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Substantia nigra 6-0HDA lesions mimic 
striatopallidal disruption of syntactic 
grooming chains: A neural systems 

analysis of sequence control 

KENT C. BERRIDGE 
University of Michigan, Ann Arbor, Michigan 

It has been suggested that the coordination of complex sequences of behavior requires normal 
nigrostriatal function. A previous study showed that kainic acid lesions of the corpus striatum 
can disrupt the performance of natural, untrained stereotyped sequences (syntactic chains), which 
occur regularly during normal rodent grooming. In this study, intranigral injections of 6-0HDA 
were used to destroy nigrostriatal dopamine projections in order to deplete the striatum of 
dopaminergic inputs. Striatal dopamine depletion was found to disrupt the effective completion 
of syntactic grooming chains. Syntactic chain disruption was correlated with the aphagia that 
follows dopamine depletion. These data were compared with those from previous studies of chain 
completion after striatal damage, after sensory deafferentation, and after decerebration at vari
ous levels of the brainstem. These comparisons indicated that the loss of either dopamine projec
tions or intrinsic striatal neurons produced equivalent disruption of syntactic grooming chains. 
It also showed that loss of either component of the nigrostriatal system disrupted chaining to 
a degree equal to that produced by loss of the entire forebrain. These results suggest that the 
integrity of nigrostriatal systems is crucial to forebrain implementation of this stereotyped 
sequence. 

The system formed by the corpus striatum (caudate
putamen and globus pallidus), and its connections with 
the substantia nigra, cortex, and thalamus, has long been 
recognized as crucial to motor function. Clinical diseases 
(e.g., Huntington's chorea, Parkinson's and Wilson's dis
eases, and certain tardive dyskinesias) of the nigrostria
tal system or of its connections produce profound be
havioral disturbances . Yet these disorders are difficult to 
characterize in terms of simple motor deficits and, in com
parison to other "motor structures" such as precentral 
cortex, the motor functions of the nigrostriatal system re
main poorly understood. 

It seems dear, however, that the role of this system 
goes beyond the coding of elementary actions. Although 
single units within the striatum have been found to fire 
in conjunction with the performance of simple movements 
(e.g., Aldridge, Anderson, & Murphy, 1980; Anderson 
& Horak, 1985; Crutcher & DeLong, 1984; DeLong, 
1971), such simple movement-linked cells are relatively 
rare in the striatum in comparison to their frequency in 
the primary motor cortex (Lidsky, Manetto, & Schneider, 
1985; Rolls & Williams, 1987). A number of investiga-

This project was supported by National Institutes of Health Grant 
NS 23959. I am very grateful to I. L. Venier for 6-0HDA group main
tenance, and to T. E. Robinson for the doparnine histological analysis. 
Requests for reprints should be sent to Kent C. Berridge, Departrnent 
of Psychology, University of Michigan, Neuroscience Laboratory Build
ing, Ann Arbor, MI 48109. 

tors have proposed that nigrostriatal systems are more 
closely concerned with the organization of movement into 
coordinated sequential patterns than with the production 
of motor elements. This hypothesis has arisen largely from 
studies of animals with striatal damage but has also been 
supported by clinical observations. For example, nigros
triatal Parkinson's patients show particu1ar deficits in cer
tain sequential movement tasks (Benecke, Rothwell, Dick, 
Day, & Marsden, 1987; Stelmach, Worringham, & 
Strand, 1987), and corticallesions of Broca's area that 
produce sequentially recurring utterances may generally 
be accompanied by additional striatal damage (Brunner, 
Kornhuber, Seemüller, Suger, & Wallesch, 1982). 

