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’ ABSTRACT .
§ ' . '0 -
Dissociation of the Amtm\fcal, Pharmacological and

Phenamenological Characteristics of Circling Elicited by
) Morp}u'ne and Muscimol Applied to the Ventral Mesencephalon

Larry John Holmes, Ph. D.
Concordia University, 1986 ‘ Wl

» e
A series of experiments was wﬁertaken in orde.r to e.stabllsh
whe'ﬁher circling elicited by unilateral muscimol injections into
~the ventral mesencephalon had ,e:{.rm.lar anatcmical, pha.r'macologlcal
and phenanenologlcal characterlstlcs to circling elicited by
unllateral morphine mject.l.ons to the same regions as reported °

in earlier ﬂstudies. Mascimol (25, 50 and 100 ng) was applied
.unilaterally to sites in the ventral méseucep‘na.lm in rats. I;.
‘caused contraversive or ipsiversive circling, depending on the
site of injed:.ion.\mscimél induced s*;-.rong contraversive circling
wner: applied to the substantia nigra pars reticulata (SNR)‘aad
weak ipsiversivé circling when applied to same parts of the SNC;
only the ipsiversivé circling was blbckéd by pimozide (0.25, 0.50
-and 1.0 my/kg). There was very little contraversive circling
noted when injections sites were located outside of the central
SNR; when circling was recorded fram extré-nigral gites, it was
only with the highest doses of muscimol. The phqumlogical
characteristics of muscimol-induced tontraversive circling were
different fram those of morphine~induced corltra\;ersive circling

in several respects. First, in ‘contrast to rrorp'mne-mduced
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circling, wscmni—mdut:ed éircling was
postural asymmetry (even when the doses were adjusted to produce
similar rates of c{rcli.ng). | Second, rtuscm'ol-mduced circlers
reared less often than mrph.me- uced cirqlers but engaged in'
more stereotyped biting ‘responsé'/s.. Finaliy, whereas the direction
of fnorp‘nine-inguc'ed‘circling depended upon environmental contihggncies,
the directi'on qf ‘muscimol-induced c;'.rcl:'Lng did. not. These studies

suggest that three types of circl'iiqd can be elicited from stimulation

‘of the ventral mesencephalon. Morphine-induced contraversive

circling is thought to activate dopaminergic cells, muscimol-induced
ipsivérsive cirecling i§ thought to_inhibit dopam.j.ﬁergic cells and
muscimol-induced coritraversive circling is thought  to result fram
activation of GAEAergic systems~which seem tO serve as output
pathways mediating dopamine-induced circling. |
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'Frame o} Reference

In 18;73 Ferrier darnns;l:rat-:ed that unilateral electrical
stimulation of the caudate nucleps‘ in dogs .caused a contralateral
postural “asymmetry bringing the head of the dog in ciose proximity
to its tail (Pycock, 1980);: when these animals moved forward,
they moved with a directional bias. g¥hce Ferrier's time
numeroué reports have appéared which suggest that unilateral
stimulation of many different central sites dause directio;ially-
biased' rrovements in a v;riety of species (forman and Ward, 3957 :
“White and Himvich, 1957; Barnett and Goldbtein, 1975, Slater and
lee, 1980). These d'irectionally—biased,mvements hlave ‘beccme
known as 'circling behaviour' and they have proved to be a useful

behavioural assay for quantifying movements elicited by basal

" ganglia sti?ulation .

While the circling model has provided investigatbrs with much

inforftation with respect to basal ganglia mechanisms of movement,

the phenamerpn, in and of. itself, remains scmewhat of a mystery.

There have been few reports investigating the psychological
concamitants associated with circling (but see Szechtman, 1983;
Ho(‘lmes ‘and Wise, 1985a). It is likely that asymmetrical
novements, like symmetrical ones, can occur-for a variety

of reasons. For example, recent work has demonstrateq that

s whereas same directionally-biased ‘movements are determined
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by sensory sti:mﬂi‘&)}eehtnan, 1983; Holmes and Wise, 1985a), o
cther directionally-biased movements seem sensory-independent .
(Holmes and Wise, 1985a). It makes sense_}:hat movements might
take qualitatively different forms since the central nervous system
mechanisms of movement arge hierarchically organized; stimulation
of different levels might produce different types of n;ovements. ‘
Recen(t work in this laboratory has demonstrated that animals ,
will learn a lever-pressing response for unilateral morphine -
injections into the ventral tegmental area (VTA), ‘tl';e origin of
‘Nmee’;oli.nbic/mesocortical dopamine.cells. Interestingly, these
animals engage in directional}.y—biased jovements between bouts of |
lever-pressing (Bozérth, 1983). Close behavioural observations
of £heée[asyrmnetrical movements have demonstrated that they
consist of forward locomoting responses that are environmentally-
determined (Holmes, Bozarth and wﬁ.se, 1983; Holmes and Wise, 1985a).
In an attempt to anialyze the pharmaoo'logical characteristics
of morphine-induced circling elicited fram the ventral
mésex:xcephalon, circling rates have been compared between rats ’
injected with mrph%ne following neuroleptic pretreatment and
rats injected wit}; muscimol following neuroleptic pretreatment.
In addition to pharmacological differences between these two

behaviours, it was found, serendipitously, that these agents

_ al:‘ao produced strikingly different cirecling behaviours (Holmes ey

—

and Wise, 1985a). whereas morphine-induced circling invelved N

o
Vo
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a forward locamoting response that was environmentally-dependent,

muscimol-induced circling appeared 'forced' and stimulué-indepenéent.
. <

It could not be conclyded however, that these quaiitative differerices
weI:e' not simply due to differential circling rét.'e;‘ 'since muscin/o;—
induced circling was' ten to twenty time faster than mrphine;-induced _
circliné. These initial observations did however, lead to a te_st;able
hypothesis that such differences might exist, even when the rate

of c1rcl:.ng was equated . v

The present experlments were designed to 1*:est the hypothesis

that qualitatively different types of. circling{ehaviour\\could

be elicited by stimulation of two different chemical systems

(dopaminergic and GABAergic) within the same brain region when'

rate of circling was equated. In addition, the anatomical

boundaries mediating muscimol-induced circling and the

‘phammacological profile of this behaviour was explored so that

ocamparisons could be made with similar observations on morphine-
induced circling that were reported earlier (Holmes and Wise, 1985a).
It was felt that such canparisbns were warranted because knowing
whether or not circling elicited by muscimol and morphine were
anatamically, pharmacologically and phenanenglogicallg( differentiable
would be important to the under:starxding of circling in general as well
as’ to the understand:.ng of basal ganglla mechanisms of movement.,
Phenamenology of erclmg :

Circling has been used as a general term to describe
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.axis of their body (postur ) whichffgets translated into circling

”

direetlonally—blased movements in animals. It has been used

synonynousl?“with several other ter:rs these inclhude rotatmg,

plvotlng, tunu.ng, sw1Vellmg, circus movements and c1rcumanbulat10n. o |
WhJ.le these terms do not necessarlly reflect the same, single ft.mctlon,
s

in the ‘present thesis cn.rclmg will be used to descrlbe all sud1
4

movements reported in the literature.

>

The direction of circling is glenerelly described in relation
~
to the side of the brain that was manipulated. Thus, if an

am.ma;} moves aWay from the side that was manipulated, .

investigators speak of contraversjve circling. Movements toward
" ,
the side of maninulation are labelled ipsiversive circling.

These terms are used interchangeably with contralateral and

. ipsilateral. If circling is caused by peripheral injecﬁibns of .-

N

drfgs 4n an intact animal, investigators speak of right and left
side circlers or clockwise and cou;jriercloclmi_s;e circlers. e
It has been sugges::red' that at; least two earpor)ents ur:derly
e circling rme- a postural catponent and a locamotor
ent (Kelly and Moore, 1977; Pycock and Marsden, 1978).

This idea suggests that animals have a curvature in the longitudinal
’ \

‘when t;.he animals move forward. (locamtlon) The.re are. sare

studies which have reported that - c1'&-11ng is accarpaﬁled by a 'strong
nostural asynmetry (i%e. Afnt and Scheel-Kruger,/ 1979a) , while

others have reported that c1rc11ng is acccnpan by only a
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"m‘i.l'c‘i' postural asymmetry (i.e. Roff;mn, Bemard, Dawson, Sobiski
and Shelensi 1978). Circling\éan also occur in the absence of any
,postu:'ég asymmetry (Holmes et al., 1983; Holmes and Wise, 1985a-
198 b) except when the animal encomters a corner, It is as yet
e 'qncl;:r what neural mechanisms ~x\ned:.ate these differences.
Circlinly can be described in terms of. the size and nunbex;' ‘.of
. circles being made by an animal. or example, same e/mimals xn;i(e
. very small ‘circles that are little more than the length of thv'fif
el ) %y ('tight' circles); in general, \these animals circle very
. fast (i.e. Arnt and Scheel-Kruger, -1979a). Other animals'can .
,make~ larg'e ‘diamfjér cgirclés ("wicze E.:ircles') (i.e. Roffman et al.,
1978); usually animals 'making large circles make fewer of them in the ‘

'C > A

 same time period (i‘;e. Holmes and Wise, 1985D). : ] =
’ Circling can also be.differentiat‘ed in terms of the t#s of
linb\novanents that the ahimals make. . 'iheir are sevgral

potentisl w\ays that an animals ooculd use it-s linbs while moving
with a dirfctional bias. , Two of these types have been reported
infythe circling literature. In one rcase, all four limbs move in

a \forward ‘direé:tion (although there is a bias in the direction of
forw:ard movement) (Holmes et al., 1983; Ho]fn;‘s and \Wise, 198§a;
1985b). In the other case, the hind limb ipsilateral to the direction
of movement steps backwards whilé theother hind linb serves as

a pivot; the forelimbs of the animal generally move foreward '

(Teitelbaum, Szeéhtman, Sirkin and Golani, 1982).. These animals thus



remain in a relatively fixed location in the test enviromment.

A review of the literature suggest; that the size and number
of circles nﬁd; by an animal may be related to both the postural
asymmetry accampanying the movements as well as to the limb
movements made by the circling animals. For example, in some
studies that report fast’ circling, it is noted that animals nove
in 'tight' circles and are strongly posturally asymmetric (i.e.
Arnt and Schec;l-Kruger, 1979b; Kilpatrick and Starr, 198l1);
sanet.}'mes a pivoting action of the limbs is noted (Teitelgamn,‘
et al., 1982). In, other studies where circling is siciiw, animals
make large-diameter circles and }1ave little postural asyrrmetry:

-These animals generally move all four linbs forwax:d (Holmes et al.,
1983; Holmes and Wise, 1985a: 19850). Wnile it has been unclear
whether "these factors (i.e. postural asymmetry, particular linb ;
movements, size and speed of circling) necessérily coexist, at least
two laboratories héve demonstrated that*postural asymmetries can
occur independ‘ent of the direection of circliné and that circling
can occur independent of postural asymmetries. Thus, when same
intact animals are injected with-apomorphine, the side of postural bias
‘and the direction of circling are not correlated (Szechtman and

“Pisa, 1984). Conversely, unilateral morphine or neurotensin
injections into the VIA cause circling with e;sentially no postﬁral

- asymmetries (Holmes et ai., 1983; Holmes and Wise, 1985a; 1985b).
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At least some types of circling are sensory-dependent
movements. For example, when animals are given moderate dose .
'systemic injections of apanofphi'.ne, they engage in forward progression
that includes snout-to-ground exploration (Teitelbaum et al.,

1982) . - If the 'sensory input to the‘l"xead is unilaterally eliminated
by béxmdaging *one-half of theo animal's head, the forward progression
N}ollowing' apamarphine injections becawes difectionally-biased
(Szechtmen, 1983). Furthermore, in same intact animals that are
- systemically injected with dopaminergic agonists, the direction of
,Sj.rcling is dependent upon particular environmental cues (Pisa
’ ani Szechtman; 1984). Unilateral apolication of nprotlirle (Holmes -
et al., 1983; Holmes and Wise, 1985a) or neurotensin (Holmes et al.,

1985b) to the VTA in rats also causes environmentally-directed

o

cf.rcling since the size.of the ci_rcles/Tié/pénds upon the size of the
test enclosure. The direction of morphine-induced circling elicited
fram the VTA also depends upon environmental contingencies (Wise and
Holmes, in press). It has not been established whether all types of
circling are sensory-dependent.
Pharmacological Basis of Circling
The earliest mechanistic interprettation of circling was that
it resulted from an interhemispheric imbalance in brain dopamine
function. According to this hypothesis, if there is a net differ;noe

in the functional level of brain dopamine activity on.

