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Abstract 

In the 45 years since the first description of choline acetyltransferase (CHAT; EC 2.3.1.6.), significant progress 
has been made in characterizing the molecular properties of this important neurotransmitter synthetic en- 
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zyme. We are now on the verge of understanding its genetic regulation and biological function(s). The Droso- 
phila cDNA has been cloned, sequenced, and expressed in both a eucaryotic and a procaryotic system. The 
levels of ChAT specific mRNA have been determined during Drosophila development. Monoclonal and poly- 
clonal antibodies have been produced to the enzyme from a variety of sources and used for biochemical and 
immunocytochemical studies. Two well characterized genetic systems have identified the ChAT gene and de- 
scribed a series of useful alleles. As a nervous system specific protein expressed only in the subset of neurons 
using acetylcholine as a neurotransmitter, ChAT is a good model for uncovering the processes and factors re- 
sponsible for regulating genes involved in neurotransmitter phenotype selection and maintenance. Recent 
studies have described the purification of a cholinergic factor from muscle conditioned medium and indicated 
the potential importance of nerve growth factor (NGF) for regulating ChAT expression in the central nervous 
system. These factors, or ones remaining to be discovered, may be involved in the etiology or disease process 
of neurodegenerative nervous system disorders such as Alzheimer's disease. 

Index Entries: Choline acetyltransferase; biochemistry; molecular biology; immunology; gene regulation; 
neurotransmitter phenotype; Alzheimer's disease; NGF; review. 

Introduction 

Overview and Scope 

Chemical neurotransmission plays a major 
role in controlling the behavior and health of 
all animals. A large effort is thus unde rway  in 
the field of neurobiology to unders tand neuro- 
transmission at many  levels. The enzymes that 
control the synthesis of the so-called classical 
small molecule neurotransmitters  are likely to 
be important  regulatory points in the pathway 
from neural  input  to neural  output. The pur-  
pose of this article is to briefly review the bio- 
chemical and  biological information about the 
enzyme responsible for acetylcholine (ACh) 
p r o d u c t i o n :  a ce ty l  CoA-cho l ine -O-ace~  
tyltransferase (CHAT, EC 2.3.1.6). 

N e u r o t r a n s m i t t e r  b iosynthet ic  enzymes  
were  the subjects of numerous  biochemical 
studies dur ing the last several decades. In re- 
cent times the rate of these studies is increasing 
because neurotransmit ters  and their enzymes 
are reduced in several neurological diseases, 
reemphasizing the health consequences of al- 

tered neurotransmitters;  and technological ad- 
vances have al lowed us to prepare new re- 
agents, including specific antibodies and  nu- 
cleic acid probes, for s tudying neurotransmit-  
ters and  their enzymes not only with n e w  pre- 
cision but in entirely new ways. It is my  inten- 
tion to highlight only briefly the early work  on 
ChAT and more thoroughly discuss current  is- 
sues and newer  studies in this area. While 
m a n y  significant biochemical studies of ChAT 
have been done,  the exciting direction for 
ChAT research now lies in integrating this in- 
formation into the context of the cell biology of 
the nervous system. Acetylcholine was the 
first neu ro t r ansmi t t e r  d i s cove red  (Loewi,  
1921), and as a result significant historical im- 
portance is often associated with  studies of the 
cholinergic system. Physiological studies of 
cholinergic neurotransmission,  particularly at 
the experimentally accessible  vertebrate neu- 
romuscular  junction, have served as the para- 
d igm for later studies of other neurotransmit-  
ter systems (Fatt and Katz, 1951). Application 
of acetylcholine to electrically excitable tissue 
can result in a variety of agonist induced  re- 
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0 0 
+ i1 + ii 

(CH3)3NCH2CH20H + CH3CSCoA _~ (CH3)3NCH2CH20CCH3 + C o A S H  

choline acetylCoA acetylcholine 
Fig. 1. Biochemical reaction catalyzed by CHAT. 

sponses in the target cells. The response reper- 
toire of the neurotransmitter can be the well 
known cation conductance increase observed 
at vertebrate neuromuscular junctions result- 
ing in muscle contraction, or any one of a num- 
ber of excitatory or inhibitory changes in cen- 
tral nervous system neurons from a variety of 
species (see Phillis, 1976; McCaman and Ono, 
1982). Most of the physiological changes ob- 
served in cholinergically innervated neurons 
can be explained by the ligand gated opening 
of either cation or anion selective channels. 
Recent studies have also indicated the impor- 
tance of various second messenger systems, 
such as cyclic nucleotides or phosphatidyl  
inositol derivatives (Nathanson, 1987) in trans- 
lating acetylcholine action into an appropriate 
response. A great deal is known about the 
molecular properties of the two major acetyl- 
choline receptor types in vertebrates. Recent 
cloning of the cDNAs for both the nicotinic and 
muscar inic  receptors  have been repor ted  
(Kubo et al., 1986; Mishina et al., 1985). Site 
specific in vitro mutagenesis is now being ap- 
plied to these molecules in order to establish 
structure-function relationships (Mishina et 
al., 1985; Sakmann et al., 1985). 

ChAT was also one of the first enzymes of 
neurobiological interest to be discovered and 
described (Nachmansohn and Machado, 1943). 
The enzyme catalyzes the biosynthesis of ACh 
according to the reaction scheme shown in Fig. 
1. As a consequence of the extensive studies of 
ACh and CHAT, people  who continue to work 
in this field are often viewed as "old-fash- 
ioned." It is my  opinion that such a view is 
only partly correct. Enzymology is an old field. 
In a more m o d e m  frame of reference ChAT can 

be v iewed as an example of a nervous system 
specific gene expressed in only a subset of neu- 
rons. The factors that regulate the initial deci- 
sion of a neuron to express ChAT rather than a 
number  of other neurotransmitter phenotypic 
choices are of interest to a variety of develop- 
mental  neurobiologists. Understanding the 
biochemistry of ChAT is sure to help unravel  
the mysteries of neurotransmitter phenotype 
selection phenomena~ Once a neuron decides 
to express ChAT it often keeps expressing it for 
the lifetime of the cell (a hundred  years or more 
in some humans). The factor(s) that help main- 
tain this expression should be of interest to 
both neurobiologists interested in aging as well 
as clinicians who deal with the neurodegenera-  
tive diseases especially prevalent in old age. 
These neurodegenerat ive  diseases seem to 
have a certain amount  of neurotransmitter 
specificity (i.e., Alzheimer's disease, amyotro- 
phic lateral sclerosis, and Parkinson's disease). 
The factors that can maintain a n d / o r  change 
the neurotransmitter phenotype are also of in- 
terest to both basic and clinical scientists in 
view of the potential for implanting cells (in- 
cluding nonneuronal  cells) into the brain to al- 
leviate a deficit in a particular neurotransmitter 
system. The eventual resolution of all of these 
interesting questions will be aided greatly by 
understanding more about the enzymes re- 
sponsible for neurotransmitter synthesis. Even 
thoug h we know a great deal about cholinergic 
neurobiology, the best is yet t6 come. Contin- 
ued  refinement of our knowledge about ChAT 
is sure to contribute not only to advances in 
basic neurobiological unders tanding of such 
important areas as development,  but also to 
future therapeutic approaches to human  dis- 
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ease such as senile dementia of the Alzheimer's 
type. 

General Background 

ChAT is distributed universally in the nerv- 
ous systems of all species of animals (see Maut- 
her, 1977; McGeer et al., 1984; Rossier, 1977). 
Although the specific types of neurons that use 
ACh as a neurotransmitter vary among spe- 
cies, it is likely that the distribution of ChAT in 
the nervous system indicates that it functions 
primarily by producing acetylcholine for use as 
a neurotransmitter. The highest tissue levels of 
ChAT have been reported for Drosophila heads 
(Driskell et al., 1978; Dewhurst et al., 1970) and 
the electromotor nucleus of Torpedo brain 
(Brandon and Wu, 1978; Salvaterra and Foders, 
1979). These observations are not surprising, 
since insects are thought to use ACh as their 
primary sensory neurotransmitter (i.e., see Ger- 
schenfeld, 1973; Pitman, 1971) and the major 
function of the electromotor nucleus is to pro- 
vide the electric organ with a pure cholinergic 
innervation. ChAT has also been described in 
the nervous systems of other invertebrates 
(Emson et al., 1974; Husain and Mautner, 1973; 
Hildebrand et al., 1974). 

Within vertebrate nervous systems there 
appears to be a close correlation between the 
levels of ChAT and the number Of neurons 
thought to use ACh as a transmitter. Regions 
of mammalian CNS that have high levels of 
ChAT thus include the ventral horn of the spi- 
nal cord, the caudate-putamen, and the basal 
forebrain nuclei while cerebellum is low~ Bio- 
chemical assay methods have so far provided 
the only quantitative measure of the levels of 
enzymatically active CHAT. Unfortunately, 
these methods are limited in their spatial reso- 
lution to the size of the tissue sample that can 
be dissected (i.e., see Cheney et al., 1976.) Many 
recent studies of ChAT distribution have r e -  

fined the spatial resolution to the cellular and 
subcellular level by using immunocytochemi- 
cal techniques (see below). Unfortunately, it is 
difficult to interpret these immunocytochemi- 
cal studies in a quantitative way. In favorably 
organized nervous tissue where the neuronal 
cell bodies are spatially removed from their 
synoptic targets (i.e., Torpedo electromotor nu- 
cleus vs electric organ), there appears to be a 
surprising amount of active enzyme present in 
the cell bodies where it has no known function- 
al significance (Rossier, 1977; Fonnum, 1970)o 

ChAT activity has also been observed in sev- 
eral nonnervous system cells and tissues in- 
cluding plants (Barlow and Dixon, 1973), bac- 
teria (White and Cavallito, 1970; Alpert et al., 
1966), primate placenta (Morris, 1966; Hersh et 
at., 1978; Hersh et al., 1978a), and spermatozoa 
(Bishop et al., 1976), although the latter has 
been questioned (Goodman et al., 1984). The 
functional significance of these observations is 
unknown. Several interesting proposals have 
been advanced, however, suggesting a role for 
ACh in nonsynaptic intercellular communica- 
tion and/or  regulation of the immune system 
(Mouther, 1977; Rossier, t977). 

Although ChAT seems in general to be dis- 
tributed within the nervous system in a pattern 
consistent with its role in producing neuro- 
transmitter, the importance of ChAT activity 
for regulating ACh levels is often not empha- 
sized (i.e., see T~cek, 1985). Other rate limiting 
steps for the production of ACh have been fa- 
vored, including choline uptake, electrical ac- 
tivity, diet, and acetyl-Coenzyme A levels. 
Whatever the physiologically important rate 
controlling step for ACh production, it must in- 
volve ChAT in an intimate way. The enzyme is 
poised at a metabolic branch point for common 
cellular components (acetyl-Coenzyme A and 
choline), which could be used in a number of 
other biochemical pathways (i.e., general meta- 
bolic reactions or phospholipid biosynthesis). 
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Once these components encounter ChAT they 
are almost surely converted into ACh. 

single cells have also been developed (Mc- 
Caman and Hunt, 1965). 