Tbe present study focused upon the role of nigrostria
tal circuits in the control of natural, species-specific se
quences of action. Species-specific action patterns pro
vide an opportunity for exarnining the neural control of 
complex coordinated action within the natural behavioral 
context that brain systems have evolved to control. A rich 
variety of coordinated sequential patterns occur in rodent 
groorning (Berridge, Fentress, & Parr, 1987; Fentress, 
1972; Richmond & Sachs, 1978). One ofthe most highly 
structured of these sequential patterns is a "syntactic" 
(Lashley, 1951) chain that organizes many individual fore
limb stroke and lick actions into four stereotyped phases 
(Figure 1; Berridge & Fentress, 1986). This stereotyped 
chain is specified by neural systems residing primarily 
in the brainstem (Berridge, 1989) and is largely indepen
dent of any need for peripheral sensory feedback (Ber-
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Figure 1. Idealized schematie notations of sequentially flexible (top) and syntactie ehain (bot
tom) modes of faeial grooming. Time proceeds from left to right. Diagonal deviations above 
and below the horizontal axis denote movements of the two forepaws along the face and away 
from the nose (axis). Open squares denote paw lieks; filled square denotes body liek. Chain 
phases are (1) tight ellipses around the mouth; (2) asymmetrical or unilateral strokes; 
(3) bilateral, large-amplitude strokes; and (4) body lieking. 

ridge & Fentress, 1987a). Yet a study of striatopallidal 
involvement in the coordination of this highly structured 
sequence showed that completion depended significantly 
upon the integrity of striatal circuits. Extensive loss of 
intrinsic striatopallidal neurons from either the anterior 
or the posterior corpus striatum reduced the percentage 
of chains that were completed syntactically to approxi
mately half the normal level (Berridge & Fentress, 
1987b). This observation of disruption supports the propo
sition that the syntactic structure even of natural and un
trained behavioral sequences depends to a large degree 
upon striatopallidal function (Bury & Schmidt, 1987; 
CooIs, 1985; Schmidt, 1984). 

There are a number of ways by which striatal and 
related systems might exert control over this instinctive 
sequential pattern. Different investigators have suggested 
nigrostriatal involvement in sequencing to be either direct, 
via the generation and initiation of centrally programmed 
sequences of action (Cools, 1985; Evarts, Kimura, Wurtz, 
& Mikosaka, 1984; Jaspers, Schwartz, Sontag, & Cools, 
1984; Marsden, 1982), or indirect, via the hierarchical 
modulation of sensorimotor loops and central pattern 
generators (Abercrombie & Jacobs, 1985; Berridge & 
Fentress, 1987b; Cools, 1985; Iverson, 1979; Lidsky 
et al., 1985; Schneider, 1984, 1987). Hypotheses of direct 
striatal generation of patterning would suggest that these 
neurons participate in the actual specification of the serial 
order that constitutes the pattern. Such hypotheses would 
account for chain disruption after striatal lesions on the 

grounds that the syntactic rule itself cannot be properly 
generated in the absence of these neurons. Hypotheses 
of indirect hierarchical modulation would suggest that the 
striatum normally functions to modulate sensorimotor 
loops and to switch control between competing centrally 
generated signals and external sensory cues. According 
to this view, chain disruption would occur after striatal 
damage because distracting sensory events would fail to 
be suppressed during chain execution, and so could suc
cessfully compete with chaining and cause grooming to 
revert to a sequentially flexible or stimulus-guided mode 
(Berridge & Fentress, 1987b). 

Whether striatopallidal circuits participate directly in 
the actual generation of chain sequential structure or in
stead act hierarchically to implement patterns generated 
entirely elsewhere, it is clear that no single brain struc
ture alone can be assigned responsibility for the coordi
nation of high-level behavioral patterns. Rather, a sys
tems view that incorporates afferent and efferent 
connections is required to understand how separate struc
tures interact to form coordinating complexes. 

Ascending projections from dopamine neurons within 
the substantia nigra and ventral tegmentum form a cru
cial component of striatal systems. These dopamine 
projections are likely to participate in any striatopallidal 
control of sequential coordination, whether it be through 
pattern generation or sensorimotor modulation. Regard
ing pattern generation, Divac (1975, cited in Divac, 
Öberg, & Rosenkilde, 1987) has argued for a role of sub-



stantia nigra doparnine projections by distinguishing be
tween pattern coding neuronal functions and permissive 
or rate-setting ones. Divac and bis colleagues suggest that 
coordination of the patterned activity of striatal neurons 
arises through intrinsic circuits and cortical connections, 
but that this requires the presence of doparninergic affer
ents "setting the stage, as it were, for the patterned ac
tivity ofthe neostriaturn" (Divac et al., 1987, p. 62). Ar
riving at a similar conclusion from a different direction, 
Marsden (1980) has suggested that "the lesion that dis
rupts normal basal ganglia function most effectively is in
activation of the doparninergic input from the rnidbrain" 
(p. 285) and that motor prograrnrning is impaired in the 
absence of this input. 

