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The neostriatum and its connections control the sequential
organization of action (“action syntax”) as well as simpler as-
pects of movement. This study focused on sequential organi-
zation of rodent grooming. Grooming syntax provides an op-
portunity to study how neural systems coordinate natural
patterns of serial order. The most stereotyped of these groom-
ing patterns, a “syntactic chain,” has a particularly stereotyped
order that recurs thousands of times more often than could
occur by chance. The purpose of the present study was to
identify the crucial site within the striatopallidal system where
lesions disrupt the syntax or serial order of syntactic grooming
chains without disrupting constituent movements. Small exci-
totoxin lesions were made using quinolinic acid at bilateral sites
within the dorsolateral, dorsomedial, ventrolateral, or ventro-
medial neostriatum, or in the ventral pallidum or globus pallidus
of rats. An objective technique for mapping functional lesions

was used to quantify cell death and to map precisely those
lesions that disrupted grooming syntax. Our results identified a
single site within the anterior dorsolateral neostriatum, slightly
more than a cubic millimeter in size (1.3 3 1.0 3 1.0 mm), as
crucial to grooming syntax. Damage to this site did not disrupt
the ability to emit grooming actions. By contrast, damage to
sites in the ventral pallidum and globus pallidus impaired
grooming actions but left the sequential organization of groom-
ing syntax intact. Neural circuits within this crucial “action
syntax site” seem to implement sequential patterns of behavior
as a specific function.
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Traditionally, the neostriatum was thought to be involved primar-
ily in simple motor functions such as movement initiation and
execution (Wilson, 1914; Denny-Brown, 1962); however, the neo-
striatum also participates in more complex motor functions such
as behavioral sequencing (Cools, 1980; Marsden, 1982; Evarts et
al., 1984; Berridge and Fentress, 1987; Kermadi and Joseph,
1995), sensorimotor modulation (Schneider and Lidsky, 1981;
Lidsky et al., 1985; Schallert and Hall, 1988), and motivational-
sensorimotor integration (Hall and Schallert, 1988; Berridge and
Cromwell, 1990; Mogenson and Yang, 1991; Bakshi and Kelley,
1993; Schultz et al., 1995). The present study was undertaken
specifically to examine neuroanatomical constraints on the control
of behavioral sequencing by the neostriatum.
Studies of clinical populations support the hypothesis that the

neostriatum plays a role in the sequencing of action (Agostino et
al., 1992; Bradshaw et al., 1992). Some Parkinson’s and Hunting-
ton’s disease patients have difficulty in sequencing action into
ordered combinations (Marsden, 1984; Oepen et al., 1985; Fol-
stein, 1989; Harrington and Haaland, 1991; Montgomery and
Buchholz, 1991; Brown et al., 1993). For example, when Parkin-

son’s disease patients were asked to perform a series of hetero-
geneous hand postures, they committed significantly more errors
in sequential ordering than control subjects did (Harrington and
Haaland, 1991).
Animal studies have provided more direct evidence for the

hypothesis that the neostriatum is involved in the sequencing of
action (Cools, 1980; Van den Brecken and Cools, 1982; Cools,
1985; Sabol et al., 1985; Whishaw et al., 1986; Berridge and
Fentress, 1987; Mansbach et al., 1988; Pisa, 1988; Jaspers et al.,
1990; Nakamura et al., 1990; Berridge and Whishaw, 1992;
Gardiner and Kitai, 1992; Kimura et al., 1992; Aldridge et al.,
1993; Kermadi et al., 1993; Pellis et al., 1993; Wiener, 1993;
Mittler et al., 1994; Baunez et al., 1995; Kermadi and Joseph,
1995). Most animal studies of the role of the neostriatum in
sequential coordination have examined the relation of neostriatal
activity to the performance of learned sequences of behavior, such
as reaching for food. Such studies effectively demonstrate the
importance of the neostriatum to patterned sequences of behav-
ior; however, they leave open the question of whether the neo-
striatum facilitates behavioral sequences directly by coordinating
the organization of serial patterns, a function Lashley (1951)
termed “action syntax,” or less directly by mediating motor learn-
ing and memory.
Neuroethological studies of species-specific action sequences

depend less on explicit training than learned sequences do, and so
they can help dissociate memory deficits from the actual serial
coordination processes that generate action syntax. Natural
species-specific sequences, such as those used in rodent self-
grooming, exhibit serial patterns that are rule-governed, predict-
able, and to a large degree coordinated endogenously by the brain
(Fentress, 1972; Sachs, 1988; Berridge, 1990; Fentress, 1992). In
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rats, the most highly stereotyped sequences of grooming, called
“syntactic chains,” combine up to 25 actions into a predictable
order that occurs 13,000 times greater than chance (Berridge and
Fentress, 1986; Berridge et al., 1987).
The serial order of grooming syntax depends crucially on the

neostriatum (Berridge and Fentress, 1987; Berridge, 1989b; Ber-
ridge and Whishaw, 1992; Aldridge et al., 1993). In early postnatal
development, syntactic chains emerge coincidentally with the mat-
uration of projections to neostriatum (Colonnese et al., in press).
In adults, the sequential organization of syntactic chains is dis-
rupted by large excitotoxin lesions of the neostriatum (Berridge
and Fentress, 1987), by 6-hydroxydopamine lesions of the nigro-
striatal tract (Berridge, 1989b), and by neostriatal ablation (Ber-
ridge and Whishaw, 1992), even though the capacity to emit
grooming actions is not impaired by these lesions. By comparison,
lesions to other motor structures such as motor cortex (M1 and
M2), prefrontal cortex, or the cerebellum do not result in sequen-
tial disruption of syntactic grooming chains, even though such
lesions produce other motor consequences (Berridge and
Whishaw, 1992). Such evidence demonstrates that the neostria-
tum makes a special intrinsic contribution to grooming syntax,
above and beyond that of motor cortex and related structures.
It is clear from both neuroanatomical and functional studies

that the striatopallidal system is segregated into heterogeneous
compartments (Graybiel and Ragsdale, 1978; Haber et al., 1985;
Alexander et al., 1986; Nauta, 1989; Delong, 1990; Hazrati and
Parent, 1992; Haber et al., 1993; Hoover and Strick, 1993). The
goal of the present study was to determine whether any particular
neuroanatomical region of the neostriatum or pallidum is espe-
cially crucial for sequential coordination. This was approached by
creating small targeted excitotoxin lesions in prespecified regions
and identifying the crucial striatopallidal region in which neuron
death produced sequential impairment.

MATERIALS AND METHODS
Rats were housed individually on a 14 hr light/10 hr dark cycle throughout
the experiment. Small bilateral lesions were made in one of seven
selected targets within the striatopallidal system. A functional lesion
mapping procedure for identifying neuroanatomical sites responsible for
behavioral deficits, the “modified fractionator” procedure (Cromwell and
Berridge, 1993, 1994), was used to delineate the crucial site in which
neuron death disrupts grooming syntax.

