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Abstract 

Acetylcholinesterase (AChE) activity was measured in cholinergic and non-cholinergic neurons in 
the central nervous system of the leech. Intracellular AChE was assayed by pretreating intact 
ganglia with echothiophate to inhibit selectively extracellular enzyme. The concentration of intra- 
cellular AChE in cholinergic neurons was 3- to 24-fold higher than that in non-cholinergic cells. 

The properties of AChE in extracts of leech ganglia were similar to those of “true” acetylcholin- 
esterase, although butyrylthiocholine was almost as good a substrate as acetylthiocholine. There 
was also cholinesterase activity in leech blood; this enzyme resembled butyrylcholinesterase. Sucrose 
gradient velocity sedimentation of Triton X-100 extracts of leech ganglia revealed a major peak of 
AChE activity at 6.5 S and a small peak at 4.3 S. The pattern of activity in the gradient was the 
same when intact ganglia were pretreated with echothiophate, although the total activity was 
reduced by 98%. 

Intact leech ganglia were stained for AChE activity with and without echothiophate pretreatment. 
In ganglia that had not been exposed to echothiophate, cholinesterase reaction product was deposited 
primarily on the ganglionic sheath. In pretreated ganglia, on the other hand, cholinesterase activity 
was concentrated within neuronal cell bodies. Electrophysiological identification and intracellular 
injection of the fluorescent dye Lucifer Yellow prior to staining were used to confirm that most 
AChE-positive cells were choline@ motoneurons. Two previously unidentified neurons staining 
for AChE were shown to be motoneurons. These results demonstrate that cholinergic motoneurons 
can be differentiated from other cells in the leech nervous system by their high intracellular 
concentration of AChE. 

A common feature of the metabolism of cholinergic 
neurons is the continuous synthesis and degradation of 
acetylcholine. Membrane-soluble inhibitors of acetylcho- 
linesterase (AChE), the degradative enzyme, cause an 
increase in the level of acetylcholine (ACh) in cholinergic 
nerve terminals (Birks and Macintosh, 1961; Potter, 1970; 
Collier and Katz, 1971; but see Miledi et al., 1977). No 
increase is seen when nonpermeant inhibitors are used. 
These findings indicate that intracellular cholinesterase 
limits the accumulation of ACh in cholinergic neurons 
and suggest that such cells might be distinguished by 
their cholinesterase activity. 

Assays of individual, identified neurons in Aplysia 
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(McCaman and Dewhurst, 1971; Giller and Schwartz, 
1971b), the snail (Emson and Fonnum, 1974), and the 
lobster (Hildebrand et al., 1974) failed to reveal any 
significant difference in the level of the AChE activity in 
cholinergic and non-cholinergic cells. However, histo- 
chemical evidence suggests that most of the enzyme 
measured in those studies was associated with contami- 
nating glial and connective tissue cells and not with the 
neurons themselves (McCaman and Dewhurst, 1971; 
Giller and Schwartz, 1971a, b; Hildebrand et al., 1974). 
Since individual cells can be isolated from leech ganglia 
relatively free of such contamination (Kuffler and 
Nicholls, 1966; Fuchs et al., 1981), we investigated the 
properties and distribution of cholinesterase in identified 
leech neurons. 

Our initial aim was to compare the amount of AChE 
activity in cholinergic neurons with that in non-cholin- 
ergic cells. In the leech, neurons that supply excitatory 
innervation to body wall muscles and to the heart contain 
choline acetyltransferase, the enzyme that catalyzes ACh 
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synthesis, suggesting that these cells release ACh as a 
transmitter (Sargent, 1977; Wallace, 1981b). One excit- 
atory motoneuron, the large longitudinal (L) cell, has 
been identified as cholinergic by several other criteria. 
(I) Longitudinal muscles in the leech body wall are 
exquisitely sensitive to ACh; the contraction elicited by 
ACh is potentiated by eserine as is the contraction 
evoked by nerve stimulation (Fuhner, 1917; Bacq and 
Coppee, 1937). (2) Intracellular recordings from longitu- 
dinal muscle fibers have shown that ACh depolarizes 
leech muscles (Walker et al., 1968) and that the most 
sensitive regions of the muscle fiber surface correspond 
to sites of innervation (Kuffler, 1978). (3) The excitatory 
synaptic potentials evoked by nerve stimulation are 
blocked by curare (Walker et al., 1970; Kuffler, 1978) as 
is the depolarizing effect of ACh (Macintosh and Perry, 
1950; Flacke and Yeoh, 1968). (4) The L motoneuron and 
the annulus erector motoneuron as well synthesize and 
accumulate [3H]acetylcholine from [3H]choline (Sargent, 
1977). Thus, it seems likely that the L cell and all other 
excitatory motoneurons are cholinergic. 

Relatively little information is available concerning the 
transmitter released by other identified neurons in the 
leech. One exception is the Retzius cell, which releases 5- 
hydroxytryptamine (Lent, 1973; Mason et al., 1979; Wil- 
lard, 1981). The transmitter released by mechanosensory 
cells and inhibitory motoneurons is not known but prob- 
ably is not ACh as these cells do not contain detectable 
levels of choline acetyltransferase nor do they synthesize 
significant amounts of ACh from labeled choline (Sar- 
gent, 1977). 

In the present study, in order to determine the intra- 
cellular AChE activity, intact ganglia were exposed to 
echothiophate, an irreversible cholinesterase inhibitor, 
prior to homogenization or isolation of individual cells. 
This phosphinylthiocholine derivative bears a net posi- 
tive charge, penetrates cell membranes very slowly, and 
therefore selectively inhibits enzyme accessible from the 
extracellular space (Brimijoin et al., 1978). Choline@ 
excitatory motoneurons were found to have a higher 
concentration of intracellular AChE than non-cholinergic 
Retzius, mechanosensory, and inhibitory neurons. Based 
on these findings, standard cholinesterase histochemical 
techniques were modified to demonstrate intracellular 
acetylcholinesterase. Cholinergic motoneurons were 
stained selectively by this procedure. Some of these 
results have been reported briefly elsewhere (Wallace, 
1981a; Wallace and Gillon, 1981). 

