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Cholinergic Regulation of Neurite Outgrowth from Isolated Chick

Sympathetic Neurons in Culture

David H. Small,’ Gullveig Reed,' Bryony Whitefield," and Victor Nurcombe?
Departments of 'Pathology and 2Anatomy and Cell Biology, The University of Melbourne, and the Mental Health Research

Institute of Victoria, Parkville, Victoria 3052, Australia

Neurotransmitters have been reported to regulate neurite
outgrowth in several vertebrate and nonvertebrate species.
In this study, cultures of isolated embryonic day 12 (E12)
chick sympathetic neurons were grown in the presence of
cholinergic receptor agonists or antagonists. Both ACh and
the nonhydrolyzable cholinergic agonist carbamylcholine
(CCh) inhibited neurite outgrowth. ACh (0.1-1.0 mm) de-
creased the percentage of neurons bearing neurites, but had
no significant effect on cell survival. The effect of ACh was
increased in the presence of the cholinesterase inhibitors
BW284C51 (1 um), Tacrine (20 um), and edrophonium (200
uM). Neurite outgrowth was strongly inhibited by the mus-
carinic receptor agonist oxotremorine (5-100 um) and weakly
inhibited by nicotine (50 nm to 10 um). The inhibitory effect
of CCh was decreased by the muscarinic receptor antagonist
atropine (10 um), demonstrating that the effect of CCh on
neurite outgrowth was mediated, at least in part, through a
muscarinic receptor. The possibility that AChE can influence
neurite outgrowth directly, through a noncatalytic mecha-
nism, was also examined. When dissociated chick brain or
sympathetic neurons were grown on plates precoated with
purified AChE, neurite outgrowth was strongly stimulated.
However, the neurite outgrowth-promoting effect of AChE
was strictly dependent upon the presence of substratum-
bound heparan sulfate proteoglycans (HSPG). Pretreatment
of AChE with diisopropylfluorophosphate to inhibit the es-
terase activity did not abolish this effect, suggesting that
the neurite outgrowth—promoting effect of AChE was asso-
ciated with a noncatalytic mechanism, a view supported by
the observation that soluble AChE had no effect on neurite
outgrowth. The finding that cholinergic agents influence neu-
rite outgrowth from sympathetic neurons provides further
evidence that neurotransmitters may influence cytoarchi-
tecture and may explain the expression of AChE in asso-
ciation with neurite outgrowth.

[Key words: cholinesterase, chick, development, sympa-
thetic, Alzheimer’s disease, amyloid, adhesion]

There is increasing evidence that neurotransmitters have non-
classical actions in the regulation of processes associated with
neuronal differentiation (Lauder, 1993). For example, gluta-
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mate, serotonin, and dopamine have all been shown to influence
neurite outgrowth in culture (Mattson, 1988; Lipton and Kater,
1989). There is also evidence that ACh could have nonclassical
actions in the nervous system (Lankford et al., 1988; Lipton et
al., 1988; Mattson, 1988). The biosynthetic and degradative
enzymes of cholinergic pathways ChAT and AChE are expressed
in the developing brain well before the major period of syn-
aptogenesis (Filogamo and Marchisio, 1971; Silver, 1974), sug-
gesting that they may be involved in functions unrelated to
neurotransmission. ACh has been shown to suppress neurite
outgrowth from chick (Lankford et al., 1988) and rat (Lipton et
al., 1988) retinal cells, from hippocampal pyramidal neurons
(Mattson, 1988) and to prevent the inhibition of process out-
growth by 5-HT on Helisoma neurons (McCobb et al., 1988).

Studies by Layer and coworkers (Layer et al., 1988, 1992;
Layer, 1991; Layer and Kaulich, 1991), Robertson and co-
workers (Robertson, 1987; Robertson et al., 1988; Robertson
and Yu, 1993) and Small et al. (1992) have demonstrated that
the expression of AChE during early development correlates
closely with the major phase of neurite outgrowth. The subcel-
lularlocalization of AChE is also consistent with a role in neurite
outgrowth. For example, in chick sympathetic neurons, AChE
is associated with the lamellipodia and filopodia of growth cones
(Rotundo and Carbonetto, 1987). The amino acid sequence
homology between AChE and two Drosophila cell adhesion pro-
teins, glutactin and neurotactin, indicates that AChE might have
arole in cell adhesion. Studies using inhibitors of AChE activity
suggest that AChE may regulate neurite outgrowth through a
noncatalytic mechanism (Layer et al., 1993).