Surgery
Sprague–Dawley male rats (n 5 108) were anesthetized with halothane
(by placing the rat in a small enclosed chamber above a halothane-soaked
paper towel) followed by methoxyfluorane delivered by a gas anesthesia
system for small animals (given when the rat was placed in the stereotaxic
and continued throughout the surgery; Lasiter and Garcia, 1984). Atro-
pine sulfate (3 mg/kg, i.p.) and bicillin (30,000 U, i.m.) were given before
surgery.
The four quadrants of the neostriatum (dorsomedial, dorsolateral,

ventromedial, ventrolateral), the globus pallidus, and the ventral
pallidum were each targeted for bilateral lesions in separate groups of
rats. Because preliminary results from a pilot study (Cromwell and
Berridge, 1990) had indicated that the dorsolateral quadrant might be
especially crucial to syntactic sequences of action, the dorsolateral
quadrant was subdivided into separate anterior and posterior targets.
Coordinates for lesions intended to damage the anterior dorsolateral
neostriatum were anterior-posterior (AP) 11.0 mm anterior to
bregma, lateral (L) 61.7 mm lateral to bregma, ventral (V) 24.5 mm
below the skull (n 5 8 rats); for the posterior dorsolateral neostriatum:
AP 21.0, L 62.9, V 24.7 (n 5 8 rats); for the dorsomedial neostriatum:
AP 11.0, L 61.6, V 24.2 (n 5 8 rats); for the ventrolateral neostria-
tum: AP 11.0, L 63.6, V 26.6 (n 5 8 rats); for the ventromedial
neostriatum: AP 11.0, L 61.6, V 24.2 (n 5 8 rats); for the globus
pallidus: AP 21.0, L 62.6, V 27.5 (n 5 8); and for the ventral pallidum:
AP 21.0, L 62.5, V 28.0 (n 5 8 rats).

With bregma and l in the same horizontal plane, bilateral skull holes
were drilled, and a 30 gauge injection needle was lowered to the appro-
priate level. Lesions were made using the excitotoxin quinolinic acid (10
mgm freshly dissolved in 1 ml of PBS, pH 7.4. The injection was made
during a 3 min period, and the needle was left in place for an additional
5 min. For each site, a group of eight vehicle control rats received
bilateral infusions of the PBS alone, without excitotoxin.

Postsurgical maintenance
Diazepam (8 mg/kg) was given within 30 min of the first injection to
minimize damage outside the injection site attributable to excitoconvul-
sive activity. A second injection of diazepam (8 mg/kg) was given 1 hr
later. All rats were provided each day with 250 ml of cereal mash
(commercial baby cereal freshly mixed with water), 5 chow pellets, and 40
ml of water. Intake was monitored by counting the number of pellets, the
approximate amount of mash eaten (e.g., 50%), and the amount of water
drunk within a 24 hr period, and by weighing each rat daily. Rats were
considered aphagic if neither chow pellets nor mash were eaten. If a rat
lost weight after surgery, an intubation procedure was initiated to main-
tain good health. For each 5 gm of weight lost, a rat was intubated with
12 ml of vitamin-supplemented sweetened milk solution, up to three
intubations per day. This prevented dehydration or malnutrition and
helped maintain good physical condition during the experiment.

Behavioral testing
Grooming sequences were videotaped during 10 min test sessions on
alternate days (between 2 and 6 P.M.) starting 2 d after surgery. Groom-
ing was elicited by lightly spraying the dorsal side of the torso of the rat
with a water mist. The rat was placed on a transparent plastic floor under
which a mirror was positioned to reflect a close-up view of the head and
upper body of the rat into the lens of a video camera. The rat was allowed
to habituate for 5 min to the situation before its fur was sprayed. Trials
were repeated during subsequent days until a total of at least 10–12 min
of grooming behavior, cumulative across days, had been videotaped for
each rat (mean 5 15 d). All videotaped grooming sequences were scored
as described below.

Grooming syntax
The serial organization of syntactic grooming chains arranges at least
15–25 forepaw strokes and licking actions into four consecutive sequen-
tial phases (Fig. 1) as follows. Phase I: A concatenation of five to nine
small, rapid bilateral forepaw strokes (“ellipses”) around the nose and
mouth at a rate of 6–7 Hz. Ellipse stroke movements at this speed are
extremely rare outside of syntactic chains. The concatenation of multiple
ellipse strokes, faster than 6 Hz, virtually never occurs during nonchain
grooming (Berridge, 1990). A fast series of Phase I ellipse strokes thus
serves as an excellent marker for the initiation of syntactic chains. Phase
II: A short bout of one to four small or medium paw strokes along the
mystacial vibrissae, usually performed by one unilateral paw or by both
paws tracing asymmetric amplitudes. Phase III: A repetitive series of 3–10
large bilaterally symmetrical strokes, which may extend behind the ears
and most of the head. Phase IV: A bout of body licking over the lateral
and ventral torso (Fig. 1). Once the initial components of Phase I appear,
the entire sequence follows to Phase IV with a completion rate of 85–95%
for normal rats (Berridge et al., 1987).

Behavioral video analysis
Videotapes were analyzed in slow motion (frame by frame to one tenth
actual speed) by independent, trained observers blind to the experimental
condition of each rat, and they were scored using a computer-aided
event-recording procedure and a choreographic grooming notation sys-
tem (Berridge et al., 1987; Berridge, 1990) (sample notation of syntactic
chain shown in Fig. 1). Grooming behavior was analyzed for the following
features.
(1) Occurrence of syntactic chain sequences. The beginning of each

syntactic chain was counted to assess the propensity to engage in pat-
terned sequences of action. Chain initiation was defined as the occur-
rence of a full Phase I: a bout of five to nine consecutive bilateral
“ellipses” (small rapid strokes in which the paws trace a tight elliptical
trajectory around the mouth) emitted at a rate of at least 6 Hz. To qualify
as a syntactic chain initiation, Phase I had to be followed immediately by
either a Phase II stroke, namely a unilateral stroke or an asymmetrical
bilateral stroke over the vibrissae, or a Phase III stroke, namely large
amplitude overhand strokes over the ears or eyes, performed simulta-

Cromwell and Berridge • Dorsolateral Neostriatum Implements Serial Order of Action J. Neurosci., May 15, 1996, 16(10):3444–3458 3445



neously with both paws. Phase III typically comprises a set of 3–10
large-trajectory bilateral strokes.
(2) Efficacy of syntactic completion. Once initiated, grooming chains

were analyzed for syntactic completion rates for each lesion group to
assess the ability to implement full sequential patterns. A “syntactically
perfect” complete chain was defined as one that progressed through
Phases I, II, III, and IV (body licking, in which the rat lowered its head
after the last Phase III stroke and turned sideways in order to bring its
tongue in contact with its flank or back), without interruption and within
5 sec of Phase I.
In intact rats, certain kinds of “imperfect” syntactic completion are

seen on rare occasions, and the incidence of imperfect completion is
increased by some neocortical or cerebellar brain lesions (Berridge and
Whishaw, 1992). For example, after such lesions an extraneous action
may intrude between one of the phases (e.g., paw licking between Phases
III and IV), or a phase may be skipped (e.g., Phase I connects directly
with Phase III and Phase II is not seen), or Phase IV body licking may be
replaced by paw or forelimb licking. Imperfect chains were tallied sepa-
rately, and the perfect and imperfect completion rates were determined
for each lesion group and their respective controls. Finally, “incomplete”
chains were considered to be those in which the rat reverted to sequen-
tially flexible grooming within the chain or in which the rat simply stopped
grooming before Phase IV.
A factor that has been found previously to be important in influencing

syntactic completion is the order of chain emission within a grooming
bout (i.e., whether a chain is the first, second, etc., to be emitted within
that bout). Initial chains of a test trial are less likely to be completed than
are subsequent chains: a “warm-up” effect (Berridge, 1990; Berridge and
Whishaw, 1992). For each lesion group, the first chain and subsequent
chains were analyzed separately to determine whether an effect of specific
striatopallidal damage interacted with this factor.
(3) Simple motor impairments: movement frequency. To detect motor

impairments in the ability to perform grooming actions, detailed counts
were made of the actual number of forelimb strokes, paw licks, and body
licks emitted during each videotaped grooming bout. The amplitude of
forelimb strokes was scored as either large (passing above the eye),
medium (highest point between vibrissae and eye), or small (not extend-
ing above vibrissae). The laterality of each stroke was scored as either