~

ot

-
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the two sides of the brain the animalswill tend to circle
(Ungerstedt, 197la; 1971b). While same animals have been shown to
have natural asymmetries in brain dopamine activity (Glick, Zimmerberg

T

and Greenstein, 1976), most investigators experimentally manipulate
these systems to create an interhemispheric dopami.n:jgic imbalance.
Thus, investigators either unilaterally destroy the gsc_:ending dopamine
neurons or unilaterally activate them.

The most p;)thlar method used to create a unilateral denervation
of the ascendipg dopamine system is the six-hydroxydopamine (6-OHDA)
lesioning techniq‘ue. Six-OHDA selectively destroys catecholamine-
containing neurons (Ungerstedt, 1968). Unilateral injections of
6-OHDA into the dopaminergic cells or terminal regions destroys these
cells in the ipsilateral hemisphere while other neurotl)'ansmitter systéns
remain relatively intact (Pycogk, Tarsey and Marsden, 1975; Costall,
Marsden, Naylor and Pyc;ck, 1976). | ‘

Immediately following a unilat;eral 6-CHDA lesion, animals show
a marked postural asymmetry; in this case, the head and tail
-deviate ipsilaterally ( to‘uards the side of the lesicn) while .the
contralateral linbs are in an extended position (Ungerstedt, .
1971a). For the first -twenty-four hours following the ‘lesion,
the pbstura’l asymmetry is tonic, that is, head movements in the
opposite difeétion are never seen., Two days following.mé
lesion, the postural asymmetry is not apparent while the animals

are.at t‘es_t: stimuli which disturb the animal however {i.e. tail



pinch) effectively reinstate the asymmetrical postrue which .
becmoes circling as ﬂ"ne animal moves forward (Ungerstedt, 1971a).
In'terestingly, these same 6-CHDA lesions, in addition to causing
postural asd movement asymmetries, pr;auce sensory neglec"c towards
stimuli presented on the side of the body contralateral to the
lesion (i.e. Ljungberg and Unggrstedt, 1976; Marsﬁall, 1979) ; no
sensory neglect on the side of the body ipsilateral to the lesion is
apparent.

- In animals with a unilateral 6-OHDA~induced lesion of the

dopaminergic pathways, drugs which increase dopaminergic activity

b

cause asymmetrical movements (i.e. Anden, 1970; Christie and

Crow, 1971; 1973; Ungerstedt, 197l1a; 1971b; Von Voigtlander and

. Moare, 1973; Pycock et al., 1975). This is true whether the lesion

_ is placed at the level of the dopamine cell bodies, the fibers ’

of passage or the terminal region (Crow, 1971). The number and «
dﬁectim of circles is a function of the dose of the drug

ard the time since the lesion (Ungerstedt, 1971b) . Generally,
however, when amchetamine (a presynaptic dopaminergic agonist)

is injected to rats with a ur;iilateral 6-0OHDA lesion, animals
circle towards Jt-he s:i:de of t}lle lesion (ipsilateral) (i.e. Anden,‘
1970; Christie and Crow, 1971; 1973; Ungerstedt, 197la, Von

Voigtlander and Moare, 1973; Pycock et ‘al., 1975; Costall et

al., 1976). Amphetamine causes animals to turn towards the

side of the lesion because the nerve terminals on this side of



the brain have been denervated; thus only the contralateral
dopamine&system is af:tivated. Aparorphine (a direct acting
dq:an\inergic agonist‘j) , on the other han;i, causes either ipsiversive
ar contraversive circling, deperding on the locatién of the |
lesion and the time since the lesion. Thus, when the dopamine
terminal region is destroyed, apamorvhine causes ipsiversive

circling presumably because there would be mare dopaminergic
receptors in the intact hemisphere‘ (Anden, 1970). Aparorphine

causes contraversive circling however, when the 6-OCHDA lesion is
placed at the level of the dopamine cell bodies or fibers (Ungerstedt,
19715; Mendez, Cotzias, Finn and Dahl, 1975; Anlezark, Pycock ard
Meldrum, 1976; Costall et al., 1976) apparently because of unilat;aral
dopamine receptor supersensitivity (Ungerstedt, 1971b); this renders
the lesioned side of the brain more effective upon apomorphine
administration. This contraversive circling following apamorphine n
injections occurs on the second postoperative day and later; it

is presuméd that this reflects the process of neuronal degeneration
following the 6-OHDA lesions (Ungerstedt, 1971b). Both amphetamine—
induced ivpsiversive cirqling and anamorphine-induced contraversive
circling are dopamine receptar specific effects since the behaviour
is blocked by treatments which disrupt dopaminergic functioning
(Ungerstedt, 197la; 1971b; Pycock, Donaldson and Marsden, 1975;
Christie and Crow, 1973; Von Voigtlander and Moore, 1973; Nakamura,
Engel and Goldstein, 1978).

’
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/'In addition to amphetamine and apamorphine, other
ggésynaptic and postsynaptic agents have been tested in the
/unilateral 6~OHDA model of circling. The presynaptic agents
/ | include methylamphetamine (Christie and Crow, 1971), ephedrine -

/ (Cnristie and Crow, 1971; Boulu, Rapin, Lebas and Jacquet, 1972) ’
and methylphenidate (Von Voigtlander and Moore, 1973). Other
postsynaptic agonists include N-propyl—mrapo;mrphine‘ (Costall,
Naylor and Neumeyer, 1975; Mendez, Cotzias, Fihn and Dehl, 1975:

. Neumeyer, Dafeldecker, Costall and Naylor, 1977), diacetylapomorphine
(Baldessarini, Walton and Borgman, 1976), diisobutyryl apomorghine
(Tye, Horsman, Wright, Large and Fuller, 19775 and Piribadel
(Costall and Naylor, 1974a; Thornburg and Moore, 1974).

Each of these agents induces circling in the direction predicted
by the dopaminergic¢ imbalance model, that is,; towards thé side of
the lesion following injection of indirect acting agonists and away

fram the side of the lesion following injection of direct acting
{,

.
\
©

agonists.

Unilateral stimulation of brain regions that include
dopaminergic cells also causes circling. Electrical stimulation
results in circling when the ﬂp of the electrode is aimed at the

~ dopamine cell ‘body region (Arbuthnott, Crow, Fuxe and Ungerstédt,
1970; Arbuthnott and Crow, 1971; Arbuthnott and Ungerstedt, 1975;
Roffman et al., 1978, Vaccarino and Franklin, 1982a; 1982b;

Gratton and Wise, 1984), the medial forebrain bundle (Arbuthnott

‘



and Ungerstedt, 1975) and the striatum (i.e. Zimmerberg and Glick,
1974); in general, this ;:irciinglis tight and accampanied by
a clear head deviation (Pycdck, 1980). While the direction of
circling elicited from electrical stimulation of the medial
~forebrain bundle and striatum is contralateral to the side of
stimulation, the direction of circling elicited fram electrical
stimulation of the cell body region is either‘coﬁtralateral or ‘
ipsilateral, depending on\b?th ‘the exact location of the electrode
(Vaccarino and Franklin, 19825; 1982b; Gratton and Wise, 1985) and
the stimulation paramet;e;s used to elicit ﬁhe circling (Gratton .
and Wise, 1985). While electrically-induced circling may not
necessarily result fram direct activation of dopaminergic neurons
(i.e. Gallistel, Shizgal and Yeamans, 198l1), at clea.st sane studies
have demonstrated indirect activation since contraversive circling
induced by electrical stimulation in the dopamine cell body region
is accc‘mmni,ed by release 6f dopamine in the striatum (Arbuthnott
and Crow, 1971; Von Voigtlander and Modre, 1971). Furthermore, at
least some behavioural evidence has demonstrated that
electrically-induced c:l.rcling is dependen;c upon the integrity of
these neurons since neuroleptics block the behaviouru (Roffman et
al., 1978; Vaccarino and Franklin, 1982a). »
Unilateral application of chemical agents that are known

to increase dopaminergic neurotransmission also cause circling

when applied to either the dopaminergic cells or terminal regions.

N
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Thus dopamine applied to the dopaminergic terminal fields in
either crystalline form (Ungerstedt, Butcher, Butcher, Anden and
Fuxe, 1969) or as a liquid (Ungerstedt et al., 1969; Costall énd
Naylor, 1974b; Costall, Naylor and Pinder, 1974d; Setler, Malesky,
McDevitt and Turner, 1978) results in contraversive circling that is
blocked by dopamine receptor ;ntagonists (Ungerstedt et al., 1969).
S:ijmilarly, unilateral application of amphetamine or methylphenidate
(Costall and Naylor, 1974b; McKenzie, Gorden and Viik, 1972) also
elicits contraversive circling when injected into dopaminergic
terminal regions. Contralversive circling has also been observed
.fo;lo;fing the unilateral application of either morphine (Iwamoto
and Way, 1977; Pert, 1978; Holmes et al., 1983; Holmes and Wise,
1985a) or neuroteﬁsin (Holmes and Wise, 1985b) into the dopaminergic
cell region, two chemical aggnts that are thought to increase
dopaminergic aétiyity in other behavioural (i.e. Joyce and
Iversen, 1979; Vezj:pa and Stewart, 1984; Kalivas, Burgess,
Nemeroff and Prange, 1983), biochemical (Kalivas et al, 1983)
and electrophysiological (Matthews and German, 1983) studies.
Morphine and neurotensin—induced circling are each blocked
by pimozide p£etreatn~ent (Holmes et al., 1983; Holmes and Wise,
1985a; 1985b).

There are several studies reporting that normal, intact

animals will sametimes circle, although at lower rates, when

either indirect or direct acting depaminergic drugs are

¥
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adnd.nistéred peripherally ( i.e.J.erussi and Glick, 1976; Glick et
al., 1976; Glick, Jerussi, Cox and Fleisher, 1977; Glick, Hinds
and Shapiro, 1983; Szechtman, 1983), Amphetamine, apcamorphine, |
éocaine and l-dopa all induce circling in same intact rats;
furthennoré, there .“appear to be sex-dependent differences "in

the direction of circling (Glick, Hinds and piro, 1983}.

As in lesioned rats the direction is consistéht] for.same intact
rats. When tested on several different occagsions, same rats
consistently circle to the right and same rats consistently circle
to the left. Haloperidol anta‘gonizesvg('xe circling response in
these animals (Jerussi and Glick, 1976>Glick et al., 1977)}. The
phencmenon of circling in normal-enimdls has led to the hypothesis
that there are sametimes normal intrinsic asymmetries in brain
dopamine concentrations. Subsequent work has demonstrated such ?
asymmetries (Jerussi and Glick, 1976).

While the traditional view of circliﬁg suggested that a
dopaminergic imbalance in the two hemispheres produeed asymmetrical
movements in animals (i.e. Ungerstedt, 1971a; 1971b), a number of
subsequent studies demonstrated that the unilateral manipulation of -
other neurotransmitter  systems could also produce these movements.
One of the major inhibitory transmitters implicated in these
phencmena is gamma-amino~butyric~-acid (GABA); brain are;as r.:ont:aim'.ngr
high levels o§ dopamine also contain high levels of GABA (Okada,/

Nitsch-Hassler, Kim, Bak and Hassler, 1971).

