly, 
a more meaningful comparison over development requires cal- 
culating the number oftranscript copies per neuron at each stage. 
To do this it was necessary first to quantify the total amount of 
transcript present per ganglion using standard curves and then 
to divide by the number of neurons present. 
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Figure 2. RNase protection experiments quantifying the amounts of 
(~5, p4, and p2 transcripts in ciliary ganglion RNA. RNase protection 
experiments were carried out with ‘*P-labeled (~5 (A), 84 (B), and 02 
(C) probes as described in Figure 1 using tRNA, ciliary ganglion RNA, 
and complementary synthetic sense RNA as indicated. The predicted 
sizes of the undigested probe, probe protected by native RNA, and probe 
protected by synthetic sense RNA are indicated in each case. (Though 
a tRNA lane is not shown for @2, all of the protections with synthetic 
sense RNA included 10 rg of tRNA.) Substantial amounts of mRNA 
from all three genes were detected at each time point examined. 

Standard curves generated with 013 and a7 synthetic sense 
RNA (Fig. 1C) indicated that the amount of protected probe 
increased linearly with the amount of RNA over the range tested 
(r values > 0.97 for these and all cases below). The signals 
obtained with ciliary ganglion RNA samples fell within the lin- 
ear range of the assay in each of the experiments reported here. 
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Figure 3. Developmental increases in ~3, a5, a7, 132, and 84 transcripts between E8 and El8 in ciliary ganglia. A, The numbers of transcript 
copies per neuron were determined for each of the genes at E8 and E I8 from experiments such as those shown in Figures 1 and 2. Results represent 
the mean f  SEM of three or more separate determinations performed on two or three preparations of RNA @ < 0.04 for E8 vs El 8 for a3, a5, 
a7, and 134; for 82 the variation in absolute amounts among experiments necessitated normalizing within experiments as in B lo obtain p < 0.01 
for E8 vs E18). At E18, the numbers of a7 and a3 transcripts were each significantly greater @ < 0.01) than the numbers of aS, 82, and /34 
transcripts. B, The ratio of transcripts present at E8 and El 8 was calculated for each experiment separately and then averaged to obtain a mean 
+ SEM (n = 3 or more determinations) for each gene. For comparison, ratios for the number of mAb 35-AChRs and for the number of aBgt- 
AChRs per neuron have been calculated from previously reported data (Chiappinelli and Giacobini, 1978; Smith et al., 1985) and are also shown. 

The number of transcripts per microgram of ganglionic RNA 
was determined from the standard curve and then corrected for 
the total amount of RNA obtained per ganglion (Table 1) and 
for the number of neurons present, using published values 
(Landmesser and Pilar, 1974b). The analysis provided values 
for the mean number of transcript topics per neuron. (Whether 
all neurons express the transcripts is addressed below.) Prc- 
sentcd in this manner, the data show that both the a3 and the 
a7 transcript levels per neuron incrcasc substantially between 
E8 and El 8 and that most of the increase comes between E 11 
and E I5 (Fig. ID). 

Quantitative RNase protection experiments also revealed 
substantial amounts ofa5, @4, and /?2 transcripts in the ganglion 
both at E8 and at El 8 (Fig. 2). In each case the signal was specific 
and proportional to the amount of ciliary ganglion RNA used. 
Standard curves were constructed for each probe and used to 
quantify the amount of transcript in the ganglionic samples as 
done above for a3 and (~7. At E 18, the a5, p4, and 62 transcripts 
each numbered 200-300 copies per neuron, compared to the 
approximately 900 copies of a3 and 1800 copies of a7 tran- 
scripts per neuron (Fig. 3A). The same rank order of transcript 
abundance was observed at E8, though the absolute amounts 
were reduced. In some experiments the amounts of u5,04, and 
82 mRNA were also measured at El 1 and El 5 (Fig. 2). The 
developmental patterns observed for (~5, 84, and p2 mRNA 
were similar to those shown above for a3 and a7 mRNA. 