Materials and Methods 

Preparation. Leeches, Hirudo medicinalis, were kept 
at 16°C in spring water. Blood was drawn by making a 
small incision in the body wall and puncturing a blood 
vessel with a tine glass pipette. Individual neurons were 
identified by intracellular recording and stimulation. 
Cells often were injected with the vital dye Fast Green 
to insure that the appropriate cell was isolated (Bowling 
et al., 1978); dye injection had no effect on the level of 
AChE activity. Cells were isolated by cutting the capsule, 
exposing the cell bodies, tying the cell soma off using 17- 
pm nylon monofilament, and transferring the cell to the 
assay tube using a fine pipette (Fuchs et al., 1981). 

Echothiophate pretreatment. Ganglia were dissected, 

rinsed with leech saline (110 mM NaCl, 4 mM KCl, 7.5 
mM CaC12, 10 mu sodium phosphate, 10 mM glucose, 
titrated to pH 7.4 with NaOH), and incubated for 15 to 
30 min with 10e4 M echothiophate in saline. (The echo- 
thiophate preparation supplied by Ayerst Laboratories, 
Inc. also contains potassium acetate, the final concentra- 
tion of which was 1.2 mM.) After echothiophate treat- 
ment, ganglia were washed for at least 1 hr in several 
changes of saline to remove unbound inhibitor and to 
allow inhibition to develop fully (Brimijoin et al., 1978). 

Identification of motoneurons. To identify motoneu- 
rons, ganglia were dissected together with a piece of body 
wall. For most experiments, both the body wall and the 
ganglia were bathed in leech saline containing 20 mM 

Ca2+, which increased the strength of evoked contrac- 
tions and reduced the excitability of interneurons (Stuart, 
1970). In several experiments, the saline surrounding a 
ganglion was isolated from that bathing the body wall 
with a Vaseline seal and changed to a solution containing 
20 mM Mg2+ to prevent activation of intraganglionic 
interneurons by chemical synaptic transmission. Cells 
that evoked contractions under these conditions were 
considered motoneurons. 

Enzyme extracts. The central nervous system was 
exposed, the roots were cut near the ventral cord, and 2 
to 16 ganglia, together with their connectives, were rinsed 
in leech saline and transferred to 50 ~1 of ice cold 20 mM 

sodium phosphate, pH 7.0, containing 0.5% Triton X-100 
(w/v) in a ground glass homogenizer. The tissue was 
homogenized, an additional 100 ~1 of buffer was added, 
the extract was rehomogenized and centrifuged for 5 min 
at 1000 X g, and the supernatant fraction was diluted 
with buffer as necessary. 

Sucrose gradient sedimentation. Velocity sedimenta- 
tion analysis of AChE activity was performed according 
to the general procedure of Martin and Ames (1961). 
Linear sucrose gradients (5 to 20%, w/v) were prepared 
in 20 mM sodium phosphate, pH 7.0, containing 0.5% (w/ 
v) Triton X-100. Carbonic anhydrase (3.06 S), bacterial 
alkaline phosphatase (6.1 S), and catalase (11.3 S) were 
added to each sample as marker enzymes prior to sedi- 
mentation. A 75-~1 aliquot of appropriately diluted su- 
pernatant was layered onto a 4.5-ml sucrose gradient in 
a cellulose nitrate tube and the samples were centrifuged 
in the SW 60 rotor of a Beckman model L5-75 ultracen- 
trifuge at 4°C. Centrifugation lasted 7 to 11 hr at 40,000 
to 50,000 rpm so that the product rpm”. hr was approxi- 
mately 2 x 10”. The gradients were fractionated by drop 
collection from a pinhole made in the bottom of the tube. 
Aliquots of each fraction were assayed for AChE (see 
below), carbonic anhydrase (Wilbur and Anderson, 1948), 
alkaline phosphatase (Garen and Levinthal, 1960), and 
catalase (Beers and Sizer, 1952). A graph of the meniscus 
and the three marker enzymes against their sedimenta- 
tion constants yielded a linear relationship from which 
the sedimentation constant of AChE was calculated. 

AChE assays. Cholinesterase activity was measured in 
three ways. For the characterization of enzyme in the 
blood and ganglion homogenates, cholinesterase activity 
was assayed by the method of Ellman et al. (1961). 
Hydrolysis of thiocholine esters was followed on a Beck- 
man model 25 recording spectrophotometer and rates 
were determined from the initial slopes. When inhibitors 



1110 Wallace and Gillon Vol. 2, No. 8, Aug. 1982 

were tested, enzyme was preincubated with the inhibitor 
for at least 5 min; the reaction then was initiated by the 
addition of substrate. 

