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Chronic treatment of humans or experimental animals with clas-
sical neuroleptic drugs can lead to abnormal, tardive movements
that persist long after the drugs are withdrawn. A role in these
neuroleptic-induced dyskinesias may be played by a structural
change in the shell of the nucleus accumbens where the opioid
peptide dynorphin is upregulated in treated rats that show vac-
uous chewing movements (VCMs). The shell of the nucleus
accumbens normally contains a dense plexus of dynorphinergic
fibers especially in its caudomedial part. After 27 weeks of
haloperidol administration and 18 weeks of withdrawal, the im-
munoreactive labeling of this plexus is intensified when com-
pared with that after vehicle treatment. In addition, medium spiny

neurons here show a significant increase in spine density, den-
dritic branching, and numbers of terminal segments. In the VCM-
positive animals, the dendritic surface area is reduced, and
dynorphin-positive terminals contact more spines and form more
asymmetrical specializations than do those in animals without
the syndrome (VCM-negative and vehicle-treated groups). Per-
sistent, neuroleptic-induced oral dyskinesias could therefore be
caused by incontrovertible alterations, involving terminal remod-
eling or sprouting, to the synaptic connectivity of the accumbal
shell.

Key words: tardive dyskinesia; vacuous chewing movement;
D1 receptor; D2 receptor; odds ratio; opioid peptide

Tardive dyskinesia (TD) developed by susceptible patients after
chronic treatment with neuroleptic drugs can persist for years after
the drugs are stopped. This disorder is slow to appear, and its
pathophysiology is not well understood. Like humans, some rats
treated long-term with haloperidol develop vacuous chewing move-
ments (VCMs), a syndrome that mimics both the time course and
symptoms of TD and thereby provides a good model of the disease
(Egan et al., 1996; Hashimoto et al., 1998).

There is speculation that TD is caused by excitotoxicity (De
Keyser, 1991). Extracellular glutamate is elevated, and glutamate
transport is impaired in the striatum of long-term haloperidol-
treated rats (Yamamoto and Cooperman, 1994; De Souza et al.,
1999). Chronic neuroleptic treatment in rats is associated with
increased perforations in dorsal striatal synapses, but decreased
glutamate immunolabeling (Meshul and Tan, 1994; Meshul et al.,
1996). The density and size of asymmetrical or symmetrical, dorsal
striatal synapses are altered (Kerns et al., 1992; Roberts et al., 1995;
Meshul et al., 1996; Mijnster et al., 1996), and spines or cells are
reportedly lost from the dorsal striatum in VCM-positive (+)
animals (Pakkenberg et al., 1973; Jeste et al., 1992; Kelley et al.,
1997). Elevated levels of glutamate could cause all these changes.
However, some data are conflicting, many alterations have been
shown to occur independent of the abnormal movements, and most
changes fail to persist after the drugs have been withdrawn.

In the nucleus accumbens in the ventral striatum, two territories,
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the core and shell, are differentially connected and regulated by
dopamine (Deutch and Cameron, 1992; Zahm, 1992; Meredith et
al., 1995). The shell has been proposed as a site of antipsychotic
action (Deutch et al., 1992; Heimer et al., 1997), plays a role in
feeding behavior and abnormal oral movements (Fletcher and
Starr, 1987; Koshikawa et al., 1989; Deutch et al., 1992; Koene et
al., 1993; Prinssen et al., 1994; Cools et al., 1995; Kelley and
Swanson, 1997; Stratford and Kelley, 1997), but has yet to be linked
to neuroleptic-induced structural change.

Endogenous opioid peptides, which are particularly sensitive to
haloperidol treatment, are abundant in the ventral striatum
(Meredith, 1999). Elevations in dynorphin mRNA in the accum-
bens have been associated with high VCMs (Egan et al., 1994,
1996). Dynorphin has also been linked to structural damage and
motor dysfunction elsewhere (Long et al., 1988; Bakshi et al.,
1990). Because the accumbal shell has a rich dynorphinergic net-
work (Van Bockstaele et al., 1995), the question as to whether the
dynorphin connections here are modified in TD becomes signifi-
cant. The goal of these studies therefore was to examine, in a rat
model of TD, how haloperidol affects the morphological structure
of accumbal shell neurons and their dynorphinergic synaptic con-
nections and whether structural changes persist in VCM+ rats
after the drugs have been withdrawn.

Parts of this paper have been published previously (Meredith et
al., 1997; De Souza et al., 2000).