-~
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Since the ventral mesencephalon is:rich in inhibitory GABAergic
neurons in close proximity to tﬁe ascending dopaﬁ:i.nergic newrons, ,
it was originally thought this neurotransmitter served as a moéglator
of dopaminergic neuronal activity. GABA, within dopamine-rich areas,
was thoué to be contain’eq, primarily in temt.f:xuals of feedback
pathways (Precht and Yos}uda\: 1971; Kim, Bak, Hassler and Okada,
1971). This 'feedback' hypothesis was supported by early
pharmacological (Crossman, Walker and Woodruff, 1973) and
electrophysiological studies (Bunney and Aghajanian, 1976); thus,
iontophoretically applied GARA into ventral mesencephalic regicns‘
was shown to cause decreases in dopaminergic cell firing (Crossman
et al., 1973; Aghajanian and Bunney, '1975). _

7 In its simplest form, the GABRAergic feedback hypotiaesis
predictéd that unilateral application of GABAergic agonists would
produce dopamine—-dependent ' ipsiversive circling whereas similar
application of GABAerglc antagonists would produce dopam:me-
dependent contraversive circling. GRRAergic agonists were
predicted to cause ipsiversive circling because injection of
these agents into the dopaminergic cell region should inhibit
dopaminergic activity ipsilaterally thus rendering the dopamine
activity in the contralateral hemisphere more effective. GABAergic
! antagonists, on the other hand, were presumed to cause’ the opposit;e
phencmenon. ) ﬂ

Initial work inve'stigating the direction of circling follt;s.(ing
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unilateral mmérgic manipulations supported the inhibitory feedback
| hypothesis. . Thus, unilaterai application of picrotoxiﬁ, a

GARAergic antagonist; was shown to evoke contpgversive circling

that was dependent upon the integrity of dopanﬁ.nergic neurcns’ since‘
prior 6~CHDA lesions eliminated the response (Tarsy, Pycock, Meldrum
and Marsden, 1975). Conversely, elevatian .of GABA concentrations
in cné hemisphere following mcromjectlons of ethanolamine-O-sulphate
(EDS‘) (a GABA transaminase inhibitor) caused ipsiversive circling .
(Dray, Fowler, Oaklc;.y and Simmonds, 1975a; 1977; Dray, Oakley and
Simmonds, 197515: Horton and Pycock, 1977). These observations
complemented the electrophy,siologicai (Bunney and'Aghajanian,

. oy q
1976) studies which demonstrated a GABAergic irhibitory influence

on dogamine activity.
While the G\BAérgic feedback hypothesis received.strong
electrophysiological (Aghajanian and Bunney, 1974) and |
_behavicural (i.e. Dray, Oakley and Simmonds, 1975; Dray,x Fowler,
Oakley, Simmonds and Tanner, 1977; Hort¥B and Pycock, 1977) suppox;t,
a nurber of studies began to appear which seemec} to seriously challenge
the simple form of this hypothesis. For example, several studies
appeared which demonstrated that unilateral injections of the potent
GABA agonist muscimol induced strong, dose-dependent, head-to-tail
contraversive circling (Oberlander, Dumont and Boiésier, 1977;
Scheel-Kruger, Amt and Magelund, 1977; Martin, Papp and Bacino,
lQ{B). Conversely, the unilateral application of picrot?xin or

\

’ »
.
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bicuculline ‘(GABAergic antagonists) -was: shown to produce '
ipsiversive circling (blpe, Schellenberg and Koella, 1977;
Scheel-Kruger et al., 1977; Jamés and Starr, 1978; Olianas, De
Montis, Mulas and Tagl:.arrmte, 1978). The circling activity
elicited by both the GABA agom.sts and antagonists seemed
independent of dopaminergic functioning since the behaviour still
occurred following neuroleptic treatment (Olpe et al., 1977;
Olianas et al., 1978; Reavill, Leigh and Marsden, 1979),

_”
<

blockade of presynaptic catecholaminergic transmission by prior

treatment with alpha-methyl-para-tyrosine or reserpine

(Scheél-Kruger et al,, 1977; Arnt and Scheél—Kruger, 1979a) or

following ablations of the telencephalon (Papadopoulos and Huston,
1980). - b - S
B '}(:\’ . . .
A reconciliation of the conflicting, reports concerning both

the direction of circling elicited by GABAergic adents and its

- dependence on dopaminergic functioning became ‘evident when detailed

analysis Pf the ific GABA injection sites within the ventral
mesencephalon wern ji.mdert:aken. _Thus, injection of GABAergic

agents into elth(e**’ the dorsal parts of the ventral mesencephalon (uhere
the dopaminergic cells are 1ocated) or the ventral parts (where non-
dopaminergic neurons are located) produce opposite directions of  °
circling (James a:nd Starr, 19'78‘- Arnt and Scheel-Kruger, 1979b; ’
Reavill, Jenner, Marsden and Leigh, 1979; Kozlowsk1 and Marshall, 1980;

Kllpatrlck and Starr, 1981; Havenaﬁn Tu.rsk.l, Schwarz and Kuschmsky,

s
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1983).\ In general, only mjectlons of: :ﬁmese agents into the dopaminergic .
‘cell“’region are blocked by treatments which inactivate dopaminergic |
_neurcnal function (James and Starr, 1978; Reavill'et.al., 1979).
The 6bservation that GABAergic agents ‘can e both
dopamine—dependéh‘t and dopamine-independent circling when applied
to the’ventral mesencephalon has led to the idea that this
neuroc‘ﬁenical systen? “serves' dual functions within this region.

This id'ea fits well with data implicating both “GABAergic local °
VS cbreuit neurons and projection neurons within this midbrain
-~ reglon The local cifcuit GABA neurons are presumed to ‘inh_ibit

dopaminergic .cell‘ activity:; the projecting GABA neurons, on the
cthex: hand seem to relay nscme dopamine~induced messages beyond
~ the level of the striatum (Dray, 1979).' In sx.fpport of *this latter
suggestion, a number of studies have appeared aetonstra;ing that
. ) denervation of these presumed GABAergic output pathways inhibits

Y .

the ‘expression of striatal dopamine-induced behaviours such as

?ircling, stéreotyped gnawing and catelepsy (see Di Chiara,

Porceddu, Imperato and Morelli, (1981), for review). {’
* - » ’
In additiaon. to dopamine and GABA, several other

e

neurctrafsmitter systems appear capable of producing circling-*

“when u?{?[latera}ly manipulated. Included in the list are

norepinephrine (Pycock, Donaldson and Marsden, 1975),
]

AN & + ‘
acetylcholine (Kelly and Miller, 1975a; Muller and Seeman, 1974;
Glick, -.Iei'ﬁssi, Walters and Green, 1974), serotonin (Green and

¢ »
*

o

.
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Grahame-Smith, 1975),vglycine (Mendez, éoéias. Finn and Dahl, 1975)
and substgnce'P (James and Starr, 1977; Amt and Scheel-Kruger, 1979).
It is generally thought that these chemical systems modulate
dopaminergic or GABAergic-induced circlingE(Pycog:k,- 1980). X

-

Anatomical Basis of Circling
I. Dopamine-Induced Circling ‘ |

It has been str.ongly'argued that at least some fiypes of.
directionally-biased movements in animals result from an imbalance
in dopaminergic activity. It is the nigrostriatal dopamine’ system,
rather than the ¢ther ascending dopamine pathways that has )
received most attention in this ﬁehavic;.n'. |

The ascending dopaminé systems involve different pathways:
these paﬂxvvays are identified in terms of .tl"xeir main-projection
targets. The nigrostriatal dopamine system arises primarily in the
pars c:cmpacta of the substantia nigra (SNC) and projects prtimarily
to the striatum. The mesolimbjc and mesocortical dopamine systems
both arise primarily in the VTA and proje;ct widely to both isccortical

and allocortical telencephe;l\ic regions. Brain areas innervated

by the me‘solieric dopamine system include the nucleus accumbens
s;pti, central amygdala, lateral septum and olfactory tubercle.
Tﬁe :iopami_ne terminals of the mesocortic&l dopamine system have been
identified in the medial sulcal and prefrontal cprtices and in
the cingulate cortex (Lindvall and Bjorklund, 1978). There is a

small percentage o'f. nigrostriatal dopamine cells that projects to.
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the VTA; similarly, there is a Asmalll percentage of méolhrpic
dopamine cells that' project“s to f_he%s,triatum (Fallon and Moore,
1978).
" The emphasis ,pl:;xced, on the nigrostriatal dopamine system in

circling behaviour stemmed fram the eériy studies that

\ -

-~

demonstrated that -animals would 'turn' when injected systemically
w1th indirect and direct acting dopaminergic agonists when the
n}grost;iat:al dopamine system was unilaterally deneryated

(Aﬁden, 1966). It was an inbalanr;'e in striatal éopamine activity
that was presumed to cause asymmetrical movements and animals
were thought to circle towards the side of the brain with weaker
| dopaminer:gic ﬁmctj:mjng, A flurry of reports followed Anden's work

on dopamihe and circling behaviour and in all of the early ' - .
studies the unilateral lesion was piaced in the nigrostriatal
dop;:lm.ine system (i.e. ‘Ungerstedt, 1971a; Lotti, 1571; Costall\

et al., 1974c; 1976; 1979; v;vadd"{:%’;ton, 1977). .

A number of biochemical studies support the str.iatal , \
J'.nbalanée theory of dopa;_nine'—indu’ceij circling. First, there is a
positive cqr‘rela;:ion between the rate of circling when ,
c}opar;linergic agonists _.are administered to animals with a
unilate{al G-G-IDA lesion and the levels of striatal dopam:.ne
on the side of the brain ipsilateral to the lesior ‘(Thornburg,
and Moore, 1975;.Costall et al., 1976). ‘ Second, intact animals

that circle in response to systemic dopaminergic agonists have a .
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ten to fifteen percent difference’in interhemispheric striatal
dopamme (Glick et al., 1974); animals circle towards the side of
the rrain w1th lowdr. striatal dopamine levels. Third, when embryonic
dopamifze celis are implanted'in the dorsal striatum of adglt
rats that have a unilazteral nigrostriatal lesion, the circling
in response to peripherally administered amphetamine is ’
abolished- a:id normal locamotion results (éjorklund, Stenevi, Lewis
and Iversen,'1980). Subsequent removal of the implanted dopamine
cells reinstates am;imetand.ne-‘-‘ind’uced 'circling .

It is also the nigrostriatal dopamine system that has been
'k;rest extensively investigated in studies that unilaterally
activate dopamine systems either electrically or qhemiéally.
'I‘hus.,. when dopamine or one its agonists is applied uni_iatérally
to dopaminergic terminal regions it is generally applied to the
striatum (Ungerstedt et al., l%é; Costall et al., 1974a; 1974b;

Setler et al., 1978). Similarly, early work on morphine-induced

al., 1977; Pert, 1978). Electrically-induced dircli also
been primarily studied with the electrofe in
nigro;ﬂriatal system (Arbuthnott et.a;‘., 0; 1971; 1975;
Roffman et al., 1978; Vaccarino et al., 1982a;.1982b). It is
only recently that attention has been give;u to the role of

mesolimbic systems "in the circling phenamenon (Holmes et al., 1983;

Holres and Wise, 1985a; 1985b; Gratton and Wise, 1985).
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While the mesolimbic dopamine syst,em has been generally
neglected in the circling model, recent work suggests t.hat this
system may play an important role, at .'\Least in same types of
circling. It is surprising that this syste:n has been neglected, -
in _fact, because circling is presumed to result frwf’an interaction
of locamtion and postural asymmetry (Kelly and Moore, 1977; Pycock
and Marsden, 1978); it is the nesolimbic dopamine system that has been
most implicated in locamotion and not the striatum. For example, dopamine
applied bilaterally to the nucleus accumbens septi, a major terminal
region of 'the mesolimbic dopamine system, causes inereased locamotor
ac/?tivity as demonstrated by a number of investigators (Costall and

*  Naylor, 1975; Costall, Naylor, Cannon and Lee, 1977; Pijnenburg,
Honig, Van der Hey;den and Van Rossum, 1976); similar injections
into the striatum cause sterectypies, behaviours incompatible with
simple forward locomotion (Costall et al., 1977). Bilateral
injections of low doses of haloperidol into the nucleus accumbens
antagonize the effects on locamotor activity elicited by peripheral
amphetamine (Pijnenburg, Honig and Van Rosslnn, 1975) as do bilateral
6~OHDA lesjions to this nucleus (Kelley, Seviour and Iversen, 1975).
These same 6-OHDA lesions enhance apamorphine-induced lo@odon
(Kelley et ‘al., 1975), an observation consistent with the notjon
of dopamine receptor supersensitivity; lesions of the striatum,
however, do not. ‘ . .

‘ Several investigators have also demonstrated that the
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bilateral application of opioids into either the nucleus
accumbens septi (Pert and Sivit, 1977) or into the mesolimbic
dopamine cell region (Joyce and Iversen, 1979; Broekkamp et al.,
]:979: Kelley, Stinus and Iversen, 1980; Vezina et al., 1984) also
results in increased locamotion. l Interestingly, microinjections
of opioids into the mesolimbic cells, which primarily project to
the nucleus accumbens septi and frontal cortex (Fallon and Moore,
1978) are accompanied by explorétory activities (Kelley et al.,
'1980; Broekkampp et al., 1979) and it is these dopamine cells that

are implicated in ¢piate reward (Bozarth, 1983). Similar bilateral

application of opioids into the nigrostriatal dopamine cells results -
[ 4

in stereotypy (Iwamoto and Way, 1977; Pert, 1978).

