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WELDON, D. A, L. C. CALABRESE AND K. J. NICKLAUS. Rotational behavior following cholinergic stimulation of
the superior colliculus in rats. PHARMACOL BIOCHEM BEHAYV 19(5) 813-820, 1983.—Rats which received microinjec-
tions of carbachol into the superior colliculus exhibited pronounced dose-dependent rotational behavior contralateral to the
site of injection (Experiment 1). Wet dog shakes were also observed in some animals. Similar injections in the midbrain
reticular formation produced immobility with slight contralateral flexion of the neck. Convulsions were observed in some
rats after injections into either anatomical location. In Experiment 2, circling induced by carbachol in the superior
colliculus was blocked by prior injection of either the muscarinic receptor antagonist scopolamine or the nicotinic receptor
antagonist mecamylamine, suggesting that both nicotinic and muscarinic receptors are involved in the effect. In Experi-
ment 3 contralateral rotational behavior was induced by intracollicular microinjections of the combination of acetylcholine
chloride and physostigmine. The results suggest that collicular mediation of contralateral rotational behavior, and perhaps

orientation, might involve cholinergic receptors.
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WHEN rats orient to stimuli in their environment, they en-
gage in eye, head and body movements. Current research
indicates that the superior colliculus (SC) plays a role in such
orientations. The rodent SC has a spatiotopic organization of
the environment, and neurons there respond to visual, audi-
tory, and somesthetic stimuli [4, 14, 54, 58]. Unilateral elec-
trical stimulation elicits contralateral movements of the eyes
[30], and unilateral lesions of the SC produce ipsiversive
turning of the entire body [5, 8, 26, 53]. In addition, animals
with bilateral SC lesions are deficient in orientation to food
or distracting stimuli [13, 17, 31, 33, 51]. Taken together,
these studies suggest that responses of SC neurons to novel
environmental stimuli eventually lead to behaviors directing
the animal towards those stimuli.

The neurochemistry of the SC is still relatively unex-
plored, but several neurotransmitters are known to exist
there.  Microiontophoretically applied acetylcholine,
dopamine, norepinephrine, and serotonin affect the neural
activity of cat SC cells [55]. In rats, glutamate is suspected to
have a role in corticotectal neurotransmission [28]. Gamma
aminobutyric acid (GABA) is found in the superficial layers
of the SC [24,36] and recent work has provided evidence for
a role of this neurotransmitter in orientation and posture. For
example, injection of the GABA receptor antagonist pic-

rotoxin in the SC induces contralateral circling behavior
[21,25], and in animals with unilateral 6-hydroxydopamine
lesions of the substantia nigra, apomorphine-induced rota-
tional behavior is attenuated in animals with SC lesions. The
striato-nigrotectal system, which uses GABA as a neuro-
transmitter [10,62], has been proposed to be involved in
these effects [21,25].

Acetylcholine might also be an important neurotransmit-
ter in SC mediated behavior, since both muscarinic and
nicotinic receptors have been identified in the SC [12,15].
The cholinergic terminals in the SC probably do not originate
in the retina [3], but some could project from the nucleus
cuneiformis [19]. The research reported here was designed to
study the role of SC cholinergic receptors in orientation by
measuring rotational behavior after collicular microinjec-
tions of cholinergic agonists and antagonists.

EXPERIMENT 1

Experiment 1 investigated chemical stimulation of the
SC with a cholinomimetic to determine whether circling
behavior was (1) dose-dependent and (2) anatomically spe-
cific. To examine these questions, various doses of car-
bachol were injected into either the SC or the midbrain
reticular formation (MRF).
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METHOD
Animals

The 15 female and 8 male Long-Evans rats were bred at
the Hamilton College vivarium and weighed 220-400 g at the
beginning of the experiment. The animals were maintained in
standard rat cages with food and water available ad lib in a
12:12 light/dark environment with lights on at 0600 hr.

Surgery

Each animal was anesthetized with sodium pentobarbital
(40 mg/kg) and its head was shaved and placed into a
stereotaxic instrument with the nosebar set 5.0 mm above
the interaural position. After a midline incision was made
through the scalp, four holes were drilled in the skull and
three stainless steel anchor screws were inserted. A 23 ga
stainless steel guide cannula (Plastic Products No. 313) was

then inserted into the SC, and it was attached with cranio- -

plastic cement. Eleven rats received cannula implants into the
SC at the coordinates AP 0.8, L 1.5, DV 1.4 and the remain-
ing 12 rats received cannulas into the MRF at the coordinates
AP 0.8, L 1.5, DV —1.5 with respect to interaural zero [39].
The wound was sprinkled with sulfathiazole powder and in-
terrupted silk sutures were applied. A dummy cannula was
then inserted into the guide cannula to prevent blockage.