MATERIALS AND METHODS

Ninety-seven male Sprague Dawley or Wistar rats, weighing 150 gm at the
start of the study, were housed two to a cage. Every 3 weeks for a period
of 27 or 30 weeks, 71 animals were injected with 28.5 mg/kg haldol
decanoate (equivalent of 1.0 mg/kg/day i.m.; McNeil Pharmaceuticals),
and 26 were injected with vehicle (VEH; sesame oil). All rats were then
kept for an additional 18-21 weeks during which they were given no
further injections. The presence or absence of VCMs was monitored every
3 weeks before the injections. Rats were rated in a random order in an
uncovered 20 X 30 X 40 cm plastic cage in front of a mirror. Each animal
was unrestrained, and its vacuous chewing movements were counted for 2
min by a rater who was blind to the treatment. Two types of jaw move-
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Figure 1. Diagram of a coronal section through the rat forebrain at a
caudal level of the nucleus accumbens. Core and shell territories of the
nucleus are labeled as are the dorsomedial (dm) and cone areas in the
caudomedial shell. CPU, Caudate-putamen.

ments were observed: (1) an intermittent, isolated movement that was
unrelated to grooming, gnawing, or mouthing food was counted as one
movement, and (2) bursts of chewing, often associated with jaw tremors,
usually consisted of two to six VCMs in rapid succession. The bursts were
counted and analyzed separately but were not included in the data analysis.
Tongue protrusions were observed and were also not counted. Scores were
combined to assess the overall severity of the entire syndrome for each
animal. Jaw movements were quantified over 14 rating sessions, and groups
were compared. The 10 haloperidol-injected animals with the highest
scores, and thus the most severe movements, during the final five rating
periods constituted the VCM+ group. Twelve drug-treated animals with
the least movements made up the VCM-negative (—) group. The remain-
ing drug-treated animals were excluded from further analysis. Twelve
VEH-treated animals were also selected at random for the study. Statis-
tical comparisons were made between the selected groups (see Data
analysis and statistics below).

After treatment and withdrawal periods, each animal was deeply anes-
thetized with a mixture of ketamine (70 mg/kg) and xylazine (6 mg/kg)
intraperitoneally and perfused briefly with Tyrode’s solution followed by
fixative comprising 4.0% paraformaldehyde and 0.25% glutaraldehyde
dissolved in 0.1 M phosphate buffer, if the brain tissue was to be used for
ultrastructural study. Brains used for dendritic analyses were perfused with
3% paraformaldehyde and 15% saturated picric acid in 0.1 M phosphate
buffer (Meredith et al., 1992). Ringer’s and perfusion fluids were prepared
as a single batch for all animals in each part of the study, and timings for
administration of these fluids were kept uniform.

Electron microscopic preparation. After perfusion, each brain was re-
moved and blocked, and the forebrain was cut into sections at 70 wm.
Sections to be viewed with the electron microscope (EM) were submitted
to a “freeze—thaw” regimen (Meredith and Arbuthnott, 1993) in which
they were rinsed in an ascending series (5, 10, and 20%) of dimethylsulf-
oxide (DMSO) in phosphate (0.1 M) buffer, frozen in 20% DMSO solution,
and allowed to defrost at room temperature.

All sections were pretreated overnight in 10% normal goat serum
(NGS), rinsed, and incubated in rabbit anti-dynorphin A (Peninsula Lab-
oratories), diluted 1:1000 in 0.05 M Tris-buffered saline with 1% NGS
added, for 72 hr at 4°C, followed by incubation in biotinylated goat
anti-rabbit IgG (1:200) for 9-12 hr at 4°C and in avidin-biotin complex for
6 hr at 4°C. Incubation media for light microscopic sections had 0.5%
Triton X-100 added. Sections were reacted for 20 min in 0.05% 3,3'-
diaminobenzidine tetrahydrochloride (DAB) with 0.01% H,O, and, if
prepared for light microscopy, were mounted on slides from a 0.2% gelatin
solution, dehydrated, and coverslipped. Alternate sections, prepared for
the EM, were treated with 1% osmium tetroxide in phosphate buffer for 30
min, dehydrated in ethanol, embedded in Epon resin, and allowed to
polymerize for 48 hr at 60°C on glass slides. Uranyl acetate (1%) was
added to the 70% alcohol step to increase contrast in the EM. All sections
were then examined and photographed under the light microscope. Small
blocks, cut from the cone area of the caudomedial shell of the nucleus
accumbens (Fig. 1), were mounted with fresh Epon onto precured plastic
blocks. Series of ultrathin sections were cut with a Reichert OM-U4
ultramicrotome, mounted on slot grids, contrasted with lead citrate, exam-
ined, and photographed in a Philips 301 EM. The immunostaining of tissue
prepared for the EM was primarily superficial, because detergents were not
used in the tissue preparation. Immunolabeled terminals were photo-
graphed at magnifications up to 70,000X and analyzed for a variety of
features. Sections incubated without the primary antibodies showed no
specific staining. The specificity of the primary antiserum has been tested
previously by the use of immunoblots, and no significant cross-reactivity
with enkephalin was found (Van Bockstaele et al., 1995).

