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HAWKINS, C. A. AND S. A. GREENFIELD. Comparison of the behavioural effects of infusion of carbachol and acetylcholin-
esterase into the rat substantia nigra. PHARMACOL BIOCHEM BEHAYV 55(1) 67-80, 1996.—1It has been postulated for
many years that acetylcholinesterase (AChE) may play a nonclassical role in the substantia nigra, unrelated to its ability to
hydrolyse acetylcholine. In this study the behavioural effects of unilateral infusion of AChE and a cholinergic agonist,
carbachol, were compared. Carbachol induced ipsiversive circling over a very short time scale (minutes), whereas AChE
induced contraversive circling, but over a longer time course—10 days. Both agents showed selectivity of response within
the substantia nigra: acetylcholinesterase was only effective when infused into the most rostral region of the substantia nigra
and its effects were limited to the pars compacta. In contrast, carbachol had effects in both the pars compacta and reticulata,
with a graded sensitivity to carbachol in the rostral/caudal plane: infusions into rostral regions induced high rates of circling
compared to more caudal areas, suggesting that the cholinergic input to the substantia nigra is not homogenous, but greater
in rostral regions. This disparity between the effects of carbachol and AChE would, therefore, suggest that AChE is not
exerting its long-term behavioural actions via a cholinergic mechanism, both in terms of time course of the response and

the areas within the substantia nigra sensitive to these agents.
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OVER 20 years ago it was observed that within the substantia
nigra there is a disparity between the relatively low density
of the enzyme that synthesises acetylcholine (choline-acetyl-
transferase, ChAT) compared to the comparatively high con-
centration of acetylcholinesterase (AChE), the enzyme that
degrades it (40,75). It was subsequently discovered that AChE
is released in a soluble form from the dendrites of dopaminer-
gic nigrostriatal neurones (31) and appears to have a action
upon them that is independent of the hydrolysis of AChE
(33,34). Taken together, these observations have led to the
idea that AChE plays a role within the substantia nigra that
is independent of its cholinergic function. AChE infused uni-
laterally into the substantia nigra induces behavioural effects
indicative of increased activity of the nigrostriatal pathway,
namely, stereotypy (81) and circling (32,38). Circling behav-
iour in response to amphetamine challenge reflects an imbal-
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ance in the activity of the two nigrostriatal pathways (76) and
has been used as a model to assess the behavioural effects
of AChE on the dopaminergic nigrostriatal system of the
unlesioned rat.

The suggestion that AChE may have a role independent
of the cholinergic system has, in part, been prompted by dis-
proportionately high levels of AChE in the substantia nigra:
however, this area does receive a modest cholinergic innerva-
tion, thought to originate mainly from the pedunculopontine
tegmental nucleus (7,15,28), which makes synaptic contact
with cell bodies and dendrites of dopaminergic neurones (10).
Activation of this pathway by cholinergic agonists appears to
increase activity of the nigrostriatal pathway, manifest as in-
creased dopamine release and turnover in the striatum (9,41).
In addition, unilateral cholinergic stimulation of the substantia
nigra itself induces circling behaviour (19,21,42 .44 82).
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This series of experiments was, therefore, undertaken to
try and determine whether the behavioural effects of AChE
are occurring via a mechanism involving a reduction in cholin-
ergic activity, or are, indeed, cholinergic independent, by di-
rectly comparing the ability of AChE and a cholinergic agonist
(carbachol) to induce circling behaviour following unilateral
infusion into the substantia nigra. Three aspects of the phe-
nomena were studied: the time course of the response, the
direction of circling that was elicited, and the areas within the
substantia nigra that were sensitive to these agents.

METHOD

Wistar rats, weighing approximately 250 g, were anaesthe-
tised with Equithesin (3 ml/kg) and guide cannulae (Plastics
Products Co., USA) implanted unilaterally in the substantia
nigra at the following coordinates: AP: —5.0; L: 2.2; DV: —7.1,
according to the atlas of Paxinos and Watson (69). Prior to
and following recovery from surgery. all rats were tested for
inherent bias in circling. Animals with a mean score of two
turns/min or more were discarded.

Circling behaviour in rats was assessed by placing them in
a familiar circular glass bowl (12 inches dia.) and the net
number of 360° turns/min noted over a 20-min period.

In the first experiment, 1 pl of either 0.9% saline, carbachol
in saline (2 pg/ul), or purified AChE in saline (450 U/ml)
was infused through an internal cannula (placed within the
implanted guide cannula, such that it protruded approximately
1 mm), connected to a 10 wl Hamilton syringe by inert capillary
tubing (0.010’' i.d.) and driven by an automatic pump at a
rate of 0.1 pl/min. After 10 min the pump was switched off
but the internal cannula left in place for a subsequent 2 min.
During infusion rats were freely moving in a restricted area.
In previous experiments assessing the effects of an infusion
of AChE (38.39), the best effects were obtained when animals
were given an IP injection of amphetamine (1 mg/kg) immedi-
ately following infusion and were tested for circling behaviour
15 min after the injection for 20 min. The amphetamine acted
to cnhance any disparities between activities of the two nigro-
striatal pathways. However, given that carbachol appears to
have a very short duration of action (42), this protocol was
modified such that the IP injection of amphetamine was given
just prior to infusion, and circling behaviour was assessed for
20 min immediately following infusion. Data was expressed
as mean number of turns per minutc. To ascertain the long-
term actions of AChE and carbachol, all rats were challenged
with amphetamine on 4 subsequent days and tested for rota-
tion 15 min later as described above. The AChE infused was
purified from the commercial preparation of electriceel AChE
obtained from Sigma. according to the technique of Massoulie
and Bon (63). Activity of AChE was measured using the
Ellman assay (25).