Procedure

After a 7 day recovery period, testing for rotational be-
havior following intracranial injections began. While each
animal was hand held, injections were made via a 27 ga stain-
less steel internal cannula connected by polyethylene tubing
to a Hamilton 10 ul syringe. On each of three consecutive
days, each animal received a 0.5 ul injection of 1 ug car-
bachol (Sigma Chemical Co.), 3 ug carbachol, or vehicle
alone (isotonic saline) over a 30 sec period. The drug was
dissolved in the vehicle before each day’s testing. Im-
mediately following each rat’s injection, the dummy cannula
was reinserted, the animal was placed on a circular platform
30.5 cm in diameter situated 45.7 cm above a table top, and
the number of 360° rotations were counted during a 5 min
period.

Histology

After completion of the behavioral testing, each animal
was deeply anesthetized with sodium pentobarbital and was
intracardially perfused with saline followed by a 10%
formalin-saline solution. The brain was then removed,
40-um sections were taken and stained, and microscopic
analysis was made to identify cannula placement locations.

RESULTS AND DISCUSSION

Administration of 1 ug carbachol produced convulsions in
2 SC rats and 1 MRF rat, and administration of the 3 ug dose
produced convulsions in 2 rats in each of the cannula place-
ment groups. The drug produced immobility in 9 MRF
animals, in which they showed a postural distortion with
neck flexion contralateral to the injection side; no such im-
mobility was observed in SC rats (Fisher Exact Probability
Test: p<0.005). Wet dog shakes following carbachol injec-
tions were produced in 7 of the SC rats but in none of the
MRF rats (Fisher Exact Probability Test: p<0.005).

Rotations were recorded in terms of contralateral and ip-
silateral 360° turns with respect to the side of the intracranial
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injection. The data were analyzed using 2x3 analyses of
variance with cannula location (SC or MRF) and carbachol
dosage (0, 1.0, and 3.0 ug) as factors. Animals in which
convulsions produced any period of inactivity were excluded
from the analyses, leaving 8 SC and 9 MRF animals. Car-
bachol microinjections produced a significant increase in
contralateral rotations when injected into the SC, but not
when injected into the MRF (dosage X location interaction:
F(2,30)=9.13, p<0.001, see Fig. 1A). Ipsilateral rotations
declined as a function of dosage for both groups (dose main
effect: F(2,30)=8.96, p<0.001, see Fig. 1B).

Histological verification showed most cannula place-
ments to be located in the appropriate brain locations (see
Fig. 2). Within the MRF group, two placements were near
the substantia nigra and one was near the brachium con-
junctivum. One SC animal had a cannula on the border of the
SC and the inferior colliculus. Another animal had a cannula
located in the cortex immediately above the SC; this animal
had a convulsion with carbachol administration, but circling
behavior was not observed. Within each of the cannula
placement groups, no relationships were found between
specific cannula locations and the magnitude of circling.

In summary, Experiment 1 demonstrated dosage depend-
ence and anatomical specificity in the effects of carbachol
administration to the SC. Observation of the animals exhibit-
ing rotational behavior reveals that the intensity of the be-
havior is most pronounced in the first few minutes following
the injection. In pilot experiments with larger doses of car-
bachol, however, rotations were seen as long as 20 min after
the time of injection. The behaviors exhibited by rats with
low doses of carbachol injected into the SC appeared to be
natural and investigatory, except that the animals moved
predominantly in the contralateral direction. With larger
doses, however, the pattern of rotations had a more ‘‘com-
pulsive’’ appearance, and the turning occurred in tighter
circles and at a faster rate.

Rotational behavior was observed following carbachol in-
jections into the SC but not after administration into the
MREF. Dissociation of SC and MRF behavioral effects have
also been observed following bilateral procaine injections;
administration of the drug to the SC produced immobility, but
hyperactivity was observed after injection into the MRF [7].

The postural immobility observed in MRF animals follow-
ing carbachol administration might be related to Nakajima’s
[35] finding that potassium injections into this area produced
momentary immobility. In cats, carbachol injections into the
MREF or the pontine areas near the locus coeruleus have been
reported to produce atonia [16, 60, 61]. Wet dog shakes have
been observed following intraventricular carbachol injec-
tions [59], and the results of Experiment 1 raise the
possibility that these shakes might be mediated by a neural
system that includes the SC.

EXPERIMENT 2

Experiment 1 showed that stimulation of the SC of the rat
with small amounts of the cholinomimetic carbachol
produces dose-dependent rotations contralateral to the site
of injection. The elicitation of circling also appears to be
anatomically specific, since microinjections more ventral
into the midbrain did not produce circling.