AChE activity in extracts of individual cells was meas- 
ured by monitoring the release of [“HIacetate from [ace- 
tyl-“Hlacetylcholine iodide (AChI). Cells were collected 
in 5 ~1 of ice cold 20 mM sodium phosphate, pH 7.0, 
containing 0.5% Triton X-100 (w/v). The assay was begun 
by the addition of 1 ~1 of [acetyl-“H]AChI (49.5 to 90 
mCi/mmol, New England Nuclear) in 20 mM sodium 
phosphate pH 7.0, and the tubes were incubated at 25°C 
for 30 to 60 min. The concentration of ACh in the reaction 
mixture was 0.1 to 0.2 mM. The reaction was stopped by 
adding 0.5 ml of ice cold 5 mM sodium phosphate, pH 
6.0, and the contents of the tube were transferred to a 0.5 
x 2.5 cm column of Bio-Rad AG 5OW-X2, 100 to 200 
mesh (Na’ form) cation exchange resin. The tube and 
column were rinsed with an additional 1.5 ml of pH 6.0 
buffer and the effluent was collected and counted in 15 
ml of ACS fluor (Amersham). The recovery of [“HIace- 
tate was complete as determined by adding an excess of 
purified eel acetylcholinesterase (Sigma, Type VI-S). Ra- 
dioactively labeled substrate was purified by paper elec- 
trophoresis in a Durrum cell (Beckman) using 1.7 M 

formate, 0.47 M acetate, pH 2 buffer. After electrophoresis 
for 1% hr at 430 V, ACh was eluted with 2 M formic acid 
in 90% methanol, dried, and taken up and stored at 
-20°C in 1 mM formic acid in ethanol. After purification, 
the background per assay was approximately 330 dpm/B 
x lo4 dpm of radioactive substrate in the reaction mix- 
ture, corresponding to 3 pmol/assay . hr. 

Sucrose gradients were assayed using a micro-modifi- 
cation of the method of Potter (1967) as modified by Hall 
(1973). Incubations were run as described above, using 5 
~1 of the sucrose gradient fraction in lieu of the cell 
extract. The reaction was stopped with 100 ~1 of 0.2 M 

HCl and the contents of the assay tube were transferred 
to a scintillation vial containing 5 ml of toluene:isoamyl 
alcohol (9:l) fluor. The vials were shaken vigorously and 
counted immediately, as the blank increased with time. 

AChE histochemistry. Leech ganglia were dissected 
and rinsed thoroughly in saline, incubated for 15 to 30 
min with saline containing 10m4 M echothiophate, and 
then rinsed for at least 1 hr with several changes of saline. 
Ganglia were transferred to ice cold 1% formaldehyde 
dissolved in 0.1 M sodium maleate, pH 6, and left to fix 
for 30 min at room temperature. They were rinsed with 
0.1 mM maleate buffer and stained for AChE overnight 
at 4°C by a modification of the method of Karnovsky 
(1964). The incubation solution contained, in final con- 
centration: sucrose, 175 mM; Triton X-100, 0.5% (w/v); 
sodium maleate, 32.5 mM; sodium citrate, 5 mM; potas- 
sium ferricyanide, 0.5 mM; cupric sulfate, 3 mM; acetyl 
thiocholine iodide, 0.1 mg/ml. Incubation at 4°C tended 
to prevent background staining. Stained ganglia were 
rinsed briefly with buffer and then stained with water, 
dehydrated in ethanol, cleared in xylene, and mounted in 
Lustrex. Occasionally, stained ganglia were rinsed briefly 
with 3,3’-diaminobenzidine (0.5 mg/ml in sodium ma- 
leate buffer) before dehydration to enhance the density 
of the cholinesterase reaction product. 

Chemicals. Echothiophate (Phospholine Iodide, for 
ophthalmic solution, Ayerst Laboratories, Inc.) was pur- 

chased at a local pharmacy. Lucifer Yellow CH was the 
generous gift of Walter Stewart (Laboratory of Experi- 
mental Pathology, National Institute of Arthritis, Metab- 
olism, and Digestive Diseases). Bacterial alkaline phos- 
phatase (BAPF) was purchased from Worthington; cat- 
alase was from Boehringer Mannheim; carbonic anhy- 
drase, tetraisopropylpyrophosphoramide (iso-OMPA), 
and 1,5-bis-(4-allyldimethylammoniumphenyl)pentan-3- 
one dibromide (BW284c51) were from Sigma. 

Results 

AChE in identified cells. In an earlier study, the 
concentration of AChE in the large longitudinal, annulus 
erector, and heart excitor motoneurons was shown to be 
3- to 32-fold higher than that in the non-cholinergic 
Retzius and mechanosensory cells (Wallace, 1981a). In 
order to determine if high intracellular AChE activity is 
a reliable indicator of cholinergic function, we have ex- 
tended this analysis to include several other excitatory 
and inhibitory motoneurons. 

Individual nerve cells were identified on the basis of 
the size, shape, and position of the cell body, their elec- 
trophysiological properties, and, for motoneurons, by the 
muscle contractions that they evoked. The cell bodies of 
identified neurons were isolated and 1 to 12 cells were 
pooled for each AChE assay. 

AChE activity was present in extracts of all cells ex- 
amined. For example, in ganglia exposed only to saline, 
the level of AChE in sensory cells was 28 to 75% of that 
found in the annulus erector motoneuron. When extracts 
of mechanosensory cells and motoneurons were mixed, 
the AChE activities were additive (Table Ia). Thus, the 
relatively low level of activity in mechanosensory cells 
was not the result of some endogenous inhibitor present 
in excess. 

TABLE I 
Summation of activity in extracts 

The activity, expressed as counts per min above background, is the 
mean of triplicate determinations; in each case the standard deviation 

was less than 5% of the mean. (a) The AE cell sample contained the 
equivalent of 2 cells; the N cell sample contained the equivalent of 3.75 
cells. (b) The saline-pretreated extract was diluted 50-fold before assay 
to yield a level of activity comparable to that in the echothiophate- 
pretreated extract. (c) The sample from saline-pretreated ganglia con- 

tained the equivalent of 1.1 AE cells, while the sample from echothio- 
ohate-metreated eanalia contained 2 AE cells. 