bilateral (both paws following symmetrical trajectories) or unilateral (a
single paw or both paws following asymmetrical trajectories). This was
tabulated in a separate slow-motion video analysis using a computer-
assisted keyboard scoring procedure (Berridge et al., 1987). The video-
tape was played at one tenth speed, and a key was pressed that corre-
sponded to each grooming action at onset and offset. Deficits in the ability
to control paw or tongue movements would be expected to be reflected in
the distortion of the relative frequency and timing of one type of action
relative to the others, or in a global reduction of all grooming actions.
(4) Ellipse timing and syntactic chain completion. Variation in the speed

of ellipses emitted in Phase I can predict whether the entire chain will be
completed syntactically to Phase IV. Completed syntactic chains have a
faster rate of Phase I ellipses than chains that fail to be completed
syntactically (Berridge, 1990). To determine whether this relationship
between ellipse rate and chain completion remains intact after lesions to
discrete striatopallidal subregions, the ellipse cycle length was compared
for complete and incomplete chains for each lesion group. To discover
whether ellipse rate varied with chain order (first chain of a video session
vs later chains of the same session), the effect of chain order on ellipse
duration and chain completion was also examined.
(5) Microstructure of syntactic chains. Finally, the stroke-by-stroke mi-

crostructure of each syntactic grooming chain was transcribed using a
detailed choreographic notation system that depicts a moment-by-
moment flow of paw trajectories and other grooming actions (Berridge
and Fentress, 1986; Berridge et al., 1987; Berridge, 1990). The micro-
structure of syntactic chains of rats from each lesion group was analyzed
statistically in terms of the number of forelimb strokes contained within
Phases I, II, and III of the chain, the symmetry of the stroke trajectories
made by the two forepaws, and the latency after Phase I to complete the
chain by the onset Phase IV body licking.

Histological procedures
At the conclusion of testing, each rat was anesthetized deeply and
perfused intracardially with 0.9% saline followed by 10% formalin in
PBS, pH 7.4. Brains were removed and stored in a 30% sucrose solution
(10% formalin). Rats that died before perfusion were decapitated, and
their brains were removed and soaked in formalin for at least 7 d. The
brains were blocked, frozen, and sliced in 30 mm slices with a sliding

Figure 1. Choreographed “syntactic chain” sequence of grooming actions. A choreographic transcription of a prototypical syntactic grooming chain
shows the moment-by-moment trajectories of forelimb strokes over the face and the occurrence of other grooming actions. Drawings (bottom) display the
actions that typify each phase of syntactic chains. To read the choreographic transcription, time proceeds from left to right. The horizontal axis represents
the position of the rat’s nose, and stroke trajectories over the face are depicted relative to the nose. Deviations of the lines above (right paw) and below
(left paw) the horizontal axis represent the elevation (level of the eye, the ear, etc.) reached by each forepaw during a stroke. Small rectangles denote paw
licks. Large rectangle denotes body licking (adapted from Aldridge et al., 1990).

3446 J. Neurosci., May 15, 1996, 16(10):3444–3458 Cromwell and Berridge • Dorsolateral Neostriatum Implements Serial Order of Action



microtome. Alternate slices were saved for cresyl violet staining, to label
neuron cell bodies, or for glial fibrillary acidic protein immunoreactivity
(GFAP-IR) staining, to label astrocytes. Cresyl violet: Slices were
mounted directly onto gelatin-coated slides for Nissl staining. The slides
were dipped in xylene and ethanol baths (70%, 95%, and 100%) for
cleaning and defatting. After being dipped in cresyl violet, the slides were
taken through the final set of alcohols and xylenes before coverslipping
using permount. GFAP: Slices were rinsed in three consecutive washes
(PBS with 1% bovine serum albumin and 0.03% Triton X-100),
transferred to 1.5 ml centrifuge tubes containing rabbit anti-GFAP (pri-
mary, diluted 1:500; Dako, Carpinteria, CA), and placed on a rototorque
to turn slowly for 20–24 hr at 58C. The slices were rinsed again, rotated
for 1 hr in peroxidase conjugated to goat anti-rabbit IgG (secondary,
diluted 1:100; Dako), re-rinsed, and bathed in freshly prepared 3,3-
diaminobenzidine tetrahydrochloride before mounting.

Stereological lesion analysis
The lesions of rats that displayed grooming syntax deficits were analyzed
in detail using the modified fractionator technique for mapping func-
tional lesions, which was described earlier (Cromwell and Berridge, 1993,
1994). Briefly, this modified fractionator procedure for assessing func-
tional lesions was carried out in three stages.
Stage 1. Normal reference maps. First, to obtain accurate normal base-

line neuron averages, the striatopallidal region was divided into 251
fractions. The normal neuronal density of each fraction in control rats
was calculated using a modification of the fractionator technique of
Gundersen et al. (1988) (n5 8 control rats) (Fig. 2 and Table 1). For each
fraction, an exhaustive neuronal count was made of a 250 3 250 3 30 mm
“core sample,” a 250 mm2 area of a 30-mm-thick tissue section whose
position was randomly chosen within the fraction. The microscope was set
at 4003 magnification, and all neurons within the core sample were
counted using a computerized image-analysis system (JAVA, Jandel).
Neuronal density varied in normal animals from 12 neurons per core
sample in the globus pallidus to 154 neurons per core sample in certain
fractions from the ventrolateral neostriatum; however, neuronal density
never differed by .25% between different rats for the same fraction (Table
1). This consistency in fraction neuronal number across animals allowed
us to set a criterion for the detection of lesions. It meant that decrements
in neuronal density significantly beyond 25% of the normal value for that
fraction (e.g., by 50% or more) denoted pathological neuron loss.
Stage 2a. Lesion center identification. “Moderate neuron loss” was

judged to exist if a fraction lost at least 50% of its neurons. “Severe
neuron loss” was judged to exist if the fraction had lost at least 80% of its
neurons. Fractions that had the most severe neuron loss were labeled as
the center of the lesion.
Stage 2b. Lesion border mapping.Once the center of the lesion had been

located, eight radial arms emanating from the center along the major
compass points (08, 458, 908, 1358, etc.) were drawn using the video image
analysis system. Core sample counts were taken along each line at 250 mm
steps (see above) until the neuron density rose above 50% of the normal
level for that fraction, which was labeled as the border of the lesion.
Stage 3. Subtraction of noncrucial sites of damage. To identify the crucial

site responsible for the sequential grooming deficit, a composite map of
total shared damage was made first. This was accomplished by adding the
mapped lesions of each rat together, producing a large composite “group
lesion” that was sufficient to produce the syntactic deficit. Then areas in
which only some symptomatic rats, but not others, had damage were
subtracted. These unshared areas, by definition, were undamaged in some
symptomatic rats and thus were not strictly necessary for the behavioral
deficit. The remaining composite lesion identified the “crucial site” for
producing syntactic grooming deficits.

Measurement of GFAP-IR
By using a computerized densitometry video analysis based on pixel
darkness, the reactive gliosis was quantified, and the darkest 10% and
20% of the pixels were used, respectively, to identify the lesion center and
shell. Maps of lesions constructed by gliosis analysis were compared with
maps constructed by neuronal density analysis.

Statistics
Behavioral data were examined using a two-tailed ANOVA and specific
post hoc tests (Newman–Keuls or Mann–Whitney U). For a comparison
of neuron count numbers, a two-factor (treatment by region) ANOVA
was used to examine whether there were significant effects of cell loss or

region of damage. This was followed by a posteriori Newman–Keuls tests
to examine the differences between particular groups for each region.