Synaptic boutons were collected from 27 blocks prepared from the same
location in the nucleus accumbens (Fig. 1) for equal numbers of rats in the
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three groups (three to five blocks per animal). Semiserial, ultrathin sec-
tions (~90 nm in thickness) were collected from each block and mounted
onto grids. Because immunoreactive staining was very superficial, sections
were only collected through the most superficial 2 um of each block. Each
ultrathin section was scanned thoroughly in the EM in the same manner,
and all boutons that were immunoreactive and contained identifiable
vesicles were photographed. A total of 5187 dynorphin-immunoreactive
boutons (between 400 and 500 boutons per animal) were photographed
initially. From these, only boutons that were considered to be synaptic (as
decided independently by two investigators blind to the treatment) were
accepted for analysis. Boutons were counted as synaptic when parallel,
distinctly thickened, presynaptic and postsynaptic membranes were visible
and separated by a narrow cleft, and there was a minimum of three vesicles
in the immediate vicinity of the presynaptic membrane (Mijnster et al.,
1996). If the postsynaptic membrane was at least three times the thickness
of the presynaptic side, the synapse was considered asymmetrical. Synaptic
thickenings that were discontinuous were judged to be perforated, even
though serial sections were not analyzed. Synaptic targets were classified as
somatic, if a clearly defined nucleus was present, or spinous, if a spine
apparatus was visible. Small structures lacking a spine apparatus were
identified as dendrites if their outer membrane was complete; synaptic
targets that were too disrupted or too small to be identified were not
included in the analysis. Bouton inclusions, dense core vesicles (DCVs),
and puncta adhaerens were noted.

Dendritic analysis. Six VCM+, eight VCM—, and eight VEH-treated
animals were used for this part of the study. Each brain was removed, and
transverse slices 150 um thick were cut (Fig. 1) and coded so that the
investigator was blind to the animal’s treatment at all times. Slices were
counterstained with 4',6-diamidino-2-phenylindole (DAPI) at a concentra-
tion of 10 =7 M for 10 min to reveal neuronal somata. Each slice was viewed
with a Nikon Optiphot 2UD microscope equipped with extra long working
distance objectives and epifluorescence. A silver wire connected to a
constant current source (Digitimer U.K.) was placed in a 4% aqueous
solution of biotinylated Lucifer yellow (LY; Molecular Probes, Eugene,
OR) in a glass pipette. The pipette was visually guided into each DAPI-
stained perikaryon by the use of a motorized micromanipulator. A positive
holding current of 1-5 nA was reversed after the pipette had impaled a cell,
and LY was released with a negative current of 1-3 nA over a period of 10
min. Electrode resistance was maintained between 80 and 250 M (cf.
Meredith and Arbuthnott, 1993). After four to eight neurons were intra-
cellularly filled with LY, the slice was incubated in an avidin-biotin
complex for 90 min at room temperature and reacted with 0.05% DAB and
1% ammonium nickel sulfate added. Slices were then mounted onto glass
slides from a 0.2% gelatin solution, dehydrated, and coverslipped.

Labeled neurons were analyzed only if they could be unambiguously
assigned to the medial half of the shell of the nucleus accumbens and if
their dendritic trees were well filled and the spines were visible. Morpho-
metric analyses were performed by the use of a Nikon microscope and a
motorized stage coupled to hardware and software (Neurolucida; Micro-
brightfield, Colchester, VT) dedicated to neuronal reconstruction. A Sholl
analysis of ring intersections (Sholl, 1981) was used to estimate dendritic
length. Spines were recorded with special markers, and spine density was
expressed as the mean number of spines per 10 um for all segments >50
wm in length (Meredith et al., 1995). The dendritic surface area was
calculated by the use of the formula for the surface area of a frustum of a
cone:

Surface area = w(R, + R,) VA2 + (R, — Ry,

where R, is the radius at the start of that segment portion, R, is the radius
at the end of that portion, and /4 is the length. Branched and mushroom
spines were also counted; the former had more than one head clearly
connected to a common shaft (Comery et al., 1996; Robinson and Kolb,
1997), and the latter was so designated if the head was >0.3 um in
diameter.

Data analysis and statistics. Behavioral ratings were used to assess the
effects of haloperidol treatment compared with VEH, the incidence of the
VCM syndrome and its persistence in a subset of animals, and the effects
of neuroleptic withdrawal on the VCM score. These data were analyzed
with a repeated measures ANOVA with one between (groups of VCM+,
VCM—, and VEH) and one within (time) factor. Post hoc comparisons of
groups were conducted with Scheffe’s ¢ test.

The cross-sectional surface area and length of the active zones for all
dynorphin-immunoreactive synaptic boutons were measured and ex-
pressed as a mean = SEM. Values were pooled for respective animals of
each group, and all groups were compared by the use of a one-way
ANOVA. A Student’s ¢ test was used to compare two groups. The largest
synaptic terminals (those >1 SD of the mean area) were compared sepa-
rately by the use of ANOVA. Five synaptic variables were rated as present
or absent: (1) asymmetrical synaptic specialization, (2) symmetrical syn-
aptic specialization, (3) synaptic perforations of each active zone, (4)
dynorphin immunoreactivity in the target, and (5) the structural nature of
the synaptic target, i.e., spine, dendritic shaft, soma, or other. These
variables could not be studied with simple parametric statistics or with
unbiased stereology, because values were independent of volume and
recorded simply as present or absent. All data summaries and statistical
comparisons were performed blind to the treatment. We elected to analyze
the data by the use of odds ratios (ORs), which predict the chances of an
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event occurring when a set factor is present as compared with the odds of
the event occurring in the absence of that factor. The Mann—Whitney U
test was used to assess differences between groups, and unmatched uni-
variate ORs were calculated on two subanalyses of the data. For these
unmatched analyses, p values were calculated by the use of the two-tailed
Fisher’s Exact Test (for analyses with small numbers of observations); ORs
(95% confidence intervals) were computed by using maximum likelihood
procedures. Two comparisons of the values were made: (1) haloperidol
treatment (VCM+ and VCM—) versus no treatment (VEH) and (2)
abnormal movement (VCM+) versus no abnormal movement (VCM—
and VEH).