Sample Cholinesterase 
Activity 

AE” cell extract 
N cell extract 

AE cell extract + N cell extract 

Extract of saline-pretreated ganglion 4,086 
Extract of echothiophate-pretreated ganglion 3,740 
Saline extract + echothiophate extract 6,803 
Saline extract + 10m4 M echothiophate 0 

AE cell extract from saline-pretreated ganglia 3,144 

AE cell extract from echothiophate-pretreated 690 

ganglia 
Saline extract + echothiophate extract 3,327 
Saline extract + 1O-4 M echothiophate 0 

cm 
5,427 
7,667 

12,485 

a AE, annulus erector motoneuron; N, nociceptive cell. 
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The activity associated with all cells was greatly re- 
duced by pretreating intact ganglia with echothiophate. 
When extracts of ganglia or individual cells isolated after 
echothiophate pretreatment were mixed with extracts of 
saline-pretreated ganglia or cells, the AChE activity ob- 
served was 87% of that expected (Table I, b and c), 
indicating that inhibition by echothiophate was irrevers- 
ible and little unbound inhibitor remained in the extracts. 
If echothiophate was added after the tissue was dis- 
rupted, however, all cholinesterase activity was inhibited 
(Table I, b and c). Based on these properties, it was 
assumed that the activity remaining after exposure of 
intact cells to echothiophate was located intracellularly 
(see “Discussion”). 

Consistent with earlier findings, the concentration of 
intracellular AChE was high in all excitatory motoneu- 
rons, while inhibitory motoneurons, Retzius, and 
mechanosensory cells had much lower intracellular 
AChE activity (Fig. 1). The data for all neurons analyzed 
in this way are presented in Table II. To take into 
account differences in soma size, cell bodies were as- 
sumed to be spherical; the average radii were determined 
by measuring the profiles of living cells injected with the 
fluorescent dye Lucifer Yellow. Intracellular AChE was 
calculated by correcting the echothiophate-resistant ac- 
tivity for differences in cell volume; surface AChE was 
determined by subtracting echothiophate-resistant 
AChE from the activity in saline-treated cells and ex- 
pressing the difference in terms of the surface area of the 
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soma. All cells had comparable levels of AChE associated 
with their surface. Motoneurons, however, had a 3- to 24- 
fold higher concentration of intracellular AChE than 
non-cholinergic cells. 

Properties of leech AChE. The cholinesterase activity 
of cholinergic and non-cholinergic neurons might repre- 
sent different enzymes or different levels of a single 
enzyme. Accordingly, experiments were performed to 
characterize the cholinesterase activity present in gan- 
glion and single cell extracts. The activity measured in 
homogenates of leech ganglia was increased by extracting 
with detergent; maximum activation (approximately 3- 
fold) occurred with 0.5% (w/v) Triton X-100. In the 
presence of Triton X-100, all of the activity remained in 
the supernatant after low speed centrifugation (5 min at 
1000 X g); only 60% of the activity remained in the 
supernatant in the absence of detergent. Extracting in 
high salt or repeated freezing and thawing decreased the 
activity of crude homogenates by 50 to 80% and failed to 
solubilize the enzyme. Ca2+ (0.1 mM), Mg2+ (1 mM), and 
EDTA (0.5 II~M) had no effect on the level of activity in 
detergent extracts. The supernatant fraction from low 
speed centrifugation of detergent-extracted ganglion ho- 
mogenates was used to characterize leech cholinesterase. 

Figure 2 illustrates the dependence of cholinesterase 
activity in ganglion extracts on the concentration of iso- 
OMPA, a specific inhibitor of vertebrate butyrylcholin- 
esterase. As the concentration of iso-OMPA was in- 
creased, AChE activity gradually decreased to approxi- 

Lk 3 

‘bl R N P T 1 Long 1 Fla, 

Non-motoneurons 

Figure 1. Concentration of intracellular AChE in identified leech neurons. 
AChE activity was measured after pretreatment with echothiophate and the 
intracellular concentration was determined using the average dimensions for each 
cell (see Table II). Data are expressed as the mean rt SEM; the figure in each 
column gives the number of samples analyzed. Motoneurons: annulus erector 
(AE), large longitudinal (L), heart excitor (HE), dorsal circular (Circ, No. 112), 
ventromedial longitudinal (Long, No. 108), dorsoventral flattener (Flat, No. log), 
and oblique (Obl, Nos. 110 and 111). Nonmotoneurons: Retzius (R), nociceptive 
(N), pressure (P) and touch (T) mechanosensory, dorsal longitudinal inhibitor 
ULong, No. I), and dorsoventral flattener inhibitor (Irlat, No. 101). Cells designated 
by number refer to the designations of Ort et al. (1974). 
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TABLE II 
AChE activity in identified cells 

Data are expressed as the mean +- SEM; the number of samples analyzed is given in parentheses. Cells are designated as in Figure 1. 

AChE Activity 
Cdl Radius Internal AChE Surface AChE 

Total Echothiophate-resistant 

Pm pmol/cell/hr nmol/pl/hr nmol/mm’/hr 

Motoneurons 
AE 28.9 47.88 f  7.55 (8) 5.23 + 1.25 (8) 51.7 4.06 
L 24.6 44.06 $2.63 (4) 2.37 + 0.24 (5) 38.0 5.48 
HE 20.6 21.43 + 1.98 (4) 1.18 f 0.29 (3) 32.2 3.80 
arc 22.3 24.00 + 6.20 (4) 2.95 f 1.23 (4) 63.5 3.36 
Long 24.7 43.72 f 9.20 (4) 5.11 f 1.19 (4) 80.6 5.02 
Flat 25.2 35.80 -c 9.21 (4) 2.18 f 0.73 (4) 32.4 4.21 
Obl 22.4 39.08 f 16.34 (4) 2.34 f 0.65 (4) 49.7 5.83 