Biochemistry Purification 

Assay Methods 

Much of the early biochemical controversy 
surrounding studies of ChAT can be traced to 
the difficulties in unambiguously assaying the 
enzyme. A thorough discussion of the various 
assay procedures for ACh can be found in the 
recent review of Mautner (Mautner, 1986) as 
well as his earlier summary of this field (Maut- 
ner, 1977). Most current biochemical studies of 
ChAT use a modification of the method origi- 
nally described by Fonnum (Fonnum, 1969). 
The method involves transfer of a radioactively 
labeled acetyl group on acetyl-Coenzyme A to 
unlabeled choline. After acetylation, the newly 
synthesized radioactive ACh is separated from 
the unreacted acetyl-CoA by first forming a 
complex with tetraphenyl boron followed by 
solvent extraction into a hydrophobic phase. 
The advantages of this assay method include 
its simplicity, speed, and sensitivity. The major 
disadvantages include a lack of complete speci- 
ficity for ChAT (unless the pH is carefully con- 
troUed, carnitine acetyltransferase will also 
give positive results) and the inability to re- 
solve kinetic parameters for the enzyme reac- 
tion on a short time scale. Several alternative 
assay schemes have been used to circumvent 
these shortcomings with respect to kinetic 
measurements (Hersh et al., 1978; Hersh and 
Peet, 1977) with varying degrees of success. A 
significant amount of work has been devoted 
to identifying specific inhibitors of ChAT (see 
Mautner, 1986; Mauter, 1977), which should 
allow unequivocal identification of the en- 
zyme. Unfortunately, many of the compounds 
that best inhibitChAT activity (such as sulphy- 
dryl reagents) lack the requisite specificity to 
be used effectively in biological studies~ Mi- 
croassays for determining ChAT activity in 

The biochemical purification of an enzyme is 
often one of the earliest undertakings in under- 
standing its function. With a pure protein it is 
usually possible to clarify the reaction mecha- 
nism, determine the amino acid composition 
and sequence, and use the pure protein as an 
antigen to generate monospecific antisera. 
When attempting these types of studies with 
mixture of unknown proteins, unambiguously 
interpretable results are difficult to obtain. In 
addition, it is only possible to evaluate the suc- 
cess of a protein purification scheme relative to 
a number of criteria, which generally improve 
with each advance in analytical biochemical 
methodology. A significant amount of the ear- 
ly literature on ChAT purification must there- 
fore be interpreted with caution. 

A key factor in successfully purifying any 
protein is often its relative abundance in the 
starting material. With ChAT very few good 
choices are available. The abundance of the 
protein can be estimated to vary from only one 
part in 40,000 for Drosophila heads (Slemmon et 
aL, 1982) to less than one part in several million 
for mammalian brain (Eckenstein et al., 1981). 
Faced with such extreme purification factors, 
several groups have made progress in ChAT 
purification. The enzyme has been purified ex- 
tensively from nematodes (Rand and Russell, 
1985), Drosophila heads (Slemmon et al., 1982), 
squid head ganglia (Husain and Mautner, 
1973), chicken brain (Johnson and Epstein, 
1986), bovine (Cozzari and Hart'man, 1983; 
Ryan and McClure, 1979) and porcine (Ecken- 
stein et al., 1981) caudate nuclei, rat brain 
(Ryan and McClure, 1979; Malthe-S~renssen et 
al., 1978; Dietz and Salvaterra, 1980), Torpedo 
electric organ (Brandon and Wu, 1978), human 
placenta (Hersh et al., 1978) and brain (Peng et 
al., 1980; Roskoski et al., 1975). 
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Successful purification protocols have com- 
bined a number of traditional biochemical 
techniques, including differential solubility in 
solutions of salt or polyethylene glycol, ion- 
exchange chromatography using either cation 
or anion exchangers, affinity columns made 
from inhibitors or substrate analogs, and often 
gel filtration or hydrophobic interaction chro- 
matography (Mautner, 1986). As purification 
proceeds many investigators have noted the 
tendency of ChAT to become unstable. 

An especially useful purification step that 
has been incorporated into several protocols 
involves group specific affinity chromatogra- 
phy using a column derivatized with a textile 
dye such as Cibacron blue or green-agarose 
(Roskoski et al., 1975; Hersh et al., 1978; Dietz 
and Salvaterra, 1980; Eckenstein et al., 1981; 
Slemmon et al., 1982). Several recent reports 
have also described the use of immunoaffinity 
columns derivatized with either monoclonal or 
polyclonal antibodies prepared against ChAT 
(Bruce et al., 1985; Levey et al., 1982; Peng et al., 
1983; Braun et al., 1987). Immunoaffinity col- 
umns should be ideal for achieving large puri- 
fication factors in a single step, however, their 
widespread use is limited by several factors. In 
many cases, the antibodies bind the protein so 
tightly that it must be denatured before being 
released from the column. This makes identifi- 
cation of the resulting polypeptide as ChAT 
problematic since enzyme activity is often es- 
sential for positive identification. It is also dif- 
ficult to adequately characterize even partially 
denatured protein with respect to any catalyti- 
cally related properties such as final specific 
activity that may be useful in quantitative as- 
sessment of the purification procedure. When 
polyclonal antibodies are used as an affinity 
ligand, their monospecificity must first be es- 
tablished (see below). Even monoclonal anti- 
bodies are known to react with functionally 
unrelated proteins that share a common epi- 
tope by chance. 

With the exception of several earlier reports 
describing ChAT purification, most current 
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work has resulted in a physical picture of this 
enzyme that is consistent not only between 
laboratories but also with respect to the en- 
zyme obtained from different species. This 
convergence of results from most laboratories 
in the field is reassuring in the sense that infor- 
mation gained about the biochemistry of ChAT 
from one source, with a given set of techniques, 
may be confidently extended to the enzyme 
isolated from other sources by other proce- 
dures. It may, however, be purely coincidental 
since seemingly easily determined physical 
constants for CHAT, such as molecular mass 
and final specific activity, vary outside the 
range usually expected for purely experimen- 
tal error (see below). 

Physical Properties 

One of the most fundamental physical prop- 
erties of an enzyme is its molecular mass. The 
size of ChAT has been determined using a 
number of techniques, different sources for the 
enzyme, and in many different laboratories~ 
Most recent determinations have produced 
values in the range of 67-69 kdalton using gel 
filtration or sucrose density gradient centrifu- 
gation (Ryan and McClure, 1979; Slemmon et 
al., 1982; Eckenstein et al., 1981; Peng et al., 
1980; Rand and Russell, 1985), and detecting 
enzyme activity relative to other globular pro- 
teins of known molecular mass. The resolution 
of these techniques is usually not sufficient to 
determine molecular weights with a precision 
greater than +10%. In general, where the en- 
zyme has been sufficiently purified to examine 
the ChAT-related polypeptide(s) by SDS gel 
electrophoresis, molecular weights have been 
reported to be in the same range as the native 
enzyme activity (Slemmon et al., 1982; Bruce et 
al., 1985; Braun et al., 1987; Dietz and Sal- 
vaterra, 1980; Levey et aIo, 1982). Molecular 
weights determined by SDS gel electrophoresis 
usually have greater precision than gel filtra- 
tion or sucrose density gradient techniques. 
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The agreement between molecular weights of 
the native enzyme and the denatured polypep- 
tides indicates that ChAT is most likely a 
simple globular protein with no complicated 
subunit structure. The agreement between 
molecular weight determinations of Drosophila 
ChAT by sucrose gradient centrifugation and 
gel filtration reinforce the picture of a simple 
globular enzyme with little axial asymmetry 
(Slemmon et al., 1982a). 

Some reports have argued for a more com- 
plicated subunit structure of ChAT (Chao, 
1975; Chao and Wolfgram, 1973) or a simpler 
peptide component (Chao, 1978). Often rela- 
tively impure preparations were used for these 
studies with the attendant risk of ChAT inter- 
acting with one or more impurities (which 
could generate larger apparent molecular 
weights) and /or  proteases (which could gener- 
ate smaller apparent molecular weights) (i.e., 
see Hersh and Peer, 1978; Fonnum, 1968; Fon- 
num and Malthe-Sorenssen, 1973; Hersh et al., 
1984). 

In several cases, however, a molecular 
weight significantly greater than 69 kdalton 
has been reported for purified ChAT polypep- 
tides (Cozzari and Hartman, 1983; Hersh et al., 
1984; Badamchian and Carroll, 1985) and in 
addition multiple ChAT related polypeptides 
have been observed on SDS gels (Cozzari and 
Hartman, 1983; Hersh et al., 1984; Dietz and 
Salvaterra, 1980; Slemmon et al., 1982). Mo- 
lecular weights larger than 69 kdalton could in- 
dicate that ChAT is synthesized initially as a 
larger protein and normally processed by cel- 
lular proteases to the size of the major activity 
species. It remains possible that in spite of ef- 
forts to control proteolysis during enzyme pu- 
rification, the importance of this mechanism 
for generating smaller polypeptides during 
biochemical isolation procedures has been 
underestimated (Hersh et al., 1984; Mautner, 
1986). Other mechanisms which could also 
result in multiple ChAT polypeptides include 
the possibility of multiple genes, post-transla- 

tional modification, differential splicing of 
RNA, and /o r  even multiple translation initia- 
tion sites in a single mRNAo The relative con- 
tributions of any of these processes in generat- 
ing a more complicated structural picture of 
ChAT are unknown, but we are now accumu- 
lating evidence for one or more of them operat- 
ing in Drosophila (see below). 

We have recently reinvestigated the molecu- 
lar size of Drosophila ChAT using high titer 
polyclonal antibodies prepared against a fu- 
sion protein made from a ChAT cDNA clone 
(Mufioz-Maines et al., 1987). These antibodies 
allow us to directly examine the ChAT related 
polypeptides by immunostaining Western 
blots of fresh homogenates without any prepu- 
rification. Our results indicate that an immu- 
nologically detectable ChAT protein is present 
in fresh Drosophila head homogenates primar- 
ily as a single polypeptide with a molecular 
weight of about 75 kdalton (although smaller 
M immunoreactive polypeptides can also be 
detected). In contrast to this value, we have 
previously demonstrated that completely puri- 
fied Drosophila ChAT shows a mixture of 3 pol- 
ypeptides with molecular weights of 67, 54, 
and 13 kdalton (Slemmon et al., 1982). All of 
these peptides have a shared primary structure 
as determined by peptide maps (Slemmon et 
aL, 1982a). The simplest interpretation of these 
results would be that in spite of our best efforts, 
we have been unable to prevent limited prote- 
olysis of a higher molecular weight protein into 
smaller components during enzyme purifica- 
tion. This higher molecular weight form of 
ChAT may not be unique to Drosophila since a 
similar higher molecular weight protein has 
been observed in vertebrate ChAT prepara- 
tions using rapid irnmunoaffinity purification 
procedures or eliminating proteolysis (Hersh 
et al., 1984; Cozzari and Hartman, 1983). The 
size of ChAT in cholinergic cells is thus still 
subject to some uncertainty. 

