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1. Introduction 

Multiple molecular forms of acetylcholinesterase 
(acetylcholine hydrolase EC 3.1.1.7) (ACBE) have 
been found in tissues from many sources (vertebrate 
and invertebrate), in neuronal and non-neuronal cells. 
They were first shown in electric organs of electric 
fish [l] as globular as well as tailed asymmetric 
forms [2-4]. They were then identified in mamma- 
lian [5-71 and avian muscle and brain [8,9] and 
sympathetic ganglia [ 10,111. The fast-sedimenting, 
highMr forms of AChE or tailed forms [2,12-141, 
also refered to as A forms [ 151 have not been found, 
or demonstrated conclusively, in the vertebrate cen- 
tral nervous system [6,8,16-181, although it was 
reported that collagenase, which can degrade the tail 
part of AChE [ 15,19,20,21] releases two fast-sedi- 
menting AChE forms from chick optic tectum, 
similar to those obtained by collagenase treatment of 
the muscle tailed forms [22]. Furthermore, it has 
been found [ 181 that the tailed forms of AChE were 
absent even in the (rat) caudate nucleus, a structure 
which is known to have the highest AChE content 
and a high level of cholinergic activity. In rat brain 
extracts, we have shown that addition of exogeneous 
muscle tailed forms did not result in their proteolytic 
degradation [6], which excludes any endogenous 
degradation process accounting for the noh-detection 
of the tailed forms. 

However, we now better understand the regulation 
of the biosynthesis of the tailed forms (and especially 
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the 16 S AChE in mammalian tissue) which seems to 
be dependent on muscle or nerve ion-flux-dependent 
activities [23,24]. The tailed forms can be found in 
muscle cells cultured alone, or in cultured sympathetic- 
like transformed cells (PC12), provided they generate 
spontaneous action potentials. They are not restricted 
to (or dependent only upon) choline@ synaptic 
contacts, as earlier found for the rat adult neuro- 
muscular junction [7]. Thus, they potentially could 
be found in any active neuron. It becomes an intri- 
guing fact that they were not detected in the CNS 
tissues so far examined, and it is an important matter 
to investigate in more detail the possibility of their 
presence in specific regions of the brain or in differ- 
ent neuronal cell types. 

This paper reports the results of a study on mouse, 
rat and chick brain, or regions of brain, and provides 
direct evidence for the presence of tailed forms of 
AChE in a few of these tissues. 

2. Materials and methods 

Two month old rats (Charles River, France), and 
mice (129 ReJ stain, from our own breeding colony) 
and white Leghorn-strain chicks (6 week old, CEA, 
Saclay) or embryos (at 19 days gestation) were used 
in this study. The eggs were supplied by an industrial 
hatchery after 11 days incubation and incubation 
was continued in a Felmon incubator. Mice and rats 
were kept on a 14 h light-10 h dark schedule and 
were sacrificed in the afternoon to avoid changes due 
to circadian rhythms [25]. Rats and mice were sacri- 
ficed by ether exposure and chicks by decapitation. 
The brains were dissected over ice to isolate the cere- 
bellum, cortex, caudate nucleus, substantia nigra and 
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fm ,the chick, the optic lobes and brain stem. The 
tissues were ~omoge~z~d in 20 vol. 10 mM Tris-HCl 
(pH 7.2), 1% Triton X-lQO, 1 M N&l mid 1 mM 
EGTA (homogeni~tion buffer), in a glass-glass 
conical ~omogenlzer. Sometimes an ‘anti-protease 
medium’ was used to test the possibility of some 
artifactual proteolytic process after homogenization 
[24], but gave no substantial difference from the stan- 
dard medium in the analyses detailed below. The 
resulting homogenate was centrifuged at 20 000 X g 
for 1 fi min, in a Sorvall RC-2 refrigerated centrifuge 
(4’C), in 1 ml plastic tubes. Su~er~at~~ts were used 
for further bio~hem~~~ analysis. A~~iylc~olin~stera~ 
activity was estimated in triplicate as in f26], using 
a~e~yl~i~ho~ine iodide as a substrate, and protein 
~~n~~~tration by an adaptation of the procedure in 
[27], to elin-dnate floecufating material, 