To analyze dendritic and spine data, values were pooled for each group,
and a Kolmogorov—Smirnov test was used to assess the normality of the
distribution of each data set. Data sets not normally distributed were
compared by the use of a Kruskal-Wallis ANOVA followed by post hoc
nonparametric analysis with Mann—Whitney U tests. Normal data sets
were compared by the use of ANOVA followed by post hoc Scheffe’s tests
or Student’s ¢ test, as appropriate. Comparisons were also made between
groups with respect to dendritic branch order to ascertain the level of the
dendritic branch where morphological parameters were altered.

RESULTS
Behavioral measures of vacuous chewing

Both Wistar and Sprague Dawley rats were used in this study. The
behavioral data for these animals have been published previously
(Egan et al., 1996; De Souza, 2000). Briefly, the results of these
studies showed that over the 27-30 week treatment period, the
haloperidol groups showed a gradual increase in VCMs compared
with the VEH-treated group (treatment effect for Sprague Dawley
rats, F = 45.4; df = 1; p = 0.0001; and for Wistar rats, F = 9.378;
df = 1; p = 0.0005; treatment-by-time interaction for Sprague
Dawley rats, F = 3.7; df = 13; p = 0.0001; and for Wistar rats, F =
9.496; df = 14; p = 0.0001).

When the VCM ratings were compared between groups, there
was, as expected, a marked group effect for both strains (p <
0.0007). The ratings for the VCM+ rats of both strains slowly rose,
because there was a group-by-time interaction (p < 0.001). Mean
ratings of the VCM+ group during the last five sessions were
significantly elevated compared with those of the vehicle and
VCM-— groups (Scheffe’s ¢ test, VCM+ vs VEH, p = 0.0014; and
VCM+ vs VCM—, p = 0.003), whereas there was no difference
between VCM— and VEH-treated groups for both strains. The
VCM ratings did not differ between strains; ~40% of the animals
showed significantly elevated VCMs throughout the treatment and
withdrawal periods. However, the persistence of VCMs was not as
pronounced during the withdrawal period for the Wistar strain as
for the Sprague Dawley animals. In agreement with the work of
Tamminga et al. (1990), VCM ratings for the high-VCM group of
Wistar rats began to fall toward control values at the end of the
withdrawal period, whereas that of the Sprague Dawley rats per-
sisted at the same high level.

Dynorphin immunoreactivity

At the light microscopic level, dynorphin immunostaining was
heterogeneous in all animals, especially in the nucleus accumbens
(Figs. 1, 2). It was seen primarily in varicose fibers and puncta, but
also in some cell bodies lying within densely immunostained dynor-
phinergic plexuses (Fig. 2). At rostral levels, small areas enriched
with dynorphin-immunoreactive fibers and varicosities were lo-
cated dorsal and lateral to the anterior commissure (see also Van
Bockstaele et al., 1994). Further caudal in the shell, densely immu-
noreactive zones were found medially, and in the core, small
intensely immunoreactive zones were visible lateral to and above
the anterior commissure (Fig. 2). Sections that were incubated
without the primary antiserum showed no specific immunoreactive
staining.

Distinctive differences between groups in the intensity, but not
the pattern, of dynorphin immunoreactivity were discernible (Fig.
2). The greatest differences were found in the caudomedial shell,
where the cone area (Fig. 1) enriched with dynorphin immunore-
activity was capped by a small, densely immunoreactive zone with
a sharp border (dm; Figs. 1, 2, insets). The immunoreactive inten-
sity gradually faded further ventrally in the shell. In the VCM+
rats, the borders of the cone and dm areas were more sharply

Meredith et al. « Structural Change in Haldol-Induced Dyskinesia

Figure 2. Light photomicrographs of sections through the neostriatum and
caudal nucleus accumbens. Each section has been immunoreacted for
dynorphin and is taken from a VEH-treated (4), VCM— (B), or VCM+
(C) rat. The caudomedial part of the shell of the nucleus accumbens (boxed
area) has been enlarged in the inset of each micrograph. Note the intense
immunoreactivity and sharp borders of the cone and dm (Fig. 1) areas of
the shell in the VCM+ rat (C) as compared with those of the VCM— (B)
and VEH-treated (A4) animals. Note the homogeneous dynorphin immu-
noreactivity in the CPU. Asterisks mark small dynorphin-positive areas in
the lateral core and shell of the nucleus. Note the increased immunoreactive
intensity of these small regions in the VCM+ ( C) rat as compared with that
of the VCM— (B) and VEH-treated (A) animals. Scale bar: 4, 500 um
(this scale bar is valid for B and C).
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delineated than were those seen in the other two groups of animals
(Fig. 2, compare C with A,B). The cone (Fig. 1) was selected for
ultrastructural analysis.