While it is clear that the bilateral manipulation of the
mesolimbic dopamine system results in increased locamction, it has
"only recently been dppreciated that unilateral manipulation of
‘ this system can cause circling. Unilateral electrical stimulation
in the region of the mesolimbic dopamine cells has been reported
to cause contraversive circling (Roffman et al., 1978), either
contraversive or ipsiversive circling (depending on the location
of the electrode and the stimulation parameters) (Gratton and
Wise, 1985) or no circling (Arbuthnott and Ungerstedt, 1978).
Interestin'gly, the contraversive circling elicted by Lmilatgral .

electrical stimulation of the mesolimbic region is accompanied by

only a mild postural asymmetry (Roffman et al., 1978). Unilateral

N

D
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application of either morphine (Holmes et al., 1983; Holmes and
Wise, 1985a) or neurotensin (Holmes and Wise, 1985b) into the
VTA causes contraversive circling that is accompanied by very
little postural asymmetry and involves envirormental exploratory
responses.

While unilateral manipulation of the VIA can cause circling,
it has been reported that unilateral appli;:ation qf dopamine to
the nucleus accunbens septi cannot (Elkhawad and h\lood'ruff., 1975).
similarly, if the nucleus accumbens septi is unilateralliz
destroyed with 6-OHDA and~ a@s are treated systemically with
amphetamine, they reportedly do nqt'circle (Kelly; 1975). While
these data are inconsistent with the idea that unilateral
mnip;llétions of the mesolimbic dopamine system can cause circling,
it would be interesting to retest animals with these preparations
more closely since, at &e time, éircling was thought to
necessarily consist of a postural asymmetry. Bilateral
6~OHDA lesions to the nucleus accumbens have been shown to abolish
amphetamine—induced circling in rats that also have a ﬁnilateral
6-OHDA nigrostriatal lesion (Kelly and Moore,‘1977; Pycock and Marsden,
1978"); similar lesioqs enhance apomorphine-induced circling, ‘
presumably due to the development of receptor supersensitivity. These

data are consistent with the idea that .the mesolinbic dopamine

“system plays scme role in circling.

II. Gaba-Induced Circling
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Similar to the organization of the ascending dopamine systems,
the descending -output pathways of the striatum are also organized
into separate systems; these pathvywq.‘named w‘i\_)h respect
to the location of their cell bodfes and iterminal fields. There
are two major GABAergic pathways that arise in the striatum and
terminate in more posterior nuclei. The striatopallidal GABAergic
pathway sends projections to both the internal and external segment
of the globus pallidus. The other major striatally-derived GABAergic
pathway, the striatonigral GABAergic system, terminates in the pars
reticulata of the substantia nigra (SNR) (Dray, 1979).

In addition to the projecting GARAergic neurons that arise in
the striatum and terminate in more caudal parts of the brain, there
is also extensive evidence for the existence of GABAergic interneurons
within tl‘je substantia nigra and VIA (Dray, 1979; %artholini, Scatton,
Worms, Zivkovic and Lloyd, 1981). Thus, the substantia nigra contains,
in addition to the numerous .GABAergic terminals that form part of the
striatonigral GABAergic system, a large number of local circuit GABA
neurons. The VIA, on the other hand,'has been argued to- contain only
local circuit GABA neur’ons (Scatton et al., 198l). There is biochemical
_evidence to support the existance of differential GABAergic innervations
of the substantia nigra and VIA. Thus, while cerebral hemitransection
results in a marked reduction éf glutamic acid decarboxylase (GAD)
(the enzyme responjsible for the conversion of l-glutamic acid to GABA)

&

in the substantia nigra, there is no effect on GAD activity in the VIA
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following tlhese tx;ansections (Bartholini, Scaéton, Worms, Zivkovi
and Lloyd, 1981). )

Since GABA was initially seen ag a primary modulator of
nigrostriatal dopamine activity (i.e. Adhajanian and Bunney, 1974),
it is not surprising that most investigators studying GABA~-induced
circling rest.rictgd their injections to the substantia nigra. In all
of the early work, GABRA, or ac::;ents increasing or decreasincj the .
functional level of GARAergic systems, were unilaterally injected into
the region of the SNC (Tarsy et al., 1975; Dray et al., 1975;
Horton and Pycock, 1977). Consistent with the electrophysiological .
wark (Bunney and Aghajanian, 1976), behavioural effects following
unilateral manioulation of GABA mechanisms within me SNC suggested
a dopamine-inhibiting effect of the drug. Thus, the unilateral
* elevation of GABA oconcentrations follovviqg injectiops of EOS caused
ipsiversive circling (Dray et al., 1975; Horton and Pycock, 1977),
whereas similar injections of picrotoxin caused contraversive (Tarsy '
et al., 1975) that was abolished by a 6-OHDA lesion of the '
nigrostriatal dopamine pathway. Later, however, many studies appeared
which suggested that GABA agonists injected unilaterally into the SN
could induce contraversive circling (Cberlander et al., 1977; Scheelj-
Kruger, Arnt and Magelund, 1977; Martin, Papp and Bacino, 1978) that was
unaffected by systemic administration of the neuroleptic haloperidol
(Olpe et al., 1977; Olianas et al., 1978b; Reavill et al., 1979) or by

blockade of presynaptic catecholaminergic transmission by prior treatment

(& 4
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with alpha-methyl-para-tyrosine or reserpine (Scheel-Kruger et al.,
1977; Arnt and Scheel-Kruger, 1979a). Similarly, GABAergic !
antagonists were shown capable of producing ipsiversive circlihg
when injected unilaterally into the SN (Olpe et al., 1977; Scheel-
Kruger et al., 1977; James and Starr, 1978; Olianas et al., 1978b)

_,— that was also unaffected by prior infusion of 6—OHDA into the
nigrostriatal pathway (Wolfarth et al., 1979). These observa.tions
were opbosite to the ones predicted by the GABAergic,l inhibitory feedback
hypothesis (Bunney-and”Aghajanian, 1976).

tﬁempt to clarify the oonfusion with respect to the

treport . appeared which providasd close histological reconstructions
of the precise injection sites within this region. These studies
pointed to the duality of éWrgic function w1th1n the substantia
nigra. Thus, GABA agonists or antagonists applied to the SNC
caused ipsiversivg and ccSntraversive circling respectively

. (Reavill, Jenner, Leigh and Marsden, 1978; Havemann, Turski, Schwarz
and Kuschinsky, 1983) that was disrupted by dopaminergic inactivation
(Reavill et al., 1979). Similar injections of GABAergic agonists
into the SNR were shown to elicit cm£raversive circling whereas

. GARAergic antagonists were shown to elicit ipsiversive circling
(Reavill et al., 1978; Havemann et al., 1983):; neither direction

of circling was blocked by neuroleptic pretreatment (Reavill et
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al., 1978).

Wheteas mila£eral application of GABAergic agents to the
é‘m cause circling, the bilateral apélication of such drugs cause
stereotypy (Koob, Del Fiacco and Iversen, 1978; Arnt and 5cheel—Krugér,
1980; Taha, Dean and Redgrave, 1982; Jackson and Kelly, 1984;
Baumeister and Frye, 1984). r'I'he behavioural syndrame :licited by
bilateral application of GABAergic agents into this nuéleus
resenibles the behavioural effects following high'” ;y—sfemlc doses of
dopamine receptor agonists (i.e. Ellinwood and Kilbey, 1974) or
intrastriatal injections of these agents (Costall et al., 1977).
Animals given injections of muscimol or EOS into the SNR exhibit
stereotypic sniffing and biting responses (Taha et al., 1982) that
are unaffected by injections of neuroleptics‘ (Taha et al., 1982;

Amt and Sdueel—Krugef, 1980) or by prior injections of reserpine
plus alpha-methyl-para-tyrosine (Taha et al., 1982).

While the GABAergic mechanisms located in the SN has been strongly
implicated in circling, there has been very few reports examining the
effects of GABAergic agents applied unilaterally to the VTA; in the
two studies tha‘t’: did make injections ﬁmer , same circling was
reported (Kilpatrick et al, 198l; Holmes and Wise,ll985a). Such
circling might be expected to result following unilateral manipulation
pf GABAergic mechanisms in the VIA, since, similar to bilateral . )
activation of dopamine mechanisms in that region, bilateral VTA

" application of GABAergic agents also increases locamotion.

B3
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Interestingly, however, GABA (Tanner, 1979) and its antagonist \
picrotoxin (Mogenson, Wu and Manchanda, 1979) have each
been shown to elicit increases in locamotion. The increased
loccmotor activity following bilateral injection of plcrotoxm :i.za~
blocked by bilateral injections of spmr*erldol a dopaminerglc
antagonist, into the nucleus accurbens septi (hbgeng.on et al.:
1979).
Present Investigations
Although there is a substantial body of literature on
circling, there are at least two assumptions that have been .
v
made 'regarding this behaviour that have not, or only recently,
beén empirically tested. One of these assximptions is that
mechanisms loca'ted in the substantia nigra are the prime
mediatc')f;:; of circling. Another assumption is that circling
generally consists of a postura]g: canponent coupled with a -
locamotor ccmpo;'lent. | Recently, both of these assumptions
have been challenged, at least with respect to morphine-induced -
cimlipg elicited fram the ventral mesencephalon; unilateral
injections of morphine Icause circling most st.rcsnglyc when
injections are aimed at the VIA and not the SNCA. Secondlf,
the beha\;iour is accampanied by v'ery little postural asymmetry
(Holmés and Wise, 19855).
While camparing the pharmacological characteristics of;‘

morphine~induced circling to those of ‘muscimol~induced circling / ‘
( » ' #
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poe ?
it was noted that thege two agents produced strikingly different

types of circling behaviour. Whereas morphine-induced circling
resembled a forward locamoting response that was environmentally-
eiicited, nq.:scirrol—induéed circling appeared forced and stimulus-
independent. This led to the hyport?‘;esis that different types of
circling might result from stimulation of ventral mesencephalic
structures and that these differences might be apparent anatomically,
pharmacologically ax;ld phenanenologicua’lly. Indeed, the "éliterature
suggested that anatomical and pharmécologica‘l differences did exist
between the circling elicited by these two agents, although it was
never tested directly. ‘ The. present set of experiments were |
designed to establish the anatcmical, pharmacological and
phenamencl8gical characteristics of }ngscﬁml-induced circling

elicited from ventral mesenceppalic regions so that camparisons

"oould be made with similar observations on morphine—induced circling

that were reported earler (Holmes and Wise, 1985a) and partiaily

-

replicated here.
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GENERAL, METHODS
Sul‘ajects ¢
One hundred ten male Long Evans Hooded rats were housed
individually with free access to food and vater. They were °
maintained on a twelve hour light, twelve hour dark ’cycle. The
mean preoperative weight of the animals was- 300 gréms.

Surgical Procedures

The rats were anesthetized with sodium pentobarbital (60 .
mg/kg) and positioned in a Kopf sterc;ortaxic apparatus. The
-incisor bar was pldced 5.0 mm above the interaural line.

'Iwenty-::wo gauge guide @daé were implanted, one pir rat,
throughout the ventral mesencephalon. The guide cannulae were,
- fifted with dumy cannulae immediately after surgery that extended i

0.5 mm beyond the guide cannulae. The dt;nmy cannulae were *

s kept in place until behavioural testiné began. The §)i.mels were
- allowed to recover fram surgery for at least one week befofé ’
intracranial drug injections were given g N }‘ -
Apparatus Q | ‘ . )

«The apparatus for measuring circling consig;ed of circular
" plastic buckets (40 an high) with a flat bottam base (28 an in .

diameter). The buckets were placed in a wooden test box. The -

head pedestal of the animal was attached to a cablé which was

mounted onto a shaft hanging fram a ball bearingthat was secured



diameter. Near the top of the cylinder (10 cm) there was an

32, ) i d

into the top of the wboden test box, If the animal moved in a

consistent direction, the cable amd shaft turned freely, winding

,‘t .
twines of thread from a spool on a spindle at the side of the wooden
{M

test box. The thread was taped to the shaft at périodic intervals.
(v
By muntmg the number pf thread winds around the shaft after
spec?.fled time perlods, rellable measures of the net number and
4

directidn of circles could be recorded.