A role for nigrostriatal projections in the control of sen
sorimotor responsiveness also has been indicated by many 
experiments (e.g., Fairley & Marshali, 1986; Marshali, 
Turner, & Teitelbaum, 1971; Schallert & Hall, 1988; 
Schallert, Whishaw, De Ryck, & Teitelbaum, 1978; Un
gerstedt, 1971; Whishaw, O'Conner, & Dunnett, 1986; 
Whishaw & Tornie, 1988) and by clinical observations 
(e.g., Schneider, Diarnond, & Markharn, 1986). A num
ber of these studies have shown that the processing of oral 
and facial sensory information, which rnight be especially 
potent distractors or control signals for a factal groom
ing sequence, is influenced by nigrostriatal manipulations 
(Caligiuri & Abbs, 1987; Huston, Morgan, Lange, & 
Steiner, 1986; Schallert & Hall, 1988; Schneider, 1984). 
The hyporesponsiveness that follows nigrostriatal damage 
has been weIl documented by these investigations, but it 
also appears that a sensorimotor hyperresponsiveness can 
be seen in certain Parkinson's patients (e.g., Caligiuri & 
Abbs, 1987) and in striaturn-darnaged animals (e.g., Ber
ridge, Fentress, & Treit, 1988). Such bidirectional 
changes in sensorimotor responsiveness are consistent 
with the hypothesis that lesions disrupt dynarnic sensori
motor modulation: programmed increases and decreases 
of sensorimotor responsiveness from baseline levels both 
should be affected. Finally, it has been shown that at least 
some impairments of sensorimotor function are produced 
similarly by intrinsic lesions (kainic or ibotenic acid) and 
by doparnine denervation (6-0HDA) ofthe striaturn (Dun
nett & Iverson, 1982; Whishaw et al., 1986). These points 
lead to the prediction that striatal control of grooming se
quences is likely to be shared by ascending components 
of the nigrostriatal system. 

In this study, the necessity of substantia nigra dopamine 
projections to the striatum for the performance of syn
tactic grooming chains was exarnined. Rather than damag
ing the striaturn directly, injections of 6-hydroxydoparnine 
(6-0HDA) were made bilaterally into the substantia nigra 
in order to remove doparnine projections, and the result
ing effects on chaining were assessed. To better evaluate 
the results within the context of a larger systems anal
ysis, these effects were also compared explicitly to those 
that follow other neural manipulations relevant to the ex
ecution of natural groorning chains: striatallesions, sen-
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sory deafferentation, and decerebration at various brain
stern levels. 

METHOD 

Surgery 
Twenty-seven male Sprague-Dawley rats were anesthetized with 

ketamine (100 mg/kg, i.m.) and acepromazine (I mg/kg) and in
jected with bicillin (30,000 units, i.m.) and atropine sulfate 
(I mg/kg, i.p.) prior to surgery. 

Bilateral skull holes were drilled 5.0 mm posterior to bregma and 
2.0 mm lateral to midline, with bregma and lambda in the same 
horizontal plane. A 30-ga cannula was placed 7.3 mm below dura 
to reach the rostral zona compacta of the substantia nigra. Tbe 6-
OHDA HBr (2.0 /lg//LI) was dissolved in cold 0.9% saIine-ascorbate 
solution (0.1 mg/ml). After 1 min, 4 /LI of the 6-0HDA solution 
was infused graduaIly over 10 min, and the cannula was left in place 
an additional 2 min after the infusion ended. 