The observed association of AChE with neurites of sympa-
thetic neurons has prompted us to examine the effect of cholin-
ergic agonists and antagonists, as well as AChE inhibitors on
the neurite outgrowth from isolated chick sympathetic neurons
in vitro. We provide evidence that AChE can inactivate the
neurite outgrowth-inhibiting actions of ACh. In addition, AChE
can stimulate neurite outgrowth through an adhesion mecha-
nism, at least as potently as that of the highly adhesive molecule
laminin.

Materials and Methods

Materials. Fetal bovine serum for cell culture was obtained from Com-
monwealth Serum Laboratories (Parkville, Australia). Fetal bovine se-
rum for the purification of AChE was obtained from a local abattoir.
Dulbecco’s modified Eagle’s medium (DMEM) and GMS-X growth
supplement were from GIBCO-Bethesda Research Labs (Grand Island,
NY). Laminin (purified from mouse EHS tumor) was obtained from
Collaborative Research (Bedford, MA). Oxotremorine sesquifumarate
was purchased from ICN Biomedicals (Seven Hills, Australia). Car-
bamylcholine chloride, acetylcholine chloride, nicotine (free base),
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Figure 1.

Phase-contrast micrograph of E12 chick sympathetic neurons cultured for 24 hr in serum-free DMEM. The cells were cultured in the

absence (4) or presence (B) of 1 mm CCh for 24 hr after plating. Scale bar, 100 gm.

atropine (free base), mecamylamine hydrochloride, diisopropylfluoro-
phosphate (DFP), edrophonium chloride, 1,5-bis(4-allyldimethyl-
ammoniumphenyl)pentan-3-one dibromide (BW284C51), nerve growth
factor (NGF, 2.5S), putrescine, prostaglandin F2a, progesterone and
poly-L-lysine were purchased from Sigma Chemical Co. (St. Louis, MO).
Purification of AChE and HSPG . AChE was purified from fetal bovine
serum using a previously published procedure involving affinity chro-
matography on edrophonium-Sepharose, followed by size-exclusionand
ion-exchange high-performance liquid chromatography (HPLC) (Mi-
chaelson and Small, 1993). The purified enzyme possessed a specific
activity of approximately 1000-3000 units/mg protein and was greater
than 99% pure as assessed on silver-stained native and denaturing poly-
acrylamide gels and was more than 90% pure as assessed by N-terminal
amino acid sequencing. Heparan sulfate proteoglycans (HSPG) were
purified from the conditioned medium of cultures of postnatal day 3
(P3) mouse brain cells as previously described (Small et al., 1994).
Immunoaffinity purification of AChE. Protein-A-Sepharose (PAS;
Pharmacia-LKB, Uppsala, Sweden) was suspended in phosphate-buf-
fered saline (PBS), and 0.2 ml aliquots of the swollen gel were washed
extensively with an additional 10 ml of PBS. Each aliquot was incubated
for 24 hr at 4°C with 200 gl of an anti-AChE monoclonal antibody
(clone AEI; IgG1 ascites from Chemicon International, Temecula, CA)
or 200 ul of a control anti-neurofilament monoclonal antibody (clone
NN18; IgG1 ascites from Sigma Chemical Co., St. Louis, MO). The gel
from cach incubation mixture was washed four times with 5 ml of PBS
and then 1 ml of AChE (20 units/ml in PBS) purified by edrophonium-
Sepharose chromatography and size-exclusion and ion exchange HPLC
(Michaelson and Small, 1993) was added to each batch of gel and in-
cubated at 4°C for 16 hr. Each incubation mixture was then poured into

polypropylene Econocolumns (Bio-Rad Laboratories, Richmond, CA)
and each column was washed with 15 ml of PBS. The columns were
eluted with 1.0 ml of 3.5 m MgCl, in 10 mm sodium phosphate buffer,
pH 7.4. The eluted protein was dialyzed and against PBS by centrifu-
gation through CF25 filter cones (Amicon, Danvers, MA).