In the second experiment, cannulae were placed over a
range of AP placements: —4.8, —5.3, or —6.3. An experimental
crossover design was used in which animals were infused with
either 1 pl saline or carbachol (2 pg/pnl) and subsequently
with the other treatment. Animals were tested for circling on
the day prior to infusion, immediately following infusion and
the day after. Animals were infused over 5 min, with the
internal cannulae being left in place for a further 1 min, and
animals being tested for circling behaviour over the following
20 min. Circling behaviour was tested in the absence of am-
phetamine.

The data from the above experiment was compared with
that obtained retrospectively from animals infused with acetyl-
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cholinesterase (100-500 U/ml) or saline (1 p! over 10 min).
At the end of the infusion, animals were given an IP injection
of amphetamine (1 mg/kg) and tested for circling behaviour
15 min later. On 9 subsequent days, animals were given an
IP injections of amphetamine and tested for circling behaviour.

At the end of the experiment, the animals were anaesthet-
ised and perfused with formaldehyde (10% v/v in 0.9% NaCl
w/v). The brains were removed and placed in formaldehyde
and sucrose for at least 24 h prior to sectioning. Cannulae
placements within the substantia nigra were verified by exami-
nation of 50 pm frozen cut sections, stained with cresyl violet.
For examples of cannulae placements, sce Figs. 1a and b. The
rostral/caudal position of the cannula was taken from the
location of the centre of the cannula.

Data from longitudinal studies of the effect of infusion of
substances into the substantia nigra was analysed using two-
way analysis of variance, followed by ad hoc one-way analysis
of variance across factors. In experiments in which the same
animal received both drug and control treatments, data was
analysed using paired t-tests.

RESULTS
Direct Comparison of Response to Carbachol and AChE

Animals were injected TP with amphetamine, infused with
saline (n = 10), carbachol (n = 15) or acetylcholinesterase
(n = 12) and tested immediately for circling behaviour (Fig.
2). Ipsiversive circling following carbachol infusion appeared
to decrease in a lincar manner over 20} min down to control
levels, whereas the response to AChE was sustained over
this time period. Two-way analysis of variance revealed a
significant effect of treatment across the three groups (F =
6.96, p < 0.001) with significant differences between AChE
and saline or carbachol, but no significant differences between
carbachol and saline treatment. In no case was there any
significant effect of time.

The time course of the effects of carbachol and AChE
were not only different within the minutes immediately after
infusion, but also on the days following infusion: on four subsc-
quent days animals were tested for circling behaviour 15 min
following an IP injection of amphetamine, but no further infu-
sion of AChE (see Fig. 3). Those animals infused with saline
showed very little circling behaviour over this time period.
However, carbachol and AChE induced very different re-
sponses following their infusion: carbachol-infused animals
exhibited ipsiversive circling behaviour on day 1, indicative
of decreased activity of the nigrostriatal pathway, but not
thereafter; in contrast, acetylcholinesterase stimulated con-
traversive circling behaviour over all 5 days, reflecting in-
creased activity of the nigrostriatal pathway. Data was ana-
lysed using two-way analysis of variance with factors,
treatment and day: effect across all three treatments (F =
2.92, p < 0.06); with a significant difference between AChE
and saline (F = 4.74, p < 0.05) and a trend to a difference
between AChE and carbachol (F = 3.53, p < 0.07). In no
case was there a significant effect across day.

Optimal Response to the Effect of Carbachol

In the above experiment, both agents were infused under
the same conditions to compare directly the effects of AChE
and carbachol, for instance, infusion took place following an 1P
injection of amphetamine and animals were tested for circling
behaviour 15 min after the end of the infusion. However,
under these conditions the effects of carbachol were not very
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dramatic: circling rates of just 0.2 turns/min were induced over
the 20-min test period following infusion. One reason for this
could be because the time course of the action of carbachol
appears to be extremely short (the effect appears to be over
in 10 min, see Fig. 2). It is also possible that the effects of
carbachol may have been masked by the amphetamine. There-
fore, in subsequent experiments the effects of carbachol and
amphetamine were tested separately, with each assessed under
optimal conditions for that agent. Carbachol was, therefore,
infused over a shorter time period (5 min, with the internal
cannula left in place for 1 min) and all testing for circling
behaviour took in the absence of amphetamine. This modified
protocol precluded a direct comparison of the effects of carba-
chol with AChE, but did produce very much higher rates of
circling behaviour with carbachol. Saline infusion had no effect
on circling behaviour, whereas carbachol induced significant
circling on the day of infusion (Fig. 4): (p < 0.001, paired
t-test, relative to preinfusion baseline), but not on the day
after infusion.