Eight additional rats were used as controls. Control rats received 
intranigraI infusions of the saIine-ascorbate vehicle solution, without 
6-0HDA, using the same procedure. Half of both groups of rats 
also received injections of desipramine (20 mg/kg, i.p.) 30 min be
fore surgery, and each rat was also implanted with chronie oral 
cannulae for reasons described elsewhere (Berridge, Venier, & 
Robinson, 1989). 

Maintenance 
Rats were housed on a 14: 10 h Iight:dark cycle. Postsurgical 

aphagia was carefully monitored. To prevent dehydration, each rat 
was intubated with 10 ml water twice on the day after surgery. Tbe 
rats had free access throughout to chow pellets and water and to 
a palatable cereaI mash. Rats that ate neither food pellets nor cereaI 
mash were c1assified as aphagic. Rats that ate either any pellets or 
mash were c1assified as nonaphagie for the purposes of this study. 
Any rat that lost body weight was intubated each day with 10 ml 
of a liquid diet (sweetened condensed milk, water, vitamins) for 
every 5 g of weight lost, up to a maximum of three intubations 
per day. 

BehavioraI Testing 
Grooming sequences were elicited from rats by spraying them 

with a light water mist, beginning after 7 days of recovery from 
surgery. Each rat was placed in a transparent test chamber, under 
which a mirror was positioned to reflect a view of the head and 
face of the rat into the zoom lens of a video camera. Tbe rats were 
videotaped daily in 30-min sessions until at least a total of 10 min 
of continuous grooming had been taped for each rat. 

Chain-Completion Analysis 
Videotaped grooming sequences were analyzed in slow motion 

by observers blind to the experimental condition of the rats. Syn
tactie chains were identified first at 1/30 normal speed and then 
transcribed frame by frame using the graphie grooming notation 
system as in Berridge and Fentress (1987a, 1987b). Syntactic chains 
were defined by the serial occurrence of four phases: (1) a bout 
of five to nine elliptieal strokes of small amplitude centered over 
the nose (6-7 Hz); (2) a single unilateral (or asymmetric bilateral) 
stroke or short series of strokes ascending to the dorsal border of 
the mystacial vibrissae; (3) a repeated series of large-amplitude 
strokes, typieally bilateral and symmetrical with respect to fore
paw trajectories; and (4) tucking ofthe head and shifting ofthe body 
to begin a bout of ventrolateral body Iicking (Figure 1). Criterion 
for chain completion in this study was the serial occurrence of all 
four phases in correct order within 5 sec of the initiating Phase I 
bout of rapid ellipses. 
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Histology 
Eight aphagic rats with 6-0HDA lesions and 4 rats from the 

vehicIe-control group were used for striataI dopamine-depletion anal
ysis. The rats were decapitated, and their brains were removed and 
cooled in iced saline within 40 sec. 

After 1 min of cooling, each brain was sliced as in Heffner et al. 
(1980), the striatum was bilaterally extracted by micropunch, placed 
in HCI04 , homogenized, centrifuged, frozen, and analyzed within 
2 weeks for dopamine and dopamine metabolites by high
performance liquid chromatography (Robinson, Becker, Young, 
Akil, & Castefieda, 1987). 

RESULTS 

6-0HDA injections into the substantia nigra produced 
periods of aphagia ranging from 2 to 30 days. The con
centration of striatal dopamine in aphagic rats averaged 
approximately 15% ofthe control value (control rats mean 
± SEM = 17 ± 1.43 ng dopamine/mg wet tissue; 6-
OHDA rats = 2.61 ± 1.69 ng/mg). 