The ratio of transcript copies per neuron at E8 and El 8 is 
shown for each gene in Figure 3B. The greatest fold increase 
occurs in a5 transcripts, which are among the least abundant at 
both times. The smallest fold increase occurs in ~7 transcripts, 
which are the most abundant at both times. For comparison, 
the corresponding ratios for the number of mAb 35-AChRs and 
for the number ofaBgt-AChRs per neuron were calculated from 
previously reported data (Chiappinclli and Giacobini, 1978; 
Smith et al., 1985) and are shown as well. Interestingly, both 
types of receptors increase to approximately the same extent as 

do some of the corresponding transcripts. Thus aBgt-AChRs, 
which are known to contain a7 subunits (Vernallis et al., in 
press), increase about sixfold between E8 and El 8 while a7 
transcripts increase about fourfold. Similarly, mAb 35-AChRs, 
which as a population are known to contain a3, p4, and a5 
subunits (Vemallis et al., in press), increase about 13-fold be- 
tween E8 and El 8 while a5 transcript levels increase about 14- 
fold. The lcvcls ofa transcripts, which arc more abundant than 
a5, increase only sixfold while the levels of p4 transcripts in- 
crease about sevenfold. Although the abundance of p4 tran- 
scripts is comparable to that ofa5, a fraction of mAb 35-AChRs 
may lack 84 subunits (Vernallis et al., in press). The results 
suggest that AChR mRNA levels are rate limiting for accumu- 
lation of nicotinic receptors on the neurons during development. 
The best candidates appear to be the ~5 and a7 transcripts for 
specifying the numbers of mAb 35-AChRs and aBgt-AChRs, 
respectively. 

RNase protection experiments were also performed for a2, 
(~4, a8, and 83 transcripts. No a2 or a8 mRNA was detected 
in RNA from tither ES or E 18 ciliary ganglia. Only trace amounts 
of (x4 and 03 mRNAs were seen at either time (data not shown). 
The signals were too low to permit quantification (at least lo- 
fold less than that observed for a5, p4, and 82). 

The amount of p2 transcript rcportcd here is considerably 
more than that detected previously in preliminary experiments 
(Boyd et al., 1988). The earlier attempts were compromised by 
unfavorable signal-to-noise ratios that may have resulted from 
the high GC content of the p2 coding sequence (63% for p2 full- 
length coding sequence vs 3846% for the a3, (~5, a7, and @4 
genes). In the present experiments the conditions for hybrid- 
ization and RNase digestion were. adjusted to optimize the signal 
prior to performing the quantitative determinations. Attempts 
to reduce backgrounds and resolve a specific @2 signal either on 
Northern blots or by in situ hybridization, however, have so far 
been unsuccessful. As a result, 82 had to be omitted in the 
analysis described below for the other genes. 
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Transcript sizes at early and late developmental stages 

The increases in AChR gene mRNA that occur per neuron 
between E8 and El8 in ciliary ganglia could arise either from 
increased levels of existing transcripts or from the late appear- 
ance of new transcript classes. To determine whether the pattern 
of transcript sizes changes during development, Northern blots 
were performed with ciliary ganglion RNA from E8 and El8 
embryos. No changes were observed in the sizes or dominant 
species of a3, cu5, and @t transcripts between E8 and El8 (Fig. 
4). The cu3 probe detected a major species of about 3 kilobases 
(kb) and a minor one of 1.5-2 kb at both times while the 015 
probe detected a single species of about 3.5 kb at both times 
(Fig. 4). Similarly, the p4 probe detected a major species of 
about 2.7 kb and a minor one of 1.5-2 kb at both times. 

A small difference was observed in the pattern of transcripts 
detected by the 017 probe. Three classes of transcripts with sizes 
of about 3, 3.5, and 5.5 kb were observed both at E8 and E18. 
Only at E 18, however, did the 3 kb transcript appear to dom- 
inate. The 3 kb transcript in E 18 RNA also appeared slightly 
smaller (ca. 0.1 kb) than the comparable species in E8 RNA 
(three experiments), but the decrease was too small to be con- 
sidered significant unless corroborated by other techniques. 