The existence of various isoelectric forms of 
ChAT is also still subject to a certain amount of 
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uncertainty (Malthe-S~renssen and Fonnum, 
1972; Malthe-S~renssen, 1976). It should be 
mentioned that limited proteolysis could give 
rise to ChAT activities with multiple isoelectric 
points (Hersh et aL, 1984; Salvaterra and Mc- 
Caman, 1985). The exact molecular nature of 
different charge forms of ChAT in vertebrates 
is thus unknown. In Drosophila there seems to 
be only a single gene for ChAT (Greenspan, 
1980) and the two major isoelectric forms of the 
enzyme activity seem to be generated by pro- 
tease action on a single protein (Salvaterra and 
McCaman, 1985) although other potential 
mechanisms have not yet been ruled out ex- 
perimentally. 

Subceflular Distribution 

Like most other neuron specific proteins, 
ChAT is most likely synthesized in the cell 
body of the neuron and transported to the 
nerve endings where it catalyzes the synthesis 
of ACh. Several studies have indicated that 
ChAT is in the slowly transported pool of pro- 
teins (Frizell et al., 1970; Jablecki and Brimijoin, 
1974; Kasa et al., 1973; Dziegielewska et al., 
1976; Jablecki and Brimijoin, 1975; TOcek, 1975; 
Tficek, 1974; Osborne, 1979; Ohshiro et aL, 
1978; Dahlstrom et al., 1978; O'Brien, 1978; 
Cannas and Giacobini, 1978; Wooten and 
Cheng, 1980; Giacobini et al., 1979). It should 
be mentioned, however, that all studies deal- 
ing with the axoplasmic transport of ChAT 
have relied on detection of enzyme activity. 
Until we know more about the initial gene 
products transcribed from ChAT mRNA we 
should perhaps view the assignment of ChAT 
to the slow transport pool as tentative. In fact, 
it is rather surprising that immunocytochemi- 
cally demonstrable ChAT protein in vertebrate 
nervous system appears to be more easily de- 
tected in neuronal soma rather than in nerve 
endings (Houser et al., 1983). This curious re- 
sult may be caused by some technical limita- 
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tion of the immunocytochemical technique 
(i.e., poor antibody penetration into nerve end- 
ing compartments) or it may reflect the distri- 
bution of ChAT polypeptides rather than activ- 
ity (i.e., the possibility of a nomenzymatically 
active precursor or product of CHAT). 

Even within nerve endings ChAT appears to 
exist in an aqueous soluble form as well as a 
membrane associated form (Fonnum, 1968; 
Fonnum and Matthe-S;~renssen, 1973; Benish/n 
and Carroll, 1984; Benishin and Carroll, 1982; 
Badamchian and Carroll, 1985). Several inter- 
esting biochemical distinctions including cata- 
lytic properties and molecular size distinctions 
have been described for ChAT found in these 
two dif ferent  subcel lu lar  compar tments  
(Benishin and Carroll, 1984; Benishin and Car- 
roll, 1982; Smith and Carroll, 1980; Badamchian 
and Carroll, 1985). ChAT has been known for 
some time to interact with other cellular pro- 
teins under a variety of conditions. It has even 
been demonstrated that some of these interac- 
tions may have potentially important conse- 
quences for regulating enzyme activity (i.e., see 
Rossier, 1977). So far, however, there appears 
to be no physiologically functional distinction 
for differentially distributed subcellular forms 
of CHAT. 

Molecular Biology 

The techniques of molecular biology, with 
their inherent sensitivity and ability to amplify 
molecular structures, are particularly impor- 
tant for studies of relatively rare nervous sys- 
tem specific proteins such as CHAT. The cDNA 
for Drosophila ChAT has recently been cloned 
using the lambda gt 11 expression vector and 
screening a cDNA library with a mixture of 
anti-ChAT monoclonal antibodies (Itoh et aL, 
1986). The nucleotide and deduced amino acid 
sequence of the single clone isolated in this ini- 
tial screening is shown in Fig. 2. The identifica- 
tion of this cDNA clone as ChAT rests on s e v -  
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I aA I~C GHH AFI CCG G~T CC~ A~A 6HA GCG haC GIG GCG ICC AAC 4~ 
I l e  Pro ABp Pro Ly= 01y A la  A~n V~i Ala Set A=n 

45 GAG GCC AGC ACC AGC GCA GCB GGC ACT GeC CCG ~A8 TCC GCC 86 
~IL~ Ala  Set T h r  Set AIa A la  e l y  ~ r  G I y  PFO G l u  Set AI~ 

87 ~GC CTG TTC ~GC AA~ TTG COT AeC TTE TCG aTT GGC AGC egg 128 
A la  L~u Phe Ser Lys L~u Are Ber Fhe S~P I l e  e l y  S~r ~ l y  

129 CCG AAC TCH CGH GAG EGG GTC HTC ~EC AAT CTC CHA ~8A TTC 170 
Pro A~n Ser Fro 81n Are Va| Val Set Ash L~u Are Hiy ~he 

171 CTC ACC EAT C0C CTC AGC AAG ATC ACA GCe AeG HAT ACA GHA 212 
L~u Thr  Hi~ Are Leu S e t  A~n l i e  ~hr  Pro S ~ r  Asp Th~ HIy 

213 ~GH bah HAC TGH ATT CTH TC~ ATA CCA AAe AAA TGB CTC TEA 254 
Trp Lym A~p Set l l e  L~U Ser l i e  P r o  Lys L y l  Trp L~u Set 

253 ACe GCC GAG TET GfG ~AC HAG TTT eGA TTC CCT GAC ACT CTA 296 
Thr a l a  Glu Set V~l A~p H lu  Fhe Oly Phe Fro Awp Thr Leu 

2~7 CEG hAG OTH CEC OTT CCA HCA CT8 ~AT G~A AGO ATH ~CC GAC 3~0 

~ . i ~ - [ g  Thr  LyI  G I ~  L~LI l i e  Are Gin Phe Set a l l  Pro Gin 

423 GOA ATC GGA GCH CGG CTH CAT GAG TAT CTH CTG GAC AA8 CGT 46~ 
8 1 y  l l e  Hiy Ala Are L~U His eJn T~r Lmu Leu Asp Cy~ Are 

465 GaH 8CH AGO ATA ACT Gee CCT ATT ACT ACT HOG TCA ACe AHA ~06  
HIU A|a Are l i e  Thv e l y  Pro I l l  Thr Thr  e l y  S~r Thr Are 

507 GHr ACA TGO ATA TTC ~CA TTC CCT TTH CCH ATC AAC TCG AaT 54B 
01y I h r  T r p  l l e  Ph= a la  F h e  Pro LIU Pro I l l  A=n 8~r a l n  

549 CCG GeE h IT  G~T H I T  ECC GCC HC~ ~C8 CTT CAA GaC CGT CCA 590 
Fro HIy I l e  Gly V~L Pro A la  A la  Set Leu Hin AIp Ar~ Pro 

~91 CGA CGF GCC C~C TTC GCC OCT G~C CTH CTG Gag OOC ATT CT~ 632 
Are ACe AIa Hl~ Fh~ A la  Aim Ar~ ~ L ~ l ~ _ ~ i 3 ~ _ ~ C ~ J ~  

633 A~C GAG COG 0~O ATH CTG HAC A~T egg G~H CTH CCG CT8 HAG 674 

673 COG 8CH CTC GCH G~G ~hO hAT CAO CEG CTG ~HC ATG OCH CAO 716 
~r~ AI~ Leu a la  H lu  Ly~ A~n O|n Pro L i u  Cys MET Aia Gln 

717 ~AC TAC EGC CTO CT~ GHC TCG TOT C~T COT GCT GeT ~TC ha0 738 
Tyr Tyr a~g L ~ , , ~ L ~ _ G _ L y . _ ~ E _ ~  ~ Are Are Pro H I y  Val L~ 

7~9 GAG GAC TCH E~H ~TG CTG CCH TCH EGO GAG CeA CT8 AAC GAG 000 
~1~ A~p S e t  ~ | n  Phe Leu  P r o  ~r Arg OIU Afg LeLt A~ A~D 

eOi  GAG c a r  CeC c a r  o r o  GTG GTT ATT TGC CGC A~C CAA ATe TAT 042 
61u A t o  a r e  H I ~  V~ |  V a l  Va |  I l e  C y l  a r e  ~ G l n  J2E_T__T~y ~ 

843 TGC CfC  8TG CT0 CAG GET AGC HAT Gor GGA AAH TTG TCG GAG 8B~ 
~.V-IL--~eJI-~LL-~L--GJII-AL~L~9~I_BLmp_J~T_q O|y Ly,  Leu Set Glu 

G85 ACT GAG hIE ~GC ~C~ C~G ATC CTC TAT GrH CTC AOr OAT GCT 926 
Set O|u Ile A l l  Set Gin ill Leu Tyr Val Leu Set Alp  AIa 

~27 ECC TgT CTG CCa GCT hAa CGA G~G CCG OT~ GeT CTe CT~ ACC 9b~ 
F r o  Gym L I u  ~ r o  A la  Lym P r o  V a |  P r o  V i i  81y  Leu L I u  T h r  

96~ GCT 8Aa GCH AGO AGE ACe TGH OCA COO ~AC CGG GAA ATe CTT l O I O  
AJ~ eJu  Fro Arg Sir T h r  T r p  A | i  Ac 9 Amp A r e  ~ l u  MET L~u 

i 0 1 l  GAG GAG GeE GnA CGC hAT CAA CGC Anr CTO G~e CTC ATC G~O 1052 
Gln GIu Asp elu Are Amn Gin a r e  Ash Leu Glu Ceu l l e  Glu 

I0~3 ACH TeA CAH HTH ~TC CTC 7GT CTH ~AC eAA CCO TTH GCT Gee 1094 
Thr Set G|n Val Va |  L iU Cyl  Leu ~ Ip  GI~ PrO Leu A l l  e l y  

1095 aAG TTT AaT GEe COC GOT TTT ACe GeT 8CC ACe CCC ACA OTT I136 
n=n Phi A~n AIa Are r~_E~Th~_J2Lr_iiL,~_~br fro Thr V~i 

i 1 3 7  Car  CGO OCH 8HA OAT AOG OAC 8~O AEH AAC ATe OCC C~C 8~8 1178 
~ C ~  Aim e l y  AsD Are A ~  H lo  Thr Aln  MET Alm H I I  81U 

1179 ArO ATC CAE GOC GOA OGC nGC 0aG ~aC AAC TCC GGA ~ T  COC 1220 
MET I l e  Hi= Oly Oly 01y S l r  81u Tyr A ln  81r Oiy Amn are 