Fur wetting elicited prolonged bouts of grooming in all 
rats. Depletion ofbrain dopamine levels by 6-0HDA did 
not diminish the amount of time that rats spent in groom
ing. In fact, rats that had been treated with 6-0HDA spent 
significantly more time grooming than did control rats 
[control mean ± SEM = 24.5 ± 4.2 sec of grooming 
per minute of observation vs. 6-0HDA = 38.4 ± 3.5 sec; 
F(1,34) = 4.55, P < .05]. Sirnilarly, the rate at which 
the rats initiated syntactic chains (defined by the occur
rence of Phase 1 ellipses followed by Phase 2 strokes) was 
not diminished by dopamine depletion. Control and 6-
OHDA rats did not differ in the absolute rates at which 
they began syntactic chains [control = 0.45 ± 0.08 chains 
initiated per minute of observation vs. 6-0HDA = 0.51 
± 0.06; F(1,34) = 0.37]. Even in terms ofrelative rates 
of chain initiation (relative to time spent in actual groom
ing), the control and 6-0HDA groups differed only mar
ginally [control = 1.25 ± 0.16 chains per minute of ac
tual grooming vs. 6-0HDA = 0.86 ± 0.21; [F(1,34) = 
3.00, p = .09]. The percentage of initiated chains that 
were successfully completed was reduced, however, in 
6-0HDA rats relative to controls [control = 87.5 ± 3.2; 
6-0HDA = 69.8 ± 5.1; F(1,34) = 4.79,p < .05]. Dis
rupted chains followed the same pattern as that seen in 
disruptions caused by striatopallidallesions (Berridge & 
Fentress, 1987b): the rats initiated and completed Phase 1 
and often continued to Phases 2 and 3. Disruption of the 
pattern typically occurred dudng the series of large
amplitude, bilateral strokes that constitute Phase 3 
(Figure 2). It is noteworthy that these interruptions did 
not usually halt the grooming bout but generally led im
mediately to a continuation of sequentially flexible facial 
grooming, just as in striatallesion disruptions (Berridge 
& Fentress, 1987b). Yet.the rats did not lose the capacity 
to engage in Phase 4: the 6-0HDA rats did not show an 
overall reduced incidence of paw or body licking as a 
grooming component [control = 47% of grooming ac
tions vs. 6-0HDA = 39%; [F(1,34) = 2.28, p > .1]. 
These observations support the conc1usion that both le-

sions can disrupt the sequential organization of groom
ing without removing the capacity to produce grooming 
actions. 

It appeared that the degree of chain disruption was not 
distributed randomly among the 6-0HDA rats, but rather 
seemed associated with the severity of aphagia that was 
induced by dopamine depletion. A correlation analysis be
tween the number of days of aphagia and the chain
completion rate for each rat showed that this was true. 
The length of aphagia induced by 6-OHDA was correlated 
positively with the percentage of disrupted syntactic chains 
[Spearmansrho = 0.40, t(25) = 2.2, p < .05].lnspec
tion of the data suggested further that a ' 'critical 
threshold" for aphagia existed at roughly 6 days, which 
could be used to predict whether a rat' s completion of 
syntactic chains would be impaired. To test this, the 6-
OHDA rats were divided into aphagic (days of aphagia 
~ 6; n = 19) or temporary (days of aphagia ~ 5; n = 
8) categories, and chain completion was reanalyzed. 
Chain-completion rates differed by category [F(2,32) = 
6.35, p < .01] in a way that supported the notion that 
chaining was linked to a critical severity of aphagia: 6-
OHDA rats that were aphagic for 6 or more days com
pleted significantly fewer chains (61 % ± 5%) than did 
either control (88 % ± 3 %; Newman-Keuls, p < .01) or 
temporary 6-0HDA rats (90% ± 4%; P < .01], whereas 
the control and temporary 6-0HDA categories did not 
differ from one another (Figure 3). Finally, separate 
Spearman's correlations were calculated between chain 
completion and aphagia, and between chain completion 
and striatal dopamine levels, for only those rats in the 
aphagic group. These analyses did not show a significant 
relationship between these variables, once the 6-day cri
terion had been exceeded (rho< 0.25 for each). 