Dynorphin-immunoreactive synapses

In the EM, dynorphin-immunoreactive axons and dendrites, but
rarely somata, were found scattered in the tissue; immunolabeled
terminals were also uncommon. All immunoreactive elements were
characterized by the electron-dense DAB reaction product associ-
ated with vesicles (Fig. 34-C,E,F). Nuclei of dynorphin-positive
perikarya were never immunostained, and dynorphin-immuno-
reactive dendrites generally had spines. In total, 274 dynorphin-
immunoreactive boutons were accepted as synaptic and were dis-
tributed in approximately equal numbers over the three groups.
These synaptic terminals were filled with small clear vesicles (Fig.
3F) and primarily formed symmetrical contacts with dendrites
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Figure 3. Electron micrographs taken
from the shell of the nucleus accumbens in
VCM+ (A-C),VCM— (D, E), and VEH-
treated (F) rats. A, The dynorphin-
immunoreactive terminal contacts two
spines (arrows point to the active zone);
one contact (right side) is perforated. B, A
dynorphin-immunoreactive ending forms
a perforated, asymmetrical synapse (4
perforations labeled with arrows) with a
dendritic shaft (dend). Note the multive-
sicular body (mvb) within the terminal. C,
A dense core vesicle (dcv) is marked with
a white arrow. D, A dynorphin-positive
terminal (asterisk) makes a symmetrical
contact with the soma in a VCM— rat.
Note the round, nonindented nuclear en-
velope, indicating that this is a medium
spiny neuron. E, terminal seen in D (as-
terisk). F, A dynorphin-positive bouton
makes a symmetrical synaptic contact
with a dendritic shaft in a VEH-treated
animal. Scale bars: 4, 0.5 pum (valid for B,
C, and F); E, 0.1 pm; D, 2 um. sp app,
spine apparatus.

(Fig. 3B,F) (see also Van Bockstaele et al., 1994, 1995). In the
VCM- and VEH-treated groups, dynorphin-positive terminals
occasionally contacted perikarya (Fig. 3D,E), the latter of which
always had a round nuclear envelope characteristic of a medium
spiny projection neuron (Fig. 3D). Dynorphin-immunoreactive ter-
minals from all groups had other features in common, such as
dense core vesicles (Fig. 3C), which were characteristically located
away from terminal walls and the presynaptic specialization (Fig.
3C). Bouton inclusions and multivesicular bodies (Fig. 3B) were
associated with 3-4% of all terminals; puncta adhaerens and
vesicle-like, postsynaptic indentations were rare.

Most dynorphin-immunoreactive terminals formed a single syn-
apse with one postsynaptic target (Fig. 3B,E,F). Nevertheless, 12%
of the dynorphin-positive terminals in VEH-treated brains and 8%
in VCM - brains made synaptic contacts with two or three postsyn-

Table 1. Summary of dynorphinergic synaptic bouton features

Mean active % Targets Postsynaptic target
Animal Mean bouton area zone length Perforated  with
group (um? = SEM) (um = SEM) Postsynaptic density synapses dynorphin Spine  Dendritic shaft ~ Soma
VEH-treated  0.53 = 0.06 0.32 = 0.02 84% symmetrical 8.2% 30% 3.6%  76.8%% 3.4%
16% asymmetrical
VCM— 0.40 = 0.05 0.26 = 0.01 82% symmetrical 4.6% 41% 63%  77.1%"* 6.1%
18% asymmetrical
VCM+ 0.60 = 0.05 0.31 = 0.02 73% symmetrical* 13.8% 23%" 29.8%*  56.4% 2.1%

27% asymmetrical**

The cross-sectional terminal areas and active zone lengths were compared across groups (one-way ANOVA). Other synaptic variables were rated as present or absent for each
group, and odds ratios were used to predict the chances of each variable being present (or absent) in VCM+ rats as compared with the odds of that feature occurring (or not

occurring) in the absence of VCMs (VCM— and VEH-treated groups combined).

When compared with VEH-treated and VCM— animals, *dynorphin-immunolabeled terminals of VCM+ rats make significantly fewer symmetrical contacts (p = 0.01),
**dynorphin-immunolabeled terminals of VCM+ rats are significantly more likely to end in an asymmetrical specialization (p = 0.035), "dynorphin-immunolabeled
terminals in VCM+ rats contact significantly fewer dynorphin-positive targets ( p = 0.006), and *dynorphin-immunolabeled terminals in VCM+ rats contact significantly

more spines (p = 0.003).

When compared with VCM+ animals, #dynorphin-immunolabeled terminals in VCM— and VEH-treated rats contact significantly more dendritic shafts (p = 0.003).
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Figure 4. A, A typical neuron in the shell of the nucleus
accumbens filled with biotinylated LY and reacted with
DAB in a VEH-treated rat. Note the thickened, aspiny
proximal dendritic segments (arrows). B, A reconstruction
of the filled neuron pictured in 4.

aptic targets; 21% of the terminals in VCM+ brains contacted
more than one target (Fig. 34,C). Furthermore, in the VCM+
material, 15% of the terminals that made multiple contacts formed
more than three contacts.