RESULTS
Behavioral results
Overall grooming
Sham-lesion control groups did not vary significantly from each
other by any of the behavioral measures discussed below, regard-
less of their anatomical site of vehicle injection, and so they were
combined to form a single control group (n 5 40) for statistical
comparison to excitotoxin lesion groups. Among lesion groups
there were significant differences in the overall time spent groom-
ing (F(6,81) 5 0.629; p , 0.05). Pair-wise comparisons showed that
rats with either globus pallidus lesions or ventral pallidum lesions
spent less time grooming than controls and all other lesion groups
(vehicle control rats 5 21% of observation trial spent grooming;
GP lesions 5 12 6 2%, VP lesions 5 6 6 1%; Newman–Keuls,
p , 0.05 each). This phenomenon of decreased grooming activity
after pallidal lesions has been noted previously (Norton, 1976)
and may reflect a postural deficit (Campbell and Dill, 1974;
DeLong and Coyle, 1979; Labuszewski et al., 1981; Schneider and
Olazabal, 1984; Feve et al., 1993). By contrast, rats with neostria-
tal lesions did not differ from control rats in time spent grooming
(dorsolateral lesion group 5 21.1 6 2.1%, dorsomedial lesion
group 5 17.8 6 2.4%, ventromedial lesion group 5 20.1 6 2.0%,
and ventrolateral lesion group 5 20.4 6 2.1%).
Individual grooming bout durations were examined for all

groups to determine whether the temporal pattern of discrete
bouts had been changed by the lesions. A grooming bout was
defined as any continuous display of grooming (including both
chain and nonchain) that contained no pauses .5 sec. The dura-
tion of individual grooming bouts did not vary significantly among
groups (F(6,81) 5 1.84; p 5 0.10; 6SEM 5 26 6 4 sec), although
rats that had pallidal lesions seemed to have a nonsignificant trend
toward a reduced bout duration (globus pallidus 5 18 6 6.0 sec;
ventral pallidum 5 19 6 7.0 sec).

Syntactic grooming chains: chain initiation
Chain initiation was defined as the occurrence of Phase I (four or
more tight elliptical trajectories around the nose performed with
both paws simultaneously, at a rate of at least 5.5 Hz) followed by
Phase II (one or more unilateral medium-size strokes), and/or
Phase III (one or more bilateral, large amplitude strokes). When
considered in terms of rate of syntactic chain initiation per time
spent grooming, no lesion group differed from controls (F(6,87) 5
1.649; p . 0.1; mean 5 1.3 6 0.5 chains/min of grooming). In
terms of absolute number of chains emitted per minute of obser-
vation, by comparison, rats with pallidal damage had lower abso-
lute rates of chain emission (globus pallidus lesion group 5 5.0 6
0.9 chains, ventral pallidum lesion group 5 7.0 6 1.3 chains, vs
control group 5 10.0 6 0.9 chains or neostriatal lesion group 5
10.0 6 0.7 chains; Newman–Keuls, p , 0.05); however, given that
this deficit disappeared when time spent grooming was taken into
consideration, the reduction in absolute chain initiation for globus
pallidus and ventral pallidum groups seemed to be merely a
secondary consequence of the overall reduction of grooming
duration produced by pallidal lesions.

Syntactic efficacy: chain completion rates
The percentage of syntactic chains completed perfectly to Phase
IV differed significantly depending on lesion site (Fig. 3)
(ANOVA, F(6,87) 5 9.876; p , .01). Only rats with anterior dorso-
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Figure 2. Map of fraction assignment within the striatopallidal system used for this study. Neuronal densities were calculated separately from core
samples for each fraction. Baseline neuronal densities ranged from 12 neurons for fractions in the globus pallidus to .150 neurons in the ventrolateral
neostriatum per 250 3 250 3 30 mm core sample (Table 1). For any given numbered fraction, however, neuronal density varied across different control
rats by ,25%.
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lateral neostriatum lesions had a significant impairment in grooming
syntax (pair-wise comparison to controls and to all other lesion
groups; Newman–Keuls, p , .05). Vehicle control rats completed
81 6 3% of their chains perfectly to Phase IV. By contrast, the
syntactic completion rate of the anterior dorsolateral group was
reduced dramatically to a mere 246 5%, less than one third of the
control value. Lesions to other sites did not reduce the rate of
syntactic completion (posterior dorsolateral neostriatum lesion
group 5 71.0 6 4.3%, dorsomedial neostriatum 5 77.0 6 5.5%,
ventromedial neostriatum 5 92.0 6 5.4%, ventrolateral neostria-
tum 5 70.0 6 7.5%, globus pallidus lesion group 5 76.0 6 5.5%,
ventral pallidum lesion group 5 72.0 6 12.2%). The initial chain
emitted within a test session was less likely than later chains to be
completed syntactically, regardless of group (F(6, 81)5 15.78; p,
0.001) (Fig. 3), as has been reported before (Berridge, 1990;

Berridge and Whishaw, 1992). Rats with damage to the ventro-
lateral neostriatum or medial neostriatum had marginal decreases
only in initial chain completion (p , 0.05), whereas later chains
were normal. This “first chain only” deficit is similar to the effect
of cortical or cerebellar lesions (Berridge and Whishaw, 1992),
and it reflects merely an exaggerated “warm-up” deficit. Only the
anterior dorsolateral neostriatal group had syntactic completion
deficits that extended to later chains within a grooming bout ( p ,
0.05), indicating that this was the only lesion to produce a reliable
action syntax deficit.
Even if the criterion for chain completion was expanded to

include “imperfectly completed” chains, in which the rat ended
the chain with a Phase IV mutation by licking its paws or forelimbs
instead of its torso, rats with bilateral dorsolateral neostriatum
damage still had a significant impairment in chain completion

Table 1. Normal neuronal densities for striatopallidal fractions

Bregma 11.2 mm Bregma 10.7 mm Bregma 10.2 mm Bregma 20.3 mm Bregma 20.8 mm Bregma 21.3 mm Bregma 21.8 mm