Nonmotoneurons 
R 42.7 72.72 k 9.65 (5) 1.15 f 0.11 (5) 3.53 3.12 
N 24.4 16.06 + 3.74 (8) 0.68 + 0.27 (7) 11.16 2.05 
P 31.3 34.52 + 2.02 (6) 0.44 f 0.08 (5) 3.43 2.77 
T 24.9 12.56 + 2.93 (6) 0.44 + 0.13 (5) 6.81 1.56 
I 
Low 20.7 11.60 f 4.58 (3) 0.38 f 0.06 (3) 10.32 2.08 

ht 24.6 16.44 f 6.52 (3) 0.73 -t 0.27 (3) 11.74 2.07 

ho-OMPAI 

Figure 2. Inhibition of leech cholinesterase by iso-OMPA. 
Samples were preincubated and assayed with iso-OMPA at the 
concentrations indicated. The results are expressed as the per- 
centage of activity in the absence of inhibitor. O--O, 0.5% 
Triton X-100 extract of ventral nerve cord assayed in triplicate 
with 1 mM acetylthiocholine as substrate. Error bars, shown 
where they exceed the size of the point, are f  SD. 0- --0, 
Blood diluted with 0.5% Triton X-100 and assayed with 1 mM 

butyrylthiocholine as substrate. 

mately 40% of the uninhibited level. The shape of the 
curve suggests that extracts of the leech central nervous 
system have two forms of cholinesterase, one sensitive to 
inhibition by iso-OMPA (150 = 5 x 10m5 M) and a second 
not affected by the inhibitor. Although the dependence 
of AChE activity on iso-OMPA concentration was similar 
from extract to extract, the level of the plateau (i.e., the 
fraction of cholinesterase activity not inhibited by iso- 
OMPA) varied from 30 to 70%. 

Leech blood also contained cholinesterase activity. 
Blood cholinesterase was inhibited completely by iso- 
OMPA; the shape of the curve was consistent with a 
single enzyme species (Fig. 2). The dependence of blood 
cholinesterase activity on iso-OMPA concentration (150 
= 3 x lop5 M) was similar to that of the inhibitable 
portion of the activity in ganglion extracts, suggesting 

that blood may not have been rinsed completely from 
the ganglia during dissection. Blood cholinesterase also 
was inhibited completely by BW284c51 at 10m5 M and by 
echothiophate at lop6 M. Leech blood cholinesterase hy- 
drolyzed both butyryl- and acetylthiocholine. Although 
the maximum velocities with the two substrates were 
comparable, the apparent affinity of blood cholinesterase 
was much greater for butyrylthiocholine (KIM, app = 13 
PM) than for acetylthiocholine (KM, app = 0.79 m&r). Thus, 
the cholinesterase activity in leech blood resembles ver- 
tebrate butyrylcholinesterase. 

In order to determine the kinetic properties of the 
second cholinesterase activity in ganglion extracts, meas- 
urements were made in the presence of low3 M iso-OMPA, 
a concentration that completely inhibited leech butyryl- 
cholinesterase. Under these conditions, ganglion extracts 
hydrolyzed both thiocholine esters (Fig. 3). The affinities 
for the two substrates were comparable (butyrylthio- 
choline, KM, app = 50 PM; acetylthiocholine, KM, app = 17 
PM), but the maximum velocity was approximately 7-fold 
higher with acetylthiocholine as a substrate. The affinity 
for acetylcholine, determined using the radiochemical 
assay, was KM, app = 14.8 + 1.30 j.kM (mean f SEM; N = 
3). The iso-OMPA-insensitive cholinesterase activity was 
inhibited by BW284c51 (50% at 2 X lo-@ M). With ace- 
tylcholine, there was some evidence for substrate inhi- 
bition at concentrations above 0.2 mM; the same was true 
with butyrylthiocholine. With acetylthiocholine, sub- 
strate inhibition was not apparent until concentrations 
above 1 InM were used, at 10 ITJM, activity was reduced 
by approximately 40%. These properties identify this 
activity as an acetylcholinesterase, although with some- 
what less substrate specificity than vertebrate AChE. 

Although it seemed likely that the butyrylcholinester- 
ase present in ganglion extracts was from blood or glial 
cells, inhibition by iso-OMPA was used to examine 
whether a butyrylcholinesterase was associated with cho- 
linergic or non-cholinergic neurons or if either surface or 
intracellular cholinesterase was butyrylcholinesterase. 
Extracts of identified cells isolated with or without ex- 
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I CNS Extract . lC?M ISO-OMPA 

l/Substrate. mM 

Figure 3. Kinetics of hydrolysis by CNS extract. A detergent 
extract of ventral nerve cord was preincubated with lo-” M iso- 
OMPA. Lineweaver-Burke plots are shown for acetylthio- 
choline (AcSCh, M) and butyrylthiocholine (BuSCh, 
H---I) as substrates. The lines drawn by linear regression 
give apparent K,,, values of 17 PM for acetylthiocholine and 50 
FM for butyrylthiocholine. The results are expressed as the 
mean of duplicate determinations; the range is shown where it 
exceeds the size of the data point. 

posure to echothiophate were assayed in the presence 
and absence of lo-:’ M iso-OMPA. None of the samples 
was inhibited; the ratio (mean + SEM) of activity meas- 
ured in the presence of iso-OMPA to that in controls was 
1.02 & 0.05 (N = 5) for non-cholinergic cells and 1.11 + 
0.08 (N = 3) for cholinergic cells. The corresponding 
ratios for cells pretreated with echothiophate were 1.13 
& 0.12 (N = 3) for non-cholinergic and 1.24 (N = 1) for 
cholinergic neurons. Thus, all of the cholinesterase as- 
sociated with isolated cells, both intracellular and surface 
activity, is true acetylcholinesterase. 