Regions of the Substantia Nigra Sensitive to Carbachol

Following examination of the cannulae placements, ani-
mals were first divided into groups on the basis of the location
of their cannulae in the vertical plane within the substantia
nigra (see Fig. 5). Infusion of carbachol into the pars compacta,
dorsal, or ventral pars reticulata induced significant rates of
circling behaviour (paired r-test, relative to saline treatment),
whereas infusion of carbachol just above the compacta did
not. Analysis of the time course of circling behaviour following
infusion into these areas (Fig. 6) showed that circling following
infusion above the compacta probably occurred as a result of
diffusion of carbachol into the compacta below, given that
maximum circling rates occurred 3 min after the end of infu-
sion, whereas infusions directly into the compacta and reticu-
lata maximum elicited circling immediately after infusion and
the effects had decayed significantly within 3 min.

Animals were subsequently divided into groups on the basis
of the location of their cannulae in the rostral/caudal plane
of the substantia nigra (see Fig. 1a). Saline infusion induced
no circling behaviour in any location (Fig. 7). In contrast,

FIG. 1. (A) Drawings based on the atlas of Paxinos
and Watson (1982) illustrating the planes of substan-
tia nigra where cannulae tips were placed. The num-
bers refer to the stereotaxic planes from Bregma.
The pars compacta is shaded in black, SNR = pars
reticulata, SNL = pars lateralis, STh = subthalamus.
(B) A typical cresyl violet-stained section from an
animal in which the internal cannula was located
within the pars compacta at the AP plane —4.55. Note
that the infusion cannula protruded 1 mm beyond
the end of the guide cannula, the tip of which is what
can be observed in this section. Scale bar = 1 mm.
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FIG. 2. Effects of saline (n = 10), carbachol (2 mg/ml, n = 15) and
AChE (420 U/ml, n = 12) infused unilaterally into the substantia nigra.
Animals were given an IP injection of amphetamine immediately prior
to infusion and tested for circling behaviour immediately following
infusion. Values shown are turns per minute relative to preinfusion
baseline circling rates every 5 min following infusion. Negative values
indicate contraversive circling. positive values ipsiversive circling.

carbachol infusion induced a clear pattern of circling behav-
iour dependent on the location of the cannula (anova across
AP coordinate: F = 2.86, p < 0.02): high rates of circling were
elicited from rostral regions of the substantia nigra, falling to
relatively modest responses in the most caudal areas. A similar
pattern was observed when AP placements in the pars com-
pacta or dorsal or ventral reticulata alone were considered
(data not shown), with high rates of circling occurring in posi-
tions in front of AP —5.55 and relatively low rates of circling
behind this location.

This graded relationship between circling response and AP
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FIG. 3. Effects of saline (n = 10), carbachol (2 mg/ml, n = 15), and
AChE (420 U/ml, n = 12) infused unilaterally into the substantia nigra.
Animals were given an IP injection of amphetamine immediately prior
to infusion on day 1 and tested for circling behaviour over 20 min
immediately following infusion. On subsequent days animals were
tested for circling behaviour over 20 min, starting 15 min after an 1P
injection of amphetamine. Values shown are turns per minute relative
to preinfusion baseline circling rates = SEM. plus the mean values
from the first 5 days combined. Negative values indicate contraversive
circling, positive values ipsiversive circling. There is a significant differ-
ence in circling rates between animals treated with AChE and saline,
F =474, p < 0.05, two way analysis of variance).

location does not appear to occur as a result of diffusion of
carbachol from caudal areas to a rostral region that is sensitive
to the drug: analysis of the kinetics of the response following
infusion shows a similar time course in all sensitive areas of
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FIG. 4. Effects of saline and carbachol (n = 46, crossover design)
infused unilaterally into the substantia nigra. Animals were tested for
circling behaviour over 20 min the day before infusion (baseline),
immediately after infusion, and the day following infusion. Values
shown are turns per minute = SEM: negative values indicate contra-
versive circling, positive values ipsiversive circling. ***p < 0.001, rela-
tive to baseline, paired t-test.
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the substantia nigra (Fig. 8). There is no delay in circling
response in more caudal regions (which is what would have
been expected if the carbachol had to diffuse to a more rostral
site to produce its effect) but simply a diminished response
over the same time course (AP —5.8) or little response at all
(AP —6.05, —6.3).