Fraction
no. Density

Fraction
no. Density

Fraction
no. Density

Fraction
no. Density

Fraction
no. Density

Fraction
no. Density

Fraction
no. Density

1 60 6 15 39 75 6 19 76 76 6 18 113 70 6 12 150 60 6 10 189 65 6 13 221 52 6 13
2 65 6 17 40 81 6 18 77 45 6 12 114 101 6 25 151 79 6 12 190 64 6 10 222 63 6 15
3 71 6 17 41 53 6 16 78 36 6 8 115 55 6 14 152 79 6 12 191 64 6 10 223 52 6 10
4 66 6 16 42 69 6 11 79 63 6 11 116 56 6 12 153 51 6 10 192 54 6 9 224 32 6 6
5 70 6 18 43 59 6 11 80 49 6 9 117 54 6 12 154 55 6 12 193 68 6 12 225 59 6 9
6 75 6 19 44 52 6 12 81 55 6 10 118 51 6 13 155 59 6 13 194 40 6 10 226 61 6 10
7 60 6 7 45 63 6 11 82 48 6 10 119 64 6 14 156 81 6 19 195 57 6 13 227 49 6 10
8 60 6 7 46 58 6 8 83 48 6 10 120 64 6 14 157 59 6 13 196 58 6 4 228 44 6 5
9 65 6 11 47 46 6 7 84 50 6 9 121 40 6 13 158 59 6 13 197 44 6 13 229 51 6 12
10 64 6 13 48 46 6 7 85 46 6 8 122 60 6 12 159 45 6 12 198 33 6 7 230 59 6 17
11 59 6 11 49 57 6 11 86 42 6 8 123 75 6 10 160 66 6 16 199 75 6 14 231 39 6 7
12 61 6 11 50 51 6 13 87 45 6 9 124 57 6 12 161 55 6 12 200 41 6 3 232 12 6 3
13 58 6 9 51 51 6 13 88 18 6 2 125 76 6 16 162 61 6 17 201 77 6 13 233 77 6 14
14 58 6 9 52 68 6 11 89 52 6 9 126 70 6 13 163 48 6 8 202 69 6 10 234 56 6 14
15 75 6 12 53 59 6 12 90 52 6 9 127 80 6 12 164 54 6 7 203 15 6 4 235 12 6 2
16 70 6 12 54 72 6 12 91 66 6 11 128 26 6 4 165 37 6 8 204 15 6 4 236 94 6 15
17 67 6 11 55 72 6 12 92 66 6 11 129 24 6 3 166 12 6 3 205 84 6 21 237 63 6 17
18 67 6 11 56 64 6 10 93 58 6 11 130 103 6 19 167 54 6 7 206 72 6 18 238 21 6 10
19 71 6 14 57 45 6 10 94 78 6 14 131 79 6 15 168 37 6 8 207 19 6 4 239 13 6 4
20 55 6 10 58 54 6 12 95 84 6 17 132 25 6 8 169 76 6 12 208 21 6 7 240 58 6 14
21 68 6 11 59 51 6 13 96 71 6 15 133 24 6 3 170 62 6 6 209 63 6 10 241 75 6 12
22 69 6 12 60 64 6 10 97 58 6 11 134 154 6 33 171 15 6 3 210 36 6 12 242 65 6 15
23 71 6 9 61 45 6 10 98 78 6 14 135 79 6 15 172 17 6 4 211 101 6 21 243 58 6 14
24 55 6 10 62 54 6 12 99 84 6 17 136 103 6 19 173 76 6 12 212 34 6 8 244 23 6 7
25 68 6 11 63 51 6 13 100 71 6 15 137 79 6 15 174 62 6 6 213 28 6 6 245 18 6 7
26 69 6 12 64 81 6 16 101 103 6 20 138 154 6 31 175 15 6 3 214 18 6 5 246 26 6 6
27 55 6 9 65 84 6 12 102 104 6 13 139 96 6 22 176 17 6 4 215 35 6 10 247 36 6 7
28 79 6 16 66 73 6 15 103 96 6 17 140 24 6 3 177 82 6 18 216 34 6 7 248 41 6 9
29 81 6 20 67 82 6 14 104 93 6 15 141 25 6 3 178 53 6 16 217 48 6 12 249 87 6 13
30 85 6 21 68 103 6 16 105 88 6 13 142 29 6 5 179 37 6 6 218 86 6 13 250 42 6 6
31 76 6 15 69 90 6 14 106 67 6 16 143 32 6 6 180 36 6 4 219 44 6 10 251 59 6 5
32 91 6 25 70 45 6 17 107 23 6 4 144 29 6 5 181 24 6 6 220 77 6 12
33 75 6 17 71 76 6 20 108 48 6 12 145 56 6 14 182 35 6 12
34 62 6 12 72 66 6 14 109 85 6 12 146 76 6 15 183 26 6 4
35 101 6 25 73 112 6 21 110 71 6 13 147 81 6 24 184 30 6 5
36 95 6 20 74 105 6 21 111 73 6 14 148 36 6 10 185 40 6 3
37 88 6 15 75 108 6 23 112 51 6 8 149 65 6 13 186 42 6 10
38 89 6 16 187 54 6 12

188 75 6 14

Cromwell and Berridge • Dorsolateral Neostriatum Implements Serial Order of Action J. Neurosci., May 15, 1996, 16(10):3444–3458 3449



(imperfect 1 perfect completion 5 29 6 5%, compared with
sham-injected controls 5 88 6 4%; ANOVA F(1,14) 5 73.67; p ,
.01). Thus the syntactic deficit of this group does not reflect mere
response substitution but rather reflects a true failure of sequen-
tial pattern completion.

Frequency of grooming actions: assessment of
motor impairment
Is the grooming syntax disruption after dorsolateral neostriatum
lesions attributable to a simple inability to perform “late chain”
Phase III or Phase IV component actions (i.e., large amplitude
forepaw strokes and body licking)? To answer this question, the
total number of grooming actions (forelimb strokes, body licks,
paw licks) per minute of grooming observation were counted by
computer-assisted slow-motion analysis and compared between
groups. The number of total grooming actions (all categories
combined) varied among the lesion groups (F(6,81) 5 3.73; p ,
0.01) (Fig. 4); however, it was the ventral pallidum lesion group
that had reduced overall grooming actions (control group 5 1163
6 148, ventral pallidal group 5 749 6 92; Newman–Keuls, p ,
0.01) (Fig. 4), not the dorsolateral neostriatum group that had
shown syntax failure. In some instances, rats with ventral pallidal
lesions would seem to go through a period of “grooming arrest”
similar to that described originally by Levitt and Teitelbaum
(1975) for rats with large electrolytic lesions of the lateral hypo-
thalamus (that likely extended into the ventral pallidum). In this
condition, a rat would slump over and seem to fall asleep during
behavior. In many cases, the halt would come in the middle of a
grooming bout (and sometimes in mid-stroke), hence the label
“grooming arrest.” These rats, however, essentially had normal

grooming syntax, as described above. By contrast, the anterior
dorsolateral neostriatum group had impaired action syntax but
emitted grooming actions at a rate (11076 113) that did not differ
from controls.
Forelimb strokes form the constituent action for Phases II and

III of syntactic chains. Regarding the overall emission of small,
medium, or large face-wash strokes during grooming, the dorso-
lateral neostriatum lesion group did not differ from controls
(small forelimb strokes 5 34 6 5%, medium forelimb strokes 5
22 6 3%, and large forelimb strokes 5 44 6 4). By contrast, for
the pallidal lesion groups, the total number of face-wash strokes
was reduced in every category compared with controls (Newman–
Keuls, p , 0.05). Therefore, it seems that syntactic deficits pro-
duced by dorsolateral neostriatum lesions are not attributable to
an inability to produce Phase II or Phase III actions; anterior
dorsolateral neostriatum lesions produce grooming syntax deficits
but not stroke deficits, whereas ventral pallidum lesions produce
deficits in the motor generation of forelimb strokes but not in the
sequential organization of strokes into syntactic chains.
Body licks, directed to the back and flank of the torso of the rat,

constitute the Phase IV action that normally terminates syntactic
chains. To discover whether grooming syntax deficits are attrib-
utable to an inability to perform the action required for Phase IV
completion, the frequency and duration of body lick bouts (both
inside and outside the chain) were compared across groups. A
body lick bout was defined as an occurrence of continuous body
licking that lasted at least 2 sec and had no pauses .2 sec. Rats
with anterior dorsolateral neostriatal lesions did not differ from
sham-injected control groups in either number or duration of
body lick bouts (number: controls 5 0.6 6 0.1 bouts/min of
grooming vs dorsolateral neostriatum 5 0.5 6 0.1 bouts, F(1,14) 5
3.4, p 5 0.08; duration: controls 5 4.4 6 0.5 sec versus dorsolat-
eral neostriatum 5 5.3 6 0.3 sec, F(1,14) 5 2.2, p 5 0.1). These
results indicate that the dramatic impairment of chain completion
is not a result of an inability to perform the Phase IV constituent

Figure 3. Sequential organization after excitotoxin lesions: rates of syn-
tactic chain completion. The percentage of first, second, third, and fourth
grooming chains begun within a session that were completed syntactically
(i.e., Phases I, II, III, and IV without interruption). Only rats with lesions
of the anterior dorsolateral neostriatum had a reliable disruption of
grooming syntax throughout a session. Abbreviations: VM STR., ventro-
medial neostriatum; VP, ventral pallidum; GP, globus pallidus; DM STR.,
dorsomedial neostriatum; VL STR., ventrolateral neostriatum; DL STR.,
anterior dorsolateral neostriatum.