To measure rearing activity, animals were placed in a

_circular plexiglas apparatus that measured 30 am high and 24 am in

" indented ledge- that was 6 (:n deep and 6 an in diameter. The

ledge was large enough that st:mulus objects (such as a food
pellet) could be placed there. This served as a potentlal
notlvat.mg factor for- the animal to encourage rearing activity

dlrected tcwards the ledge. The total number of rears elicited

lm 30 mmutes was recorded. ’
[}

In order to determine whether environmental factors influenced
the direction of ‘circling, animals were placed in three different
environments. Environment A consisted of the circular plastic
buckets described above that were used for quantlfymg cuclmg
Environment B consisted of a 120 an square wooden surface with a
30 am Tugh wall around the perimeter an?i a 76 am square open hole

in the center. Environment C consisted of a 180 an square wooden

surface with the outer perimeter open to the floor (one meter below)

R

»

L
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and a 30 am high 120 am inner perimeter. The ;::m;mals were
placed in each of these environments for a 30 minute period on each -
of two days and l;-_he n@ and direction of circles per minute (net)
weree recorded. - | h
Behavioural ‘Testing.

‘ Each animal was tested over at le;st an‘eight week period.
On each test day the animals were placed in the buckets; for two
hours and the total number and direction of circles’ were ’ )
recorded. Each animal was tested once with saline or muscimol
(25, 50" and 100 ng) in a counterbalanced order. At least seven
days separated the injections. After all data were collected for
the anatcomical localizjatd.on study, same animals were selected, .
based on the presumed site of injectign and their circling rates,
for further pharmacologica% and phenamenological testing.
Intracranial Injectioris .

Each animal received unilateral injec.ttions of either muscimol
(25, 50 or 100 ng), saline or" morphine (5 ar 10 ug) into scme part
of the ventral mesencephalon. For injection, the;dunmy . ula was
removed and replaced by the injection needle which exten;IO.g) nm
beyond the tip of the guide cannula. Injections were made using a
1 ul Hamilton microsyringe oonnecl:ed via ﬁolf-ethylene (PE-10)
tubmg The total volume injected was 0.5 ul. Injections were made
over one minute. The injection\needle was kept in place for a further ¢ e

minute following the injection procedure. After drug injection

L'
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the dummy cannula was fitted back into the éuide cannula. The
rats were manually restréir;eg] during the time that the injection
needle was pushed through the guide cannula but s;zere allowed to
move about on a platform (45 am x 24 cm) during the injection
period. l
Histological Procedures , ‘

After the lcanpletion of all behavioural testing the rats were
anesthef.ized with sodium pentobarbital. and i%xtracardially perfused
with s:lirie followed by a 10% Formalin solution. The brains were
ranqved and stored in a 10% Formalin solution for at least four
days. 'I't%e brains were then frozen, sectioned and stained with
thionin for histological verification of cannula placements. |

ANATOMICAL LOCALIZATION OE MLSC]JViOIrII\IIIJCED CIRCLING

Methcl:ds |

Guide cannulaé were implanted ai: different levels of the
ventral mesencephalon. The coordinates ranged between 2.0 and 5.0
nmm posterior to bregma, 0.2 and 3.0 mm lateral to the midsagit£a1
suture and 6.0 and 9.0 mm ventral to dur‘a.' These coordinzates
were chosen because they were also thé sites that had been tested
in an earlier study (Holmés et al.,, 1985a) for morphine-induced
circling. l

The total number of circles following central muscimol
injections was determined for the two hour test period at each-of

the three do_s_és. The subjects were classified into five groups

M
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according to the number and direction of circles elicited in
the two hour session: no circling (less than 25 in either
direction in two hours), ipsilateral circliﬁg, low contralateral
" circling (26-100 in two hours), meéium contralateral circling
(101-250 in two hours) and high contralateral circling (2250 in
two hours). -

Cannul.a placements were veri??i.ed histologically for each subject
and compared with the Pellegrino, Pellegrino and Cushman Atlas
of t;he Rat Brain (1979). The region mapped was divided into four
sections. The first section represents cannula placements that
were located antérior to the dopanine cell containing region -

‘ . o
(-2.8 mm posterior to bregma). The second and third sections
represent anterior and posterior zones within the dopamine cell
containing region (-3.2 and -3.6 mm posterior to bregma) (Holmes,
Bozarth and Wise, 1983). The fourth section -Irepresents cannula
placements that were posterior to the dopamine cell containing
region (—4.0 mm i:osterior to bregma). |
Results .

.Circling elicited by muscimol injections into either the
rostral or caudal SNR was directed contraiateral to vt..he side of -
injection; ipsilateral circling resulted from injection into same
parts of the SNC. There was very little circling noted when

cannulae’ were located medial to the the SNR. As the dose of

muscimol was increased, muscimol caused circling from more
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sites (Figure 1).

At the lowest dose of muscimol (25 ng) only animals with -
rostral and caudal SNR placements showed strong contraversive
circling, Forty-one animals had cannulae located in
‘téhis region; 21 of these demonstrated strong contraversive
circling, éight demonstrated moderate contraversive circling,
six demonstrated weak contraversive circling and six did not
circle. Scome animals circled when muscimol was applied to
sites medial to the SNR, but always at a lower rate relative
to the SNR sites. As the dose of the drug was increased,
the circling rates also increased. Thus, muscimol elicited
étrong contraversive circling in 28 animals with SNR placements
following injections of the 50 ng dose and elicited strong
contraversive circling in 35 an.imais following injections
of the 100 ng dose. This same pattern was also ssen at
sites that were located medial to the SNR. Thus, for example,
scme animals with cannulae in the VIA did not circle following
énjectim§ of the lowest dose of muscimol, circled at a low rate .
with the 50 ng dose and circled at an even higher rate with the
100 ng dose. Sites that demonstrated high circlj_r@ rates with
the lowest dose of muscimol, demonstrated even higher circling
rates as the dose increased. The circling rates following
injection of the highest dose~was often five times the circling

rate following injection of the lowest dose. Thus, an animal
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Figure 1. Histological reconstructions of muscimol applicatiOr;
sites, indicdting the vigor of the circling associated with
muscimol injections in each site. The rates are the total

number of circles elicited in two hours. Cannula tips from
animals that circled are represented on the left, cannula

tips from non-circlers are represented on the right. Only the
camplete mapping with the 50 ng dose is represented; for camparison
purposes however, the two middle sections are shown for the

25 and 100 ng doses. Solid dots (e) repr’esent cannula tips

from animals \t’hat circled ipsiversively, solid diamonds (¢)
represent cannula tips fram animals that showed weak contraversive
circling, solid triangles (A) represent moderate contraversive circling

and solid squares (m) représent strong contraversive circling.

)
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that circled as many as 300 times with the lowest dcigi circled
as many as 1,500 times with the highest dose.

In contrast to the clear dose-dependent effects of
muscimol-induced contraversive circling from the SNR, the
rate of ipsiversive circling foll’mring nusci‘mol injections into
the SNC was not ronotonically related to the dose of the drug. In
point of fact, whereas the lowest ‘dose of muscimol effectively
produced ipsiversive circling at same sites in the SNC, higher
doses of muscimol into two of these sites caused contraversive 4
circling.’ Similarly, at least one animal circled contrave;glely q
with the lowest dosé of muscimol and circled ipsiversively with the
highest do';e of nmscimbl. Eighteen animals had cannulae located
in the SNC. The lowest dose of muscimol caused ipsiversive
circling in seven, low contraversive circling in six and no
circling in five of the animals. The 50 nanogram dose caused
ipsiversive circling in twelve, low contraversive circling in
two, medim;\ contraversive circling ;Ln one and no circling in two
animals. The 100 ng dose elicited ipsiversive circling in ten,
low contraversive circling in six, moderate contraversive circling
iﬁ one and no circling in one. ’

The data fram subje_c_tts whose cannulae were lverified to be
within either the rostral éNR, caudal SNR, SNC or VTA were collapsed
for each dose of muscimol and for thmation. The total

nunber and direction of circles elicited in the two hour test
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sessions were determined for each of these groups
Muscmol-mduced circling rates were highest (as shown

in the mapping of effective sites) when the drug was injected

into either the rostral or caudal SNR (Figure 2). The Scheffe

post hoc test for multiple comparisons (Roscoe, 1979) showed

no differences in the circling rates for these two sites at any of
the doses tested (p>.05). Animals with cannulae in one of these
areas circled about 175 times with the lowest dosé of muscimol,

400 times with the middle dose of muscimol and 900 times with the
highest dgse of muscimol. Animals with cannulae in the VTA circled
about 40 times with t‘ne lowest dose, 80 times with the middle dose
and 210 times with the highest‘: dose. SNC animals circled
approximately 25 times with t£e lowest dose, 40 times with the
middle dose and 50 times with the highest dose. A two-way analysis
of variance revealed a main effect of site (F(3,79)=28.77, p<.001),
a main effect of dose (F(3,9)=91.33,' p<.001) and a dose by site

interaction (F(3,237)=20.43, p<.00l). Scheffe post hoc tests

. for multiple camparisons (Roscoe, 1979) revealed that the rate of

circling differed significantly between all drug doses (0,25, 50,100)
for all sites except the SNC. There was no difference found betweén
the circling rates at the 50 ng and 100 ng dose of muscimol for animals
with SNC plaéena'xts. |

Same circling was also elicited wheh muscimol was applied to

sites external to the SNC, SNR or VIA. Of particular interest was
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_Figuré 2. Mean muscimol-induced circling rates (+ SEM) as a
function of placement and dose. Data were ta):en from animals
having cannula tips either J.n the VIA, SNC, rostral SNR or
caudal SNR. Data from animals with cannula tips outside of

these regions were excliuded. Positive scores represent net

contraversive scores; negative scores represent net ipsiversive

scores.

-
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the strong ipsiversive circling noted in two animals whose cannulae
were later determined to be within the deep layers of the superior
colliculus (not shown on histological reconstruction). The circling
activity shown by these two animals included a strange head-bobbing
motion.
.Discussion \

Muscimol elicit;d circling when applied at differ('en‘t levels
of the ventral mesencephalon. Contraversive circling résulted
from injections of muscimol into either’the rostral or caudal .
'SNR and ipsiversive circling was elicited fram same sites
in the SNC. Muscimol produced very little circling when applied

to sites external to ei}:her the SNR or SNC; when it did,
it was only at the higher doses.

It seems clear that rmscgréifmst effectively ca;.lses contra-
versive circling when appliéa} to the SR at all rostro—caudal
]:evels.ﬂ This is evident l\f/ one campares the anatomical o
mapping of this activity across /all three doses of the drug.
For example, although the VIA appears samewhat effective at the
50 and 100 ng doses, at the lower dose this site is relat;ively
ineffective.

The fact ;_hat the circling is best with injections of
muscimol into SNR could be due to one of two factors. First,

circling may result fram stimulation at all levels of the substantia

nigra and VTA, but the number of GABAertjic‘receptors might détermine
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which site is nost effective. The central region of the SNR has
the greatest number of GABRAergic fibers in comparison to both the
'VTA and SNC (Ribak, Vaughan and Roberts, 1980); it might be
expected then., that the density of postsynaptic receptors is
highest in this region. Alternatively, circlir;g might be .
determined by the nature of the chemical system p‘ést-synaétic
to the ~é!’samargic receptors in this region. ‘

It ig likely that muscimol causes the highest rates of
contraversive circling when applied to the central region of
ti1e SNR because of the nature of the éhemical *system efferent
to the GABAergic receptors and not simply because there may be
more GABAergic receptors inthat region. If it was simply the
number of receptors that determined the rate of ci?'cling, one
would not éxpect to find differences in -latency to peak circling
rates following stj.rm:'latio‘n of the VTA or SNR. In point of fact
however, muscimol-induced circling elicited fram the VI‘A has
a longer latency to peak rate (Figqure 3). This is probably due
to spread of drug to SNR mechanisms.