If the rotational behavior is indeed due to stimulation of
cholinergic receptors by carbachol, then prior administration
of a cholinergic antagonist should reduce or eliminate the
carbachol-induced circling. Experiment 2 tested carbachol
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FIG. 1. Mean number of contralateral (A) and ipsilateral (B) 360°

rotations after injections of 0 (isotonic saline vehicle), 1.0 or 3.0 ug
carbachol into the SC or MRF. Note change in ordinate scale.

stimulation of the SC following muscarinic receptor block-

ade with scopolamine or nicotinic blockade with
mecamylamine.

METHOD
Animals

Six male Long-Evans rats weighing 450-550 g were used.
They were housed in conditions identical to those described
in Experiment 1.
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FIG. 2. Histological results for Experiment 1 illustrating cannula
placements in the SC (circles) or MRF (triangles). Diagram adapted
from Pellegrino and Cushman [39].
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Apparatus and Procedure

The apparatus and procedures used in Experiment 2 were
the same as those described in Experiment 1 except that all
animals had cannulas placed in the SC. After 7 days of post-
operative recovery, animals underwent 6 days of behavioral
testing. On each day of testing, each animal received two
microinjections (0.5 ul) in sequence, separated by a 2-3 min
interval. The first injection was either of isotonic saline (ve-
hicle), mecamylamine (2.5 ug, Sigma Chemical Co.), or
scopolamine methylbromide (5 pg, Sigma Chemical Co.).
The second injection was of either isotonic saline or car-
bachol (2 ug). Chemicals were defrosted to room tempera-
ture just prior to each day’s testing, and each animal re-
ceived a different sequence of drug injections during the ex-
periment. Animals were then observed for rotation, rearing,
grooming, head and/or body shakes, and convulsions for a 5
min period. Data were recorded by an observer who was
unaware of which drug had been injected. Histological ver-
ification was made of cannula placements as in Experiment 1.

RESULTS AND DISCUSSION

As in Experiment 1, carbachol produced a significant in-
crease in 360° rotations contralateral to the site of injection in
5 of the 6 animals. Subsequent data analyses were made on
the animals that circled to study the combined effects of
cholinergic blocking agents. When the injection of carbachol
was preceded by an injection of either mecamylamine or
scapolamine, the number of contralateral rotations did not
change in comparison to the saline control condition (see
Fig. 3A). This interaction of the first drug injected and the
second drug injected was statistically significant,
F(2,8)=7.66, p<0.02. There were no statistically significant
effects on the number of ipsilateral responses (see Fig. 3B).
Seizures and shaking were observed following car-
bachol treatment after saline, but not if carbachol was pre-
ceded by either antagonist. Figure 4 illustrates the histologi-
cal results, showing that all cannulas were located in the
intermediate layers of the SC.

The results of Experiment 2 confirm those of Experiment
1 in showing that cholinergic receptor stimulation induces
contralateral orientations in rats. In addition, Experiment 2
indicates that both nicotinic and muscarinic receptors play a
role in the effect of carbachol. Future experimentation using
successively lower doses of antagonists might eventually de-
termine a more selective effect than was shown here, but
research on carbachol-induced aggression after microinjec-
tions in the hypothalamus in cats has also indicated that both
nicotinic and muscarinic receptors are necessary for the ef-
fects of carbachol [46].

EXPERIMENT 3

Experiment 2 showed that carbachol administration into
the SC induces a circling response that is dependent upon the
availability of both muscarinic and nicotinic cholinergic re-
ceptors. Experiment 3 was designed to study whether the
effects of carbachol would generalize to another chemical
that stimulates cholinergic receptors, i.e., acetylcholine it-
self. Administration of acetylcholine was accompanied with
physostigmine to prevent rapid breakdown of the acetyl-
choline by acetylcholinesterase.
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FIG. 3. Mean number of contralateral (A) and ipsilateral (B) 360°
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(SAL), 2.5 ug mecamylamine (MEC), or 5.0 ug scopolamine (SCOP)
followed by another injection of isotonic saline (SAL) or 2 ug car-
bachol (CARB). Note change in ordinate scale.

METHOD
Animals

Four female and four male Long-Evans rats weighing
300-500 g were purchased from Blue Spruce Farms (Atla-
mont, NY) and were maintained as described above. Surgery
was performed two weeks after their arrival at the labora-
tory.