Figure 4. Number of grooming actions emitted by each group. Actions
emitted both within and outside of syntactic chains are included in this
analysis. Rats with lesions of the ventral pallidal region had a significant
decrease in the number of grooming actions. Abbreviations: Con, control;
others as in Figure 3.
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action, body licking, but instead reflects a specific failure of action
syntax.

Microstructure of syntactic chains
The duration of syntactic chains, from the first Phase I ellipse
stroke to the onset of Phase IV body licking that terminates the
chain, varied across lesion and control groups (F(6,81) 5 2.92; p ,
0.05). Rats with anterior dorsolateral neostriatum lesions emitted
chains of prolonged duration (when they were completed syntac-
tically; control 5 3.2 6 0.6 sec vs dorsolateral neostriatum 5 3.8
6 0.1; Newman–Keuls, p , 0.05). An increase in chain duration
was seen also in rats with ventrolateral neostriatum lesions and
rats with ventral pallidal lesions (ventrolateral neostriatum 5 3.9
6 0.1 sec, pallidum 5 3.9 6 0.3; Newman–Keuls, p , 0.05 for
both). The slight increase in the duration of syntactic chains for
these groups was not caused by an increase in the number of
strokes per grooming chain. Stroke number was assessed by
counting the number of zero crossings from forepaw trajectory
ascent to descent (represented as peaks in choreographic notation
of grooming chains) (Fig. 5) for every completed chain. There was
no difference among groups in the number of strokes in Phases I,
II, or III for any lesion groups compared with controls (F(6,81) 5
2.21; p5 0.05). Rats with dorsolateral neostriatum lesions emitted
an average of 23 6 0.9 strokes per chain, which is comparable to
the control average of 23 6 0.6 strokes per chain. Thus the slight
increase in chain duration after these specific small lesions may
perhaps be attributable to small expansions of component dura-
tions or intervals rather than to an increased number of
components.
The most temporally stereotyped chain components are ellip-

tical paw strokes performed during Phase I, which trace rapid
elliptical trajectories around the nose with both paws simulta-
neously. An analysis of ellipse stroke duration showed that only
the ventral pallidum lesion group had a slower rate of emission for
Phase I ellipses than the control group did (VP lesion group:
mean 5 5.1 ellipses/sec vs control group mean of 6.8; F(6,81) 5
4.69; Newman–Keuls, p , 0.05). Rats with dorsolateral neostria-
tum lesions, by contrast, did not differ from controls (rats with
lesions, 6.186 0.2, compared with dorsolateral neostriatum sham-
injected controls, 6.5 6 0.07; ANOVA F(1,14) 5 3.39; p . 0.05).
The increase in ventral pallidal ellipse duration is consistent with
the results above, indicating that ventral pallidum lesions produce
general motor deficits in component movements, whereas dorso-
lateral neostriatum lesions do not. It may also partly explain the
increased chain duration, at least for rats with ventral pallidal
lesions.
Inspection of “syntax failures,” in which rats with anterior

dorsolateral lesions began a syntactic grooming chain but failed to
complete it syntactically, showed that failures were of several
types. In ;14% of cases, the rat emitted Phases I and II and
initiated Phase III, but rather than perform the ordinary Phase IV
component of body licking, the rat “replaced” it with licking
directed instead to the forepaw, as described earlier. In an addi-
tional 30% of failures, dorsolateral rats failed to show any form of
Phase IV, but instead reverted back to sequentially flexible pat-
terns of facial grooming without interruption. In these cases, the
series of Phase III large-amplitude strokes over the face was
prolonged beyond its normal duration and merged imperceptibly
into a rich series of facial strokes that were unpredictable in
magnitude, laterality, or sequence. Finally, in 56% of syntactic
failures, rats with dorsolateral neostriatal lesions simply halted
action during the chain, typically while they were within Phase III.

In these cases, the rat paused for up to several seconds, often after
emitting a body shake. After slightly more than half of such pause
interruptions, the rat began a new bout of facial grooming. In the
remaining cases, it began instead to engage in another activity, or
it sat quietly.

Stereological lesion mapping
Each lesion group had extensive bilateral neuron depletion in the
appropriate striatopallidal target region, ranging from 62% in the
dorsomedial neostriatum group (i.e., 38% of neurons survived) to
.81% in the ventromedial neostriatum and ventral pallidal
groups. Rats in the anterior dorsolateral neostriatum lesion group
had an average bilateral neuron loss of 79 6 5%.
For the rats in the anterior dorsolateral neostriatum lesion

group that showed deficits in grooming syntax (n 5 8), individual
lesion maps were made, using boundary criteria of 80% and 50%
depletion cutoffs to identify lesion center and shell. The individual
lesion maps were then superimposed on one another to create a
composite lesion for the group. Then, to eliminate regions that
were not strictly necessary to the syntax failure, any region that
was left undamaged in one or more rats was subtracted away from
the composite lesion. The remaining shared lesion showed the
crucial site of damage within the dorsolateral neostriatal region
that disrupted grooming syntax (Fig. 6). This site was in the
anterior dorsolateral corner of the neostriatum, immediately sub-
jacent to the corpus callosum (Fractions 39, 42, 76, and 79). The
stereotaxic center was 10.7 mm anterior to bregma, 63.5 mm
lateral to the midline, and 24.0 mm below dura (on the basis of
the atlas of Paxinos and Watson, 1982). The maximal lateral
diameter of the crucial site was ;1.3 mm, the dorsoventral diam-
eter was 1.0 mm, and the AP diameter was 1 mm.
Every rat that showed a deficit in grooming syntax had at least

57% bilateral neuronal depletion throughout this crucial site
(range, 57–95%). Increased severity of neuronal depletion much
above 57% did not seem to result in an increased degree of
behavioral deficit. Instead, the impairment of grooming syntax
was related to cell loss from the crucial anterior dorsolateral site
in a “step function” fashion. For example, rats with neuron loss
between 60% and 70% depletion had behavioral syntactic chain
completion rates of 7–12%, which was as great a behavioral deficit
as that seen in rats that had neuron loss above 80% depletion.
The dorsolateral neostriatum was the only region with damage

in all rats that had deficits in grooming syntax. Four of the eight
rats had damage extending to the neighboring dorsomedial region
of the neostriatum. Only one of eight rats had bilateral damage in
the ventrolateral neostriatum. Damage to the overlying neocortex
was seen in both lesion and control groups, primarily attributable
to passage of the injection needle. Both control and dorsolateral
neostriatal groups had damage to the overlying frontal cortex in
;75% of rats. Twenty-five percent of rats with dorsolateral neo-
striatal lesions had additional cortical damage extending posteri-
orly ,1 mm into somatosensory cortex. The average cross-
sectional area of cortical damage in control rats was 0.7 6 0.5
mm2, and for rats with dorsolateral neostriatal lesions it was 2.06
0.5 mm2. It is unlikely that damage to the neocortex contributed
to the behavioral deficits of grooming syntax, however, because
neocortical damage such as aspiration of primary and secondary
motor cortex, prefrontal cortex, or even complete decortication
does not impair grooming syntax (Berridge and Whishaw, 1992).
It therefore seems reasonable to ascribe the deficits observed in
the present study to neostriatal damage rather than to neocortical
damage.
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Figure 5. Examples of notated chains in control animals (right) and rats with lesions of the dorsolateral neostriatum (left). The position of the paws in
relation to the face during each stroke is indicated by stroke-amplitude marker near the third chain for each group. Time (in seconds) is shown at the
bottom. Choreographic notation symbols as in Figure 1.
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Figure 6. Crucial syntax site and photomicrographs of lesions within the dorsolateral neostriatum. Photomicrographs show (A) low magnification (103)
of the anterior dorsolateral neostriatum of a vehicle-injected control rat (arrow points to location of vehicle microinjection; cc denotes corpus callosum).
B, High magnification (403) of the same anterior dorsolateral neostriatal region in vehicle-injected control rat. Note lack of neuronal death. C, Low
magnification of anterior dorsolateral neostriatum in rat that received an excitotoxin lesion and had impaired grooming syntax. (Arrow points to center
of excitotoxin lesion; cc denotes corpus callosum). D, High magnification of dorsolateral neostriatum after an excitotoxin lesion that impaired grooming
syntax. Note paucity of neurons compared with those in B. Scale bars: A and C, 140 mm; B and D, 40 mm. E, Map of the crucial “grooming syntax site.”
Atlas view shows boundaries of the site, identified by the modified fractionator procedure, in which loss of .50% of neurons is associated with specific
deficits in the sequential organization of syntactic grooming chains.
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No shrinkage of the neostriatum could be detected after the
excitotoxin lesions used in this study by area measures of either
the neostriatum or of lateral ventricle expansion. Comparison of
control area size to groups that had behavioral deficits showed no
difference between the groups. Ventricle area was 0.36 0.04 mm2