1221 TGG TTT GAG bAH ACC ATO E~O CIC ATT ATT IGC ACC OAT BOA 1262 
Trp Phe Asp Lys Thr  MET Gin L~u l i e  I l e  Cyl  Thr Amo e l y  

1263 ACE TOO GeE CTT TGC ThT G~H EAC TCC ~GT fCC OAA 0GC ATT 1304 
Thr Trp GIy Leu CyI Tyr Glu His Set Cy= S~r Glu e l y  I l l  

13o5 OCT GTT OrE CAH CTG CTG G~0 nAG nTC Trig AAA Aria ATe O~G I~4~ 
am8 va l  Val Gin L*u  Leu H lu  Ly i  I i ~  Tyr  Lym Lym I l e  e l u  

i347 OAO CAE CEO GAC BaH OAT AAC GOT ETa CCO C~A CaC CAC TTG 1~88 
Glu  HIm Pro Am~ Olu h i p  Amn Oly L Iu  Pro Gin Him Him Leu 

~3B9 CCA CEA ECH HA8 CGF CIH HAH TGO CAr HTH GeT CCH CAA TT8 1430 
FrO Pro Pro Glu Ar~ Lmu HIu Trp Him Val Qly PrO Gin Leu 

143~ C~A TTH GCC TTT HCC CAA ~CG TEC AAH aCT eTH HAE AAA T~C i472 
OJn Leu AIa Ph l  A i~  Gin A ia  Set Lyw ~er Vml amp Ly i  Cy$ 

i473 ATE CAr GAC CTH G~C TTC TAT GTG TaC CGC TAC CAH A~T TAC 1314 
i I I  Amp A~p L~u Asp Ph~ Tyr  V a l  Tyr A~g ~ y ~ _ ~ S ~ F  ~Y~ 

i515 Gga aAO ACE TTT aTC aaa TC8 IOC GAB OTC AGT CCG OAT ~ e  I~56 
~LY_J~Y~ l h r  Phe l i e  L y l  Set Cy= Gin Val Smr Pro Am~ VaI 

1557 TAC ATT G~O CIe GE~ ~CT GGA ACT ~OC TEA C~A GAA HTT eTA 157~ 
Tyr  I I I  Gin Lmu Ala ~hr  A la  Thr HIy Set L~U 81n Val V$1 

s CH~ aCH TCT GOT GOC CAC eTA CgA aAO THE GTC CAC TCH ACO 16~0 
Are The 8~r H ly  Oly Him LI~ Are Ly= Cy= V I !  Him S i r  Th~ 

l&41 ATT TCT OCA CHH CCH COT ~GA CT~ CAT G~e AOC H~C GaH CAC 1682 
I l l  S=r a le  Arg Pro AFg are Le~ Him g l n  S~r e l y  Ht~ Him 

~be3 ~ A  H~C ATT OGA ~T~ ~GC GAG HEC AT8 T~C CA~ 0ST HAG H~T 172# 
GIy O[y I l e  81y Val B[y G i n  a la  MET Gyl 81n H ly  e l u  H ly  

1723 HCA aac CTG GCC CTG G~H AGC OAT CeC ~aO eat  GAG GAG Gag 1766 
AI~ Asm L~u Pro Leu H lu  Set Amp Are Gl~ A=p 81u Glu 01u 

1767 TCG CGA AAH OTG AAH TTC AGC ATT TAG ACT AAe OAF CAT C?C 1808 
Ser Are Ly$ Val Lym Ph~ Set l l I  Tym Set Ly= A=p Him Leu 

1809 COT Gag GTT TTC CGO T~C 8CC G~C ~CG COC Ca~ ACT ~AH ~ i8~O 
Are H lu  Leu Ph~ A~g Cys A la  Leu a l~  Are Bin Thr  ~ l u  Vm| 

s ATH HT8 AGA ATA TCC T0G GCA ATe eGA TCH AGA TCC CHC TGC 1892 
MET Val Are l l e  Set Trp  A l~  ~ET Alm See Thr See are Cys 

IB73 TeB CGT GEe AHA G~C CAO ~AT AHA ~eT E~C CO~ GeA OAT GC~ 1934 
Trp P~o a l a  Are GIy ~ In  Tyr  Are HIy Hi~ A~g ACe Asp A1a 

19~3 CGA OCT erT G~a AGA GGA GTC TTA CaA CAG ~GC TCG GAG TGC 197& 
Are A la  Val ~ l n  Are Are VaI Leu Gln Bin Cym Ser H ln  CFI 

1977 AAC CTG CTG TCC ACe hOT CAe CTC HCG TGC TCT AC~ ~AC age 2018 
Ash Leu L~u Set Thr Set Gln L~u a l ~  Cy~ ~ Thr  Asp Set 

20 i9  TTT AT~ GGA TAG GHa CCH eTA ACH GCA COT GeT TAT GGC T~C 2068 
Phe MET GIy Tyr  e l y  Pro Val Thr  Pro are ~ Y ~ Y - ~ J ~ 3 ~ Y ~  

2061 TCC TAC hAT CCG CAT CCe GaA CAH ATC GTC TTC T~C GTG TCG 2102 
~r- . -T-y. r . - -~.o_Cr_o_~Ls f_no ~ u _ _ ~ L o _ _ L L ~ _ ~ L C b _ ~  Cy, v a t  ~ . r  

2103 GCC TTC TAC TCA TOT G~H HAT ~CG AHT GGC THe CeA TAG eCC 21~4 
AI~ Fhe l y r  Set CyI Hl~ A~p Thr Set A)~ ~ I r  Are Tyr  a l a  

214~ hAA TC0 CTe GAG ~AG TCH CTG ~AC ATA ATe GOT HAT CTA CT~ 2106 

2187 ChA AaC TAG nee AAC TAG ACT AGA ATO TEe CTA eGA Tie Gee 2228 
G i n  ~ f l  END 

2229 TCC aCC AOA AAA AA~ A~A ~CA TAT CAG TTA ATe TAC CTA AGe 2270 
2271 cGe TTA GCG AAC OAA AGF hAG TAA ~ l e  TAA CTA GCG ACC ~CA 2~12 
2313 CAC @GG cHr TrC ~TT TOT HAC CAA 8CA GCa CGA A~C ~AH GCA 2334 
2~55 CCG hat GAG G~H IOH ~ A  ~C]" GAH GAA TAA OAT ~GA TAA COA 23?6 
2397 TAA CGA hAT CGe A~T CGA ~AA CTA hTO TCA h[C aCT ATC hAG 243B 
2439 TTe AGA CAA AAA ~A~ hAG ACA AAA AAA hAG ~GA ATT 2474 

Fig. 2. Nucleotide and deduced amino sequence of Drosophila ChAT cDNA. The nucleo~des are numbered 
in the 5' to 3' direction and the deduced amino acid sequence is shown below the nucleotide sequence. The amino 
acids confirmed by N-terminal sequencing of tryptic peptides are underlined, Data is adapted from Itoh et al. 
(1986). 
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eral independent criteria. Most importantly, 10 
tryptic peptides determined by microsequenc- 
ing purified enzyme are all represented in the 
deduced amino acid sequence of the cDNA 
clone~ In addition, this clone maps to the same 
cytogenetic position for ChAT determined in- 
dependently by segmental anueploid analysis 
of Drosophila (Greenspan, 1980). We have also 
recently demonstrated that cRNA synthesized 
in vitro by SP6 polymerase transcription of this 
cDNA clone can direct the synthesis of enzy- 
matically active ChAT when injected into 
Xenopus oocytes or other in vitro translation 
systems (see below). 

A curious finding during the antibody 
screening of the expression vector library was 
the identification of an alternative clone that 
produced an immunologically positive pro- 
tein. This alternative clone, even though posi- 
tive to ChAT monoclonal antibodies, was ruled 
out as an authentic ChAT cDNA based on its 
deduced amino acid sequence as well as its 
cytogenetic position (Itoh et al., 1986, unpub- 
lished results). 

Several interesting structural findings are 
apparent from an examination of the ChAT 
cDNA sequence~ There appears to be a high 
concentration of dibasic amino acid residues 
(13 pairs) (see Fig. 2). This structural feature is 
most often observed in peptide hormone pre- 
cursors where these amino acids indicate pro- 
tease processing sites used during the genera- 
tion of active hormones. The biological signifi- 
cance of the dibasic amino acid residues in 
ChAT is unknown, but this struc~ral feature 
may have important consequences for bio- 
chemists interested in purifying an intact pro- 
tein. The ChAT sequence also contains a con- 
sensus glycosylation site even though there is 
no indication that enzymatically active ChAT 
contains sugar residues. The enzyme from a 
number of sources fails to bind to any lectin 
columns (Mautner, 1986, unpublished results). 

The ChAT cDNA clone we have isolated is 
not a full length cDNA clone. Our clone is only 
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Z4 kbases in length, while the size of the ChAT 
mRNA in Drosophila is close to 5 kbases in 
length (Itoh et al., 1986). We have observed a 
qualitatively indistinguishable size for the 
ChAT mRNA at all developmental stages of 
Drosophila. It is therefore unlikely that differ- 
ent forms of ChAT mRNA are produced dur- 
ing different stages of the life cycle of flies. In 
addition, the ChAT cDNA sequence contains 
no methionine initiation codon or poly-A+ 
addition site~ In spite of the fact that we have 
isolated only a partial ChAT cDNA, the size of 
the protein which could be produced by this 
2.4 kbase cDNA is about 81 kdalton. This size 
protein is thus greater than that observed for 
purified Drosophila ChAT (i.e., 67 kdalton, 
Slemmon et alo, 1982). In fact, the amino acid 
coding sequence represented in our clone 
could even code for a protein larger than the 75 
kdalton immunoreactive band we have re- 
cently observed in homogenates of fresh fly 
heads (Mufioz-Maines et al., 1987). Perhaps 
Drosophila ChAT is synthesized initially as a 
larger protein that is modified by proteolytic 
processing to produce smaller molecular 
weight forms. Alternatively, multiple forms of 
ChAT protein could be synthesized from a 
single mRNA by using multiple protein trans- 
lation initiation sites. 

In order to test the ability of our partial 
cDNA to direct the synthesis of enzymatically 
active CHAT, we have recently completed two 
studies. The original pCha-2 cDNA (Itoh et el., 
1986) was subcloned into pGEM-2 (Promega 
Biotec) and two independent plasmids were 
isolated with the cDNA insert in opposite ori- 
entations relative to the SP6 RNA polymerase 
initiation site in this vector. Injection of in vitro 
synthesized ChAT cRNA into Xenopus oocytes 
resulted in the production of enzymatically 
active ChAT detected in extracts of oocytes (see 
Fig. 3, McCaman et at., 1987). 