Distribution of transcripts among ciliary ganglion neurons 
Chick ciliary ganglia contain two classes of neurons in addition 
to non-neuronal cells. The neurons include choroid neurons that 
innervate smooth muscle in the choroid layer, and ciliary neu- 
rons that innervate striated muscle in the iris and ciliary body. 
Both populations of neurons have mAb 35-AChRs and cuBgt- 
AChRs (Jacob and Berg, 1983; Jacob et al., 1984; Boyd et al., 
1991). Since all of the aBgt-AChRs contain (~7 gene product 
(Vemallis et al., in press), it follows that all of the neurons 
express this gene. In addition, in situ hybridization experiments 
have confirmed that essentially all of the neurons express the 
(~3 gene product (Boyd et al., 1988, 199 I), as expected from the 
finding that essentially all mAb 35-AChRs contain 013 subunits 
(Vemallis et al., in press). 

The cellular,distributions of a5, /32, and 64 transcripts in the 
ganglion, however, remain open questions. Immunoprecipita- 
tion experiments with subunit-specific anti-@4 mAbs suggest 
that some mAb 35-AChRs may not have p4 subunits (Vemallis 
et al., in press). The proportion of mAb 35-AChRs containing 
the (~5 gene product also cannot be stated with certainty, though 
essentially all of the gene product expressed in the ganglion 
appears to be assembled in the receptors (Vemallis et al., in 
press). /32 protein has not yet been found in the ganglion, prob- 
ably because of the insensitivity of available antibodies (Ver- 
nallis et al., in press). Results presented above indicate that the 
amounts of ot5, p2, and p4 mRNA in the ganglion are substan- 
tially lower than the amounts of either cu3 or ot7 mRNA. Ac- 
cordingly, one possibility that must be considered is that the 
~5, p2, and ,f34 genes are expressed only in subsets of the ciliary 
ganglion neurons. 

To examine the distribution of cu5 and p4 expression, in situ 
hybridization experiments were performed using YS-labeled 
probes on cryostat sections of El7 ciliary ganglia. (The distri- 
bution of /32 transcripts could not be determined because of high 
backgrounds as indicated above.) The sections were dipped in 
emulsion, exposed for 2 weeks, and developed to reveal silver 
grains. Thionin staining was used to enhance visualization of 
cells. Extensive labeling of ganglionic neurons was observed 

Figure 4. Northern blots of total RNA from ES and El8 ciliary ganglia 
hybridized with (~3, (~5, (~7, and p4 3ZP-labeled probes. Ciliary ganglion 
RNA samples from E8 (5 pg) and E 18 ( 10 pg) were analyzed on Northern 
blots hybridized with 3ZP-labeled probes to detect the indicated tran- 
scripts. The markers indicate the positions of ribosomal RNAs in the 
El 8 samples. E8 samples migrated slightly slower, as indicated by both 
the positions of the ribosomal E8 RNAs (not shown) and the positions 
of the AChR transcripts. The transcript patterns were similar for E8 
and E 18 samples in all cases except for a shift in the distribution of 
transcripts among the three (~7 species. 

both with the 015 and with the p4 antisense probes (Fig. SA,B,D,E). 
Only background levels of grains were apparent over processes, 
non-neuronal cells, and extracellular spaces in the sections. The 
neuronal labeling was specific since it was absent in sections 
probed with cu5 or p4 sense probes (Fig. 5C,F). Labeled neurons 
included both small, elliptical (about 10 pm across) and large, 
spherical (> 20 pm in diameter) cells having the morphological 
characteristics of choroid and ciliary neurons, respectively 
(Landmesser and Pilar, 1974a). Counting the proportion of neu- 
rons specifically labeled indicated that 95 + 3% of the ciliary 
ganglion neurons in E 17 embryos (mean ? SEM of 15 1 neurons 
counted from three sections) contain the a5 transcript. Similarly, 
97 f 2% (15 1 neurons, three sections) contain the p4 transcript. 
It can be concluded that ciliary ganglion neurons, including both 
choroid and ciliary cells, coexpress the (~3, (~5, (~7, and p4 AChR 
genes. 