Sedimentation analysis of acetylcholinesterase 
was essentially performed as in [24]. Briefly, aliquots 
of homogenates (75 PI), were loaded onto pre-formed 
cantinuous sucrose gradients (S-20%, SW 41 Beckman 
rotor and L 8 Beckman u~tra~entrif~~~~ IS h, 4”C, 
38 000 ~ev.~~n). Fractions were collected, assayed 
for A&W activity and sedlmentatio~ coefficients 
were estimated by comparison with enzyme markers 
~-~~actosid~e ~%e,~ 16 S; cat&se saew 11.4 S; and 
horse liver alcohol dehydrogenase s2e,w 7.4 S). The 
contribution of non-specific &holinesterases to acetyl- 
thiocholine hydrolysis pattens was found to be negli- 
gible in our experimental condition after specific 
irreversible inhibition of acetylcholinesterase by 
IO4 M methyl phosphonothioate [28]” Ethylene 
~ycol~bis-(P-amino-ethyl ether) NJ’-tetra acetic acid 
(EGTA), a~ety~thiocholine iodide, ~,~‘“~thio (his)- 
~~it~ob~n~o~~ acid, ~~~actos~dase horse liver alcohol 
deb~dr~gena~ were from Sigma and catalase from 
Bo~~~~ger. Ethyl-S-(2 (bawl-m~~ylethyl)~no)- 
ethyl) me~~lphos~honot~oate was a gift from Dr F. 
Le terrier (Hospital Percy, Clantart). 

3. Results 

The homogenization of 2 month old rat or mouse 
brains, using an homogenization medium softening 
high&r& strength buffer, Triton X-100, and EGTA 
results in the solubjlization of -95% of the brain 
total At&E content [as estimated by successive hornog- 
e&rations of the same tissue and resoling pellets). 
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The specific activities of AChE are of the order of 57 
fr&) and 46 (mouse) Ak . h-’ _ mg protein-‘” f Sedi. 
mentatioa analysis shows that AChE is present pre- 
domin~t~y as a 10 S form, and in a minor propor- 
tion as a ‘4 S’ form; in agreement with f&18] (f&l) 
and no ‘16 S’ form can be detected. However rat and 
more clearly, mouse cerebellar homogenates contain 
detectable levels of “16 S’ AChE, as shown on fig.1 J 
up to 2-3% in mouse cerebellum. Essentially the 
same results were obtained with 6 month old animals, 
If the fractions are incubated in Eiiman’s enzyrrratic 
assay mixture for much longer periods of time, in 
order to get a maximal absorbance variation in the 
‘16 S region (up to 15times longer than the usual 
incubation times used to obtain a maximal absorbance 
variation of 1 S at the major 10 S peak) it becomes 
evident that the mouse cerebellum contains a higher 
proportion of ‘16 S’ AChE than rat cerebellum (fig3). 
It is worth noting that total AChE specitic activities 

Fig. 1. The multiple molecular forms of acetylcholinestesase 
in mouse and cat brain: presence of the ‘16 S’ tailed farm in 
mouse and rat oerebellum. Sedimentation is from ri&t to 

left. Ordinates ata given in arbitrary units (AA,,,). kktW@ver, 

the sedimentation profiles corresponding to rat a& mouse 
(o---o> brains hit? directly comparable and the same ix true for 
rat and mouse (. * a) cerebefia f&ereb.) AChE profiks. The 
cerebellum &w%kxxs have been incubated 4-times ionge~ 
thar8 the b&n fractions. Sedimen~~on markers are @+g&acto- 
sidase (Z, 16 S) cat&se @ZAT.lIA. Sf and alaho dt?hYdNP 

gemse fAz3H 7.4 S). 
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Fig.3. Lack of ‘16 s taiied fmm in ma&e caadate IlucIerrs 
and cortex, Same technique as in &I. Cortex ACtE profikt 
may be compared to the profiles in FI.2 (same ordinates, 
same ‘usual’ incubation time), when the caudate nucleus 
profile has been incubated Z-times less. 

are &ghtly higher in the rat cerebelhm hclmogenate 
(19 AA *h-2 1 mg-I) than in the mouse cerebdlum 
homogenate (13 AL! . II-’ _ mg-‘1. The precise? sedi- 

mentation coefficients of the main malecuh~ forms 
of rat arrd mouse AChE have been determined by 
comparison with the sedimentation marker enzymes 

and are listed in table 1. We did not find detectable 
levels of ‘16 S’ in caudate nucleus, cortex or sub- 
stantia nigra either in rat or in mouse, as illustrated 
for mouse in fig.3, 