DISCUSSION 

A minimum degree of integrity among nigrostriatal 
projections is required for the syntactic sequencing of 
grooming chain actions. The disruption of syntactic chain
ing by 6-0HDA is not accompanied by a general reduc
tion in the overall amount of grooming. This preserva
tion of overall grooming levels is consistent with previous 
reports that grooming need not be reduced (and may even 
be enhanced) by brain dopamine manipulation (e.g., 
Dunn, Alpert, & Iversen, 1984; Whishaw & Dunnett, 
1985) or by pharmacological manipulation of related neu
rotransmitter systems (e.g., Dunn, Berridge, Lai, & 
Yachabach, 1987). Rats also retain full capacity to initi
ate syntactic chains at rates comparable to normal after 
brain dopamine depletion. However, there is a marked 
impairment in the rate of syntactic chain completion af
ter 6-0HDA administration. This impairment of syntac
tic efficacy is linked in a stepwise fashion to the well
known impairment of feeding that follows dopamine 
depletion (e.g., Ungerstedt, 1970, 1971). Only 6-0HDA 
injections that produce a substantial degree of aphagia, 
in this case aphagia of at least 6 days, appear sufficient 
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to disrupt sequential chain completion. This threshold of 
apbagia relationship to sequence disruption appears sirnilar 
to the threshold of doparnine depletion that has been 
described for aphagia itself after 6-0HDA administration 
(e.g., Stricker & Zigmond, 1976). 

These results support the idea that nigrostriatal circuits 
contribute to behavioral sequencing, and reinforce the 
point that their contribution is made as a coordinated sys
tem of neural elements working together. For this natural 
action chain, darnage either to the intrinsic striatal neu
rons that constitute the targets of ascending doparnine 
fibers (as in Berridge & Fentress, 1987b) or to the sub
stantia nigra source ofthese fibers (as in the present study) 
reduces the reliability of syntactic chain exeeution. 

The substantia nigra focus of the 6-0HDA injections 
in this study would have lirnited the population of affeeted 
doparnine neurons to those of midbrain origin, but would 
not have been specific to a neuronal subpopulation tar
geted to any particular striatal region. Different striatal 
regions may show considerable functional (e.g., Fairley 
& Marshall, 1986; Iversen, 1984; Pisa, 1988; Pisa & 
Schranz, 1988) and anatomical heterogeneity (e.g., 
Malach & Graybiel, 1987; Nauta & Domesick, 1984). 
It is conceivable that a study using focused lesions, which 
would be more specific than the massive striatal dopa
mine depletion used here, would reveal the existence of 
a crucial nigrostriatal subcircuit. In addition, it is not yet 
possible to tell whether the elose association between the 
motivational deficit of aphagia and the motor or sensori
motor deficit of sequencing occurred because the two 
deficits are mediated by separate subcircuits, each of 
which is simi1arly aepleted by a 6-0HDA injeetion, or 
because a single neural doparnine system is actually 
responsible for both behavioral functions . It can be noted 
from previous results that chain disruption was not linked 
elosely to aphagia following intrinsic striatal damage by 
kainic acid, although certain other sensorimotor changes 

were (chain initiation, choreic paw treading) (see Berridge 
& Fentress, 1987b; Berridge et al., 1988). 

Comparison of Neural Manipulations 
of Syntactic Chaining 

A growing body of data exists regarding the effeets of 
neural manipulations on the execution of natural syntac
tic chain sequences in grooming. These manipulations 
range from the removal of facial sornatosensory feedback 
by peripheral deafferentation, to central neurotoxin lesions 
of the forebrain and midbrain, to the complete isolation 
of the brainstem by transection at levels ranging from the 
caudal hypothalamus down to the rostral medulla oblon
gata. Each ofthese studies has been conducted using sirni
lar testing and analysis procedures, and legitimate com
parisons can be made of the various outcomes. Such 
comparisons rnay allow us to build a more complete "neu
ral systems" understanding ofhow natural sequential pat
terns are generated and controlled by the brain. For this 
purpose, and to place the present observations on 6-
OHDA effeets in better perspective, data from this and 
earlier studies were explicitly compared in a statistical 
analysis. 