The mean, cross-sectional area of dynorphin-immunoreactive
terminals in the VCM+ group was 13% larger than that in VEH-
treated rats (Table 1), but the difference was not significant. The
largest (>1 SD above the mean) dynorphin-positive terminals were
found in the VCM+ animals, but these were not significantly larger
than those in the other two groups. Dynorphin-immunolabeled
endings of the VCM+ animals were more likely to be perforated
(Fig. 34,C) and form multiple perforations (Fig. 3B) than were
those in the other groups; however the difference was also not
significant (Table 1). Dynorphin-positive boutons in VCM+ rats
contacted significantly fewer dynorphin-positive targets [Table 1;
odds ratio, 0.44; 95% confidence interval (0.3-0.7)], formed signif-
icantly more asymmetrical specializations [Table 1; odds ratio,
1.77; 95% confidence interval (0.3-0.9)], and contacted signifi-
cantly more spines [Table 1; odds ratio, 5.79; 95% confidence
interval (2.2-15.1)] and significantly fewer dendrites [p = 0.02;
odds ratio, 0.55; confidence interval (1.1-2.9)]. Dynorphin-positive
terminals contacted significantly more dendrites in the VCM— and
VEH-treated groups than in the VCM+ group [Table 1; odds
ratio, 2.61; 95% confidence interval (1.5-4.5)].

Figure 5. Reconstructions of typical, medium
spiny neurons in the shell of the nucleus accum-
bens in a VEH-treated (4), VCM— (B), or
VCM+ (C) rat. Note the tortuous distal den-
dritic segments (small arrows) in A and the
straight segments in B (asterisk) and in C. Note |
the higher density of the spines in B and C as y
compared with that in 4 and the spines on the E
proximal dendritic segment (large arrow) in C. f
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Dendritic shafts and spines

Reconstructed neurons found in the caudomedial shell of VEH-
treated rats showed the typical configuration (Fig. 4). They had
three to six proximal dendritic segments, spine-free initial dendritic
shafts, and densely spiny distal segments (Fig. 4B). Morphometric
analyses showed significant differences in spine density, tortuosity,
and dendritic shaft surface area and volume between groups (com-
pare Figs. 54 with B,C, 6). There was a 25% increase in the spine
density (p < 0.01) of neurons belonging to VCM+ and VCM—
animals as compared with that of VEH-treated rats (Figs. 5, 6;
Table 1). Spines also appeared on the proximal dendritic segments
of VCM+ (Fig. 5C) and VCM— rats. There was, however, no
change in the frequency of branched or mushroom-shaped spines
for any of the groups (ANOVA; F = 0.388 and p = 0.687 for
branched spines; F = 1.906 and p = 0.195 for mushroom-shaped
spines).

Sholl (1981) analysis revealed a marked increase in branching,
i.e., 47% more branch points (p = 0.019) and 36% more terminal
segments (p = 0.025), in VCM+ and VCM— as compared with
VEH-treated rats. The radial dendritic shaft length increased by
25.4% (p = 0.058), and neurons had more second (51%; p =
0.030)-, third (52%; p = 0.047)-, and fifth (234%; p = 0.029)-order
dendritic segments for VCM+ and VCM— rats than for VEH-
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treated animals. Dendritic shafts of shell neurons in VEH-treated
brains were significantly more tortuous than were those seen in
VCM+ and VCM— material (p < 0.01; Figs. 5, 6). More impor-
tantly, in VCM+ rats, dendritic segments were decreased in sur-
face area and volume (38% decrease; p = 0.03) when compared
with those in VEH-treated controls (Fig. 6). There were no signif-
icant differences in dendritic volume or surface area between
VCM-— and VEH-treated rats (Fig. 6).

DISCUSSION

These results show an unambiguous structural response by neurons
in the shell of the nucleus accumbens to chronic haloperidol treat-
ment. They further provide compelling evidence of dramatic and
persistent changes in the dynorphinergic circuitry of the shell of the
nucleus accumbens that are associated with neuroleptic-induced
dyskinesia. The shifts in dynorphinergic synaptic contacts could be
attributed to an increase in axodendritic contacts in VCM— and
VEH-treated animals. However, it more likely involves the remod-
eling and/or sprouting of dynorphin-positive terminals in VCM+
rats (Fig. 7). Dynorphin mRNA is significantly upregulated (Egan
et al., 1994), and medium spiny neurons are morphologically al-
tered (present results) in the accumbal shell of these animals.
These data provide clear evidence that a structural change in the
dynorphinergic circuitry of the nucleus accumbens is associated
with the movement syndrome (Fig. 7).