3.2. AI&? O?~Ozf nervotfs SJTrreF&J 
We homogenized under the same conditions as for 

rat and mouse brain tissues, several chick brain regions. 
The solubilizatian reached after one homogenizing 
step, is of the order of 9597% of the total AChE 
activity (as estimated after successive homogeniza- 
tions) in 6 week old cerebellum (254 AA . h-r + mg-‘), 
cortex(192M. h” . mg-‘)brain stem (178 AA , h” , 
mg-‘) and optic lobes (300 ALI . h-’ . mg-I). 

In chick brain the tailed forms of AChE are present 
in few regions although they are generally difficult to 
detect: the optic X&es are one of the richest source 
of ‘20 S AChE, in 6 week old chick (fig.4) but long 

Tabie 1 
The multiple molecular forms of acetylchokresterase and 

their sedimentation coefficients in the mammalian and avian 
central nervous system 

Fast-sadimenting 
tailed forms 

Other forms 

Rat 

Chick 25.5 S It 0.23 {rr = 22) il.6 s t 0.07 (n = 9) 
21.13 S 1: 0.13 (n = 13) 7.03 s f O*O& (n = 12) 

4.7 s * 0.01 (n 1 7) 

The sedimentation coefficients were determined in the pres- 
ence of 1 M N&l, 1 mM EGTA, 1% Triton X-100 and 10 mM 
Tris-HC1 (pH 7.2)* Standard errors are given and YI is the 
number of independent determinations. The mammaltan fast 
sedimenting, tail& form (16 5) is only presenx in cerebellum 
@ut chkk tailed forms were not found in chick cerebellum). 
For rat, they were omy detected, at signiticant ievels, ia 2 
expt. out of 5, and the &en sedimentation coefficient is 
consequently the mean value of o&y 2 determinations. For 
mouse cerebe&rm, the ‘Id S’ AChE was present in all 4 exxpt. 
performed. Ail. other forms were present in ail tissuss 
examined 
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Fig”4. The tailed forms of AChE in chkk optic lobes and 
brain stem. Same technique as in fig.1. Chick embryo optic 
lobes (E II 9) were incubated 2-times more (+----; X 2) and 
12 times more c----e; X f 2) than 6 week aid chick optic 
lobes (7 min. incubation; ---,I, when brain stem fractions 
were incubated s-times more <e . a; X 5). 

. Chick cerebellum 

. . . . . ..-......................~J 

5 10 1s 20 25 30 35 
FRATION NUMBER 

Fig.5. No tailed form in 6 week old chick cere~~~rn. Same 
technique as in fig.1 and same incubation time C_---*) as for 
6 week old optic lobes AChE in fig.4. The fractions have also 
been incubated 2CMmes more (a----01, to show that even 
reaching the limit of sensitivity of our method, the tailed 
forms cannot be shown in chick cerebellum. 

incubations are necessary to demonstrate it (la-times 
more than the usual incubation time), but only as a 
shoulder to the main I1 S peak. However, an addi- 
tional form (25.5 S, designated as the 26 S AC&E, 
table 1) is more readily detected. To our knowledge, 
the occurence of this form has not yet been reported, 
Both the “2Q S’ and ‘26 S’ forms are demonstrated, 
for shorter incubation times in brain stem homoge- 
nates (fig.4). Et is in the chick embryo, just before 
hatching (El 9) that the highest levels of ‘20 S’ and 
‘26 S’ are found in the optic lobes (‘26 S’ AChE is in 
higher amounts than ‘20 S’). These forms are not 
detected in 6 week old chicks cerebellum (fig.S), in 
our experimental conditions, even with the longest 
period of incubation. 

4. Discussion 

The previously reported failure to detect tailed 
forms of AChE in the central nervous system was 
rather puzzling in view of the diversity of neuronal 
cells and their state of differentiation and electrical 
activity. Dowever, this same diversity may allow us 
to think that CNS cells, which are able to synthesize 
A&hE tailed forms (if they exist), could represent a 
very minor proportion of the general cell p~pulatio~. 
The use of BGTA and T&on X-100 together with 
high-ionic strength buffer allowed us to directly 
demonstrate the presence of tailed AChE forma, 
essentially in the mammalian cerebellum. The mouse 
cerebellum is a better source than the rat in our con- 
ditions, We also found the tailed forms of AChE in 
diverse brain regions in the chick, particularly in the 
optic lobes. 