for controls, 0.5 6 0.1 mm2 for the dorsolateral lesion group, and
0.4 6 0.05 mm2 for the ventral pallidal lesion group [ANOVA
F(2,18) 5 0.395, not significant (NS)]. Total neostriatal area was
12.9 6 0.3 mm2 for the controls, 12.5 6 0.6 mm2 for the dorso-
lateral lesion group, and 13.3 6 0.5 mm2 for the ventral pallidal
lesion group (F(2, 16) 5 0.445, NS). It may be that the relatively
small volume of tissue lost by neuron death was replaced by gliosis
after these relatively small excitotoxin lesions.
A separate mapping of lesions based on GFAP-IR staining

confirmed the pattern of results that was indicated by the neuron
analysis. Dense GFAP-IR was measured throughout the crucial
site within the dorsolateral neostriatum of every rat that had
impaired grooming syntax. Other lesion groups had dense
GFAP-IR staining in the appropriate target regions. Much lighter
GFAP-positive staining was observed in the neocortex immedi-
ately dorsal to the striatopallidal target site in each group. These
results support the conclusion that damage to the shared crucial
site within the dorsolateral neostriatum is necessary and sufficient
to produce an impairment of the serial organization of syntactic
grooming chains in the rat.

DISCUSSION
The results of this study indicate that a single site within the
anterior dorsolateral neostriatum is uniquely crucial to striatopal-
lidal coordination of the serial order of grooming behavior. Le-
sions that produced a deficit in the sequential coordination of
syntactic chains destroyed 57% or more of neurons bilaterally in
this 1.33 1.03 1.0 mm anterior dorsolateral site. The impairment
of grooming syntax was not attributable to a simple motor inability
to make the constituent movements of the behavioral sequence.
That can be deduced from the double dissociation between syntax
deficits and movement deficits produced by lesions of the anterior
dorsolateral neostriatum and the pallidum, respectively. Damage
to the crucial site in dorsolateral neostriatum impaired grooming
syntax but not movement, whereas damage to globus pallidus or
ventral pallidum impaired grooming movements but not syntax. In
other words, the serial coordination of lawful sequences of groom-
ing action is localized as a function within the neostriatum. This
conclusion does not imply that behavioral functions other than
grooming syntax are not mediated by circuits within the crucial
syntax site or that other neostriatal neurons outside of the crucial
site might also code aspects of action syntax (Aldridge et al.,
1993), but it does seem that only neurons within this site are
absolutely required for the neostriatum to implement the groom-
ing syntax pattern into actual behavior.
The contribution of the neostriatum to action syntax seems to

originate intrinsically within the dorsolateral neostriatum, rather
than being conducted passively from the neocortex. Destruction
of motor cortex, prefrontal cortex, or the entire neocortex fails to
produce reliable disruption of grooming syntax (Berridge and
Whishaw, 1992). Only neostriatal damage results in syntactic
disruption (Berridge and Whishaw, 1992). It can now be added
that syntactic disruption occurs only when neostriatal damage
extends to the crucial dorsolateral site identified here.
The deficit in grooming syntax produced in this study by small

lesions of the dorsolateral neostriatum was comparable in mag-
nitude to deficits seen in earlier studies after much greater dam-

age to the neostriatum and related systems, such as that produced
by large kainic acid lesions of the neostriatum and globus pallidus,
aspiration of the entire neostriatum plus neocortex, or decere-
brate transection above the midbrain (Berridge and Fentress,
1987; Berridge, 1989a,b; Berridge and Whishaw, 1992). It is strik-
ing that damage to the single neostriatal site identified here
produced a deficit in grooming syntax (50% reduction in rates of
syntactic completion) that was as great as the deficit reported after
loss of the entire forebrain via decerebration (Berridge, 1989a).
This equivalence of impact highlights the importance to grooming
syntax of the anterior dorsolateral neostriatum.
Our results indicate that it is lesion location and not lesion

severity (at least not above a threshold of;60% cell loss) or lesion
size (at least not beyond the boundaries of the crucial dorsolateral
site) that determines whether a grooming syntax deficit is pro-
duced by neostriatal damage. There was no correlation of the
degree of behavioral sequencing deficit with lesion diameter or
with severity of suprathreshold neuronal depletion; however, bi-
lateral damage of the site on both sides of the brain seemed to be
necessary to produce the deficit.

Anatomy and function of the dorsolateral neostriatum
The neostriatopallidal system is composed anatomically of several
parallel corticostriatal “loops,” and this anatomical differentiation
within the neostriatum has been proposed to produce functional
specialization (Divac, 1972; Alexander et al., 1986; Alheid and
Heimer, 1988; Nauta, 1989; Flaherty and Graybiel, 1993; Hoover
and Strick, 1993; Rajakumar et al., 1993; Pierce and Rebec, 1995).
The dorsolateral, dorsomedial, ventromedial, and ventrolateral
regions of the neostriatum receive distinct projections from dif-
ferent areas of neocortex (Selemon and Goldman-Rakic, 1985;
McGeorge and Faull, 1989). Cortical input to the dorsolateral
neostriatum arises from primary motor cortex, primary sensory
cortex, secondary sensory cortex, and medial agranular cortex
(McGeorge and Faull, 1989). The anterior sector of the dorsolat-
eral neostriatum (1.2–0.7 mm anterior to bregma) receives dens-
est input from motor cortex (McGeorge and Faull, 1989); how-
ever, as mentioned above, the deficits in grooming syntax reported
here are not produced by aspiration lesions of motor cortex (M1
and M2; Berridge and Whishaw, 1992), indicating that the neo-
striatal role in grooming syntax is not merely a passive conse-
quence of neocortical inputs. Other afferents into the dorsal
neostriatum include the subthalamic nucleus (Beckstead, 1983),
the substantia nigra (Gerfen et al., 1982), the midbrain raphe
nucleus (Parent et al., 1981), the thalamus (Sadikot et al., 1992),
the globus pallidus (Staines et al., 1981), the locus coeruleus
(Parent, 1986), and the basolateral nucleus of the amygdala
(Kelley et al., 1982). The special importance of the neostriatum to
grooming syntax possibly might derive from its unique capacity to
“bind” these diverse sources of afferentation (Graybiel and
Kimura, 1995).