Procedure

Surgery, apparatus and testing procedures were identical
to those described above. One week after cannula implanta-
tion in the SC, animals were tested for rotational behavior on
4 consecutive days. Each day, each animal received one
microinjection (0.5 ul) into the SC of one of the following
solutions: (1) isotonic saline (vehicle), (2) physostigmine (0.5
1g, Sigma Chemical Co.), (3) acetylcholine chloride (2.5 ug,
Sigma Chemical Co.) and physostigmine (0.5 ug), or (4)
acetylcholine chloride (5.0 ug) and physostigmine (0.5 ug).
Each animal received a different order of treatments.
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FIG. 4. Histological results for Experiment 2, showing cannula
placements into the SC. One placement in which the cannula was
-located in the central grey/commissure of the SC (open circle) did
not yield circling behavior.
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RESULTS AND DISCUSSION

Injections of acetylcholine in combination with physos-
tigmine produced a significant increase in contralateral cir-
cling in comparison with the saline or physostigmine control
treatments, F(7,21)=3.36, p<0.05 (see Fig. 5A). The effects
of the experimental manipulations on ipsilateral circling did
not attain statistical significance (see Fig. 5B). No convul-
sions were observed, but shakes were observed in 2 animals
following administration of the low dose of acetylcholine and
in 1 animal following the high dose of the neurotransmitter.
Figure 6 shows the anatomical locations of the cannulas. All
placements were in the SC, although the precise locations
varied.

The results of Experiment 3 indicate that the contralateral
circling observed in the earlier experiments can be elicited
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FIG. 6. Histological results for Experiment 3, showing placements
of cannulas into the SC.
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by cholinergic receptor stimulation with acetylcholine
chloride as well as with carbachol. Thus, the circling is not
specific to one chemical that stimulates cholinergic receptors.

GENERAL DISCUSSION

The present results have shown that pharmacological
stimulation of the SC by the cholinomimetic carbachol
produces contralateral rotational behavior in rats. The ef-
fects are dose-dependent, anatomically specific, and can be
eliminated by antagonism of either muscarinic or nicotinic
cholinergic receptors. They can also be obtained by
intracollicular administration of physostigmine with acetyl-
choline. These results are particularly interesting in view of
the evidence for both muscarinic and nicotinic cholinergic
receptors in the SC [11, 12, 15, 20, 27, 47, 52, 63]. The
contralateral rotational behavior following carbachol admin-
istration into the SC is consistent with the ipsiversive circling
produced by lesions of that area [5, 8, 26, 53], and with
electrophysiological investigations of SC connections with
cervical spinal cord neurons that are probably involved in
turning orientations [67]. The current findings also comple-
ment the evidence for contralateral eye, head, and body
movements following electrical stimulation of the SC in cats
and rats [18, 30, 49, 56]. Microinjections of acetylcholine into
the pulvinar-lateralis posterior complex (an area receiving
afferents from the SC) of the cat have also been reported to
produce contralateral circling [34].

Other brain areas are also involved in circling and gross
directional orientation. Rotational behavior results from mi-
croinjections of various substances into the nigrostriatal sys-
tem, and GABA seems to be one important neurotransmitter
in these effects (e.g., [9, 23, 29, 37, 38, 41, 50]). In addition,
Aprison, Nathan and Himwich [1,2] described a rotational
syndrome following administration of diisopropyl-
fluorophosphate into the right carotid artery in rabbits.
They related these results to asymmetric cholinesterase re-
ductions in the left and right caudate nucleus and frontal
cortex.

It is possible that some effects of nigrostriatal manipula-
tions might be mediated via the SC. Some behavioral effects
of apomorphine and amphetamine administration are absent
in animals with SC lesions [40,44], and oral behavior induced
by injections of the GABA agonist muscimol into the sub-
stantia nigra is also abolished by SC ablation [57]. Although
there is inconsistent evidence concerning the role of the SC
in rotational behavior following unilateral nigrostriatal le-
sions {6, 8, 22, 32, 42], neurochemical studies have strongly
suggested the involvement of the nigrotectal tract in these
effects [25]. Microinjections of the GABA agonist muscimol
into the middle and deep layers of the SC produce ipsilateral
rotational behavior and postural distortions, and injections
of the GABA antagonist picrotoxin produce contralateral
circling [21,25]. Gnawing and avoidance reactions also result
from blockade of GABA receptors in the SC [43,45].
Picrotoxin-induced gnawing has been attributed to a GABA
system that inhibits nigrotectal neurons, but the explosive
motor behavior and avoidance responses are probably
mediated by GABA interneurons which normally suppress
sensory stimulation.

Seizure activity elicited by carbachol microinjections into
the SC has been observed previously [48]. In mice, convul-
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sions and running fits elicited by intracollicular injections of
antivitamin B drugs have been related to decreases in GABA
[64-66]. Similarly, explosive motor behavior and delayed
seizures have been reported following bilateral injections of
picrotoxin into the SC of rats [21,43].
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