It has been suggested that contraversive circiing induced by .
muscimol injections into the SNR results from activation of
descending GABAergic fibers that arise in the substantia nigra

t

and terminate.in three main target regions: the deep layers of

L]

the superior colliculus, the mesencephalic reticular formation

and the thalamus (i.e. Reavill, leigh, Jenner and Marsden, 1981).
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Figure 3. Mean circlmg rates (-l-SEM) as a function of placement

and tJ.me The nunber of. circles elicited over two hours in thlrty

~minute blocks was ocmpared between anmals with cannula placements

in elther thga VI‘A, SNR or SNC. 'I'he solid i{;;‘represent cireling *
)

rates following muscimol injections (50 ng e éo@:ted' lines represent

the saline conditions. : ) N B
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At least same Of these pathwa{ys‘ are known to contain GABA as their
neu;otransmitter (i.e. Scheel-Kruger\'; Magelund and Olianas, 198l1) and
are thought to play same role in circling behaviour. Thus, either
lesions of these pat.’twéys or injections of. GABAergic drugs
into these terminal regions are known to influence circling that
is mediated by the striatum or SNR (see De Chiara, Porceddu,
Imperato and Morelli, 1981 for review). The GABAergic neurons
of t:_he VIA are thought to ‘inhibit mesolimbic dopaminergic neurons
(Wolf, Olpe, Avrith and Haas, 19:/'7; Mogenson, Wu and Manchanda
1979). If circling in the VIA was due to GARAergic inhibition
of dopaminergic neurons, the direction of c%rcling should have.
been ipsilateral to the side of drug injection since animals ’a.re
known to circle away fram the side of the brain with greater
dopamine .ac;tivation (i.e. Glick et al., 1974). Since the
observed circling following injections of muscimol into the VIA -
was contralateral to the side of drug injection (except for one site),
it suggests that this behaviour was not due to inhibition of
dopaminergic neurons. 7 ’

There are several reports that circling following the
unilatex;al injection of GABAergic an'g,agonifts depends upon the
anterior-posterior placement of the rcannula within the SNR (Jame;
and Starr, 1978; Reavill et al., 1978; Scheel-Kruger et al.,

1979). 1f anterior-posterior differences exist, it should be apparent

with injections of GABAe;ng agonists. The investigator of the
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p;'esent study intentionally varied the ante.rior—posterior
co-ordinates to study this possibility (as well as to compare t'.hé
effective sites with mrp}d.ne-indu::ed circling). No support for
the claim of anterior-posterior differences was evident. Rather
than an anterifr-posterior difference within the nigra
influencing direction of circling, it would appear that the SN
zone (i.e. SNC-SNR) in which the cannula is located is the -
critical factor. The discrepancy between the r:esultgs of the
present experi{r\ent and those of others may be due to two factors.
First, it is conceivable that there was no close a;'xalysis of the
z&xe—specific effects reported in the earlier studies. For
example, all of the experiments claiming anterior-posterior
differences in direction of circling neglected to'publish
histological reconstructions of their cannula tips; it is.
conceivable that their anterior placements were located -in th#
@R and that their posterior placements were located inﬁe 24KC.
Second, in one report (Scheel-Kruger et al., 1977) high doses of
GA'BAergic antagonists produced odd types of behaviour (i.e. a
contralateral ] postural asymmetry followed by ipsilateral turning
and wild running seizures); these observations make the data
difficult to interpret. The lack of an anterior-posterior
differentiation in direction of circling found in the present
study is consistent with wark of Kozlowski and @lel (1980);

these authors did publish:a confirmation of their histologiés. As

s}
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in the present study, the direction of circling depended
on the zone of the 8N in which the drug was injected and
no anterior-posterior differences wel;e apparent.

In contrahst to the doée;dependent contraversive circling
following muscimol injections into the SNR, the ipsiversive
circling showed no such ox;derliness; In fact, as mentioned earlier,
there were at least, three sites in the SIC that el':'!ci'ted either
contraversive or ipsiversive circling depending on the dose of
the,’ drug. In two cases, the low dose produced ipsiversive
circling whereas the higher doses produced contraversive circling.
In the other case, the opposite phenamenon occurred with the

' highest dose eliciting ipsiversive .circling and the lower dose
eliciting contraversive circling. These results may be du‘e to
othe hetérogeneity of GABAergic mechanisms within this region.
For example, it is well known that there are both intrinsic
GARAergic neurons and extrinéic GABAergic neurons within the

. substantia nigra (Dray, 1979). The intrinsic neurons
are thought to inhibit dopaminergic activity whereas the
extrinsic neurons are thought to function independently qf .
dopamine;'gic systems. It has been demonstrated that within
particular regions of the substantia nigra (i.e. the border
between campacta ang reticulata) rﬁ:are are intrinsic and
extrinsic GABAergic neurons  in /close proximity (Dray, 1979). "

When drug was applied to cannulae within this region, it may have ,
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stimulated more intrinsic neurons on cne occasion (causing
ipsiversive circling) and more extrinsic néurons on another
occasion (cauéing oontraversive circling) simply by chance
distribution of the drug. An even finer histological analysis of
m;zscim:l-induced ipsiversive and contraversive circling fram
areas rich in both j.ﬁtrinsic and extrinsic GABAergic neurons
(such as the border between the SC and SWR) might heiP to
clarify the picture.

In addition to the controversy surrounding the anterior-
posterior differences or similarities in msci.n:ol—induced
circling, there is also ;aonsiderable debate regarding the
direction of circling elicited fram dorsal-ventral regions in
the SN. At least two different stories have emerged "fram the
literature. First, early reports suggested that muscimol
induced contraversive circling at'all levels of the SN
(Oberlander et al., 1977; Scheel-Kruger et al., 1977; Martin et
al., 1978) (although close histological analyses of injection
sites were never reported). Later ver, several reports
appeared suggesting that unilateral GABAergic stimulation
produced different directions of circling, depending on which
SN zone was injected with drug (James and Starr, 1978; Reavill et
al., 1979; Koslowski and Marshall, 1980; Havemann et al., 1983).
As stated earlier, the present study s[zpports observations

that there are zone~specific differences in muscimol-induced
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eircling and is in agreement with the data that thplicat;
the SNC 'in ipsilateral circling following muscimol injections
and implicate the SNR in contralateral circling following
these same injections (James and Starr, 1978; Reavill et al.,
. 1979). These data also fit well with recent cbservations
of muscimol-induced effects fram the SN that use a new index
of motility - tonic activity in the EMG (Havemann et al., 1983). = ..
These investigators have found that muscimol injections into the
SNC’ produced tonic activity in the gastrocnemius-soleus muscle
whereas similar injections into the SNR produced no tonic activity
in these m;;les; only the SNR injections produced circling
(in the contralateral direction). Tonic activity in the
gastrocnemius-soleus muscle is an index of immobility; thus
‘stimulation of SNC renders animals somewhat immobile while
stumlatlon of the SNR causes movement. This might p0851bly
explain why only weak c:.rcllng is generally observed with
SNC sti_rmla-tion while strong circling is generélly obse;ved
with SNR stimulation. Interestingly, when morphine is applied
to the SNR tonic activity is observed in the gastrocnemius-
soleus muscle whereas no tonic a'ctivity in these muscles are
bsérved with similar injections into the dopaminergic cell body
region (Turski, Havemann and Kuschinsky, 1983).

Contraversive circling elicited by unilateral muscimol
~ injections into ventral mesencephalic regions has a different
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anatomical profile than nm'phiné—induced contraversive circling
elicited fram the same brain areas (Holmes et al., 1985a). First,
.whereas muscimol is most effgctive when injected into the |

SR at all anterior-posterior levels, mrphihe is rela;.ively
ineffective at these sites. ;Iwénty—t:hree animals with cannulae aimed
at the SNR were tested for morphine-induced circling in an earlier
study (Holmes and Wise, 1985a); only eight of these circled
(alwéys in the contralateral direction) and the rate of _circling
was low., Furthermore, histological anaiysis demonstrated that all
d4eight animals had cannulaellczcated in the medial R, encréaching
up‘on the VIA. This part of the SNR contains same dopamine cells
as demonstrated with his£ocherﬁcal flourescence (Fallon and Moore,
1978).

Whereas muscimol J.njecta.ons into the VIA are relatively .
ineffective for producing contraversive circling (except at the
highest doses of the drug), stimulation of this region with morphine °
Qroduces strong contraversive circling. In fact, whereas _
injections of the low dose of muscimol are ineffective in the
medial VIA, injections of morphine into the medial VTA produces
contraversive circling rates that are higher than circling
rates following similar injections into more lateral parts of
the SN (Holmes and Wise, 1985a). Furthermore, the latency to
peak circling rate is sharter when morphine injections are placed
in 'd_me medial VTA than when placed more laterally. The opposite

o
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phenamenon occurred with unilateral muscimol injections; the peak
circling rates were noted in the first 30 minutes following
i.njectiohs into the SNR, but they were not noted until 60 minutes
following'intracranial ‘injections when cannulae were located

Jn the VTA.

That morphine-inducced contraversive circling has a different
anatomical localization than muscimol—-induced contraversive circling
makes sense when one considers the nature of the chemical system
believed to be actdvated either indirectly or directly by
opiate injections into ventral nesencephalic regions. Morphine-
induced circling is thought to rely on the integrity of
dopaminergic neurons since treatments which abolish dopamine
functioning block the behaviour (Iwamoto and Way, 1977; Pert, 1978;
Holmes et al., 1983; Holmes and Wise, 1985a). Furthermore,
iontophoretic apﬁlicatién of opiates to this région increases
dopaminergic cell firing (Matthews and German, 1983). The VIA
Qontains a large number of dopamine cells that are élqstered
around the interpeduncular nucleus. In contrast, the dopamine
cells of the SNC lie in a thin layer and aré—)ess numerous than
M
are the VIA cells; only few dopaminergic cells rémjide in the SNR
(Fallon and Moore, 1978). Since morphine-induced circling is
fastest when drug is :Lnjected into the VIA, since it is blocked
by dopaminergic antagonists and since it resembles a unilateral

forward locamotion, it is likely that the behaviour is mediated by

* .
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ascending dopaminergic systems. This is in contrast to muscir;ol-
induced contraversive circling which is thought to result from
stixml;tim of GABAergic systems efferent to the ascending
dopamine systems.

PHARMACOLOGICAL CHARACTERISTICS OF MLBCD&OL-INDUCED CIRCLING

ELICITED FROM THE SUBSTANIA NIGRA:
COMPARISONS WITH VTA MORPHINE-INDUCED CIRCLING

‘ There is now considerable agreement that at least same types
of circling elicited by unilateral injectioifi of agents influencing
'GABAergic mechanisms in the ventral mesencephalon can occur
relatively independent of dopaminergic' functioning kolpe et al.,
1977; Olianas et al., 1978; Reavill et al., 1979; Scheel-Kruger et
al., 1977; Arnt and Scheel-Kruger, 1979); generally, injections of
GABAergic campounds into the SNR are not campletely blocked by
treatments which disrupt dopaminergic functions whereas
similar injections into the SNC are blocked by such treatments.
While Sb\IR circling is never campletely blocked by treatments which
_disrupt éopam_inergic functioning however, there are same studies
which report slight attenuating effects (Arnt-and Scheel-Kruger, '
1979; James and Starr, 1979; Kilpatrick et al., 1980, Martin

et al., 1978), no effects (Oberlander et al., 1977; Reavill et al.,

1979; Waddington, 1979) or even facilitating effects (Olianas et al.,

1978) following such treatments.

In contrast to the inconsistent effects of dopaminergic
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inactivation on GABA-induced circling, morphine-induced circling
elicited fram either the SNC or VIA has been shown to depend
entirely on dopaminergic functioning since treatments which
result in dopaminergic inactivation block circling caused by
unilateral morphine injections' (Iwamoto and Way, 1977; Pert,
1978; Holmes et al., 1983; Holmes and Wise, 1985a). Recently,
in fact, it-was shown that doses of pimozide that effectively
blocked VTA morphine-induced circling had no effects on muscimol-
‘induced circling from the same brain region (Holmes and Wise,
1985a). These differential effects of pimozide on m:;rphine and
muscinol—i.miuced circling may have resulted fram the fact that
muscimol~induced circling was muchJ faster than morphine-induced
circling (i.e. it may prove pore difficult to block very fast
circling).

The present study was aesigned to compare the effects
of pimozide pretreatment on contraversive circling. elicited
by unilateral morphine injections into the VIA with contraversive
circling by unilateral injections of muscimol into the SNR
under conditions where the rate of circling between the two
agents was equated. 1In adéitim, the effects of pimozide
pretreatment on muscimol-induced ipsiversive circling was
also noted.