Discussion 

The major findings reported here show that five neuronal AChR 
genes are stably expressed in the chick ciliary ganglion during 
development. Four of the genes--a3, a5, cu7, and ,f34-have 
previously been correlated with receptor proteins in ciliary gan- 
glia, and are expressed in most, if not all, ciliary ganglion neu- 
rons. The fifth gene, p2, has not previously been recognized as 
contributing subunits to AChRs in the ganglion but is expressed 
at levels comparable to the CX~ and @4 genes. In addition, the 
results show that the pattern of developmental increases ob- 
served for AChR gene transcripts in the ganglion mimics the 
pattern of increases observed for the numbers of AChRs con- 
taining the encoded subunits. No evidence was obtained for 
expression of some other known member of the neuronal AChR 
gene family late in development. These results suggest that tran- 
script levels may be rate limiting for accumulation of AChRs 
and that qualitative changes observed in ACh responses during 
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a5 

Figure 5. In situ hybridization on chick ciliary ganglion sections with a5 and @4 probes. Cryostat sections (12 pm) of E 17 ganglia were hybridized 
with 3SS-labeled probe, coated with emulsion, developed, stained with thionin, and photomicrographed with phase-contrast optics. A and B, a5 
antisense probe; C, 015 sense probe; D and E, 04 antisense probe; F, p4 sense probe. The cell layer has been chosen as the plane of focus in A and 
D to distinguish cell bodies, while in B, C, E, and F the emulsion layer has been chosen to emphasize grains. A and B are from the same field of 
view; D and E are from the same field of view. Examples of labeled cell bodies are indicated by urrows. Several putative choroid and ciliary neurons, 
distinguished by morphological criteria (Iandmesser and Pilar, 1974a), are designated by small and large arrowheads, respectively. Scale bar, 25 
w. 

development are more likely to arise from posttranslational portion of the probe was protected as an intact species. The 013, 

modifications of receptors than from the appearance of new ~y5, p2, and p4 probes represent putative cytoplasmic domains 

types of AChR subunits. having relatively low levels of homology among family mem- 

Quantification of mRNA levels by calibrated RNase protec- bers. Even the ~y7 probe, derived from a putative extracellular 

tion experiments arguably provides the most reliable method domain with more homology, did not cross-hybridize as evi- 

at present for measuring numbers of transcripts per neuron. dented by the failure of rat PC 12 RNA (including (~7 transcript) 

There is virtually no chance that the probes cross-hybridized to to protect the chicken probe. 
other AChR gene transcripts. In each experiment the coding The greatest potential source of error in the quantification 
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comes from having to determine the total amount of ganglionic 
RNA present at various developmental stages. For this reason 
RNA extractions and determinations were performed separately 
on two batches of E8 ganglia and on three batches of E 18 ganglia. 
The six- to sevenfold increase in total RNA per ganglion ob- 
served between E8 and El8 is very close to the approximately 
sixfold increase reported in ganglion weight over the same pe- 
riod (Chiappinelli and Giacobini, 1978) making it unlikely that 
a selective loss of RNA occurred at a given age. Systematic 
losses of RNA during the extractions would not affect the rel- 
ative transcript levels reported here. Such losses would, how- 
ever, lead to an underestimate in the number oftranscript copies 
calculated per neuron. 

To evaluate developmental changes in mRNA levels, it is 
important to compare transcript levels on the basis of topics 
per neuron. While decreases were seen in the signal per micro- 
gram of ganglionic RNA for each of five AChR genes between 
E8 and E18, substantial increases were obtained when the data 
were expressed as transcripts per neuron. If neuron counts and 
RNA yields are not taken into account at each developmental 
stage, changes in the size of the neuron pool or in the ratio of 
neurons and non-neuronal cells contributing RNA to the sample 
can head to serious errors of interpretation. 