Regions of the Substantia Nigra Sensitive to Acetylcholinesterase

This pattern of sensitivity to carbachol was then compared
to that seen with AChE. Circling data from a total of 234
animals (86 infused with saline and 146 infused with AChE)
was collected from previous experiments and are collated in
Fig. 9. Animals had been given an IP injection of amphetamine
immediately following infusion and were tested for circling
behaviour 15 min later. On subsequent days animals were
simply tested for circling behaviour 15 min following an IP
injection of amphetamine. No significant effect was observed
on day 1, immediately following infusion with AChE, com-
pared to saline controls, but significant rates of contraversive
circling were observed on subsequent days. To study the areas
of the substantia nigra sensitive to AChE, therefore, the mean
value for circling behaviour over 10 days was used, rather
than circling behaviour on day 1.

Circling behaviour in relation to location of the cannulae
in the vertical plane can be seen in Fig. 10. Although there is
a trend to an effect of AChE when it is infused above the
compacta, only when infused directly into the pars compacta
itself does AChE elicit significant rates of circling over the
10 days following infusion. compared to the relevant saline
controls. There is no effect, compared to controls, when AChE
is infused into either the dorsal or ventral half of the reticulata.
However, a contraversive response is sometimes noted follow-
ing saline infusion into this region (see Fig. 10). This may
result from the fact that during infusion the internal cannula
has been pushed down through the compacta layer and may
itself have caused some damage to these neurones, resulting
in a long-term circling response.

Figure 11 shows the same data analysed in terms of rostral/
caudal location of the cannulae. Although circling rates in alil
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FIG. 5. Circling rates over 20 min following infusion of carbachol or
saline into the substantia nigra (n = 46, crossover experimental design)
in relation to vertical placement of the cannula within or above the
substantia nigra. Values shown are turns/min = SEM over 20 min,
relative to preinfusion baseline rates. Negative values indicate contra-
versive circling, positive values ipsiversive circling. *, ##, *¥*¥%p < .05,
p < 0.01, p < 0.001, respectively, relative to corresponding value for
saline treatment, paired r-test.

areas were increased following AChE infusion (compared to
saline controls) only when the cannula was placed at the very
rostral region of the substantia nigra (AP —4.55) was there a
significant difference between circling rates induced by saline
and AChE (p < 0.02, Student’s t-test). A similar pattern was
observed when data from cannulae placements within the pars
compacta alone were analysed (data not shown).

If data are considered just from the locus where maximal
effects are seen, for instance, —4.55 in the pars compacta,
AChE induces net rates of circling of approximately 1.5 turns
per minute compared to controls in the same location (AChE
—1.23 *= 0.48 turns per minute, # = 8; saline +0.49 * 0.36
turns per minute, n = 5; p < 0.05, Student’s t-test). A typical
example of such a cannula placement is shown in Fig. 1b.

DISCUSSION
Behavioural Effects of Carbachol

Unilateral cholinergic stimulation of the substantia nigra
is usually reported to elicit ipsilateral circling (19,21,44,82).
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FIG. 7. Circling rates over 20 min following infusion of carbachol or
saline into the substantia nigra (n = 46, crossover experimental design)
in relation to AP coordinate of the cannula. Values shown are turns/
min * SEM over 20 min, relative to preinfusion baseline rates. Nega-
tive values indicate contraversive circling, positive values ipsiversive
circling. *, #*p << 0.05, p < 0.01 respectively. relative to corresponding
value for saline treatment, paired r-test.

However, in a few studies it has been reported that the direc-
tion of circling elicited by carbachol infused within the reticu-
lata was dependent on the site where the drug was applied
[rostral or caudal in rats (5), medial or lateral in cats (65)].
Consistent with these observations, carbachol infused into the
compacta was reported more recently to stimulate ipsiversive
circling in rostral regions, but contraversive circling in caudal
areas of the compacta (42).

In this study, carbachol elicited ipsiversive circling in both
pars compacta and reticulata, and a graded relationship be-
tween circling response and AP coordinate was observed, such
that high rates of ipsiversive circling were found in rostral
areas with a graded decrease to little circling at the caudal

73

end of the substantia nigra. The kinetics of the response indi-
cated that this graded difference was not due to diffusion of
the carbachol to a sensitive site in the rostral substantia nigra,
because in all areas circling was maximal between 0 and 3
minutes, for instance, there was no delay in response when
the carbachol was infused into more caudal regions. This data,
therefore, suggests that there is a gradation of cholinoceptivity
in the rostral/caudal extent of the substantia nigra.

Cholinergic Receptors Within the Substantia Nigra

Cholinergic input to the substantia nigra occurs predomi-
nantly from the pedunculopontine nucleus, which projects to
both pars reticulata and compacta (28). While ChAT staining
in the substantia nigra is relatively sparse, it is greater in
the compacta than reticulata, with ChAT positive synapses
abutting onto dopaminergic neurones in the pars compacta
and onto dopaminergic dendrites in the pars reticulata (10).