Technical considerations

The intensity of dynorphin immunoreactivity in VCM+ rats was
greater than that in other groups. Presumably this was not caused
by false-positive labeling, because antibody specificity has been
established (Pickel et al., 1993), but rather by an increase in the
density of dynorphin-positive structures. Certainly, the light micro-
scopic pattern of dynorphinergic elements did not differ between
the three groups or from that in previous reports (Van Bockstaele
et al.,, 1994). Furthermore, we controlled for variability in the
fixation and immunocytochemical procedures (Mijnster et al.,
1996). Another issue involves the use of odds ratios. Because there
were multiple observations made on each experimental animal, the
data could not be considered a simple random sample. Analyzing
these data without taking this into consideration would have re-
sulted in biased estimates of variance, leading to spuriously narrow
confidence intervals. Therefore, the odds ratio allowed the best
estimate of the relationship between the predictor variable and the
outcome, and by adding the confidence intervals, effects that occur
in a small data set could be tested (Altman et al., 1983; Gardner
and Altman, 1986). Moreover, the morphological events that were
compared by the use of these ratios did show clear increases or
decreases in percentage terms.

Long-term neuroleptic treatment is accompanied by
synaptic modifications

Neuroleptic-induced oral dyskinesias are slow to develop both in
experimental animals and humans and can persist indefinitely after
cessation of drug treatment. Increased dopamine receptor binding
has long been discarded as a responsible factor, and there is
growing support for a structural basis (cf. Benes et al., 1985;

VEH VCM- VCM+
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Figure 6. Bar graphs illustrate the signifi-
cant differences between animal groups.
Graphs show spine density (left), tortuosity
(middle), and dendritic surface area (right)
for VEH ( filled bar), VCM— (hatched bar),
and VCM+ (open bar) animals. The left and
middle graphs show that spine density is sig-
nificantly (asterisks) increased and tortuosity
is significantly reduced for both VCM+ and
VCM-— groups. The right graph shows that
dendritic segments in the VCM+ rats have
significantly reduced surface areas as com-
pared with those in the other two groups.
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Waddington, 1990; Mijnster et al., 1996). Ultrastructural studies
have shown increases in the size and perforations of dorsal striatal
synapses (Benes et al., 1985; Meshul and Casey, 1989; Roberts et
al., 1995), but no change (Benes et al., 1985), a rise (Uranova et al.,
1991; Kerns et al., 1992), or a decline (Roberts et al., 1995) in
synaptic density in the caudate-putamen of chronically treated rats.
Changes that have been reported consistently, such as increased
perforations, seem to be specific for glutamatergic endings, and
although these can be correlated with the development of VCMs
(Meshul et al., 1994, 1996), they do not persist in VCM+ rats after
drug withdrawal (Roberts et al., 1995). Certainly, drug dosage and
the means of administration could be factors that influence these
measures, but, more importantly, the synaptic parameters or the
region selected may not be appropriate for the interpretation of the
behavioral hypersensitivity.

Why the shell of nucleus accumbens?

The structural changes described here are found in the caudome-
dial shell of the nucleus accumbens, a region densely innervated by
dopaminergic fibers from the ventral tegmental area (Voorn et al.,
1986; Brog et al., 1993). This part of the shell is contiguous with the
extended amygdala and important for mediating not only neuro-
leptic drug actions but also the stress-induced sensitization of
motor activity (Alheid and Heimer, 1988; Deutch and Cameron,
1992; Deutch et al., 1992; Kalivas et al., 1993). Shell circuits are
involved in chewing, induced either by dopaminergic agents or
during feeding behavior (Prinssen et al., 1994; Kelley and Swanson,
1997; Stratford and Kelley, 1997). The TD syndrome could there-
fore be attributed to this region, particularly because these abnor-
mal oral movements are exacerbated during times of stress and
anxiety (Tarsy, 1983).

The nucleus accumbens contains high levels of the dynorphin
peptide and its related receptors (Meredith, 1999; Meshul and
McGinty, 2000). The synthesis and release of this peptide are
primarily regulated by activity at dopamine D1 receptors (Gerfen
et al., 1990), which are rich in the shell of the nucleus accumbens
(Bardo and Hammer, 1991). Chronic haloperidol treatment is
accompanied by elevations in dynorphin mRNA in animals that
develop tardive but not acute oral movements (Egan et al., 1996).
The elevated dynorphin message may be in response to other
changes brought about by haloperidol such as persistent endoge-
nous dopamine release that increases activity at the D1 receptor or
augmented levels of extracellular glutamate (Egan et al., 1991; See
and Chapman, 1994). Certainly, k receptor stimulation inhibits
striatal glutamate release (Rawls and McGinty, 1998), suggesting
that increased dynorphin production is an effort to compensate for
elevated glutamate.