Treatment and analysis of AChE. AChE activity was assayed by the
method of Ellman et al. (1961). One unit of activity was defined as the
number of micromoles of acetylthiocholine hydrolyzed per minute at
30°C. The protein concentration of purified AChE was calculated on
the basis of an e™™ of 1.10 at 280 nm (Ralston et al., 1985). For the
inactivation of AChE by diisopropylfluorophosphate (DFP), the enzyme
(0.01 mg/ml) was incubated with 0.15 mm DFP (approximately 1000-
fold excess over the number of active sites) in PBS for 30 min at room
temperature. This treatment inactivated >99% of the AChE activity.

Cell culture. Sympathetic ganglia were dissected from 12 d old chick
embryos (E12) and the tissue dissociated and neurons plated in 24-well
culture plates at a density of 3000 cells/well as previously described
(Small et al., 1994), with the exception that all cultures were grown in
serum-free DMEM containing 0.01% (v/v) GMS-X growth supplement,
100 um putrescine, 1.67 ug/ml prostaglandin F2a, 6.67 ng/ml proges-
terone, and 5 ng/ml NGF. For studies on the effect of AChE on central
neurons, E12 chick brains were dissected and the cerebral hemispheres
minced finely and digested with trypsin as previously described (Small
etal., 1992). Cells were cultured in 24-well plates at a density of 10,000
cells/well in DMEM containing 10% fetal calf serum.

To test the effect of substratum-bound proteins on neurite outgrowth,
the wells of culture dishes were coated with different proteins by in-
cubating with the protein of interest made up in PBS or borate buffer
at room temperature. The order of application of each protein was first
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Figure 2. Quantitative image-capture analysis of representative neu-
rite outgrowth from E12 chick sympathetic neurons maintained in cul-
ture for 24 hr, Figure shows the percentage of neurons bearing neurites
as a function of the concentration of ACh or CCh added to the culture
medium, Data are expressed as the mean value (= SEM) obtained from
four culture wells in which the percentage of cells bearing neurites greater
than 20 um was determined. Five fields per well, each field containing
approximately 20 neurons, were counted. *, points representing mean
values that were significantly different from the corresponding control
value for 0 um CCh or ACh (P < 0.05).

polylysine (0.1 mg/ml in 15 mm Na-borate buffer, pH 8.4) for 30 min,
then P3 HSPG or laminin (10 ug/ml) for 2 hr, and then AChE (10 ug/
ml) for 2 hr. After incubation each well was washed three times with
PBS immediately before being used as a substrate for cell growth.

Measurement of neurite outgrowth. Cultures were examined 24 hr
after plating under phase-contrast microscopy and selected fields cap-
tured for computer-assisted image analysis (MD30 Plus Image analysis
system, Adelaide, Australia). The percentage of surviving cells extending
neurites longer than 20 um in five fields of each well was measured.
Approximately 100 cells were counted in each well. For the analysis of
neurite length, the longest neurite on 20 neurons bearing neurites in
each well was measured. A minimum of four wells for each treatment
group was analyzed.

Statistical analysis. Differences between the means of controls and
each treatment groups were analyzed by a two-tailed Student’s ¢ test.
For the comparison of muitiple treatment groups, data were also ana-
lyzed using a one-way or two-way analysis of variance (ANOVA). The
significance of differences between two treatment groups in experiments
involving multiple treatments was assessed using a Tukey test for mul-
tiple comparisons. Means were assumed to be significantly different
when the P value for the null hypothesis was less than 0.05.

Results
Effect of ACh and CCh on neurite outgrowth
We first examined the possibility that ACh influences the growth
of neurites in cultures of E12 chick sympathetic neurons. Sym-
pathetic ganglia were dissected from E12 chicks and the tissue
digested with trypsin. Cell preparations were plated in 24-well
culture dishes precoated with polylysine and laminin and cul-
tured in the presence of various concentrations of ACh or CCh
in serum-free medium. After 24 hr in culture, the neurons were
visualized under phase-contrast microscopy (Fig. 1). The extent
of neurite outgrowth was quantified by computer-assisted image
analysis (Fig. 2). Neuronal survival in the NGF-containing me-
dium on laminin substrates was never less than 75% of the
numbers originally plated.