Nicotinic receptors are only found in the pars compacta
(17,22) and the presence of nicotinic receptors on dopaminer-
gic neurones in the pars compacta has been clearly demon-
strated (16). The situation with muscarinic receptors is less
well defined. All three pharmacologically defined subtypes
have been identified in the substantia nigra by autoradiogra-
phy: M, and M, are located in both pars compacta and reticu-
lata (66) and M, receptors primarily in the pars reticulata (26).
Molecular biological techniques, however, have identified two
further receptor subtypes (m4 and mS), which have a mixed
M,/M, profile (11). Only the m3 subtype mRNA has been
identified in the cell bodies of neurones in the substantia
nigra (79), located within dopaminergic neurones of the pars
compacta (77). A significant proportion of muscarinic recep-
tors are thought to occur on nondopaminergic elements,
namely afferent terminals, as muscarinic binding sites in rat
substantia nigra are only partially depleted when dopamine
neurones are lesioned with 6-hydroxydopamine (20,73). This,
therefore, suggests that cholinergic receptors occur not only
on dopaminergic nigrostriatal neurones, but also presynapti-
cally on neurones projecting to the substantia nigra, for exam-
ple, on cholinergic afferent terminals from the subthalamus
(79) and GABAergic striatonigral terminals (8) regulating
release of acetylcholine and GABA, respectively (51.62).

Actions of Carbachol on Dopaminergic Neurones in the
Pars Compacta

Acetylcholine applied to presumed dopaminergic neurones
in the pars compacta during electrophysiological studies in
vivo has been found to be either ineffective (18,70) or excit-
atory (24,60). Cholinergic stimulation of dopaminergic neu-
rones both in vivo and in vitro increases their firing rate
through activation of both nicotinic (15,60) and muscarinic
(M,) receptors (55) and results in increased dopamine release
(9) and turnover in the striatum (41).

The evidence would, therefore, suggest that unilateral cho-
linergic stimulation of nigrostriatal compacta neurones should
induce contraversive circling. While there is one report of this
predicted direction of circling following infusion of cholinergic
agonists (83), the majority of studies (19,21,44,82) confirm the
observations reported here, that of ipsiversive circling. This
suggests that, in terms of behaviour at least, cholinergic ago-

FIG. 6. Time course of the effects of carbachol infusion in relation to vertical placement of the cannula in or above the substantia nigra.
Values shown are turns per minute * SEM) over 10 min following the end of infusion. Negative values indicate contraversive circling, positive

values ipsiversive circling.
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traversive circling, positive values ipsiversive circling. *, **, *¥*#*p <
0.05, p < 0.01, p < 0.001, respectively, relative to corresponding value
for saline treatment, Student’s ¢-test.

nists are not acting directly to excite dopaminergic nigrostriatal
neurones, but may have some indirect mechanism of action.

Nigrostriatal dopaminergic neurones release dopamine
from their dendrites (14) and acetylcholine enhances such
release from dendrosomes of the rat substantia nigra (80) via
a receptor of the M, type (62). It is possible, therefore, that
the effect of carbachol in the rostral compacta is indirect,
stimulating the release of dendritic dopamine, which, by hyp-
erpolarising dopaminergic neurones (55,67), would decrease
their firing and induce ipsiversive circling. Irregularly firing
dopaminergic neurones within the rostral segment of the rat
pars compacta are more sensitive to the inhibitory actions
of iontophoretically applied dopamine than burst-firing and
regular-firing cells in the most caudal region of the compacta
(74), which could be one explanation for the rostral/caudal
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FIG. 10. Mean circling rates over 10 days following infusion of acetyl-
cholinesterase or saline into the substantia nigra, in relation to vertical
placement of the cannula (see legend to Fig. 9 for protocol). Values
shown are turns/min = SEM relative to preinfusion baseline rates.
Negative values indicate contraversive circling, positive values ipsiver-
sive circling. **p < 0.01, relative to saline treatment, Student’s r-test.

difference in sensitivity to carbachol observed in the pres-
ent study.

Alternatively, carbachol may not be acting directly on ni-
grostriatal neurones via M, receptors but presynaptically on
afferents to the pars compacta to regulate release of transmit-
ter via M, receptors. Stimulation of these two receptor types
produces opposing behavioural effects on the activity of nigro-
striatal dopaminergic neurones (27): activation of M, receptors
increases DA metabolism in the neostriatum, whereas activa-
tion of M, appears to decrease it. Carbachol is a mixed M,/
M, agonist, but has greater affinity for the M, receptor subtype
(71). Some non-M, type muscarinic autoreceptors are located
on nigral cholinergic afferent terminals and mediate inhibition
of acetylcholine release (62). A reduction in cholinergic activ-
ity as a result of administration of cholinergic agonists could
also, therefore, explain the decrease in activity of the nigrostri-
atal pathway and consequent ipsiversive circling.

Within the substantia nigra it has been demonstrated that
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sive circling. *p < 0.05, relative to saline treatment, Student’s r-test.

there are muscarinic receptors located presynaptically on stria-
tonigral terminals, regulating the release of the transmitter
GABA (50): application of nicotine to nigral slices increases
spontaneous release of GABA (51). Striatonigral neurones
project back onto nigrostriatal neurones as part of a negative
feedback loop, so increased GABA release would lead to a
decrease in activity of dopaminergic neurones projecting to
the striatum (and, hence, ipsiversive circling). Striatonigral
neurones also project onto the GABAergic output neurones
from the nigra, located in the pars reticulata, which themselves
project to the thalamus: greater inhibition of these output
neurones would result in contraversive circling. The net effect
of cholinergic stimulation of GABA release, therefore, de-
pends on whether it is infused into the compacta or reticulata:
only those effects following infusion into the compacta are
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consistent with those observed behaviourally following infu-
sion of carbachol.