The in situ hybridization experiments demonstrate that a5 
and /34 transcripts are present in essentially all of the neurons 
as was previously shown for a3 transcripts (Boyd et al., 1988, 
I99 1). Since most, if not all, of the neurons have aBgt-AChRs 
that contain a7 gene product (Vemallis et al., in press), it can 
bc concluded that most ciliary ganglion neurons cocxpress the 
a3, a5, a7, and /34 genes. The amount of p2 transcript in the 
ganglion is comparable to the amounts of a5 and 134, making it 
possible that most ciliary ganglion neurons express this gene as 
well. There is little reason to think that the @2 gene might instead 
be expressed by non-ncuronal cells in the ganglion, but in situ 
hybridization experiments, when feasible for p2, will be useful 
to confirm a neuronal location for the transcripts. 

Not all neuronal AChR genes are expressed in the ganglion. 
Northern blots and in situ hybridization experiments previously 
failed to detect a2 transcripts in ciliary ganglia (Boyd et al., 
1988). The highly sensitive RNase protection experiments per- 
formed here confirmed the absence of a2 transcripts and indi- 
cated a lack ofa transcripts as well. The absence ofa transcript 
is consistent with the failure of a subunit-specific anti-a8 mAb 
to detect a8 protein in ciliary ganglion aBgt-AChRs (Vernallis 
et al., in press) though the protein is present in a portion of the 
aBgt-AChRs found in brain (Schoepfer et al., 1990). RNase 
protection experiments did detect trace levels of a4 transcript 
in ciliary ganglia as found previously (Boyd et al., 1988, 199 l), 
but the amounts were too low to quantify reliably with the 
methods used here. lmmunoprccipitation experiments with 
subunit-specific anti-a4 mAbs failed to detect a4 protein in 
ciliary ganglia (Conroy et al., 1992; Vemallis et al., in press). 
Trace amounts of@3 transcript were also found, but the amounts 
again were too low to quantify. Anti-/33 mAbs are not yet avail- 
able to identify /33 protein in cells. The only identified neuronal 
AChR gene not tested in the present studies was ~6 (Sargent, 
1993). No sequence information was available for the a6 gene, 
and no antibodies were available for the encoded protein. 

The five AChR genes expressed in the chick parasympathetic 
ciliary ganglion (a3, a5, a7, /32, and 84) arc also expressed in 
chick sympathetic ganglia, judging from Northern blot analysis 
(Listerud et al., 199 I). The relative amounts of the transcripts, 

howcvcr, appear to differ between the two kinds of ganglia. One 
other difference is that a sixth AChR gene, a4, produces too few 
transcripts to quantify in ciliary ganglia while generating levels 
in sympathetic ganglia that fall in the same range as a5 and p2 
(Listerud ct al., 1991). The greater complexity of AChR gene 
transcripts in sympathetic ganglia may be responsible for the 
grcatcr number of AChR single-channel classes observed in 
sympathetic neurons (Moss et al., 1989; Listerud et al., 1991) 
than in ciliary ganglion neurons (Margiotta et al., 1987a; Mar- 
giotta and Gurantz, 1989). Both sympathetic and parasym- 
pathetic patterns of AChR gene expression differ from that seen 
in the CNS whcrc each of the known neuronal AChR genes is 
expressed to varying extents in one or more regions. The prc- 
dominant AChR transcripts in the CNS include a4 and 82, 
which in part contribute subunits to receptors having high af- 
fnity for nicotine (Deneris et al., 1988; Nefet al., 1988; Schoep- 
fcr et al., 1988; Wada et al., 1988; Whiting et al., 1991). Few 
studies have determined the combination of AChR genes ex- 
pressed in single cells, however, making it difftcult at prcscnt to 
estimate the number of different combinations utilized in the 
nervous system. 