Only RNA in the sense orientation produced 
active enzyme. Uninjected oocytes, oocytes 
injected only with water, or with an equivalent 
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Fig. 3. In vitro synthesized ChAT cRNA in the sense orientation injected into Xenopus oocytes produces active 

CHAT. ChAT activity was measured in extracts of Xenopus oocytes which had been injected with 30 ng of SP6 
transcribed cRNA in either the sense or anti-sense orientation, 50 nL of water, or uninjected. Two days after 
injection 3-10 oocytes were pooled, homogenized and assayed for ChAT activity. Values represent the means 
of triplicate determinations +_ the standard error of the mean. Data adapted from McCaman et alo (1987). 

amount  of anti-sense-oriented cRNA, pro- 
duced no detectable ChAT activity (see Fig. 3). 
The size of the immunoreactive protein pro- 
duced by the sense cRNA-injected oocytes and 
detected with our anti-ChAT fusion protein 
antibodies is 75 kdalton, as shown in Fig. 4. 
Interestingly, this is also the size of the major 
form of ChAT protein recognized by these 
polyclonal antibodies in fresh Drosophila head 
homogenates. We do not know if an identical 
protein is being produced  in Drosophila and the 
Xenopus extracts, since the pGEM vector could 
conceivably provide a necessary methionine 
initiation codon (a single inframe start codon is 
contained in the vector). It has aLso recently 
been demonstrated that a complex mixbare of 
total mRNA prepared from either Torpedo 
brain electric lobe or rat CNS can direct the 
synthesis of enzymatically active ChAT when 
injected into Xenopus oocytes (Gundersen et al., 
1985, Berrard et al., 1986). 

We have also subcloned the pCha-2 insert 
into the pKK233-2 expression vector (Pharma- 
cia) and tested the ability of this construct to 
produce active ChAT in transfected E. coil 
This vector contains a t ryptophan-lactose 
(TAC) promoter  sequence and no possible 
methionine initiation codono As shown in Fig. 
5, active ChAT can easily be detected in 
extracts of E. coli that have been transfected 
with this plasmid in the proper  orientation to 
produce sense RNA. In addition, the expres- 
sion of the ChAT activity is clearly under  the 
control of the TAC promoter  since it can be 
induced by inclusion of IPTG in the medium~ 
Unfortunately, it has so far been technically 
impossible to determine the size of the protein 
produced under  these conditions since the 
anti-ChAT antisera we have available for im- 
munostaining are contaminated with anti-Eo 
coli antibodies (i.e., antigens present in the fu- 
sion protein immunogen)o Our cDNA clone 
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Fig. 4. Western blots of fresh Drosophila head homogenate and the protein produced after injection of SP6 

transcribed ChAT cRNA into Xenopus oocytes. The samples inlanes I and 2 were stained with a rabbit polyclonal 
antiserum that recognizes Drosophila ChAT (Mufioz-Maines et al., 1987), whereas lanes 3 and 4 were stained with 
pre-immune serum from the same rabbit. Lanes I and 3 contained a sample of fresh Drosophila head homogenate 
boiled directly in SDS dissociation buffer and estimated to contain approximately 1.4 x 104 tmlol/min of ChAT 
activity, whereas lanes 2 and 4 contained an aliquot of Xenopus oocyte extract 4 d after injection with SP6 
transcribed ChAT cRNA in the sense orientation and estimated to contain 1.4 x 10 -s t~rnol/min of ChAT activity. 
Samples were electrophoresed and transferred to nitrocellulose and bands reacting with antibodies were 
visualized by autoradiography following incubation of the blots in ~zSI-labeled Protein-A. Molecular weight 
markers are indicated on the left side of the figure in kdalton. Oocytes injected with ChAT cRNA in the anti- 
sense orientation, water, or uninjected, showed immunostaining patterns essentially identical to lane 4. Both 
the Drosophila head sample (lane 1) and the Xenopus oocyte extract (lane 2) show a major band specifically 
staining with antibodies at a M of 75 kdalton. Data adapted from McCaman et al. (1987). 

can thus code for an enzymatically active pro- 
tein in both a eucaryotic and procaryotic ex- 
pression system. 

An interesting feature of the Drosophila 
ChAT protein sequence is its homology with 
Torpedo acetylcholinesterase (ACHE, Mori eL al., 
1987). Six homologous peptides can be identi- 
fied and ordered along the sequence when 
comparing these two cholinergic macromole- 
cules (see Fig. 6). 

This type of homology may indicate that 
ChAT and AChE have evolved from a common 

ancestral gene. Several short homologous pep- 
tides have also been noted when comparing 
ChAT with a neuronal alpha-type nicotinic 
acetylcholine receptor subunit from rat (Mori 
et al., 1987). Although these homologous seg- 
ments are not extensive enough to indicate a 
common origin for these two genes, it is inter- 
esting that the homology is strongest in the 
part of the receptor that is thought to be in- 
volved in ACh binding (Mishina et al., 1985). 
In addition to providing important evolution- 
ary insight into the origins of cholinergic 
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Fig. 5. Drosophila ChAT cDNA produces active ChAT under control of the TAC promoter in transfected E. 
coil The Drosophila ChAT cDNA insert (Itoh et al. 1986) was subcloned into the EcoR1 site of pKK223-3 
(Pharmacia) in both orientations~ ChAT activity was determined in homogenates of transfected E. coil SM105 
(overnight culture). Transfected cells were induced (+) by addition of 10 mM IPTG I h before assay. Insert refers 
to the orientation of the cDNA which produces either sense or antisense RNA. (Data from H. Su~hara and P. 
M. Salvaterra, unpublished). 
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Fig. 6. CHAT, acetylcholine esterase (ACHE), and acetylcholine receptor (AChR) share limited sequence 
homology. Schematic representation of structural homologies within and among Drosophila CHAT, Torpedo 
ACHE, and rat neuronal nicotinic AChR alpha subunit. Each sequence is represented as a line, while a dashed 
line indicates the signal sequence or the sequence only included in precursors. The N-terminal position of the 
Drosophila CHAT has not yet been identified, and therefore position 1 only indicates the furthest upstream 
residue so far sequenced. Homologous regions between ChAT and AChE are indicated by shading between the 
two sequences. The active site residue (Set 200) for AChE is marked by an asterisk between two thick wavy lines 
indicating the active site residues homologous to the other esterases and pancreatic proteases. The circled 
numbers denote the five homologous segments between ChAT and AChR alpha subunit, which are distin- 
guished by different symbols located at approximate positions along each sequence. Thick arrows indicate 
internally duplicated sequences, which are named a, a', b, b', and so on. The four extracellular cysteine residues 
characteristic of AChR alpha subunit are marked along the sequence by closed circles. Also shown by closed 
circles are the four cysteine residues in CHAT. These residues are located in the vicinity of the homologous clus- 
tered segments (2-5) when comparing CHAT with the AChR alpha subunit. The two regions enclosed by an oval 
include all four cysteine residues and the homologous segments of ChAT and the AChR alpha subunit. The 
transmembrane regions of AChR (I, II, III, and W) and the amphipathic helix are indicated. The amino acid 
residue positions are numbered below the lines. Data taken from Mori et al. (1987). 
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macromolecules, these homologous sequences 
found in ChAT may serve as useful guides for 
identifying structural domains that are impor- 
tant for the function of the enzyme. In vitro 
mutagenesis coupled with ChAT expression 
systems will now make it possible to design 
and test various amino acid changes in the 
ChAT sequence for their effect on enzyme ac- 
tivity. 

Many of the unanswered questions regard- 
ing the size and detailed amino acid sequence 
of the primary ChAT translation product can 
be resolved by isolating a full length cDNA 
clone for the enzyme. We have made some re- 
cent progress in obtaining several additional 
clones both from our original Drosophila head 
cDNA library as well as alternative cDNA li- 
braries. One clone we have obtained extends 
several hundred bases in the 5' direction 
whereas another contains 3.8 kbase pairs of 
cDNA extending mostly in the 3' direction 
from our current pCha cDNA. We are now se- 
quencing these extended clone, as well as at- 
tempting to isolate additional clones to obtain a 
complete cDNA sequence. 

An additional effort in our laboratory is 
underway to obtain genomic clones for CHAT. 
Several candidates have already been isolated 
and we are now determining the nucleotide 
sequences, restriction maps, and intron-exon 
structure of the Drosophila ChAT gene. 

Immunology 

Monoclonal Antibodies 

A great deal of recent work on ChAT has 
gone into the production and use of both mon- 
oclonal and polyclonal antibodies. Monoclon- 
al antibodies are excellent reagents for a vari- 
ety of immunochemical and immunocyto- 
chemical studies. Their generation does not 
depend on the availability of rigorously puri- 
fied antigen, an especially important feature in 
light of the controversy surrounding earlier at- 

tempts at producing monospecific antisera 
against ChAT (Rossier, 1975, Rossier, 1981). 
Several groups have succeeded in producing 
monoclonal antibodies to ChAT from a variety 
of species including Drosophila (Crawford et 
al., 1982), bovine (Levey et al., 1981), rat 
(Crawford et al., 1982a; Ishida et al., 1983; 
Levey et al., 1983; Ichikawa et al., 1983; Park et 
al., 1982; Strauss and Nirenberg, 1985), porcine 
(Eckenstein and Thoenen, 1982), and chicken 
(Johnson and Epstein, 1986)o These antibodies 
have been shown in several cases to crossreact 
with ChAT from different species, indicating 
conserved immunological structural domains 
in the enzyme (Levey and Wainer, 1982; Sal- 
vaterra et al., 1986; Ichikawa et al., 1983; 
Johnson and Epstein, 1986). Some antibodies 
are thought to be directed at sequence specific 
domains since they can recognize ChAT re- 
lated polypeptides after denaturation and SDS 
gel electrophorsis (Salvaterra and McCaman, 
1985; Levey et al., 1983; Levey et al., 1981; 
Levey et al., 1982). Other monoclonal antibod- 
ies seem to recognize conformationally de- 
pendent epitopes since they can interact with 
only native enzyme (Ichikawa et al., 1983; 
Crawford et al., 1982a). Antibodies which di- 
rectly inhibit enzyme activity (i.e., potentially 
active site directed) and non-inhibiting anti- 
bodies have been described (Crawford et al., 
1982; Crawford et al., 1982a; Ishida et al., 1983). 
Several monoclonal antibodies have proven to 
be important ligands for ChAT purification 
(Bruce et al., 1985a; Bruce et al., 1984; Ecken- 
stein and Thoenen, 1982) when attached di- 
rectly to a gel matrix or as part of an immu- 
noaffinity purification step. We have success- 
fully used our anti-Drosophila ChAT monoclo- 
nal antibodies as screening reagents for isolat- 
ing a cDNA clone (Itoh et al., 1986). 