The Actions of Carbachol Within the Pars Reticulata

There is general agreement that microiontophoretically ap-
plied acetylcholine excites cells in the pars reticulata
(1,18,24,70). This is thought to occur primarily via activation
of muscarinic receptors, as nicotinic receptors are only found
within the pars compacta (17,22).

Cholinergic terminals within the reticulata synapse onto the
apical dendrites of dopaminergic neurones (10). The actions of
carbachol infused into the pars reticulata could, therefore, be
occurring via cholinergic stimulation of receptors on these
dendrites. A direct effect of carbachol in this manner, however,
would, as indicated above, result in excitation of nigrostriatal
neurones and, hence, contraversive circling. An effect of car-
bachol on apical dendrites of nigrostriatal neurones must,
therefore, be postulated as occurring indirectly via dendritic
release of dopamine. Indeed, ipsiversive circling produced by
carbachol injected into the pars reticulata is abolished when
carbachol is injected simultaneously with the dopamine antag-
onist, a-flupenthixol (44).

Muscarinic receptors, however, occur predominantly on
nondopaminergic elements in the substantia nigra (20,73). In
vivo studies have shown that GABAergic projection neurones
of the reticulata increase their firing rate when acetylcholine
is applied by iontophoresis (18). Given that this output from
the pars reticulata to the thalamus is inhibitory in nature,
thereby reducing thalamic activation of cortical areas. activa-
tion of this pathway by carbachol could, therefore, result in
the induction of ipsiversive circling. In addition, there is evi-
dence that reticulata neurones send axon collaterals that syn-
apse with the dopaminergic neurones of the compacta (29,36).
Thus, when GABAergic neurones of the rcticulata are stimu-
lated, an inhibitory IPSP is clicited in many dopamincrgic
neurones in the compacta (36), a mechanism that could also
contribute to the induction of ipsiversive circling.

While there are, as yet, few studies rcgarding differential
sensitivity to cholinergic agonists in the rostral/caudal extent
of the substantia nigra, there is considerable evidence for
functional heterogeneity within this domain of the pars reticu-
lata. At the behavioural level, substance P induces contralat-
eral turning when injected into the caudal pars reticulata (45)
but ipsilateral turning and asymmetry when injected into the
rostral region (5). Similarly, the direction of circling elicited
by GABA antagonists is dependent on the site within the
reticulata (5) (contralateral in rostral arcas and ipsilateral in
caudal regions). Finally, opiates stimulate contralateral turn-
ing following infusion into rostral regions of the rcticulata
(43) but ipsiversive cirching in caudal regions (6).

In the pars compacta. thercfore, carbachol would appear
to be acting not directly to excite dopaminergic neurones, but
via a number of possible indirect mechanisms. Direct stimula-
tion of GABAergic output neurones in the pars reticulata
could explain the ipsiversive circling induced by infusion in
this area, but an indirect action on nigrostriatal dendrites is
also possible.

Behavioural Effects of Acetylcholinesterase

Acetylcholinesterase also induces circling behaviour when
infused into the substantia nigra. However, its actions appcar
to be very site-selective: AChE only induced significant rates
of circling when infused into the pars compacta and not into
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the reticulata, In addition, a response was only seen in the most
rostral part of the substantia nigra. The pattern of selectivity
observed in this study differs somewhat from that observed
in a previous preliminary report (38) where there appeared
to be a site in the rostral half of the substantia nigra where
ipsiversive circling was induced by AChE, in contrast to con-
traversive circling exhibited in other areas of the substantia
nigra. The difference between the two studies may be attrib-
uted to the fact that the AChE originally used was not affinity
purified, and may, therefore, have contained contaminants
responsible for these ipsiversive effects. Indeed, a commer-
cially obtained form of BuChE induced an ipsiversive circling
response (unpublished observations), whereas the laboratory-
purified preparation had no effect at all (50). An additional
consideration may be that the numbers in the original study
were relatively small [46] compared to the 234 animals in this
current study.