The consequences of eliminating somatosensory feed
back from the face during chaining (n = 8) were taken 
from the deafferentation study of Berridge and Fentress 
(1987a), which exarnined the effeets ofbilateral transec
tion of the sensory maxillary (face and nose) and man
dibular (jawand tongue) branches ofthe trigeminal nerve. 
The effects on chaining from loss of intrinsic striatopalli
dal neurons, induced by intrastriatal injeetions of 1 p.g 
kainic acid in either the anterior or the posterior corpus 
striatum were taken from Berridge and Fentress (1987b). 
Anterior and posterior striatopallidal lesions resulted in 
equivalent disruption of chain completion in that study, 
so data from those lesions were combined into a single 
striatallesion group (n = 19) for this analysis. The ef
feets of decerebration at various brainstem levels on chain
ing were taken from Berridge (1989). Complete isola
tion of the brainstem in that study by spatula transeetion 
at a level that removed the midbrain but left the pons, 
cerebellum, and medulla intact (i.e., a metencephalic de
cerebrate: suprapontine transeetion) produced a degree 
of chain disruption that was no greater than that sustained 
by a mesencephalic decerebrate, which did possess a mid
brain and bad lost merely a forebrain (supracollicular tran
section). Data from rats with those transections were 
therefore combined into a single high decerebrate category 
(n = 18) for this analysis. Transections at the pon
tine-medullary function, which isolated the medulla ob
longata (myelencephalon) from all rostral structures, 
produced a very different effect on syntactic chain com
pietion in that study, however, SO rats with myelencephalic 
transections were considered separately here as a low de
cerebrate category (n = 6). The effects of substantia nigra 
6-0HDA lesions were contributed by the aphagic (~ 6 
days) 6-0HDA group from the present study (n = 19). 
Finally, surgical controls from these studies were com-
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bined to fonn a single control group (n = 29). These six 
groups were compared for syntactic completion of groom
ing chains by single-factor ANOV A and Newman-Keuls 
tests (Figure 4). 

As expected, chain-completion rates differed markedly 
among these six groups [F(5,93) = 26.42, p < .0001]. 
Post hoc tests showed that the six different conditions as
sembled into the three distinct clusters shown in Figure 4. 
Control rats completed chains successfully at a rate of ap
proximately 85 %, and this rate was not impaired by 
peripheral trigeminal deafferentation (Berridge & Fen
tress, 1987a). Both control and trigeminallevels were sig
nificantly higher than striatal kainic acid-lesion (Newrnan
Keuls, p < .01 each), substantia nigra 6-0HDA-lesion 
(p < .05 each) , or high decerebrate (p < .01 each) 
groups. These latter three groups did not differ signifi
cantly from one another and thus fonned a second cluster. 
This is confinned by the fact that the five original con
stituent groups that made up the 6-0HDA, striatal (pos
terior and anterior), and high decerebrate (mesencephalic 
and metencephalic) categories did not vary when tested 
by aseparate ANOVA [F(4,51) = 1.31]. Finally, low 
decerebrates, which rarely or never completed chains con
taining all four phases, differed from every other group 
(p < .01 each), and so fonned a third cluster by thern
selves. 

GENERAL DISCUSSION 

It is not surprising that loss of either intrinsic striatal 
neurons or afferent doparninergic projections can disrupt 
the completion of syntactic grooming chains. This chain 
is a complex action sequence, although stereotyped, and 
a considerable body of evidence exists to indicate a de
pendence of complex behavioral sequencing upon the in
tegrity of nigrostriatal systems. It is somewhat surpris-
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ing, however, that a rat that possesses a complete 
forebrain, excepting only the corpus striatum or ascend
ing substantia nigra projection to that target, should be 
no better able to complete syntactic chains than a rat that 
lacks an entire forebrain (mesencephalic decerebrate) and 
even midbrain (metencephalic decerebrate) in addition to 
nigrostriatal structures. A pontine (metencephalic) de
cerebrate is capable of completing chains with a success 
rate of approximately 40%. Addition of a forebrain con
taining an intact nigrostriatal system (i.e., the control con
dition) can roughly double the effectiveness of syntactic 
chain completion. Addition of a forebrain minus this sys
tem (Le., the striatal and 6-OHDA groups), however, does 
not significantly improve sequential perfonnance. 