Methods e

Eight animals that circled contraversively following central
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musciml and six animals that circled ipsiversively following
Central muscimol were used in the present study.: Eight animals
were also implanted with cannulae in the VTA. ‘

The animals with cannulae in the SNR ar SNC were tested with
25 ng Of muscimol., At this dose it was fopnd in the mapping
study that SNR animals circled approximately 175 times in two
hours and C animals circled approximately 25 times in two
hours. VTA animals were injected with 5 ug of morphine. These
animals circle approximately 210 times in two T;ours (Ho].mes\and'
Wise, 1985a).

Animals were tested over at least a four week period. They

'were injected with either pimozide (0.25, 0.50 ar 1.0 mg/kg, IP)

or saline, in a counterbalanced order, four hours prior to central
morphine or muscimol (see Atalay and Wise (1982) for time course
effects of pi:;\ozide). The animals were then placed in the plastic
bucke_t; used to measure circling; the totél nurber and direction
of circles elicited in the two ‘nour test period were determined.
Results

Pimozide effectively blocked contraversive circling
elicited by unilateral morphine injections into the VEA
and circldmg elicited by unilateral muscimol mjectlons
into the SNC but had no effects on t._zpntraversive cﬁclmg -
elicited by unilateral muscimol J.nJectlons into the SNR

(Figure 4). A two-way analyéis of variance revealed significant
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Figure 4. Mean circling rates (+SEM) following pimozide
pretreatment. Pimozide was given four hours prior to central
frorphine or muscimol. Positive scores represent net circles in

the direction contralateral to the side of drug injection; negative

scores represent net circles in the direction ipsilaterél to the

side of drug injection.
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- main effects of site (F(2,19)=41.61, p<.001) and dose

(F(3,57)=30.30, p<.00l) and.a site by dose interaction
(F(6,57)=37.95, p<.00l). Scheffe post hoc tests for multiple
canparisor'xs (Roscoe, 1978) revealed that both morphine~induced
contraversive circling and mm%inol-iAixducéd ipsiyérsi\;e cireling
differed significantly from normal conditions following all doses -
of pimozide pretreatment {p<05). Muscimol-induced contraversive
circling, on the other hand,<was no different fram .normal conditions
at any dose of pimozide pretreatment (p> 0‘5)'1 Q
Discussion . .-

Muscimol-induced ipsiversive cirz:ling seems to be due to
dopaminergic receptor activation since all doses of pimozide
blocked the behaviour., Muscimol-induced contraversive circling. —  «

on the other hand appears relatively independent of dopaminergic

functioning since no dose of pimozide influenced the behaviour.

‘The failure to block muscimol-induced contraversive circling

was not simply due to fast rates of circling since these same
doses of pimozide either attenuated (0.25 mg/kg) or blocked

(0.50 and 1.0 mg/kg) morphine-induced contraversive circling

Y]

from the VIA even though animals circled- s_light.ly faster
following morphine injections under normal conditions.

The fact that morphine induced contraversive circling was
blocked by all doses of pimozide supports earlier electropi"nysiolggical

(Matthews and German, 1982) and behaviowral (i.e. Bozarth, 1983;

%
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Holmes et al., 1983; Vezina and Stewart, 1984 Holmes and Wise,
1985a) work whid'z'guggests that morphine ac;tivatgs dopaminergic
neurcns The fact that musciinol-induced ipsiversive ‘circling
elicited fram same pérts of the SNC is blocked by rz'auroleptim.
is tonsistent with ;:lue idea that some GABAergic ‘;nec'bhanisns serve
to regulate midbrain dopamine.rgic activity in a negative feedback
fashion (Aghajanian and Bunney, 1974). Finally, the fact that

' nuscino']'.-irduced contraversive circling elicited from"the SNR
can occur i}'ﬂepermdent c;f dopaminergic receptor blockade{ suggests
that this activity results fram activation of chéﬁcd systems
‘efferent to the midbrain neurons (i.e. Starr and Kilpatrick,
i981) . ‘These differential effects of .pimozide on mmcinpi—iriduced
circling élicited fram different zones withindhe SN are consistent
with other reports (i.e. Reavill'et al., .1978) .

PHENOMENOLOGICAL CHARACTERISTICS OF CIRCLING.ELICTTED
/ BY MUSCIMOL INJECTION INTO THE SNR
AND MORPHINE INJECTICNS INTO THE vré
Circling is a gener.jal‘ term used to describe directionally
bia\sed movements. Such mverrents:can be qiﬁntitatively and qual-

- itativelly different. One way to differentiate one type of circling
activfty from another is by the si“ze and -number of the circles‘ o
being described by an animal. For examjle, it has been reported

¢ that a strong postural asymmetry often accompanied circling sucl’u
that the size of the circles i)éing made by the animals is little

t « '

- —
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more than the length of the animal's body (Pycock 1980).

3 ’ an
Generally, animals circling with a strong postural as\y:meu'y
circle very fast (i.e.. Scheel'-Kruger, Arnt and Magelund, 1977).
Circling has also heen demonstrated that is accompanied i)y only - -
!a'mild- péstural asymmetry (Roffman, Bernard, Dawson, Sobiski and‘
Shelens; 1978). In this case the animal makes very large diameter
rcircles and moves slowly. Finally, circling has been described that
is accampanied by éssentially no postural asymmetry (Holmes et al.,
1983; Holmes and Wise, 1985a; 1985b). In this case, when
-animals are removed fram the circling apparatus (round plastic
buckets) and placed in a large open space they tend to move
forward in-straight- lines until they encounter a wall or other
barrier. C;nce the barrier is met, the animals begin to traverse
the environment in a directionally-biased fashion. Thus, the )
size of the circles made by these animals is dependent upon the
size of the enclosure in whlch the animal ::Ls placed.

A s;econd factor that can distinguish one-type of circling
from another is the type of limb movements that animals make.
Ti'xere are at least two typés of limb nbyanents have been reported
in the’literature. First, cifcli‘hg has been described in which

:

an animal uses the hind limb ﬂcontralateral to the direction of

movément to support the«body’ weight while the ¢pposite hind

limb st@ﬂs{n‘afhdards (Teitelbaum et al., 1982). Animals that
‘ X . . -

engage in this type of movement remain in a relatively fixed
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-
location within the test area and are generally strongly asymmetric
posturally (Arbuthnott and Ungerstedt, 1975); in addition, these
animals generally circle many times in a given test session.
The other type of circling that has been reported in\;blves a forward
locamoting response in which all ‘four limbs move in a forward
direction (i.e. Holmes et al., 1983; Holmes and wis;e, 1985a; 1985b).
These animals describe large diameter circles and generaily circle
muxch slower ‘than '§ivoting' animals.

A third factor that can potentially differentiate one type
of circling fram another is the degi'ee to which the asymmetrical
movements rely upon environmental information. For example,
systemic injections of low dose apanorphine (which generally
cause forward progression) c';‘auses circling when the sensory input
to an animal's head is unileterally eliminated (Szechtman, 1983[); in
this case, animals circle towards the side of the strong sensory
stimilation. Similarly, the directic;h of spontaneous' apomorphine—
induced circling is cjepe.ndent upon environmental information
since environmental manip:xlations can change the direction

of circling (Pisa and Szechtman, 1984). Tigese are in contrast

-

LY

to the types of movements elicited by unilateral muscimol
injections which appear forced and stimulus-independent (Holmer
and Wise, 1985a).

Contralateral circling induced by VTA morphine has been shown ;

"to differ in all three ways fram that induced by SNR muscimol. Whereas
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mrphine—&rxiuced circling is an enviromentally‘—dependent behaviour

. that is generally slow, involves forward limb movements and little
postural asymmetry, muscimol—-induced circling seems relatively
independent of environmental stimuli, is fast and involves a pivo;;ing
action of the limbs (Holmes and Wise, 1985a). Rate of circling
however, may have been a potential confound in that study since .
the rate of muscimol-induced circling was fifteen to twenty times
faster than the rate of n-org*u’ne-j.‘nduced circling. If muscimol-
induced circling rates and morphine—induced circling rates were
equated, there might be no quaiitative differences in the circling.
o The pfesent experiments were designed to establish whéther
morphine-induced contraversive circling resulting fram injections
into the VIA is phencmenoloéically different fram muscimol-induced ’
contraversive circling resulting fram injections into the SuR.
Observations were made w1threspect to the degree of postural |
asymmetry accampanying the circling‘,s the size of the circles;,
. the type of l;'.mb movements made by the animals and the direction
of circling as a function 6f environmental factors. In addition,
Aobslervations were made on biting behavio;tg and rearing activity. ¢

/
Experiment 1 - Open Field Observations

[A}

of Morphine and Muscimol-Induced Contraversive Circling
Methods

Animals were injected with either muscimol (25 ng) in the

N

SNR or morphine (5 ug) in the VIA.- These doses were chosen

A3



64,
because theé” results of the present anatomical study danonstrated
/ that ‘the lowest dose of muscimol produced rates of circling
.comparable to those produced by norp'm.ne ;Lr_xjecta.ons (Holmes and
Wise, 1985a) Thirty minutes after the injection the animals /~
were observed for fifteen minutes in an open fleld that measured
60 an by 54 an with 15 om walls. The type of limb movements made
by the animals, as well as the degree of postural asymmetry and
the size‘of the circles were noted. In addition, a metal
gpatula (approxinlat;ely 15 am 1on9) was brought towards the
snout of the animal twice during the open field te\sting.
Results
Unilateral marphine injections into the VIA resulted in
forward locamotion with turning being predominantly to the
sjde contralateral to the morphine applic;’ation. There was
little postural asymmetry noted in the longitudinal axis of
the animal's body and all four limbs moved forward. The size
of the circles being madg by the animals was almost as large
as the size of the open field “since there was a strong tendency
to walk along the perimeter of the enviromment. When thé metal -
spatula was brought towards the snout of the animals, they stopped
circlincj, sniffed in the directicn of the spatuia and then continued
'to locamote., '1fhe;‘e were no biting responses directed towards the
spatula, |
" Unilateral muscimol injections into the SNR did not produce

e

v.’é -
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forward 1occmotion..‘ In this gase, the hind limb contralateral to.
the side of injection stepped backwards while the opposite hind
limb served as a pivot; the animals thus tended to remain in a
relatively fixed locatiom. There was a tight postural asymmetry
acoanpany:i.xbmg nusc:’mol—induceé circling. The animals circled in' a
diameter little more than the length of their bodies .‘"ﬁhen the
metal spatula was 'brought towards their snout, they stopped circlincg'
(although still remained posturally asymmetric) anditended to
engage in stereotyped biting responses for as long as the spatula was
kept in place. When the spatula was not present in fact, ﬂ'\‘e,
animals ofte;; chewed their forepaw_s.

Experiment II - Rear?’.ng Activity Following Morphine

‘ Injections into the VIA and Muscimnl Injections
T into the SNR
Methods \ o -

' Eight animals with cannulae in the VIA and eight animals
with cannulae'in the SNR were used in the present experiment.
VIA animals were injected with saline or morphine (5 uwg and
10 ug) in a counterbalanced order. SNR animals were injectéd

_with saline or muscimol (25 and 50 ng) in a counterbalanced order.
“‘Each animal was placed in the apparatus for measuring reanng
(General Methods) 30 minutes, following intracranial injections.
A 60 gram food pellet was placed on a ledge near the top

of the apparatus to encourage rearing. The total mx;ber of rears
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elicited in 30 minutes was recorded. All of ‘the animals had ... ...
been habituatled to the rear:ing apparatus for 60 minutes prior
t?. any intracranial drug injections. N
Results . \

Animals injected with morphine engaged in/éire_c'ted rearing
responses; the highest dose of morphine produced the most
rearing. Animals injected with muscimol engaged in fewer directed

rearing responses campared tp morphin® ilijected animals; the

" lower dose of muscimol produéed more rearing than the higher

dose (Figure5). A two-way analysis of variance revealed a main
effect of site (F(1,14)=32.42), p<0l), a main effect of dose
(F(2,28)=43.11, p<00l1l) and a dose by site interaction (F‘(2,28)=27.46,
p<.0l). Scheffe post hoc tests for multiple comparisons (Roscoe, '
1979) revealed sigﬁif‘cant differences between morphine-induced
rearing activity at ail doses (p<.05), between muscimol-induced |
rearing activity at <éal‘;l. doses (pz.OS) and between morphine-induced
and Jusdimol-induced rearing activity at both the low and high doses
of ths' drug (p<.05). /
Experiment III - Envircnmental Dependence of VTA

Mofphine-Induced Circling but not SNR Miscimol-TAdued Circling

Methods \
The same sixteen animals that were used in expériment I were

used in the present experiment. The animals with VIA placane\ﬁts\;we!je

injected with morphine (5 ug) and the animals with SNR placements
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Figure 5. Mean number of rears (+SEM) following injection of

saline, morphine (5 ar 10 ug) into the VIA or muscimol (25 ar 50
ng). Tﬁe animals were habituated to the appafatus (in undrugged
conditions) for a total of 60 minutes prior to testing with saline or

drug.