Given the fact that saline itself, or rather needle-induced
necrosis, also induces contralateral turning, it might be argued
that AChE is simply exacerbating an nonspecific lesion effect.
However, these nonspecific lesion effects are greatest in the
dorsal part of the substantia nigra pars reticulata, whereas
AChE exerts its greatest effects in rostral areas of the pars
compacta, suggesting that AChE has a more specific mecha-
nism of action. As acetylcholinesterase only induces significant
rates of circling behaviour when infused into the very anterior
part of the substantia nigra, it could be argued that AChE is
diffusing from here and exerting its effects in the subthalamus,
which lies rostral to the substantia nigra. The subthalamus has
a projection to the substantia nigra (13,37,52) and cholinergic
stimulation of this pathway reduces activity of the nigrostriatal
pathway (64). AChE could, therefore, be acting in the subtha-
lamus to reduce cholinergic activation of this pathway, re-
sulting in increased activity of the nigrostriatal pathway and,
hence, contraversive circling. However, analysis of cannulae
placements outside the substantia nigra at an AP coordinate
of —4.3 shows that AChE infused into this area has no effect
(mean rates of circling over 10 days following infusion: AChE
—0.18 = 0.3, n = 24: saline —0.27 =+ 0.26, n = 10). Thus, the
behavioural effects of AChE do appear to be limited to the
substantia nigra, or more specifically the most rostral part of
the substantia nigra in the region of the pars compacta. The
effects of AChE also appear to be specific to the pars compacta
and not either the dorsal or ventral reticulata.

Biochemical (59) and light microscopy studies (12) have
suggested the AChE is located primarily in dopaminergic ni-
grostriatal neurones within the compacta and the dendrites
of these neurones that project down into the pars reticulata
(12). Within the pars compacta of the squirrel monkey, distri-
bution of AChE is not homogenous, but discrete patches of
AChE-rich and AChE-poor compartments have been identi-
fied (46). The rostral/caudal distribution of AChE staining has
not been studied to any extent, but Jimenez-Castellanos and
Graybiel (47) have reported a caudal ‘densocellular’ subdivi-
sion of the substantia nigra pars compacta, corresponding to
a uniquely AChE-poor zone. with densely packed cell bodies
staining heavily for tyrosine hydroxylase.

AChE is released from dendrites of nigrostriatal neurones
(32): such release from brain slices is thought to occur from
the more dorsal regions of the substantia nigra, close to the cell
bodies of pars compacta neurones (61). Jones (48), however,
found no difference in spontaneous release of AChE in vivo
between pars compacta and pars reticulata, although there
was a significant difference between rostral and caudal regions
of the substantia nigra, with almost twice as much AChE
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being released from rostral regions compared to caudal. This,
therefore, suggests that AChE is stored in and released from
neurones within the compacta, particularly rostral regions,
and presumably has an action locally within this particular
area of the substantia nigra.

In addition to the histochemical and cytoarchitectural spe-
cialisations of the pars compacta (46,47), there is now also
mounting evidence for functional heterogeneity. Electrophysi-
ological studies conducted in vivo and in vitro have shown
that substantia nigra dopaminergic neurones constitute a het-
erogeneous population. Extracellular recordings performed
in anaesthetised rats have demonstrated that dopaminergic
neurones exhibit at least three firing patterns: burst, regular.
and irregular (74). Moreover, these cell types are not uniformly
distributed along the rostral-caudal extent of the pars com-
pacta. Burst-firing neurones are most frequently observed in
the caudal half of the compacta, whereas irregular-firing cells
are more abundant in the rostral half. Similarly, intracellular
recordings performed in midbrain slices of guinea pig have
revealed the existence of two subsets of purported dopaminer-
gic neurones that differ both in firing pattern and also in their
anatomical localisation within the rostral-caudal extent of the
compacta (68). Dopaminergic neurones that show a rhythmic
discharge pattern are more abundant in the caudal portions
of the compacta, whereas those exhibiting phasic discharge
predominate in rostral regions.

Electrophysiological studies in the guinea pig have identi-
fied that the phasic cells are particularly sensitive to AChE
(78): these neurones are concentrated within the rostral part
of the nucleus at the level of the mamillary body (which
equates with the AP level of —4.8 in the rat). Morphologically,
these neurones possess long apical dendrites running into the
pars reticulata. However, sectioning the reticulata from the
compacta, and, hence, removing the apical dendrites from
these neurones did not abolish their sensitivity to AChE (35).
suggesting an action on the more proximal part of the dendritic
tree or the soma itself. However, caution must be exercised
in extrapolating from these short-term electrophysiological
actions of AChE to the long-term behavioural effects observed
in the study reported here, where effects can take longer than
an hour to be manifest completely.

Evidence from a wide range of completely different types
of study, therefore, support the hypothesis that the rostral
part of the compacta is more sensitive to the actions of AChE
than caudal regions. However, the reason why its action should
apparently be so limited to the very rostral edge of the substan-
tia nigra is not so evident, but suggests that in this location
there is a small subpopulation of pars compacta neurones
peculiarly sensitive to the actions of AChE. The fact that
the areas of the substantia nigra sensitive to AChE are so
proscribed could explain why the response to AChE infusion
has often been variable: the proportion of cannulae in the
required location may often be small and no overall effect of
ACHhE is registered.

Comparison of the Behavioural Effects of Carbachol and
Acetylcholinesterase

The circling responses elicited by carbachol and AChE are
in opposite directions, so the actions of AChE could, therefore,
most readily be explained by a reduction of cholinergic input
to the substantia nigra. However, the responses differ in two
important respects; namely, time course and potency within
the substantia nigra.