Molecular form of AChE. Several species of AChE 
have been identified in extracts of vertebrate muscle by 
sucrose gradient velocity sedimentation (Hall, 1973; Bon 
et al., 1979; Massoulik et al., 1980). When detergent 
extracts of leech ganglia were analyzed by sucrose gra- 
dient velocity sedimentation, AChE activity ran as a 
single major peak with an average sedimentation con- 
stant of 6.5 f 0.04 S (mean + SEM; N = 3) (Fig. 4a). 
There was also a small peak at 4.3 + 0.09 S (mean + 
SEM; N = 3), accounting for approximately 10% of the 
total activity. If ganglia were pretreated with echothio- 
phate and then extracted, total AChE activity was re- 
duced by approximately 98%. The residual, originally 
intracellular, AChE had the same pattern of activity on 
sucrose gradient sedimentation (Fig. 4b), suggesting that 
there was no obvious difference in the molecular prop- 
erties between surface and intracellular AChE. 

Ganglia also were extracted with detergent containing 
1 M NaCl with or without 1 mM EGTA. High salt in- 
hibited AChE activity in ganglion extracts by approxi- 
mately 20%. Under these conditions, leech AChE ran as 
a single peak on sucrose gradient velocity sedimentation 
with a mean sedimentation coefficient of 5.8 + 0.04 (mean 
? SEM; N = 5). No difference in the pattern of activity 

on gradients containing 1 M NaCl was observed when 
ganglia were pretreated with echothiophate. 

AChE histochemistry. Ganglia were dissected, treated 
with echothiophate to inhibit extracellular AChE, rinsed, 
fixed, and stained for AChE in the presence of detergent 
in order to facilitate penetration of the reagents into the 
cells. A photograph of the dorsal surface of a ganglion 
stained in this way is shown in Figure 5a. Only about 
30% of the neurons present on the dorsal surface of the 
ganglion stained for cholinesterase. The pattern of 
stained cells corresponds to the distribution of identified 
motoneurons (Stuart, 1970; Ort et al., 1974). Several 
experiments were done to determine if the accumulation 
of reaction product was due to AChE activity. Only light 
background staining was observed if eserine, echothio- 
phate, or BW284c51 was included in the staining solution 
(Fig. 5~). On the other hand, the intensity and distribu- 
tion of reaction product were unchanged when ganglia 
were stained in the presence of iso-OMPA (Fig. 5b). 
These results indicate that the reaction product was due 
to AChE activity. Two pairs of small laterally located 
cells consistently showed an accumulation of reaction 
product in the presence of AChE inhibitors (see Fig. 5~). 
The stain in these cells thus was not likely to be due to 
cholinesterase activity and was not investigated further. 
Ganglia not pretreated with echothiophate were stained 
intensely, consistent with the biochemical finding that 
the level of AChE activity in ganglion extracts was re- 
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Figure 4. Sucrose density gradient velocity sedimentation of 
CNS extracts. The markers, from left to right, are catalase (11.3 
S), bacterial alkaline phosphatase (6.1 S), and carbonic anhy- 
drase (3.06 S); the final fraction to the right represents the top 
of the gradient. a, Saline: ganglia incubated in saline before 
extraction. The sample contained the equivalent of 0.4 ganglion. 
b, Echothiophate: ganglion pretreated with echothiophate be- 
fore extraction. The sample contained the equivalent of 5.2 
ganglia. 
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Figure 5. Histochemical demonstration of intracellular AChE. a, Light micrograph showing the dorsal surface of a whole 
mount of a ganglion treated with echothiophate, fixed, and stained for cholinesterase (see “Materials and Methods”). Dark 
granular reaction product is seen in approximately 30% of the neuronal somata. Two of the stained cells were found to be 
previously unidentified motoneurons, one innervating flattener muscles (asterisk) and the other innervating dorsolateral 
longitudinal muscles (arrow). b, As in a but iso-OMPA (10m3 M) was included during staining. c, As in a but eserine (low4 M) was 
included during staining; BW234c51 ( 10m5~) and echothiophate ( 10m4 M) gave similar results. Bar, 200 pm. 

duced 98% by pretreatment with echothiophate. Without in the ganglionic sheath that the reagents failed to pen- 
echothiophate pretreatment, most of the reaction prod- etrate. Experiments on frozen sections of ganglia not 
uct was deposited near the surface of the ganglion, sug- treated with echothiophate demonstrated intense stain- 
gesting that cholinesterase activity was so concentrated ing of the neuropil. If detergent was not included in the 
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incubation mixture, staining of intact ganglia was light 
and occurred primarily on the ganglionic sheath. Triton 
X-100 could be replaced with saponin; dimethyl sulfoxide 
was not effective. By using Nomarski differential inter- 
ference contrast optics to make optical sections through 
ganglion whole mounts, it was clear that the granular 
reaction product was deposited in the cytoplasm of 
stained cells (see Fig. 6). Thus, the quantitative difference 
in the concentration of intracellular AChE between cho- 
line&c and non-cholinergic neurons was large enough to 
be demonstrable histochemically. 

Identification of stained cells. Although the size and 
position of cells in leech ganglia are relatively constant, 
intracellular recording and stimulation are often neces- 
sary to identify neurons unambiguously. Therefore gan- 
glia were dissected together with a piece of body wall and 
motoneurons were impaled, stimulated to evoke muscle 
contractions, and marked by intracellular injection of 
Lucifer Yellow (Stewart, 1978). The ganglia then were 
treated with echothiophate and processed for AChE his- 
tochemistry. As illustrated in Figure 6, reaction product 
accumulated in all identified motoneurons. Known non- 
cholinergic cells, such as mechanosensory cells, Retzius 
cells, and neurons that supply inhibitory innervation to 
body wall muscles did not stain. Staining also was seen 

occasionally in “micro glia” (Coggeshall and Fawcett, 
1964) and other small cells in the ganglionic capsule. In 
motoneurons, the reaction product had a granular ap- 
pearance and usually was not found immediately adja- 
cent to the cell membrane. This distribution was most 
obvious in Lucifier Yellow-injected cells or when ganglia 
were observed with Nomarski optics, which revealed a 2- 
to 6-pm rim of cytoplasm between the plasma membrane 
of the cell and the AChE reaction product. 