The presence of 50 um to 1 mm CCh or 200 um to 1 mm ACh
in the culture medium significantly decreased the percentage of
neurons bearing neurites (Fig. 2). Similar results were obtained
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Figure 3. Effect of ACh and AChE inhibitors on neurite outgrowth
from chick sympathetic neurons. Figure shows the percentage of neurons
bearing neurites as a function of the concentration of ACh in the presence
or absence of AChE inhibitors | um BW284C51 (BW), 200 um edro-
phonium, and 20 uM Tacrine. Data are expressed as the mean value
(=SEM) obtained from four culture wells in which the percentage of
cells bearing neurites greater than 20 um was determined. No addition,
no AChE inhibitor added.

in three additional experiments. Neither CCh nor ACh signif-
icantly inhibited cell survival (data not shown). CCh was more
potent than ACh in its ability to inhibit neurite outgrowth, both
as seen in the minimum concentration required to produce a
statistically significant effect (50 um for CCh vs 200 um for ACh)
and in the degree of inhibition of neurite outgrowth. ACh (1
mM) decreased the percentage of neurons bearing neurites by
approximately 35%, whereas CCh (1 mm) decreased the per-
centage by approximately 65%.

As CCh cannot be hydrolyzed by AChE, the difference in
potency between CCh and ACh may have been due to the pres-
ence of endogenous AChE. To test this idea, the effect of ACh
on neurite outgrowth in the presence of three AChE inhibitors
(BW, edrophonium, Tacrine) was examined. The concentrations
of all three inhibitors were chosen to inhibit >99% of AChE
activity in the cultures on the basis of their previously calculated
inhibitor potencies (data not shown). All of the inhibitors sig-
nificantly (P < 0.05, two-way ANOVA) increased the potency
of ACh (Fig. 3). Several other indices of the extent of neurite
outgrowth (neurites per neuron, neurite length) were also ana-
lyzed (Table 1). Treatment with 1 mm ACh or 200 uM edro-
phonium did not significantly alter the number of neurites per
neuron. However, the neurite length and the percentage of neu-
rons with neurites were significantly decreased by treatment with
either ACh or edrophonium. The most potent inhibition of
neurite outgrowth was seen in cultures incubated with both ACh
and edrophonium (Table 1).

Effect of cholinergic receptor agonists and antagonists

To define the class of cholinergic receptors that might mediate
the actions of ACh and CCh on neurite outgrowth, the effect of
cholinergic receptor agonists and antagonists was examined.
Sympathetic neurons were cultured in the serum-free medium
containing either nicotine (nicotinic receptor agonist), oxotre-
morine (muscarinic receptor agonist), or CCh (mixed musca-
rinic and nicotinic receptor agonist). The concentrations of each
drug were chosen on the basis of their pharmacologic potencies



Table 1. Effects of ACh and edrophonium on various parameters of
neurite outgrowth

% Neu-

rons

Neurites/ Neurite with
neuron length (um; neurites
Treatment (n=20) = 20) (n=4)
No addition 1.80 = 0.17 1670 = 140 60 + 4
ACh (1 mm) 1.70 £ 0.18 1230 £ 110* 34 %= I*
Edrophonium (200 um) 1.67 £ 0.17 1250 + 120* 49 + 2*
ACh + edrophonium 1.65 £ 0.15 890 = 100* 28 + |*

E12 chick sympathetic neurons were plated at a density of 3000 cells/well and
cultured for 24 hr in serum-free medium in 24-well plates coated with 0.1 mg/
ml polylysine and 10 pg/ml laminin. Values are means + SEM of data obtained
from four culture wells per treatment group. For the caiculation of percentage of
neurons with neurites, approximately 100 randomly selected neurons were counted
in each of four wells. For the other two parameters, # refers to the total number
of neurons counted in each well. The number of neurites/neuron was calculated
for all neurons in the field.

(Hadhazy and Szerb, 1977; Birdsall et al., 1978; Small et al,,
1993). Consistent with the results obtained in previous exper-
iments, CCh (1 mm) inhibited the percentage of neurons bearing
neurites approximately 45% (Fig. 4). Nicotine (0.5-10 uM) more
weakly inhibited neurite outgrowth up to 30% at the highest
concentrations, whereas oxotremorine (5-100 um) was more
potent, inhibiting neurite outgrowth up to 80%. Higher concen-
trations of nicotine (above 10 um) did not cause any further
inhibition of neurite outgrowth.