The increases in ~5 and a7 mRNAs between E8 and E 18 in 
the ciliary ganglion approximate the increases seen in mAb 35- 
AChRs and aBgt-AChRs, respectively, suggesting that these 
transcripts may be rate limiting for accumulation of the recep- 
tors. a3 subunits are also found in mAb 35-AChRs, but a3 
transcripts are less likely to be rate limiting because they display 
a smaller increase and are more abundant than the a5 tran- 
scripts. Also, previous studies have shown that preganglionic 
denervation can induce a threefold decline in a3 mRNA without 
changing either the levels of mAb 35-AChRs on the surface of 
the neurons or the magnitude of the ACh response (Boyd et al., 
1988; Jacob and Berg, 1988; McEachem et al., 1989). /34 tran- 
scripts also undergo a smaller increase than a5 transcripts but 
are roughly comparable in number. The possibility that some 
mAb 35-AChRs may lack 84 subunits (Vemallis et al., in press) 
makes it difficult to assess the role of @4 mRNA in regulating 
receptor accumulation. It is not known whether either mAb 35- 
AChRs or LuBgt-AChRs contain additional kinds of subunits. If 
mAb 35 is specific for the a5 gene product in native ciliary 
ganglion AChRs as it is on immunoblots (Conroy et al., 1992; 
Vcrnallis et al., in press), it may not be surprising that a5 tran- 
scripts could limit the number of mAb 35-AChRs. 

The substantial increase in mean ACh response observed be- 
tween E8 and El 8 (Margiotta and Gurantz, 1989; Engisch and 
Fischbach, 1990) very likely reflects increases in mAb 35-AChRs 
on the neurons and therefore derives from the increased levels 
ofAChR mRNAs, as suggested above. Other changes that occur 
between E8 and El8 in nicotinic responses include an increase 
in the duration of the predominant single-channel event and the 
appearance ofa CAMP-dependent mechanism for enhancing the 
mean response (Margiotta and Gurantz, 1989; Engisch and 
Fischbach, 1990). Though such changes might be accounted for 
by the appearance of new AChR subtypes during development 
as occurs in muscle, neither the RNase protection experiments 
nor the Northern blot analyses support such a possibility. No 
differences were observed in the family ofAChR genes expressed 
or in the sizes of gene transcripts encoding known subunits (a3, 
p4, and a5) of mAb 35-AChRs, the receptor population re- 
sponsible for the recorded nicotinic responses (Margiotta et al., 
1987a,b; Vemallis et al., in press). Subtle changes, however, 
such as RNA processing to change a single nuclcotide or exon 
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editing to produce a new splice variant of comparable size to 
existing species, would have gone undetected if the changes 
occurred in transcript regions outside that corresponding to the 
probes. Examples of both have been reported for transcripts 
encoding glutamate receptors and have been shown to produce 
receptors with significantly diffcrcnt physiological properties 
(Sommer et al., 1990, 199 1). The data also cannot exclude the 
possibility that some other member of the AChR gene family, 
yet to be identified, changes in transcription pattern during de- 
vclopment. 

It is not clear to what extent cell-cell interactions influence 
the expression of AChR genes in the neurons and guide the 
maturation of ACh sensitivity. mAb 35AChRs first appear on 
the neurons about E4 when innervation by the preganglionic 
input occurs (Jacob, I99 1). Removal of either the target tissue 
at E2 or the preganglionic source of innervation at E4 does not 
appear to affect adversely either the acquisition of ACh sensi- 
tivity by the neurons or the clustering of mAb 35AChRs on 
them through El 8 (Engisch and Fischbach, 1990, 1992). Post- 
ganglionic axotomy of ciliary ganglia in newly hatched chicks, 
however, specifically decreases the ACh response and the num- 
ber of surface mAb 35AChRs on the neurons (Brenner and 
Martin, 1976; Jacob and Berg, 1988; McEachem et al., 1989). 
Both preganglionic denervation and postganglionic axotomy dc- 
crease the large pool of intracellular mAb 35AChRs and aBgt- 
AChRs in the ganglion and reduce the amount of (~3 mRNA 
present (Jacob and Berg, 1987; Boyd et al., 1988). Studies in 
cell culture show that components from the synaptic target tissue 
can enhance the ACh sensitivity of ciliary ganglion neurons 
(Tuttle, 1983; Halvorsen et al., 1991). It will be of interest to 
determine whether cell-cell interactions either within the gan- 
glion or between the neurons and the periphery drive the in- 
creases observed in AChR transcript levels during dcvclopment. 
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