Patch-clamp recordings from acutely dissociated cells have
shown that dynorphin reduces neuronal calcium currents and in-
hibits adenylate cyclase activity (Gross et al., 1990). In a series of
experiments that examined immediate early gene induction by
cocaine, Steiner and Gerfen (1998) concluded that dynorphin can
inhibit dopamine release and blunt D1 receptor activation. This
could occur via a negative feedback mechanism involving k recep-
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Figure 7. Schematic drawing of hypothetical changes that dynorphin-
immunoreactive terminals undergo in animals that are VCM+. 4, A sketch
of a typical dendritic segment found in the shell of the nucleus accumbens
of a VEH-treated rat. Dynorphin-positive endings (hatched) are shown
contacting the dendritic shaft, and glutamatergic boutons ( filled) are illus-
trated ending on spines. B, An illustration of a dendritic segment from a
VCM+ rat. After 18 weeks of withdrawal from 27 weeks of haloperidol
treatment, this dendrite has increased spine density and decreased surface
area (see Fig. 6) when compared with that of the VEH-treated animal seen
in A. In response to increased dynorphin production over the prolonged
period, dynorphin-positive (hatched) axodendritic synapses change their
shape and expand onto neighboring spines. Such growth would permit the
receptor-bearing membrane located in the spine (Svingos et al., 1999) to
come into close contact with a vesicle-bearing terminal, presumably ren-
dering it functional. These dynorphinergic boutons would therefore form a
new synapse on the spine, with the appropriate specialization, i.e., asym-
metrical. Furthermore, new dynorphinergic terminals (dotfed) may end on
newly formed spines after axonal sprouting. Glutamate endings (solid)
contact older spines. Regardless of the manner in which new synapses are
formed, such structural modifications in dynorphin neurons and their syn-
apses could alter the accumbal circuit in a dramatic and enduring manner.

tors located presynaptically on dopamine terminals (Svingos et al.,
1999; Meshul and McGinty, 2000).

Remodeling of shell circuits underlies the
VCM syndrome

Dendritic surface area is an important parameter for synaptic
arrangements, because the number of synapses that are present on
a dendrite is proportional to the size of this feature (Harris and
Kater, 1994). A decrease in surface area and the appearance of new
spines would therefore have serious consequences for synapse
stability (Halpain, 2000). Persistently elevated dynorphin (Egan et
al., 1994) would ultimately require structural adaptations to accom-
modate the increase in peptide production. Some of our previous
work has shown that subchronic haloperidol treatment alters the
shape of striatal opioid synapses (Mijnster et al., 1996). Thus,
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increased dynorphin levels could lead to a change in the shape of
existing terminals, which would allow boutons to maneuver onto
newly formed spines and away from shrinking dendrites (Fig. 7).
Because of these results, it is surprising therefore that dynorphin-
ergic boutons were not significantly augmented in size in VCM+
rats. There could be technical reasons for this. Dynorphinergic
terminals are uncommon, and serial sections were not collected
because such an approach would have produced too few data points
for statistical analysis. Therefore, the two-dimensional bouton ar-
eas recorded here may not have reflected the full size range of
terminals in each group. Nevertheless, the tissue from VCM+ rats
did contain the largest boutons and the greatest numbers of double
or triple synapses of all the groups. Increased numbers of double
synapses have been correlated with haloperidol-induced behavioral
hypersensitivity (Kerns et al., 1992). The numbers of DCVs were
also significantly increased for VCM+ rats as compared with those
in other groups (data not shown). DCVs store peptides, and an
increase in their numbers would signal a rise in dynorphin storage
capacity (Van Bockstaele et al., 1994).

Remodeling or sprouting of dynorphinergic terminals

New synapse formation or synaptogenesis is also likely for dynor-
phinergic endings (Fig. 7), even though total striatal synaptic den-
sity may decrease in VCM+ animals (Roberts et al., 1995). A new
contact is not constrained in its synaptic specialization, and our
results show that increases in asymmetrical specializations could
reflect new synapse formation (Fig. 7), a possibility that has been
proposed in synaptic turnover models (Dyson and Jones, 1984).
Neither asymmetrical nor axospinous junctions are common for
dynorphinergic endings (Van Bockstaele et al., 1994, 1995). There
is evidence of haloperidol-induced sprouting in the substantia nigra
(Benes et al.,, 1983), a region targeted mainly by dynorphinergic
axons from the striatum. Moreover, synaptophysin, a ubiquitous
glycoprotein associated with synaptic vesicles, is considered a di-
rect measure of the presence of mature synapses, and an upregu-
lation of this protein or its mRNA would indicate an increase in the
absolute number of synapses (Marqueze-Pouey et al., 1991). Re-
cently, we found a significant increase in synaptophysin mRNA
after acute haloperidol administration in the accumbal shell (E.
Hamid, G. Meredith, and M. Egan, unpublished observations),
where axon collaterals of dynorphinergic neurons are common.
Such an early elevation in synaptophysin message may be a first
step in the sprouting process.

Significant reductions in the numbers of dynorphin-positive tar-
gets in VCM+ rats can possibly be explained by the fact that DAB
deposits are not as obvious in spines as in other, larger structures
(Pickel et al., 1988) or that reduced dendritic volume means less
antigen present for immunolabeling. In early Huntington’s disease,
striatal dendrites become longer and thinner before cell death
(Ferrante et al., 1991). It is possible that similar changes underlie
the pathophysiology of this neuroleptic-induced motor disorder.
Clearly further work is needed to elucidate the mechanisms fully.
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