The ability of cholinergic receptor antagonists to block the
action of CCh on neurite outgrowth was also examined. In the
presence of the muscarinic receptor antagonist atropine (10 um),
CCh did not significantly inhibit neurite outgrowth (Fig. 5).
Although the mean value of percentage of neurons with neurites
for incubations with CCh and the nicotinic receptor antagonist
mecamylamine (10 um) was often greater than for CCh alone,
the difference was never found to be statistically significant.

Effect of AChE on neurite outgrowth

As there was evidence from the studies of Layer et al. (1993)
that AChE may stimulate neurite outgrowth through a nonca-
talytic mechanism, the effect of exogenously added AChE on
neurite outgrowth was examined. As AChE is known to associate
with basement membrane heparan sulfate proteoglycans (HSPG)
(Ramirez et al., 1990), we examined the effect of precoating
culture dishes with HPLC-purified AChE and HSPG on the
extent of neurite outgrowth from E12 chick sympathetic neu-
rons. When neurons were cultured on substrates of polylysine
and either AChE or HSPG, there was no observed increase in
either the percentage of neurons with neurites (Fig. 64) or neu-
rite length (Fig. 6B). However, those cultures grown on poly-
lysine with AChE and HSPG exhibited a marked increase in
both parameters of neurite outgrowth. The stimulation of neu-
rite outgrowth achieved was comparable to that of laminin alone.
The catalytic activity of AChE was found not to be essential for
this effect as AChE incubated with a 1000-fold excess of the
irreversible esterase inhibitor DFP (to inactivate the AChE) also
stimulated neurite outgrowth when added in combination with
HSPG. Soluble AChE and HSPG (1 g of each per well, an
amount well in excess of the amount bound to the plates in the
previous experiments) failed to stimulate neurite outgrowth over
control levels.
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Figure 4. Effect of cholinergic receptor agonists on neurite outgrowth
from chick sympathetic neurons. Figure shows the percentage of neurons
bearing neurites as a function of the concentration of three cholinergic
agonists nicotine (Nic), oxotremorine (Ox0), and carbamylcholine (CCh).
The concentration range for each drug was chosen to be similar to the
known concentration range for receptor activation. Data are expressed
as the mean value (£xSEM) obtained from four culture wells in which
the percentage of cells bearing neurites greater than 20 pm was measured.
* points representing mean values that are significantly different from
control values without inhibitor (P < 0.05).

To address the question of whether the neurite outgrowth-
promoting activity was associated with the AChE itself, or with
a undetected trace contaminant, HPLC-purified AChE was fur-
ther subjected to immunoaffinity chromatography on a column
of protein A-Sepharose to which was coupled an anti-AChE
IgG1 monoclonal antibody (PAS-AE1). To control for nonspe-
cific adsorption of proteins onto the column, a similar column

80 +

$ Neurons with neurites

Figure 5. Effect of CCh and the cholinergic receptor antagonists at-
ropine (10 uM) and mecamylamine (10 uM) on the percentage of neurons
bearing neurites. Data are expressed as the mean value (= SEM) obtained
from four culture wells in which the percentage of neurons bearing
neurites greater than 20 um was measured. *, significantly different (P
< 0.05) from control values as assessed using a Student’s ¢ test; **,
significantly different (P < 0.05) from incubations with CCh alone as
assessed using a Student’s ¢ test. The significance of the drug effects was
also confirmed from a one-way ANOVA.
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Figure 6. Effect of substratum-bound HSPG, AChE or laminin on
neurite outgrowth from chick sympathetic neurons. Culture dishes (24-
well) were coated with 100 pg/ml of polylysine, followed by either 10
ug/ml of HSPG and/or AChE or 10 pg/ml of laminin. The percentage
of neurons bearing neurites (4) and the neurite length (B) in each treat-
ment group are shown. In some of the incubations, the AChE solution
(10 pg/ml) was first incubated with 150 uM diisopropylfluorophosphate
(DFP) for 30 min at room temperature to produce an enzymically in-
active form of AChE (AChE-DFP). In other incubations, the AChE and
HSPG were added in soluble form (sol. HSPG + sol. AChE) at the time
the cells were plated. Data are expressed as the mean value (+SEM)
obtained from four culture wells. *, significantly different from the con-
trol value (neurite outgrowth in the presence of polylysine alone) as
determined using a Student’s ¢ test.