One of the major uses for anti-ChAT mono- 
clonal antibodies has been the immunocyto- 
chemical mapping of cholinergic neurons in 
the brains of different species. The demonstra- 
tion of immunocytochemical reaction product 

Molecular Neurobiology Volume 1, 1987 



262 

related to a neurotransmitter biosynthetic en- 
zyme is taken as good evidence that the stained 
cell makes and uses acetylcholine as a neuro- 
transmitter. In other words, anti-ChAT stain- 
ing can be used to mark the neurotransmitter 
phenotype of cholinergic neurons. Published 
work in this area has formed the basis of sepa- 
rate reviews and will not be detailed here 
(Cuello and Sofroniew, 1984; Wainer et al., 
McGeer et al., 1984). 

Historically, AChE histochemical staining 
has provided the best picture of the cellular 
distribution of cholinergic neurons in the brain 
(i.e., see Bigl et al., 1982; Buther and Woolf, 
1984; Fibiger, 1982). The application of anti- 
ChAT antibodies not only confirms many of 
these early studies, but also provides new in- 
formation. In some regions of the nervous sys- 
tem AChE staining has not been entirely relia- 
ble for marking cholinergic cells (Mesulam et 
al., 1984; Armstrong et al., 1983; Matthews et 
al., 1987)o ChAT immunocytochemistry has 
thus been directly combined or compared with 
AChE histochemistry to demonstrate the close 
but not absolute correlation of the distribution 
of these two cholinergic markers (Levey et al., 
1984; Matthews et al., 1987; Eckenstein and 
Sofroniew, 1983; Satoh et al., 1983). 

Many recent studies have revealed poten- 
tially significant relationships between ChAT 
containing neurons and other neurotransmit- 
ter systems (Chan-Palay and Palay, 1983). Sev- 
eral interesting studies have even demon- 
strated the colocalization of ChAT along with 
peptides thought to function as neuromodula- 
tors or neurotransmitters such as gallin, sub- 
stance P, enkephalin, and vasoactive intestinal 
polypeptide (VIP) (Furness et al., 1984; Melan- 
der et al., 1986; Eckenstein and Baughman, 
1984). Although these colocalization studies 
are usually interpreted in terms of separate 
actions for acetylcholine and the peptide, it is 
interesting to note that VIP has also been 
shown to activate ChAT activity (Luine et al., 
1984). Some of the more interesting new find- 
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ings provided by ChAT immunohistochemical 
studies involve the discovery of new cholin- 
ergic cells. For example, small populations of 
lightly stained intrinsic neurons have been 
identified in rodent cerebral cortex (Houser et 
al., 1983) and hippocampus (Matthews et al., 
1987). Homologous ChAT positive intrinsic 
cells have not yet been described in primate 
cortex or hippocampus, so the generality of 
their occurrence in different species remains to 
be determined. It should be mentioned, how- 
ever, that negative immunocytochemical re- 
sults, like all negative results, are difficult to 
interpret. These intrinsic cortical and hippo- 
campal neurons are only lightly stained with 
most of the available antibodies when com- 
pared to more "traditional" cholinergic neu- 
rons (see Fig. 7). 

Even within an area of vertebrate CNS as 
well studied as the spinal cord, ChAT immun- 
ocytochemistry has provided a few surprises 
(see Fig. 7)~ In addition to intense positive 
staining of motor neurons, there appears to be 
an additional population of early developing 
cholinergic cells in embryonic spinal cord that 
are also stained. These cells reside primarily 
between the dorsal and ventral horn and have 
been named partition cells (Phelps et al., 1984). 

Some of the most intensively studied brain 
regions using ChAT immunocytochemistry are 
the basal forebrain nuclei of animals. ChAT 
immunocytochemistry has helped construct a 
three-dimensional model for this rather widely 
dispersed collection of cells (Mesulam et al., 
1984; Mesulam et al., 1983). The cells with a 
cholinergic phenotype have been emphasized 
primarily because of their potential relation- 
ship to the Nucleus basalis of Meynert in hu- 
mans. Large cholinergic neurons in the Nucle- 
us basalis have been shown tobe substantially 
decreased in number in postmortem tissue 
taken from the brains of Alzheimer's disease 
patients (for review, see Terry and Davies, 
1980). The reduction of ChAT positive neurons 
correlates well with the striking decrease in 
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Fig. 7. Immunocytochemistry of rat spinal cord using a monoclonal anti-ChAT antibody and the PAP 
technique. Panel A shows a section of rat cervical spinal cord containing ChAT-positive medial (MMN) and 
lateral (LMN) motomeurons, as well as immunoreactive neurons (small arrows) in the intermediate gray 
matter and around the central canal (CC). A band of ChAT-positive punctate staining is seen in the dorsal 
horn along with a positively stained ChAT-positive neuron (large arrow: shown at higher magnification in 
panel B). Scale: 300 ~m. Panel B is an enlargement of the small, ChAT-positive dorsal horn neuron (large 
arrow) shown in Ao Additionally, ChAT-positive puncta (small arrows) interconnected by thin fibers are 
visible. Scale: 40 lazn. Panel C illustrates a thin ChAT-positive axon (arrow) which courses toward a densely 
stained lateral motomeuron and terminates on it in a synaptic-like swelling. A second punctate structure 
(arrowhead) is also adjacent to the motomeuron. Electron microscopy of similar structures has shown them to 
be presynaptic elements of synaptic junctions. Scale: 20 t~zn. Panel D shows the intensely stained, CHAT- 
positive neurons located near the central canal in A at higher magnification to illustrate the extent to which 
immunoreaction product fills their processes. Scale: 40 Fun. Photomicrographs provided by P. E~ Phelps, R~ 
Barber, and J. E. Vaughn. 
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ChAT activity seen in neurochemical analysis 
of cortical tissue samples~ These large basal 
forebrain neurons are thought to project pri- 
marily to the cortex (see below). 

In the insect nervous system, ACh is thought 
to function as the primary sensory neuro- 
transmitter (for reviews, see Hildebrand, 1982; 
Pitman, 1971). ChAT immunocytochemistry of 
Drosophila supports this view where the 
enzyme appears to be localized primarily in 
the neuropi l  region of sensory ganglia  
(Gorczyca and Hall, 1987; Buchner et al., 1986). 
In a recent study it has also been demonstrated 
that immunohistochemical staining with mon- 
oclonal anti-ChAT antibodies reflect the levels 
of CHAT activity in Drosophila mutants contain- 
ing temperature-sensi t ive alleles for the 
enzyme (Gorczyca and Hall, 1987). One of the 
interesting contrasts apparent when compar- 
ing the distribution of ChAT in Drosophila and 
the vertebrate nervous system concerns the 
subcellular distribution of the reaction prod- 
uct. In most vertebrate studies, the immuno- 
cytochemical reaction product appears more 
intensely in cell bodies and only lightly in 
neuropil regions, whereas in insects the major 
staining is in the neuropil region. The signif- 
icance of this observation is not known. It is 
worth mentioning, however, that if ChAT 
functions exclusively to provide neurotrans- 
mitter, its appearance in cell bodies is curious 
since the major functional role of ACh in ner- 
vous system is for synaptic transmission. It is 
possible that only a small amount of active 
ChAT is necessary at nerve endings to main- 
tain synaptic transmission. It is also possible 
that the enzyme is synthesized as an enzyma- 
tically inactive form in cell bodies that is nev- 
ertheless recognized by antibody probes. 

It is likely that future studies of ChAT 
distribution using immunocytochemistry will 
provide not only more confirmatory informa- 
tion about the chemical anatomy of the brain 
but also exciting new findings that will have to 
be integrated into our overall picture of 
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neurotransmitter phenotype specific neurons 
in the brain. These future studies may rely on 
the production of new ChAT monoclonal 
antibodies with specificity for individual forms 
of ChAT and may help to clarify the subcellular 
distribution of these different forms. 

Antisera 

Whereas monoctonal antibodies have been 
extremely useful in circumventing the difficul- 
ties encountered in ChAT purification and pro- 
viding reagents with epitope specificity, poly- 
clonal antibodies are useful for many other rea- 
sons. In general  a polyclonal antiserum con- 
tains a mixture of antibodies, many of which 
have higher affinity for the antigen than most 
monoclonal antibodies. This becomes an im- 
portant consideration when antibodies are 
used to detect a rare protein species such as 
ChAT against a background of many other 
more abundant cellular proteins. It can also be 
important in providing more latitude with re- 
spect to procedures used during immunocyto- 
chemistry where certain fixation protocols may 
destroy many of the potential epitopes for a 
complex antigen such as CHAT. In addition, 
polyclonal antibodies should provide both 
conformationally dependent and sequence 
specific antibodies. Several laboratories have 
recently produced polyclonal anti-ChAT anti- 
bodies in response to these important consid- 
erations (Bruce et aL, 1985; Bruce et al., 1984; 
Johnson and Epstein, 1986a; Cozzari and Hart- 
man, 1980; Eckenstein and Thoenen, 1982; Lutz 
and Tyrer, 1987)o 

Earlier studies have also reported produc- 
tion of anti-ChAT antiserao The use of these 
preparations for immunocytochemical studies 
(Kan et al~ 1980; McGeer et al~ 1979; Kan et al., 
1978; Chao et al., 1982; Kan and Chao, 1981; 
Kimura et al., 1981; Peng et al., 1981; Hattori et 
aL, 1976; McGeer et al., 1974) has been ques- 
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tioned, however (see Rossier, 1975; Rossier, 
1981). Even though an antiserum is not mono- 
specific it can be used for a number of pur- 
poses, such as investigating the species cross- 
reactivity of ChAT or in constructing immuno- 
aff ini ty columns for ChAT purif icat ion 
('Rossier et al., 1973; Peng et al., 1982; Malthe- 
S;~renssen et al., 1978; Peng et at., 1983; Rossier, 
1976; Peng et al., 1983; Peng et al., 1980; Singh 
and McGeer, 1974; Polsky and Shuster, 1976; 
Wooten et al., 1978). In evaluating these efforts 
it is important to consider the purity of the 
antigen used for immunization as well as the 
purpose for which the antibodies will be used. 
In one study, antibodies produced to an im- 
pure preparation of ChAT were used to help 
construct an affinity column to remove the 
antigenic impurities (Rossier et al., 1973a). 

In our laboratory we have recently pro- 
duced three rabbit antisera to an enriched fu- 
sion protein isolated from E. coil lysates that 
have been transfected with lambda gt 11 phage 
containing a Drosophila ChAT cDNA insert 
(Mufioz-Maines et al., 1987). All three antisera 
can recognize native Drosophila ChAT using 
double immunoprecipitation assays. The titers 
against the native enzyme are low since the 
antigen should not  contain a significant 
amount of ChAT secondary or tertiary struc- 
ture. When these antisera are used to detect 
ChAT-related polypeptides by Western blot- 
ting, however, all three antisera have shown 
titers in excess of several thousand. With these 
high titer antibodies we have been able to 
detect immunostained polypeptides on West- 
ern blots of fresh homogenates of Drosophila 
without any purification. All three antisera 
recognize the 67 and 54 kdalton polypeptides 
previously identified as ChAT in completely 
purified preparat ions of Drosophila ChAT 
(Slemmon et al., 1982). Surprisingly, the major 
immunostained polypeptide recognized by all 
three antisera has a molecular size of 75 
kdalton when no prepurification of ChAT was 
attempted (i.e., less risk of proteolysis). Rapid 

HPLC gel f i l t ra t ion of fresh Drosophila 
homogenates can partially separate the 67 and 
75 kdalton polypeptides and both appear to be 
enzymatically active (MuSoz-Maines et al., 
1987). 