Role of the neostriatum in grooming syntax
The dorsolateral neostriatum is not strictly required for the brain
to generate grooming actions. Even decerebrate animals can emit
all the component actions involved in grooming (Bard and Macht,
1958; Grill and Norgren, 1978; Berntson et al., 1988; Berridge,
1989a). Similarly, the dorsolateral neostriatum does not seem to
be required absolutely to generate the serial order pattern of
syntactic grooming chains. Decerebrate rats produce syntactically
completed chains at rates that exceed chance, although most
decerebrate grooming chains fail to be completed syntactically
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(Berridge, 1989a). Such observations indicate that the basic cen-
tral pattern generators for the serial order of syntactic grooming
chains are contained to a large degree within the brainstem. It is
not so much for the generation of the serial order pattern that the
neostriatum is needed as for the implementation of that pattern in
the normal flow of behavior.
The dorsolateral neostriatum has been implicated in motor,

sensory, and integrative aspects of function (Kelley et al., 1982;
Lidsky et al., 1985; Schallert and Hall, 1988; West et al., 1990;
Carelli and West, 1991; Flaherty and Graybiel, 1991; Brown et al.,
1993; Mittler et al., 1994; Brown et al., 1995). Recent electrophys-
iological evidence indicates that neurons within the dorsolateral
neostriatum may code the serial pattern of motor sequences such
as eye movements, reaching, locomotion, or grooming (West et
al., 1990; Aldridge et al., 1993; Kermadi and Joseph, 1995). For
example, Kermadi and Joseph (1995) reported that sequential
order was specifically coded by a significant percentage of neurons
within the monkey caudate nucleus responding during the orien-
tation, movement, or postsaccade components of a serial eye
movement and reaching task. Regarding grooming syntax in par-
ticular, Aldridge et al. (1993) found that ;85% of sampled
neurons within the dorsolateral neostriatum had firing patterns
correlated specifically with the serial pattern of syntactic grooming
chains. These neurons were not activated in the same way when
the same grooming actions were emitted in different serial order.
Neurons that coded grooming syntax specifically seemed to be
clustered predominantly within the anterior dorsolateral neostri-
atum, consistent with our finding that a site in this region is crucial
to the control of action syntax (Aldridge et al., 1993).
Many researchers have suggested that the neostriatum may

implement action via the modulation of competing central gener-
ators and sensorimotor control systems (Iversen, 1979; Cools et
al., 1980; Cools, 1985; Lidsky et al., 1985; Berridge and Fentress,
1987; Schallert and Hall, 1988; Albin et al., 1989; Graybiel and
Kimura, 1995; Jackson and Houghton, 1995). For syntactic
grooming chains in particular, there is evidence that the balance
of motor control temporarily switches away from sensory guided
systems and toward central pattern-generating circuits during the
performance of the serial pattern (Berridge and Fentress, 1986).
Circuits within the anterior dorsolateral neostriatum site might
promote grooming syntax in a hierarchical fashion by phasically
modulating the balance between central pattern generators and
sensorimotor systems. This could be performed, for instance, by
channeling motor control to syntactic pattern-generating circuits
at the beginning of a syntactic chain, while suppressing other
competing signals, but then allowing control to revert to a more
sensory-guided mode at the end of the pattern (Berridge and
Fentress, 1987; Berridge and Whishaw, 1992).

Clinical implications
Although akinesia, dyskinesia, and chorea are the most well
known consequences of diseases related to the striatum, deficits
may also extend to functions involving memory and cognition in
patients with Parkinson’s disease (Heindel et al., 1989; Spren-
gelmeyer et al., 1995), Huntington’s disease (Butters et al., 1985;
Willingham and Koroshetz, 1993; Gabrieli, 1995), or Gilles de la
Tourette’s syndrome (Georgiou et al., 1995). The serial coordi-
nation of action syntax studied here is intermediate in complexity
between simple movement and abstract cognition. Disorders of
action syntax accompany some human striatopallidal diseases.
Patients with Parkinson’s disease, for instance, have particular
difficulty performing some forms of sequential movement tasks

(Benecke et al., 1987; Stelmach et al., 1987; Harrington and
Haaland, 1991; Agostino et al., 1992), and even simple movement
execution deficits may depend on the sequential pattern in which
the movements are embedded (Georgiou et al., 1993, 1994). On
the basis of such studies, for example, Georgiou et al. (1994)
concluded that Parkinson’s disease patients have special difficulty
in using internal programs to guide the sequence of action, a
deficit remarkably similar to the action syntax deficit produced by
neostriatal lesions in our study. Similarly, Huntington’s disease
patients show deficits on a complex mirror-tracing task, inter-
preted by the authors to reflect a deficit in “perceptual-motor
sequencing, the rapid selection of perceptual, cognitive, and motor
operations that allows for good performance and skill learning”
(Gabrieli, 1995; italics added).
It has even been suggested that a role for the striatopallidal

system in human language and thought may have evolved from its
original role in coordinating the serial order of action (Marsden,
1982; Rapoport and Wise, 1988; Berridge and Whishaw, 1992;
Aldridge et al., 1993; Graybiel et al., 1994). Striatum-related
disruptions appear in actual human language syntax as well as in
action sequence. For example, Lieberman et al. (1992) reported
that some late-stage Parkinson’s disease patients had difficulty
comprehending spoken language when syntax was relatively com-
plex (“the dog was chased by the cat”) but not when syntax was
simple (“the cat chased the dog”), suggesting a striatopallidal
involvement in real language syntax. In a review of the role of the
neostriatum in coordinating action serial order, Marsden (1992)
has suggested, based primarily on a consideration of Parkinson’s
disease symptoms, that the “normal operation of the basal gan-
glia . . . may be the orderly and rational sequencing of the indi-
vidual components of motor and cognitive plans.” Diseases such
as Gilles de la Tourette’s syndrome and obsessive–compulsive
disorder are associated with dramatically unusual sequences of
movement, utterances, and thought. The neural origins of these
disorders are not clear but are thought by many to involve the
striatopallidal system (Cummings and Frankel, 1985; Frankel et
al., 1986; Luxenberg et al., 1988; Rapoport and Wise, 1988;
Trimble, 1989; Rapoport, 1991; Resnick, 1992). The explanation
of why only some forms of human striatopallidal disease influence
the sequential organization of behavior may have to do with the
functional heterogeneity of the striatopallidal system and with the
localization of action syntax control within the neostriatum dem-
onstrated here. Sequential symptoms might depend at least in part
on the location of neuropathology, which in turn may depend on
the selective pattern of neuronal dysfunction of each disease at a
particular stage (Albin et al., 1990; Owen and Leigh, 1992; Bhatia
and Marsden, 1994; Mufson and Branabur, 1994; Hedreen and
Folstein, 1995). An understanding of how anatomical and neuro-
nal patterns of damage produce specific patterns of sequential and
other symptoms will allow for a better understanding of the
etiology of these human diseases. Our results lead to the predic-
tion that sequential symptoms may be linked to anatomically
specific patterns of damage in the human striatopallidal system.

Conclusions
A specific disruption in the ability to coordinate the serial order of
grooming sequences, without a corresponding deficit in simple
motor control, was produced by neuron death within a 1 mm3 site
in the anterior dorsolateral neostriatum. Damage to this site
produced a deficit in grooming syntax but spared the ability to
perform the component grooming actions. By contrast, lesions in
either the globus pallidus or ventral pallidum produced a general
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motor deficit, which disrupted emission of grooming movements
but did not disrupt the serial pattern of action syntax. This double
dissociation of action syntax from simpler aspects of motor control
supports the functional heterogeneity of the striatopallidal system.
Localization of sequential control within the striatopallidal system
may have implications for clinical disorders of behavioral se-
quencing produced by human basal ganglia disease.
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