was constructed using a nonspecific IgG1 antibody (clone NN 18)
directed against an intracellular neurofilament antigen, which
would not be expected to interfere with an extracellular function
of AChE in the neurite outgrowth-promotion assay. The eluate
from each column was then tested for its effects on neurite
outgrowth (Table 2). Only the eluate from the PAS-AE1 column,
containing affinity-purified AChE, stimulated neurite out-
growth.

The stimulatory effect of AChE on neurite outgrowth was not
restricted to sympathetic neurons. We also examined the effect
of substratum-bound HSPG and AChE on neurite outgrowth
from cultures of chick brain neurons. Very similar results were
obtained (Fig. 7). Again, AChE and HSPG failed to stimulate
neurite outgrowth on their own. However, when neurons were
cultured on substrates of both AChE and HSPG, neurite out-
growth was significantly stimulated. As for the sympathetic neu-

Table 2. Effect of precoating culture dishes with various protein
fractions on neurite outgrowth

AChE % Neurons

activity with
Treatment (units/ml) neurites
Plys 186
P’lys + HSPG 34 + 11
P’lys + HSPG + PAS-AE] eluate 1.6 £ 0.1 77 + 10t
P’lys + HSPG + PAS-NN18 cluate <0.1 32 £ 11
Laminin 48 + 12

HPLC-purified AChE was incubated with a gel consisting of protein A-Sepharose
(PAS) coupled to either an anti-AChE monoclonal IgG1 antibody (clone AE1) or
a nonspecific IgG1 antibody (clone NN 18) directed against an intracellular protein
(neurofilament subunit). The bound protein from each fraction was eluted with
3.5 m MgCl, and the eluate assayed for AChE activity. An identical volume of
PAS-NN18 eluate and PAS-AE]1 eluate was used for precoating culture dishes in
the neurite outgrowth assay. Table shows the concentration of AChE in units/ml
used to coat each well. Values are means + SEM (n = 4). P’lys, polylysine.

* Significantly different from PAS-NN18 eluate (p < 0.05).
T Significantly different from P’lys + HSPG treatment group (p < 0.05).

ronal cultures, the effect of AChE and HSPG in combination
was comparable to that of laminin.

Discussion

This study provides direct evidence that ACh is involved in the
regulation of neurite outgrowth from cultures of dissociated
chick sympathetic neurons. In this regard, the study supports
the work of previous studies (Hohmann et al., 1988; Lipton et
al., 1988; Mattson, 1988; Lipton and Kater, 1989; Lauder, 1993)
suggesting a role for ACh in neurite outgrowth and neuronal

100

% Neurons with neurites

Figure 7. Effect of substratum-bound HSPG, AChE, or laminin on
neurite outgrowth from E12 chick brain neurons. Culture dishes were
coated with 100 ug/ml polylysine, followed by either 10 pg/ml of HSPG
and/or AChE or 10 pg/ml laminin. The neurons were cultured for 2 d
in the presence of DMEM containing 10% fetal calf serum. Figure shows
the percentage of neurons bearing neurites. Values are means + SEM
obtained from four culture wells in which approximately 100 randomly
selected neurons were counted in each well (five fields of 20 neurons/
field). *, aignificantly different from incubations containing no HSPG
or AChE.



differentiation. In addition, this study demonstrates that AChE,
the enzyme that degrades ACh, may also be involved in the
regulation of neurite outgrowth, and that it may promote neurite
outgrowth by two distinct mechanisms. The first mechanism
involves inactivation of ACh, whereas the second mechanism
involves a noncatalytic function.