A 2
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were injected with muscimol (25 ng); these doses were used because
they produce camparable rates of contralateral circling. The animals
were tested in the apparatus used to measure direction of circling
(General Methods) immediately followiné intracranial injections:
The animals were tested on two separate days. On day one, the
animals were placed in the round buckets for the first thirty
minutes, on a 120 am square wooden surface that .had 30 an high
walls around the perimeter and a 76 am square wooden hole in the
center for the second thirty minutes, on a 180 an square wooden
surface with the outer perimeter open to the floor {(cne meter below)
and a 30 am high 76 am square inner perimeter for the third thirty
minutes and in th;e round plastic huckets for the last thirty minutes
(a,B,C,A). On the second test day the animals were exposed to
environments B and C in the opposite order (A,é,B,k). Th
number and direction of circles per minute in each of the
environments was determined.
Results

Animals given i;xjections of morphine into the VIA circled
contralateral to the side of injection when placed in environments
A and B; they circled ipsilateral to the side ;:f injection when
placed in environment C. This was true regardless of the order
of testing. , Animals given injections of muscimol into the SR
circled contralateral to the side of injéctj:m in all three

environments (Figure 6), This was also true regardless of the
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Figure 6. Direction of circling as a funétion of envirorment and
drug. Animals with cannulae aimed for the VIA were tested with
morphine in three different envirorments: s:.mllar testing was
performed on animals with cannulae in the SNR. The animals were
tested on two different déys. On the first day t‘r'xe order of
exposure to the diffez:ent environments was A,B,C,A; on the .second

3

day the order of exposure was'A,C,B,A. ;

A . - "
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- order of testing. Mbrpl'xine-‘-induced\' circlers tended to expleore all

parts of environments B and C, mc_!ving either around the square
hole in the center of environment B or around the perimeter of
the wa;lls in enviromment C. Muscimol-induced circlers remained
in a fixed location in both ex‘wizionments B and C (Figure 7).
Most muscimol-injected animals fell through the square hole when
tested in environment B; morphine-injected animals never fell
through the hole. . A three way analysis of variance revealed
a main effect of site (F(1,14)=581.46,p<.0001), a main effect of
environment (F(3,42)=515.%7), p<.0001), and a site by environment
interaction (F(3,42)=679.04, p<.000l). |
Discussion

Muscimol~-induced circling appears to be relati\}ely stimulus
independent. At least three observations lead to this sugge;ﬁ.gr_x .
First, the size of the circles remain const::;nt fegardless /of the size
of the test environment in which the animals are placed ;;'enyirom\ental
cues do not.seem to encourage forward locomotion. Secor}d, there ié
a strong 'forced' postural asymmetry in the longitudinal axis of
the animals body. This is true when the animals are at rest and
not simply when they are moving. Third, the animals do not engage 7
in directed rearing activity: in lfact, as the éose of nn:scinol‘
is increased, less rearing activity occurs. The circling seems
to can;:ete with the rearing response. Thus, even though rearing
- activity is often initiated, it less ‘often gets expressed ’to campletion

/

>
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Figure 7. A diagraxm@t:.,ic representation of the type of circling

activity elicited by either morphine in {-Jje VIA or muscimol in 4 .
the SNR in two different environments. When morphine ar

,‘musciml-induc circlers are placeda in envirament B, théy circle
contralateral to the side of drug injection; in environment C |

}mev&, animals given nni-phine. circle ipsilateral to the side of

drug injection and animals given muscimol circle contralateral to —
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- {(i.e. animals try to stand on their hind legs but fall down and bewgz.n

»

to circle). Finally, the direction of muscimol-induced circling
e,

remains constant regar?iless of the'en;r_ironment; in fact, in all

of* the test environments, muscimol-induced circlers tend not to

® /explore and remain in arrelatively fixed location: It seems

obvious when one watches them fall through a hole in the center of
their environment (to a floor one meter below) ﬂﬁt their forced,

centrally generated movements caused their misfortune.

<
~  The suggestion that SNR muscimol injections cause 'forced-like'
|

movements accampanied by s&mg postural asymmetries fits well with
data dafi);lstrating that unilateral stimulationior ablation of the
striatun (the origin of the GARAergic fibers which synapse onto
éNPL neurpns) causes asymmetries iﬁ the longitudinal axis of an

animal's body. Part of these asymmetries are due to 90 degree

e

(7 head turns that are invariably elicited by either chemical

(Ungerstedt.’ Butcher, Butcher, Anden and Fuxe, 1969) or electrical

stimulation (Crossman, Lee and Slater, 1977). 1In additién to head

"turns, electrical stimulation in the area of the SNR are acocanpanied

by driven contralateral activity in several groups of muscles

including the trapetius, biventer cervicus, \rectus capitis and scalenus
dorsalis (Asdourian, Guela, Keiland, Shen, Zawisa and Lipinsk:rx,

1985). It is as yet unclear however, how these Mgrally-derivéé e

\ b -
muscular contractions gain access to the motor periphery since lesions

of the main ouépv.}*, pathways of the SNR (i%e. nigré—rgticular,
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nigro-thalamic, nigro-tectal) have no effects o nuscular activity .
drivgx by SNR stimulation. | 5
Although muscimol-induced circling seems relatively irndependent

of envirommental stimuli it may not be canpleltelydso since simﬂar

injections are known to cause same ocontralateral sensory enhancement.
) . N AS

For example, animals given unilateral muscimol <into the SNR ﬂ s

demonstrate a contralateral enhancement of the perioral biting
reflex (.Huston, Nef, Papadopoulos and Welzl, 1980) such that they

> respond to tactile stimulaticn of the mouth area on the side of the |

., body opposite to the drug-injection more effe'ctively than to similar

.
stitmlatl'on on the side of the body lpsllateral to the drug a.njecton

. These animals respond to tactile stimulation with a withdrawal of the

. lip followed by a vigorous bJ.t;.ng of the probe. Similar bilateral
i injections gf GABAergic agents are known to cause oral stereotypies
‘ including gnawing behaviours (Arnt and Scheel.-Kruger,( 1980; |
| Huston, Nef, Papadopoulos and Welzl, 1980; Taha, Dean and -

Redgrave, 1982; Childs arid Gale, 1983; Baumeister and Frye, 1984) -
The éarese;}: experiments suppoﬁ the opservation that such injections
cause stereotyped biting behaviours since in all cases, ‘animals in
the open field made clear biting responses towards the sp‘;tula.
Fm'theﬁmre, when there was no stimulus in the envirorment on which
the animal could gnaw, it often chewed its own paws.- 'I'hJ.s phenanetx:n
has also Pbeen reported previously in the literature (Batmaster and

-~ T‘ . ‘ F;ye. 1984). 1In these experiments animals gnaw at their bodies

o
-
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even to the extent of causing lesions. While the observation that .
nuscimol can ermancg sensory responsiveness around the snout
suggests that same sensory functions a;'e subserved by SNR
GABAergic systems, it does not necessarily mean that circling
following such injections is also sensory dependent; it only suggests
dmt.tpére 'may be a sensory camponent to this actiwvity.

" Whereas  SNR muscimol-induced contraversive circling appears
to be relatively stimulus~independent, VTA norphme—mduced
contraversive circling appears to be environmentally-directed. ‘
At least three observations lead to this suggestion. First, in
ocontrast to muscimol-induced circling, the size of the circles .
elicited by rorphine injections depends upon the size of the
test enclosure. Thus, when MIS are placed J.n the small .
plastic Euqkets they make small circles; when placed in the
large open field, they make large circles. Secondly, dcsez's. of
morphine which c;axluse strong ocontraversive circling tend to
cause directed rearing responses as well. In this case, the
rearing was directed towards the food stimulus located near tﬁe
top of the apparatus.? Finally, the direction of morphine-induced
circling depends upor? en;limmental stimuli since they circle

t

contraversively when placed in same environments and ipsiversively °
when placed in others. S
The fact that morphine~induced circling is depesdent upon

dopaminergic activation fits well with the suggestion that the
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behaviour is dependent on envirénmental information. For examole,

it is well known that animals with a unilateral nigrostriatal

dopamine lesion exhibit a unilateral sensary negledt in addition to

the extensively studied movement asymmetries (Ljungberg and Ungerstedt,
1979; Mmarshall, 1980). As might be expected, the animal circles

avay from the visual field that is neglected, turning towards abjects
in the ‘affecti‘ve visual field. Thus, asymmetrical movements and
aéymnetrical sensations may be closely related, at least dopaming—
induced .anes. Recent evidence supports this suggestion. For example,
an animal treated with moderate doses of apanrphine engages in
forward locamotion (Teitelbaum et al., 1982) that includes snout-

to-ground, exploration. If the sensary input to the snout is

unilaterally blocked by bandaging one half of the animals head, - the

direction of locamotion following apomcrphine injecti ames biased
towards the sensory intact side (Szechtman, 1983). Si phine
®

applied to the dopamine cell region increases dopaminergic activity

i .
as demonstrated electrophysiologically (Matthews and- German, 1983)

and behaviourally (i.e. Vezina and Stewart, 1984; Bozarth, 1983),

‘unilateral injections should caL}ye unilateral sensory enhancement.

That this enharcaﬂiinteracts with particular environmental stimili
' to determine the dirdction the circling will take is evident since

dnimals will circle a particular way in one envirorment

k',

\ . K
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and the other way in another environment. While it is not clear
why this is so, it has beerr observed previously that animals

“ circling spontaneously following injections of dopaminergic agonists
also tend to circle a particular way depending on environmental
information; in these studies animals keep a particular side of “the
body exposed to edges (Pisa and Szechtmah, 1984). These investigators
suggest that dopaminergic agonists causing spontaneous ‘directionally-
biased movements do so by creating lateralized investigatory responses.
With r}orphine‘ injections into the VI‘A:, animals tend to circle in the |
direction that keeps their 'enhanced' visual field away fram walls.

* This too may be due to same sort of lateralized investigatpn'( response;
further work needs to address this issué.

?ENERAL DISCUSSION
The basal ganglia cénprise a camplex set of qeurcnal

* systems that seems ‘to plair a pri:pary role in‘moto‘r behaviour. In
an atte;tpti to elucidate precise f;nctlons of the basal ganglia,
many invéstigators have ’used the circling paradigm ml whlch either

unilateral activation or inactivation of different neural systems
. y

t

#
within basal ganglia structures causes animals to move with a

- directional bias. -
. While the evidence has shown that circling can result fram 1
manipulation®at different levels of the basal ganglia, this does
not mean that a‘il levels.of tﬂis camplex system subserve the same
.. . motor functions. Fgr example: ;tﬁnMatim of tl';e ascending dopamine -
L - : -

-
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systems (same of whlc;'l form close connections with the basal ganglia)
(Nauta, Smith, Faull and Domesick, l97§) causes behavioural activation
accampanied by exploratory responses (i.e. Broekkamp et al.‘,‘ 1979;
Kelley et al., 1980); when' stimulation is unilateral, animals explore

-with a directional bias (Holmes and Wise, 1985a). Stimulation of the
SNR (a major output pathway of the basal ganglia} seems to cause forced;
stimilus independent (i.e. centrally generated) movements. While the
dependent measure used to study these directionally-biased movements
is the same (circling), it seems clear that they result from different
underlying érc;cesses.

Investigators that nlrak—e use of the circling paradigm should
be ‘cognizant of the fact that directionally-biased movements: can
can be both qualitatively and quantitatively different. "It is¢
the qualitative differences that may provide cues as to the ‘
| Eoter;tially subtle functions subserved by different neurochemical
: s}stems. Pwaret-mess of these subtlef.ies might lead to a

‘ clearer mdérstanding of the underlying organization of the

central nervous system mechanisms of movement .

oM
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