When the two agents were compared directly under identi-
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cal experimental conditions, the duration of the effects in-
duced by these two agents was very different; first, carbachol
induces circling behaviour very rapidly and its effect is virtually
finished approximately 10 min after the end of infusion, with
a linear decrease in response over this time frame. In contrast,
the response to AChE is maintained at a steady rate over the
20 min following infusion. Similarly, the effects with carbachol
are only observed on the day of infusion and not on subsequent
days, i.e., the effects are acute, whereas circling behaviour
following infusion of AChE was maintained over the 5 days
in which the animals were tested, and, indeed, has previously
been observed to last for at least 40 days (38). This profile
suggests that carbachol is acting via activation of acetylcholine
receptors, whereas the duration of action of AChE is commen-
surate with a more modulatory mode of action. If AChE
were acting via hydrolysis of acetylcholine, this extended time
course is hard to explain.

These two agents also exhibited a very different time course
when they were each assessed independently under their own
optimal conditions (immediately following infusion for carba-
chol, but 15 min after an IP injection given immediately after
infusion for AChE): carbachol had a maximum effect in the
minute following the end of infusion, and the response was
virtually over within 3 min. There was no circling on the
following day. AChE, in contrast, did not induce a significant
change in circling behaviour until day 2, and this response
was maintained over all subsequent days tested.

These two agents also differed in their site sensitivity within
the substantia nigra. The substantia nigra exhibited a graded
response to carbachol, in terms of rostral/caudal extent, with
high rates of circling being elicited in rostral regions of the
substantia nigra and diminishing low levels of circling at the
caudal end of the substantia nigra. A different pattern of
response was observed when AChE was infused. In this case,
a contraversive response was only seen in the most rostral
part of the substantia nigra. In addition, AChE only induced
significant rates of circling when infused into the pars com-
pacta, and not into the reticulata, whereas carbachol induced
circling when infused into either the pars compacta, or dorsal
or ventral halves of the pars reticulata. The greater range of
sensitivity to carbachol cannot be attributed to its diffusion
because kinetic analysis of all responses indicated that maxi-
mum rates of circling were observed within 1 min.

A Nonclassical Role for Acetylcholinesterase in the
Substantia Nigra

These temporal and spatial differences in response to car-
bachol and AChE can be taken as evidence that AChE is
not exerting its long-term effects via the cholinergic system.
Further evidence to support this view is the observation that
butyrylcholinesterase (which also hydrolyses acetylcholine)
does not induce any long-term behavioural changes (39). The
way in which AChE does exert its sustained action is not
entirely clear, but recent evidence suggests that it is taken up
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into cells (23), where it may exert an intracellular role that
would be consistent with effects of long duration and the fact
that the maximum response to AChE is not observed until
the day following infusion. Recently, it has been suggested
that AChE exerts long-term nonclassical actions in the hippo-
campus via an induction of long-term potentiation of synaptic
transmission in CA1 pyramidal cells (4). A similar potentiation
of the nigrostriatal pathway could underlie the effects ob-
served here. It is possible that the small nonsignificant effect
induced immediately after infusion is attributable to a classical
cholinergic action (reducing activity of the cholinergic system)
with long-term nonclassical effects only occurring over a
longer time course.

There is now considerable evidence that AChE exerts non-
classical roles both in the substantia nigra [see (30)], other
brain areas [both adult (3) and developing brain (49,57)],
nonmammals (72), and even in nonneuronal tissue (53,54).
There is also increasing support for the notion that AChE is
exerting at least some of these effects by a mechanism that is
independent of its catalytic site, inasmuch as similar effects
are not seen with BuChE (32,39,56), and persist in the presence
of inhibitors of the catalytic site (34,58). This nonclassical
action has been shown most clearly in studies of neurite out-
growth in chick nerve cells (58) , where stimulation of neurite
outgrowth by AChE is blocked only by inhibitors of the en-
zyme acting at a peripheral site, and not those acting directly
at the catalytic site, thereby implicating the peripheral site in
these nonclassical actions of AChE. A similar conclusion was
reached by Jones et al. (49), studying the stimulation of neurite
growth by AChE in organotypic cell cultures of substantia
nigral neurones. Given this putative role of AChE as some
form of trophic factor, it is interesting to note that brain-
derived neurotrophic factor (BDNF), when infused unilater-
ally into the substantia nigra, also induces contraversive cir-
cling in the presence of amphetamine (2).

In summary, these results suggest that acetylcholinesterase
is able to induce long-term behavioural effects in the pars
compacta, indicative of increased nigrostriatal activity, and
that this action is not occurring via a cholinergic mechanism.
Neurones sensitive to this nonclassical action of AChE are
located at the very rostral edge of the substantia nigra. Carba-
chol, in contrast, appears to cause circling in the opposite
direction to AChE, but via a mechanism that does not seem
to involve direct excitation of nigrostriatal dopaminergic neu-
rones. In both pars reticulata and pars compacta, there is a
graded sensitivity to carbachol, with maximum effects exhib-
ited rostrally. The site selectivity within the substantia nigra
for both these agents is further evidence for the heterogeneous
nature of this key brain region.
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