Our results provide an explanation for the spatiotemporal
association of AChE expression with neurite outgrowth that has
been observed in previous studies (Robertson, 1987; Layer et
al., 1988,1991, 1992, 1993; Robertson et al., 1988; Layer, 1991,
‘Small et al., 1992). The expression of AChE occurs long before
the onset of synaptogenesis (Layer, 1991), suggesting that the
function of AChE expressed during neurite outgrowth is unre-
lated to its classic role in neurotransmission. Qur own studies
show that AChE expression is increased in the chick brain be-
tween E6 and E9 (Small et al., 1992). This period coincides with
the major phase of neurite outgrowth in the chick brain. In other
studies, transient AChE expression has been noted in developing
rat thalamocortical neurons during the stage when axons are
rapidly growing into cortical layer IV before making synaptic
contact with cortical neurons (Robertson, 1987). The associa-
tion of AChE with neurite processes has been observed in several
systems, including chick sympathetic neurons in culture (Ro-
tundo and Carbonetto, 1987).

One mechanism whereby AChE may regulate neurite out-
growth is by preventing the inhibitory actions of ACh on neurite
outgrowth. There is evidence from other studies that ACh is
synthesized prior 1o synaptogenesis (Filogamo and Marchisio,
1971; Silver, 1974) and that it may regulate physiological pro-
cesses including neurite outgrowth (Mattson, 1988). Like AChE,
the expression of ChAT (the enzyme that synthesizes ACh) is
correlated with morphogenic changes in cells occurring prior to
the onset of synaptogenesis (Schambra et al., 1989). In the mouse
forebrain, ChAT appears in mitotic cells of the germinal zone
of the olfactory lateral and third ventricles as early as embryonic
day 13.5 (Schambra et al., 1989). In the chick sympathetic gan-
glion, ChAT activity rises sharply between E6 and E8, in parallel
with the expression of AChE (Filogamo and Marchisio, 1971).
ACh has been reported to inhibit neurite outgrowth from rat
retinal ganglion cells (Lipton et al., 1988) and chick retina (Lank-
ford et al., 1988) and to inhibit dendrite outgrowth from rat
hippocampal pyramidal cells (Mattson, 1988).

Studies by Lipton et al. (1988) have shown that mecamyla-
mine can stimulate neurite outgrowth, demonstrating a nicotinic
receptor-mediated mechanism regulating neurite outgrowth. The
present study suggests that muscarinic receptors may also reg-
ulate neurite outgrowth from chick sympathetic neurons. The
muscarinic receptor agonist oxotremorine was a potent inhibitor
of neurite outgrowth. Furthermore, the muscarinic receptor an-
tagonist atropine partially blocked the action of CCh on neurite
outgrowth. Sympathetic neurons possess both muscarinic and
nicotinic receptors (Appenzeller, 1990). Muscarinic receptors
on cell bodies mediate both slow IPSPs (Horn and Dodd, 1981)
and slow EPSPs (Adams, 1982) in certain postganglionic neu-
rons, whereas nicotinic receptors mediate only fast EPSPs (Jan
and Jan, 1983). It is not known whether all of these receptor
types are also expressed on the neurites of E12 chick sympathetic
neurons in culture. Although nicotine exerted only a weak in-
hibitory action on neurite outgrowth, this does not imply that
the nicotinic effect might be less important in vivo. It is well
established that nicotinic receptors rapidly desensitize in vitro
(Deneris et al., 1991). Thus the relatively poor effect of nicotine
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over a 24 hr incubation period might be the result of the de-
sensitization of the nicotinic receptors under the culture con-
ditions. The observation that CCh possessed a weaker agonist
effect than oxotremorine was interesting. It is possible that stim-
ulation of nicotinic receptors by CCh might desensitize not only
the nicotinic response, but also the muscarinic response, hence
the greater potency of a pure muscarinic agonist such as oxo-
tremorine.

The mechanism whereby cholinergic receptors might regulate
neurite outgrowth is unknown. Studies by Kater and coworkers
(reviewed by Lipton and Kater, 1989) have shown that intra-
cellular Ca?* can have strong influences on process outgrowth.
Activation of both nicotinic and muscarinic receptors in sym-
pathetic ganglia stimulates Ca?* entry through voltage-gated
calcium channels (Adams, 1982; Jan and Jan, 1983).