The homogen~atjon of rat or mouse whole brains 
probably dilutes the amount of solub~i~ed tailed 
forms to a point where they become no longer detect- 
able by our techniques. It is worth noting that the 
structure of the mammafian brain which contains 
the highest amounts of ACh activity and shows a 
high level of choline&c activity, the caudate nucleus, 
has no detectable level of tailed forms of AChE. This 
may be due to the fact that most or all neurons in 
this structure are not in a differentiation state allow- 
ing the synthesis of these forms. But it may also be 
due to a lack of accnmulat~on of s~~i~cant levels of 
these forms, This could happen if there is a very 
active secretion of these forms [I6f or few of the 
very ~ffer~nti~ted which areas can accumu~te these 
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forms, such as synaptic contacts (these are very small 
areas, and they are probably the only sites of accu- 
mulation, as in adult mammalian neuromuscular 
junctions [29]). 

Important steps of differentiation are often accom- 
panied by sharp changes in the presence or amount 
of some of the AChE forms. For example, synapse 
formation in vivo (rat muscle) is accompanied by the 
induction of ‘16 S’ AChE [7]; the ‘10 S’ AChE 
becomes predominant in rat brain during post-natal 
maturation [6], whereas the rise of 10 S in cerebellum 
correlates well with the differentiation of Purkinje 
cells and the external granular layer [ 181; chick ‘11 S’ 
AChE increases in sympathetic ganglia after hatching, 
when cytologicai maturity has been reached but junc- 
tional synaptic activity is still increasing [ 1 I]. The 
tailed forms (mainly rat or mouse 16 S and chick 
20 S), in vivo, in adult vertebrates (rat and chicks) 
muscles, disappear upon denervation [S,6,8,30], but 
remain in the denervated rat superior cervical ganglion 
[IO] and are present in rat muscle cells cultured alone 
[24] or cultured NGF-treated pheochromocytoma 
cells (PC 12) [23], when action potentials can be 
generated. It thus seems that the presence of the tailed 
forms of AChE is more directly related to muscle or 
nerve activity, or excitability, than to a direct nerve 
effect and could be an index of differentiation of these 
cells. 

The direct solubilization of the tailed forms from 
mouse, rat and chick brain tissues definitely prove the 
proposition in [22] of their existence in chick central 
nervous system, based on the indirect evidence of 
collagenase solubilization of fast-sedimenting AChE 
forms. The failure of their procedure to directly solu- 
bilize the tailed forms is due, in our opinion, to the 
absence of EGTA in the homogenization medium. We 
have shown on other tissues (mouse mucles and cul- 
tured muscle cells) that EGTAincreases the solubiliza- 
tion yield of the tailed forms (F. R., in preparation). 
We also have preliminary evidence for the presence of 
a 17.6 S tailed form in the frog central nervous system 
(M. N., F. R., in preparation): optic tectum, cere- 
bellum, telencephalon and spinal cord. 

The fact that, in mammalian brain, the tailed forms 
are found in the highest amount in cerebellum, in 
spite of very little apparent ~holiner~c tr~smission 
and low content in choline acetyltransferase [3 1,321 
cannot be explained at present, nor can their absence, 
in the limits of our methods, in chick cerebellum. in 
mammalian cerebellum, AChE is not found in adult 

Pnrkinje cells 1331, but may be localized in the granu- 
lar layer (terminals of the mossy and climbing fibers), 
the Golgi cells and the deep nuclei [34,35]. The 
mossy and climbing fiber terminals, and the correspond- 
ing inter-cellular clefts, are possibly one of the pre- 
ferential locations of the tailed forms. 

The presence of the tailed forms in the central 
nervous system opens up new perspectives in study- 
ing its development and it will be interesting to deter- 
mine which cells and structures possess these forms. 
The question of their physiolo~c~ function is most 
interesting, especially in view of the fact that at the 
level of the neuromu~ular junction, these forms are 
believed to play a predominant role in terminating 
the action of the neurotransmitter 1291. A more 
extensive study of other brain regions and in other 
species is under way. 
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