Biology 

Genetics 

An especially important  advantage in 
working with Drosophila ChAT has been the 
availability of genetic information about the 
enzyme. The particular advantages in using 
this o rgan i sm for genetic s tudies  of 
neurobiology in general and cholinergic 
enzymes in particular has been discussed in an 
excellent review (Hall and Greenspan, 1979). 
The single Drosophila ChAT gene (cha) has been 
mapped using segmental aneuploids to the 
right arm of the third chromosome (Green- 
span, 1980). This information led to the isola- 
tion of several mutant alleles, including pre- 
sumptive nulls and conditional temperature 
sensitives (Greenspan, 1980; Hall et al., 1979). 
Using these temperature sensitive alleles it is 
possible to specifically perturb ChAT activity 
in a variety of experimental situations. It has 
thus been shown that decreased ChAT activity 
is associated with several important pheno- 
types, including altered electroretinogram 
traces, motor behavior, and even subtle altera- 
tions in courtship (Greenspan, 1980). The ab- 
sence of the off transient in the electroretino- 
gram of conditional cha mutants at restrictive 
temperature reinforces the long held notion 
that acetylcholine is involved in visual neuro- 
transmission in insects. The precise physio- 
logic mechanism(s) responsible for the other 
phenotypes are unknown. ChAT temperature- 
sensitive mutants have even been used to 
identify a specific Drosophila synapse which 
uses acetylcholine as the neurotransmitter 
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(Gorczyca and Hall, 1984). We have used these 
mutants to show a strong and direct correlation 
between in vivo ChAT activity and acetylcho- 
line levels in Drosophila (Salvaterra and 
McCaman, 1985). Animals that have a com-- 
plete homozygous deficiency for the cha locus 
can apparently develop normally throughout 
early embryogenesis, but fail to survive into 
the larval stages (Greenspan, 1980; Gorczyca 
and Hall, 1987). 

ChAT has also been studied genetically in 
the soil nematode Caenorhabditis elegans (Rand 
and Russell, 1984)o Mutant alleles have been 
identified that lead to a substantial decrease in 
enzyme activity in homozygous animals and 
result in uncoordinated movement, slow 
growth, and resistance to acetylcholinesterase 
inhibition. The cha gene maps to linkage group 
IV very close to the position of the unc-17 allele, 
which also leads to uncoordinated movement. 
Interestingly, evidence has been presented to 
argue for a complex loci for cha and unc-17 
based on an unusual pattern of complemen- 
ration between these two otherwise indepen- 
dent loci. 

The genetic studies of ChAT have provided 
us with elegant tools to make a number of con- 
clusions about cholinergic neurotransmission. 
It is surprising that it is possible to substanti- 
ally reduce ChAT activity (often to levels less 
than 10% of normal) without observing any 
overt phenotypic changes. This may indicate a 
built-in redundancy in the neural circuits 
driving the eventually affected behaviors, or 
perhaps a substantial reservoir of excess neuro- 
transmitter. It is not surprising that a complete 
absence of ChAT is lethal, but lethality is 
observed only after substantial early devel- 
opment (including much of neurogenesis). 

Developmental Aspects 
ChAT as well as other neurotransmitter bio- 

synthetic enzymes belong to the class of pro- 
teins that are expressed in a tissue- and cell- 

Salvaterra 

type specific manner during development. As 
neurogenesis and nervous system develop- 
ment proceed, it has been possible to trace 
ChAT through the expression of enzymatic 
activity and immunocytochemically detectable 
protein. A number of studies have focused on 
the ontogenic appearance of the enzyme in a 
variety of tissues (either whole brain or 
microdissected brain regions) from several 
different species (Dewhurst et al., 1970; Nadler 
et al., 1974; Sorimachi and Kataoka, 1974; 
Giacobini ,  1972; Loh, 1976; Burt and  
Narayanan, 1976). Sexual dimorphism has 
also been described for the developmental 
appearance of ChAT activity in rats (Brown 
and Brooksbank, 1979; Loy and Sheldon, 1987). 
Ixnmunocytochemical studies have provided 
even more spatial resolution to the develop- 
mental appearance of the enzyme protein (i.e., 
see Phelps et al., 1984; Gorczyca and Hall, 1987). 

We have recently investigated some aspects 
of the developmental expression of ChAT 
activity and steady state mRNA levels in Dro- 
sophila. Drosophila are holometabolus insects 
that pass through three larval stages, a pupal 
stage, and metamorphose into an adult. The 
body plan of the organism changes radically 
during this developmental history. Many of 
the neurons remain from the original larval 
nervous system throughout metamorphosis 
and innervate new structures in the adult. In 
addition, the adult nervous system adds new 
neurons as the sensory imaginal disks develop 
and differentiate during metamorphosis. This 
complicated life history presents the fly with 
significant challenges with respect to regula- 
ting neurotransmitter gene expression. As 
shown in Table 1, there are two developmental 
phases of increasing ChAT expression in 
Drosophila. Also, we have noted expression of 
both ChAT mRNA and enzyme activity very 
early in development (Between six and seven 
hours after oviposition) at a time when very 
few neurons are present and neurogenesis is 
still proceeding. The first phase of increasing 
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Table 1 
ChAT Specific mRNA and Activity Measured at Different Developmental  Stages in Drosophila 

Developmental 
stage 

ChAT mRNA/fly" 
f g + S E ; N = 3  

ChAT activity/fly b 
pmol/min/fly + SE; N = 2 

lh  0 0 
4h 0 0 
7h .24 + .03 .17 + .06 
10h .35 + .02 .14 + .01 
13h 6.79 _+ .78 25 _+ .07 
ld  (1st instar) 14.00 _+ 1.15 19.80 + 9.50 
3d (3rd instar) 6.30 +_ .45 42.70 + 29~ 
5d (pupal) 7.17 _+ .89 30.20 + 3.65 
7d (pupal) 12.90 +_ 1.15 19.60 _+ 4.40 
9d (imago) 307.00 + 10.70 712.00 + 106.00 

~Samples were collected at the indicated times. Total RNA was isolated and the amount of ChAT specific mRNA was 
determined by dot blot hybridization and quantitative densitometry of the resulting autoradiograms. Values are the 
averages for three experiments. 

~Values represent the average of two separate egg collections and are expressed as the amount of'K2-acetylcholine formed 
in triplicate assays. Samples were collected at the same time as those used for the mRNA analysis. (Data from L. Carbini 
and P. M. Salvaterra, unpublished.) 

steady state ChAT m R N A  levels proceeds to 
the first larval instar stage and is temporally 
f o l l o w e d  by i nc r ea s i ng  e n z y m e  ac t iv i ty  
throughout  the larval stages. In third instar 
larva and early pupa  the steady state levels of 
ChAT mRNA decrease dramatically and are 
again fol lowed temporal ly by a decrease in en- 
zyme activity. At the end of pupation the lev- 
els of mRNA begin to rise again and in turn are 
fo l lowed  by increas ing  levels of e n z y m e  
activity. These results indicate that the devel- 
opmental  expression of ChAT is consistent 
with the regulat ion of its transcript. Interest- 
ingly, the two phases of rapidly increasing 
ChAT-specific m R N A  production seem to cor- 
relate best with the times when Drosophila 
neurons are making  physical contact with each 
other, whereas  the decreasing phase of mRNA 
expression, which  reaches a min imum during 
early pupation,  correlates with the degenera- 
tion of neural  processes, many of which later 
g row back to inne rva te  n e w  adul t  body  
structures. 

An equally interesting question with regard 
to the developmental  expression of ChAT in 
specific subsets of neurons concerns the mech- 
anism(s) responsible for mahntaining expres- 
sion throughout  life. Apparently,  once a neu- 
ron decides to become cholinergic by expres- 
s ing ChAT the decision can be enforced 
throughout  the life of the neuron.  In other 
cases, however,  only a transient plastic expres- 
sion of ChAT has been argued (see below). 

Regulation of Expression 

One of the central areas of current biological 
research involves the invest igat ion of the 
mechanisms responsible for the tissue and  cell 
type specific expression of genes. A variety of 
both cis and  trans regulatory elements h a v e  
been identified as important  features in a vari- 
ety of eucaryotic gene expression systems (i.e., 
see Maniatis et al., 1987)o So far, no one has 
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identified a promoter sequence for CHAT, but 
trans regulatory factors have been identified 
and studied in a number of biological and bio- 
chemical systems. This effort has been aided 
by st~udies relating environmental factors to the 
phenotypic expression of various neurotrans- 
mitters. 

Vertebrate sympathetic neurons ordinarily 
express genes that allow them to produce and 
use adrenergic neurotransmitter. When neu- 
rons ordinarily fated to be adrenergic are 
exposed to certain environmental stimuli they 
can apparently switch their phenotypes and 
become cholinergic. This phenomena has been 
observed both in vivo (Landis and Keefe, 1983; 
LeDouarin, 1980; Cochard et al., 1979), and in 
vitro (Patterson, 1978) in a variety of experi- 
mental systems, and is thought to be a normal 
developmental event allowing for the plastic 
expression of neurotransmitter phenotype 
(Black, 1982; Patterson, t978). Certain target 
tissue can apparently produce a soluble factor, 
which when presented to adrenergic neurons, 
causes them to switch their neurotransmitter 
phenotype to acetylcholine. The early work on 
neurotransmitter phenotype specification and 
cholinergic switching has been the subject of 
several excellent review articles (Patterson, 
t978; Black, 1982; LeDouarin, 1980). 

Recent work has resulted in the purification 
and preliminary biochemical characterization 
of the responsible glycoprotein that converts 
normally adrenergic sympathetic rat neurons 
to cholinergic neurons (Fukada, 1985). This 
factor apparently mediates a decision by the 
neuron to produce CHAT, but the mechanism 
responsible for this conversion has not been 
described. With the availability of adequate 
amounts of the purified cholinergic factor and 
molecular probes for the ChAT gene and 
mRNA, it should soon be possible to determine 
the molecular logic of neurotransmitter phe- 
notype expression. 