The present study provides evidence that AChE can also stim-
ulate neurite outgrowth through a noncatalytic mechanism. The
evidence for this can be summarized as follows. First, complete
inhibition of the esterase activity by DFP failed to abolish the
neurite outgrowth promoting effect. Second, soluble AChE (even
when present in excess over that used for the substratum-bound
studies) failed to stimulate neurite outgrowth. This result in-
dicates that the esteratic activity of AChE is not per se sufficient
for the neurite outgrowth effect. Third, neither mecamylamine
nor atropine stimulated neurite outgrowth in the absence of
CCh. Thus, the effect of substratum-bound AChE is unlikely to
be related to the inactivation of endogenously produced ACh,
as inactivation of cholinergic receptors would have been ex-
pected to have a similar effect on neurite outgrowth. Fourth,
substratum-bound HSPGs were also required to demonstrate
the effect of AChE on neurite outgrowth, suggesting that there
is a synergistic interaction between HSPGs and AChE. As the
binding of HSPG to AChE does not influence the enzyme’s
catalytic activity (data not shown), this suggests that some non-
catalytic function is involved.

Although a protease is associated with certain preparations
of cholinesterases from different sources (Chubb et al., 1980,
1983; Lockridge, 1982; Chatonnet and Masson, 1985; Checler
and Vincent, 1989; Michaelson and Small, 1993), it is highly
unlikely that a contaminating protease activity is responsible
for the neurite outgrowth-promoting effects that we have ob-
served. The final purification procedure for AChE involves ion-
exchange HPLC, a step that easily separates the protease activity
from the esterase (Michaelson and Small, 1993). No contami-
nating proteins were detected either in the amino acid sequence
analysis or upon gel electrophoresis. In addition, the neurite
outgrowth-promoting activity was recovered with the AChE
fraction following further purification by immunoaffinity chro-
matography.

The view that AChE can promote neurite outgrowth through
a noncatalytic mechanism is consistent with previous studies.
The amino acid sequence of AChEs and butyrylcholinesterases
has been found to be homologous to two Drosophila proteins,
neurotactin and glutactin, which mediate heterologous cell ad-
hesion (Barthalay et al., 1990; de la Escalera et al., 1990; Olson
et al., 1990). In addition, certain isoforms of AChE may possess
an HNK-1 epitope that is commonly found on cell adhesion
proteins (Bon et al., 1987). Studies by Layer et al. (1993) suggest
on the basis of enzyme inhibitor experiments that cholinester-
ases can regulate neurite outgrowth from chick tectal cell cul-
tures. In our own studies (Table 1), we found that the AChE
inhibitor edrophonium weakly inhibited neurite outgrowth. This
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effect may be related to a noncatalytic action of the drug similar
to that described by Layer et al (1993) for other AChE inhibitors.

The requirement for HSPG in the neurite outgrowth-pro-
moting effect of AChE is similar to that seen for several other
proteins. For example, the functions of neurite outgrowth-pro-
moting molecules such as glia-derived nexin (Wallace et al.,
1988) and the amyloid protein precursor of Alzheimer’s disease
(Small et al., 1994) can be stimulated through an interaction
with heparin or HSPG. Although asymmetric (collagen-tailed)
forms of AChE are known to bind strongly to heparin and are
thought to interact with HSPG through the collagen-like *“tail”
subunit, there is also evidence that globular AChEs may bind
with heparin or HSPG (Ramirez et al., 1990).

The observation that AChE has actions that are unrelated to
neurotransmission may help to explain the localization of AChE
in regions that are not normally considered to be cholinoceptive.
Of interest in this regard is the observation that AChE is lo-
calized to the regions of amyloid plaques in the brains of patients
with Alzheimer’s disease. The presence of AChE around plaques
is thought to be unrelated to the degeneration of cholinergic
neurons (Mesulam and Geula, 1988; Schatz et al., 1990; Ulrich
et al., 1990). It is interesting to note that AChE is coordinately
expressed with the Alzheimer’s APP in the developing chick
brain (Small et al., 1992). Furthermore, both proteins promote
neurite outgrowth and show a similar dependence for the pres-
ence of HSPGs in this action (Small et al., 1994). It is possible
that the deposition of AChE in amyloid deposits in the Al-
zheimer’s disease brain may be related to some underlying defect
in APP metabolism. The identification and correction of such
a defect could have therapeutic implications.
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