In addition to known motoneurons, several other cells 
consistently stained for intracellular AChE. Intracellular 
stimulation of two of these cells evoked contraction of 
muscles in the body wall. This response persisted when 
the solution bathing the ganglion contained 20 mM Mg2+, 
indicating that these cells were probably motoneurons. 
One of these cells was located in a cluster of motoneurons 
on the dorsal surface of each hemiganglion and inner- 
vated longitudinal muscles in the dorsolateral portion of 
the contralateral body wall (see Fig. 5a, amour). The 
other cell also was located on the dorsal side of the 
ganglion in the anterolateral packet and just anterior to 
the large longitudinal motoneuron (see Fig. 5a, asterisk). 
This neuron innervated dorsoventral flattener muscles 
located in the medial portion of the ipsilateral body wall. 
One other neuron that stained for intracellular AChE 

Figure 6. Identification of cells staining for intracellular AChE. Physiologically identified excitatory motoneurons were injected 
with Lucifer Yellow; then the ganglion was treated with echothiophate, fixed, and stained for intracellular AChE. Whole mounts 
were photographed with transmitted light and Nomarski optics to visualize AChE reaction product (a and c) and with fluorescent 
optics to identify cehs injected with Lucifer Yellow (b and 4. Each of the identified motoneurons stained for intracellular AChE. 
Bar, 50 pm. a and b, Dorsal surface of a ganglion in which the L cell and motoneurons 3,4,5, 7,8,11,12, and 17 (see 01% et al., 
1974) were identified and marked with Lucifer Yellow. The midline is to the right; anterior is to the top of the figure. c and d, 
Anterolateral edge of a ganglion in which excitatory motoneurons 106 to 112 (see Ort et al., 1974) were injected with Lucifer 
Yellow. Anterior is to the left. In similar experiments (not shown), identified AE, HE, and circular (cell v2; see Stuart, 1970) 
motoneurons stained for intracellular AChE. 



1116 Wallace and Gillon Vol. 2, No. 8, Aug. 1982 

was the Leydig cell. Although the function of this neuron 
is unknown, stimulation of Leydig cells does not cause 
any noticeable contraction of body wall muscles. 

Discussion 

Properties of leech choline&erases. The high affinity 
for acetylcholine, susceptibility to substrate inhibition, 
and sensitivity to inhibition by BW284c51, but not iso- 
OMPA, identify one of the cholinesterases in leech gan- 
glia as a true acetylcholinesterase. It resembles that 
found in other invertebrates in which the cellular distri- 
bution of AChE has been measured, although the esti- 
mated KIM for acetylthiocholine of leech AChE (17 ,UM) is 
significantly lower than that of AChE in Helix (0.25 mM), 
Aplysia (0.22 mu), or Homarus (0.25 mu) (Emson and 
Kerkut, 1971; Emson and Fonnum, 1974; Giller and 
Schwartz, 1971b; Hildebrand et al., 1974). 

The physical properties of leech AChE are different 
from properties of AChE from many other species that 
have been examined in that it runs as a single peak at 5.8 
S on velocity sedimentation through sucrose gradients 
containing Triton X-100 and 1 M NaCl. In the absence of 
1 M NaCl, a slight heterogeneity was observed, with the 
major peak running at 6.5 S and a secondary peak run- 
ning at 4.3 S. These properties are similar to those of 
lobster AChE, which has a major peak at 7.1 S and a 
minor peak at 5.1 S in the absence of detergent and runs 
as a single peak of 6.4 S in the presence of Triton X-100 
(Hildebrand et al., 1974). The lack of heterogeneity of 
AChE in the leech suggests that intracellular enzyme 
differs little in its physical characteristics from enzyme 
found associated with neuronal and glial membranes or 
enzyme concentrated extracellularly in the neuropil. 

The cholinesterase in leech blood, on the other hand, 
resembles vertebrate butyrylcholinesterase in its sub- 
strate specificity and inhibition by iso-OMPA. The blood 
of Aplysia and Helix also has high levels of cholinesterase 
activity. However, the enzyme in molluscan blood has 
the characteristics of acetylcholinesterase (Augustinsson, 
1963; Giller and Schwartz, 1971b; Bevelaqua et al., 1975). 

Measurement of intracellular AChE concentration. 
The estimates of intracellular AChE concentration were 
based on the assumption that exposing intact ganglia to 
echothiophate selectively and completely inhibited extra- 
cellular enzyme (see Brimijoin et al., 1978). This assump- 
tion is supported by two biochemical findings. First, the 
activity in mixtures of extracts of untreated and echo- 
thiophate-pretreated ganglia was additive, indicating 
that inhibition was irreversible and that unbound inhib- 
itor was washed out of the ganglia before they were 
homogenized. Second, the concentration of echothio- 
phate used to pretreat ganglia (lop4 M) was two orders of 
magnitude greater than that necessary to inhibit com- 
pletely cholinesterase activity in ganglion extracts. Sev- 
eral histochemical observations are also consistent with 
the hypothesis that echothiophate-resistant AChE rep- 
resents intracellular enzyme. In the presence of eserine 
or echothiophate, no reaction product accumulated, in- 
dicating that the procedure was detecting cholinesterase 
activity. In the absence of echothiophate pretreatment, 
dense reaction product accumulated near the surface of 
the ganglion, making the whole mount opaque. Staining 
frozen sections revealed that the neuropil was the most 

reactive region in ganglia not exposed to echothiophate, 
as has been reported previously (Silver, 1974). After 
echothiophate pretreatment, staining was observed pri- 
marily within cell somata; some staining of the capsule, 
connectives, and roots occurred. Little or no staining 
took place in the absence of detergent, suggesting that, 
even after fixation, the neuronal and glial membranes 
offer significant barriers for the diffusion of at least one 
component of the histochemical reaction mixture. Thus, 
although it is possible that there are forms of cholines- 
terase in leech ganglia that differ in their sensitivity to 
echothiophate, the biochemical and histochemical data 
strongly support the assumption that echothiophate-re- 
sistant activity represents intracellular AChE, enzyme 
that was inaccessible when this positively charged inhib- 
itor was applied to intact ganglia. 