A great deal of excitement in the field of 
neurobiology has been generated recently by 
the finding that nerve growth factor (NGF) 
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may function as a CNS neuronotrophic agent 
for certain types of mammalian neurons, 
including cholinergic neurons. NGF has long 
been known to influence the survival and 
differentiation of sensory and sympathetic 
neurons both in cul~re and in vivo (i.e., s ee  

Levi-Montalcini, 1968; Levi-Montalcini, 1982; 
Thoenen and Barde, 1980). It has now been 
demonstrated that NGF may also regulate sur- 
vival and /or  ChAT production in mammalian 
CNS neurons (Gnahn et al., 1983; Hefti et al., 
1984; Mobley et al., 1985). In particular, there 
seems to be an emerging relationship between 
CNS neurons responsive to NGF in animals 
and the large cholinergic neurons that seem to 
degenerate in the brains of Alzheimer's pa- 
tients. Although the specificity and selectivity 
of the NGF effect on CNS neuronal ChAT is 
difficult to establish directly, recent in vitro ex- 
periments seem to confirm and extend the orig- 
inal in vivo observations (Hefti et al., 1985; 
Shelton and Reichardt, 1986; Martinez et al., 
1987). It is especially relevant in light of the 
central nervous system actions of NGF that a 
number of recent studies have reinvestigated 
the questions of NGF and NGF receptor local- 
ization in the brain. Using more sensitive 
assays than previously possible, it has now 
been unequivocally established the NGF, NGF 
~ A ,  and NGF receptors are not only pre- 
sent in the brain but are also distributed in a 
manner that makes their action on the large 
cholinergic basal forebrain neurons even more 
likely (Shelton and Reichardt, 1986; Seiler and 
Schwab, 1984; Korsching et al., 1985). It will 
thus be important to establish the details of 
NGF action on cholinergic CNS neurons not 
only with respect to normal CNS development, 
function, and maintenance but also with re- 
gard to its role in neurodegenerative diseases. 

Relationship to Alzheirner's Disease 

Ever since the important observations doc- 
umenting low levels of acetylcholine, CHAT, 
and cholinergic neurons in the brains of pa- 
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tients suffering from Alzheimer's disease 
(Bowen et al., 1976; Perry et al., 1977; White- 
house et al., 1981; Whitehouse et al., 1982), a 
significant amount of work has been done both 
extending these observations and document- 
ing new relationships between the cholinergic 
systems of normal human brain and the neu- 
rons that are lost in Alzheimer's disease (for 
reviews, see Davies, 1979; Marchbanks, 1982; 
Bird et al., 1983; Terry and Davies, 1980). Des- 
pite these intense efforts we still know very 
little about the intriguing relationship between 
cholinergic neurons and Alzheimer's disease 
(Davies and Maloney, 1976; McGeer et al., 
1984a). 

Initially, there appeared to be well justified 
optimism that new insights into the disease 
process would be established by linking choli- 
nergic biochemical and neuropathological def- 
icits with the clinical memory deficits so cha- 
racteristic of Alzheimer's disease. A central 
role for the cholinergic systems of the brain had 
long been proposed and supported by numer- 
ous lines of investigation and is often termed 
the "cholinergic hypothesis of memory" (see, 
for example, Bar~s et al., 1982)o When cholin- 
ergic markers were shown to be deficient in 
Alzheimer's brains an understandable trans- 
formation of this older, more established 
theory was advanced into the "cholinergic 
hypothesis of Alzheimer's disease" (Bartus et 
al., 1982; Perry et al., 1977a; Collerton, 1986; 
Coyle et al., 1983). Unfortunately, the situation 
seems to be more complex than a simple rela- 
tionship of degenerating cholinergic neurons 
which would explain the memory dysfunction. 
Other neurotransmitter systems or neuroactive 
peptides are also decreased in Alzheimer's 
tissue, calling the original cholinergic specific- 
ity into question (Whitehouse et al., 1985; 
Whitehouse et al., 1987). Other brain regions 
where acetylcholine is not thought to be a 
major n e u r o t r a n s m i t t e r  have also been 
implicated in the neurodegenerative cell 
groups affected in the disease (Hyman et al., 

1984; Bondareff et al., 1982). It should also be 
mentioned that the decrease of any brain com- 
ponent in a neurodegenerative disease may 
only reflect the loss of the cells that ordinarily 
produce the decreased component and have 
little direct relationship to the specific etiology 
of the disease. An intriguing argument against 
the possible causal relationship between the 
degene ra t ion  of cholinergic neurons  in 
Alzheimer's brain and reduced cortical ChAT 
has been advanced by showing that the reduc- 
tion in ChAT activity seems to temporally pre- 
cede the loss of basal forebrain cholinergic cells 
(Perry et al., 1982). There also seems to be a 
strong correlation with the pathological indices 
of Alzheimer's disease and the reduction in 
ChAT activity (Wilcock et al., 1982; Etienne et 
al., 1986). 

Although neurotransmitter related hypo-  
theses of the nature of Alzheimer's disease are 
still popular, the etiology remains unknown. 
Many possibilities have been considered, in- 
cluding viruses or prions, environmental tox- 
ins, and genetic predisposition. Recent evi- 
dence has provided a possible link between the 
neuropathological changes seen in Alzheimer's 
tissue and a gene derived from the amyloid 
protein (found in the characteristic plaques 
and tangles of Alzheimer's tissue), which maps 
to chromosome 21 (St. George-Hyslop et al., 
1987). An especially attractive hypothesis has 
been advanced which emphasizes the import- 
ance of growth and differentiation factors to 
neuronal survival (Appel, 1984). None of these 
newer hypotheses,  as well as the older 
"cholinergic" hypothesis have been entirely 
ruled out or established as the cause or even 
the effect of Alzheimer's. 

It should be mentioned that the cholinergic 
hypothesis of Alzheimer's disease has attained 
the special status of being used as a rationale 
for the treatment of the disorder (i.e., see Kurz 
et al., 1986; Gottfreis, 1985; Greenwald and 
Davis, 1983). So called cholinergic drugs (i.e., 
either mimicking acetylcholine action, prevent- 
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ing acetylcholine hydrolysis or serving as a 
precursor for acetylcholine synthesis by CHAT) 
have been administered to patients either 
orally, intravenously, or infused directly into 
the brain (Harbaugh et al., 1984; Davis and 
Mobs, 1982, Levy et al., 1983). Unfortunately, 
the results of these approaches have not 
proven to be unequivocally successful in alle- 
viating the symptoms of the disease. It is not 
clear whether this lack of success is because of 
complicated technical features of the at- 
tempted treatments (i.e., administering the 
wrong drugs or using the wrong application 
method, time course, or dose), a failure of the 
criteria used to evaluate the treatments (i.e., the 
evaluation of Alzheimer's symptoms in living 
patients remains somewhat subjective), or a 
failure of the "cholinergic hypothesis" itself. 
Obviously, much additional work on the fun- 
damental biology of ChAT regulation remains 
to be done before we can even hope to evaluate 
the "cholinergic hypothesis" in relation to not 
only Alzheimer's disease but also to normal 
memory phenomena. 

Similar to Alzheimer's disease other dis- 
eases also have been associated with deficits in 
subpopulations of cholinergic neurons. Amyo- 
trophic lateral sclerosis, for example, is disting- 
uished by a degeneration of normally choliner- 
gic motor neurons. Also, similar to Alzheim- 
er's the significance of the degenerative pheno- 
mena to the particular neurotransmitter phen- 
otype remains unknown. In addition a variety 
of clinical features are observed in patients 
receiving "cholinergic" drugs. Usually these 
symptoms are not thought to be directly 
related to CHAT, but are more likely mediated 
through one or more cholinergic receptors. 

Significant progress has been made in re- 
cent years describing the chemical anatomy of 
the brain, including definition of cellular neu- 
rotransmitter phenotypes using a variety of 
antibody and nucleic acid probes. Although 
impressive, this information has not yet pro- 
ceeded to new insights establishing the causes 
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of any neurodegenerative disease. Part of the 
difficulty in evaluating the relationship of neu- 
rotransmitter deficits to specific neurological 
diseases is directly related to our current 
ignorance about the regulatory features of 
neurotransmitter biosynthetic enzymes. What, 
if any, is the dependence of neuronal survival 
on continued expression of a neuron's chosen 
neurotransmitter? How does correct mainten- 
ance of neurotransmitter phenotype affect the 
survival and function of the postsynaptic tar- 
gets of neurons undergoing reduced neuro- 
transmitter production or switching of neuro- 
transmitter phenotype? What is the chemical 
nature and biological function of factors neces- 
sary for the correct expression and mainten- 
ance of neurotransmitter phenotype in the 
degenerating cells? 

Future Directions 
It is not difficult to predict the direction of 

near term studies related to CHAT. The tech- 
niques of molecular biology will most certainly 
play a central role in helping us to understand 
the important features of this enzyme. With 
the ready availability of monoclonal and poly- 
clonal antibodies, amino acid sequence infor- 
mation, and Drosophila cDNA and genomic 
clones, it is likely that one or more approaches 
will soon succeed in isolating clones for the 
cDNA and gene from other species including 
humans. When complete nucleic acid and pro- 
tein sequence information is available for 
ChAT from a variety of species, we should be 
able to deduce the important structural fea- 
tures of the enzyme and gene that have been 
conserved during evolution. The techniques of 
in vitro mutagenesis will then be applied to test 
hypotheses about the structure and function of 
the enzyme. 

Genomic sequences should lead to an iden- 
tification of the promoter and other regulatory 
regions essential for ChAT expression. It is 
also likely that molecular biological studies 
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will resolve much  of the current controversy 
about the physical and structural features of 
the protein. 

This wealth of molecular information about 
CHAT, which is sure to accumulate in the next 
several years, is not guaranteed to increase our  
unders tanding  of cholinergic biology. In order  
to answer  important  questions about the biol- 
ogy of neurotransmission in general and ChAT 
in Drosophila and C. elegans, as well as available 
and new mutant  alleles, are sure to be impor- 
tant tools in achieving any new understanding.  
The construction of transgenic animals and 
cells will allow many  hypotheses to be formu- 
lated and tested in satisfying ways. It should 
become possible to construct altered regula- 
tory sequences that will allow for experimental 
manipulat ion of ChAT expression. Perhaps, 
new cholinergic "neuronablike" cells will be 
constructed and used as therapeutically useful 
implants to provide a source of acetylcholine to 
a cholinergically deficient brain region~ 

Unders tanding the normal  developmental  
regulation of ChAT expression will be an 
important  goal approached from a variety of 
disciplines using a variety of techniques. The 
m e c h a n i s m  of m a i n t e n a n c e  of co r rec t  
expression throughout  the life of the com- 
mit ted differentiated cholinergically neuron 
will also be addressed.  The plasticity of neuro- 
t ransmit ter  pheno type  selection should  be 
either established or ruled out in other neu- 
ronal groups. We should  also begin to appre- 
ciate the under ly ing  molecular  logic involved 
in the initial decision of the cholinergic pheno- 
type as well as subsequent  decisions to use an 
alternative neurotransmitter .  The molecular 
aspects  of co t r ansmi t t e r s  should  also be 
defined. 

It is impossible to predict where ChAT 
research will lead us  in the long term, but all 
the advances in this field should help provide a 
more complete picture of how the normal brain 
works through chemical  neurotransmission as 
well  as what  doesn ' t  work  in diseased brain. 
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