The apparent fragility of forebrain function in promot
ing chain execution is open to a number of interpretations. 
The equivalence of removal of either the nigrostriatal sys
tem or the entire forebrain could reflect a preeminent role 
for striatal-related systems in forebrain contributions to 
behavioral sequencing. Conversely, it remains possible 
that rnany unrelated types of forebrain damage will prove 
capable of disrupting syntactic chaining. Whether nigro
striatal systems do playaspecial role in this regard should 
become clearer when more is known about the localiza
tion of the chaining function within subregions of the 
corpus striatum (e.g., Fairley & Marshall, 1986; Pisa, 
1988; Pisa & Schranz, 1988), the role of cortical projec
tions to the striatum, and the contributions of other fore
brain structures and connections to syntactic sequences 
(e.g. , Kolb, Whishaw, & Schallert, 1977). 

A related issue is the nature of the function contributed 
by nigrostriatal systems. The basic sequential structure 
of the syntactic chain can be specified by an isolated brain
stern, as seen in midbrain and pontine decerebrates, and 
this generative sufficiency of the hindbrain might indi
cate thal the forebrain's contribution is not one of syn
tactic rule generation but rather of rule implementation. 
One possible mechanism of implementation is sensori
motor modulation. It has been suggested that chain exe
cution involves a phasic modulation of sensorimotor func
tion, which is reflected by a reduction of reliance upon 
somatosensory guidance to shape grooming actions that 
occur within the chain (Berridge & Fentress, 1987b). This 
reduced reliance upon sensory cues is demonstrated by 
the immunity of chain components from the distortions 
of grooming-action fonn induced by deafferentation (Ber
ridge & Fentress, 1986). It is thus reasonable to posit that 
chain implementation involves a hierarchical switching 
among sensory-guided and centrally patterned control sig
nals. The striatum is an excellent candidate for perfonn
ing such sensorimotor switching functions (see Lidsky 
et al., 1985; Schneider & Lidsky, 1987). 

An alternative to the "implementation by modulation" 
hypothesis is the possibility that nigrostriatal/forebrain 
systems actually participate in the sequential generation 
of syntactic patterns rather than acting to modulate other 
generator systems. The demonstration that brainstem cir
cuits are capable of generating syntactic sequences does 
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not by itself rule out an auxiliary role for the corpus stri
atum in pattern generation, although it does show that the 
striatum is neither the sole generator of such patterns nor 
even an essential element of a closed pattern-generating 
circuit. The sequential pattern of notated chains produced 
by midbrain, pontine, and medullary decerebrates has 
been observed to be consistent with the po~sibility that 
brainstem pattern-generating circuits may be organized 
as adegenerate or parallel system distributed along the 
rostro-caudal axis of the hindbrain (Berridge, 1989). A 
distributed, parallel system of sequential pattern genera
tion might in principle extend rostrally to include striatal
based circuits. If this were true, then nigrostriatal sys
tems could act as partially redundant pattern generators, 
unnecessary for basic pattern specification but still im
portant to facilitate execution and to bring completion rates 
to normal levels. As yet, there is less evidence to support 
a "degenerate patterning" role for nigrostriatal systems 
than exists for a "sensorimotor modulating" function (see 
Schneider & Lidsky, 1987) in syntactic chaining, but both 
can be retained as legitimate hypotheses to guide future 
investigations. 

Conclusion 
Ascending dopamine projections from the substantia 

nigra are essential to the role of striatopallidal systems 
in organizing stereotyped chain sequences of grooming. 
Loss of a substantial portion of this system reduces the 
effective completion of chains to an extent equivalent to 
that produced by large lesions of the corpus striatum it
self. Dopamine projections appear to contribute to this 
sequencing function in a stepwise manner: depletion by 
6-0HDA beyond a criticallevel, linked to the severity 
of induced aphagia (approximately 6 days), disrupts chain 
completion. When 6-0HDA lesions do not produce a 
degree of aphagia that exceeds this critical threshold, 
however, chaining is not impaired. Finally, comparisons 
with other studies reveal that the loss of either compo
nent of the nigrostriatal system disrupts chain comple
tion as effectively as does loss of the entire forebrain. 
The nigrostriatal system thus appears to play a crucial 
role in forebrain coordination of this stereotyped natural 
sequence. 
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