Intracellular AChE in cholinergic and non-choliner- 
gic neurons. The biochemical results reported in this 
paper indicate that neurons in the central nervous system 
of the leech can be distinguished from one another by 
their concentration of intracellular AChE. Choline& 
excitatory motoneurons had approximately lo-fold 
higher intracellular AChE activity than non-cholinergic 
Retzius cells, mechanosensory cells, or inhibitory moto- 
neurons. The high level of AChE in motoneurons could 
be demonstrated histochemically using echothiophate 
pretreatment to inhibit extracellular AChE. All neurons 
in leech ganglia that provide excitatory input to periph- 
eral musculature stained for intracellular cholinesterase. 
Recent observations on the distribution of choline ace- 
tyltransferase in leech neurons suggests that two other 
cells, the “anterior pagoda” and the “nut,” contain levels 
of choline acetyltransferase comparable to those found 
in motoneurons and therefore may release ACh as a 
transmitter (Wallace, 1981b). These cells, whose function 
is not known, did not stain for intracellular AChE. One 
other cell of unknown function, the Leydig cell, consist- 
ently stained for intracellular AChE but does not contain 
detectable choline acetyltransferase activity (Wallace, 
1981b). Thus, although all cholinergic excitatory moto- 
neurons in leech ganglia had a high concentration of 
intracellular AChE, high intracellular AChE activity is 
not necessary or sufficient evidence to identify a cell as 
cholinergic. 

Since AChE is known to be especially concentrated at 
choline@ synapses, cholinoceptive cells might be ex- 
pected to have high levels of AChE. Nearly all leech 
neurons respond to iontophoretic application of ACh to 
their cell bodies (Sargent et al., 1977). Some cells that 
respond to ACh, such as the mechanosensory neurons, 
did not stain for intracellular AChE. It is not known, 
however, which cells in leech ganglia receive choline@ 
synaptic input. 

Role of intracellular AChE. The high level of intra- 
cellular AChE in leech motoneurons is consistent with 
the role that degradation plays in limiting the accumu- 
lation of ACh in cholinergic neurons (Collier and Katz, 
1971). In cat sympathetic ganglia and rat diaphragm, the 
initial rate of ACh accumulation following AChE inhibi- 
tion suggests that, at rest, a nerve terminal synthesizes 
and degrades an amount of ACh equal to its initial stores 
every 20 min (Birks and Macintosh, 1961; Potter, 1970). 
Although comparable measurements have not been made 
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in leech ganglia, the amount of labeled ACh synthesized 
and accumulated by motoneurons incubated with triti- 
ated choline is increased approximately 4-fold in the 
presence of eserine, indicating that AChE is active within 
cholinergic neurons in the leech as well (Sargent, 1977). 
The rapid turnover of ACh within cholinergic neurons 
suggests that ACh accumulation could be regulated di- 
rectly by the activities of the synthetic and degradative 
enzymes, in a manner analogous to that proposed for y- 
aminobutyric acid in efferent inhibitory neurons in the 
lobster (Hall et al., 1970). Extracts of annulus erector 
motoneurons can synthesize approximately 2.3 pmol of 
ACh/cell. hr at 23°C (Sargent, 1977). The intracellular 
AChE activity in annulus erector motoneurons is 5.4 
pmol/cell.hr at 25°C. The similarity in the level of 
activity of the synthetic and degradative enzymes makes 
it seem feasible that ACh could accumulate to a steady 
state at which synthesis and degradation were equal. 
However, even in the presence of eserine, intact annulus 
erector motoneurons appear to synthesize and accumu- 
late only about 7 fmol of ACh/cell.hr when incubated 
with labeled choline (Sargent, 1977). Unless 99.7% of the 
ACh synthesized in leech motoneurons is released im- 
mediately or transported into the neuropil, it would 
appear that choline acetyltransferase activity in situ is 
two orders of magnitude lower than that found in ex- 
tracts. Although the same could be true of AChE activity, 
it seems likely that AChE is present in excess intracel- 
lularly and that the level to which ACh accumulates 
must be determined, at least in part, by additional fac- 
tors. Experiments in Aplysia suggest that one such factor 
is the uptake of choline and its concentration in the 
intracellular pool that is available for acetylation (Eisen- 
stadt and Schwartz, 1975). 

AChE as a cholinergic marker. There seems to be 
general agreement that, under appropriate conditions, 
AChE staining selectively reveals cholinergic neurons in 
cryostat sections of cat sympathetic ganglia (Robinson, 
1971; Silver, 1974; Lundberg et al., 1979). However, AChE 
staining can occur in non-choline@ cells, such as adren- 
ergic sympathetic neurons in the rat and sensory neurons 
in amphibians, reptiles, birds, and mammals (see Silver, 
1974; Lundberg et al., 1979). In such studies on frozen 
sections of complex tissues, it is often difficult to compare 
the intensity of staining in known choline@ and non- 
choline@ cells or, in some cases, to distinguish between 
extracellular and intracellular activity. In leech ganglia, 
where individual identified neurons can be compared, 
high levels of intracellular AChE were found in all cho- 
linergic motoneurons. Cholinesterase-rich neurons could 
be demonstrated histochemically in ganglion whole 
mounts, which led to the identification of two new mo- 
toneurons in the leech central nervous system. Thus, 
although high intracellular AChE is not an unambiguous 
marker for cholinergic cells, histochemical demonstration 
of echothiophate-resistant AChE, especially in intact 
tissues, can be a useful method for revealing presumptive 
cholinergic neurons. 
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