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Abstract. Perforated synapses, which contain a discon- 
tinuous density along the postsynaptic membrane, can 
increase or decrease in numbers following various behav- 
ioral and biochemical manipulations. We have previous- 
ly established that 14-day treatment with haloperidol 
causes an increase in the number of perforated synapses 
within the caudate nucleus (dorsolateral region) but not 
the nucleus accumbens (Meshul and Casey 1989). This 
effect was reversed if the animals were withdrawn from 
the drug for an equivalent period of time. We have now 
further examined the effects of haloperidol administra- 
tion, which is associated with a high incidence of ex- 
trapyramidal side effects (EPS) and tardive dyskinesia 
(TD), and assessed the effects of clozapine, which ap- 
pears to have a lower potential for inducing EPS and TD. 
Administration of haloperidol for 2 weeks significantly 
increased the percentage of perforated synapses in the 
caudate, but not in the nucleus accumbens or layer VI of 
medial prefrontal cortex (MPCx). There was an increase 
in specific [125I]epidepride binding to D-2 receptors in 
the caudate nucleus and MPCx following haloperidol. 
Administration ofclozapine for 2 weeks did not affect the 
percentage of perforated synapses in any of the three 
dopamine (DA)-rich regions that were examined. There 
was an increase in specific [3H]SCH 23390 binding to 
D-1 receptors and in specific [125I]epidepride binding to 
D-2 receptors only within MPCx following clozapine. 
The absence of any change in the density of perforated 
synapses within the dorsolateral caudate nucleus follow- 
ing clozapine correlates with: 1) the lack of  effect on 
specific DA receptor binding or down regulation of 
serotonin (5-HT2) receptors (as reported by others), or 
2) the inability in clozapine-treated animals to depolarize 
block substantia nigra (A9) DA neurons. These results 
may be related to the low incidence of EPS and TD 
observed with clozapine. 
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Dopamine (DA) neurons from the midbrain substantia 
nigra (A9, zona compacta) innervate the basal ganglia, 
while neurons from the ventral tegmental area 
(VTA)(A10) innervate the nucleus accumbens and 
medial prefrontal cortex (Beckstead et al. 1979). DA 
released from these nerve terminals activates either D 1 
DA receptors, which are linked to adenylate cyclase 
activation, or D-2 DA receptors, which inhibit cyclase 
activity (Kebabian and Calne 1979). 

Classical neuroleptic drugs, like haloperidol, may ex- 
ert their therapeutic effect by blocking DA D-2 receptors 
(Seeman and Grigoriadis 1987) and studies with animals 
have shown that long term blockade of DA D-2 recep- 
tors results in an increase in the number of receptors 
within the caudate nucleus (Duncan et al. t987) and has 
been variably reported within the nucleus accumbens 
(Duncan et al. 1987; Wilmot and Szczepanik 1989; 
O'Dell et al. 1990; current study). One of the problems 
associated with the treatment of psychiatric patients with 
haloperidol is the induction of extrapyramidal side ef- 
fects (EPS) and tardive dyskinesia (TD) (Baldessarini 
and Tarsy 1980; Casey 1987). On the other hand treat- 
ment with atypical neuroleptics, such as clozapine, is 
associated with a lower incidence of  EPS and TD (Casey 
1989a). Chiodo and Bunney (1983) have speculated that 
the difference in clinical effects may be due to a halo- 
peridol-induced depolarization blockade of the A9 and 
A10 DA neurons. Clozapine, however, inactivates A10 
but not A9 neurons (Chiodo and Bunney 1983). In ra- 
dioligand binding studies, chronic administration of 
ctozapine appears to have no effect on the number of 
striatal D-2 receptors, but down-regulates the number of 
cortical serotonin (5 HTz) receptors (Wilmot and 
Szczepanik 1989). In addition, clozapine is one of the 
more potent neuroleptic antagonists at dopamine D 1 
receptors (Andersen and Braestrup 1986). 

As a possible correlate to the neuroleptic drug- 
induced changes in receptor density, behavior, and elec- 
trophysiology, electron microscopic studies of DA-rich 
areas have been performed in tissues following in vivo 
treatment with neuroleptic drugs. Benes and associates 
(1985a) have demonstrated that chronic haloperidol 
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t rea tment  results in a small but  significant increase in the 
neuronal  area and  an increase in the size o f  nerve termi- 
nals and dendrit ic diameter  within the caudate  nucleus. 
In  addit ion,  there was an increase in the number  o f  
terminals per dendrite in the substant ia  nigra (Benes et 
at. 1983). In  the medial  prefrontal  cortex (MPCx) ,  chron-  
ic adminis t ra t ion o f  haloper idol  caused a selective loss o f  
small-calibre dendrit ic profiles and a loss o f  terminal 
profiles making  asymmetr ic  contac t  with a pos tsynapt ic  
dendrite (Benes et al. 1985b). Chronic  adminis t ra t ion o f  
clozapine, however,  caused a decrease in the density o f  
asymmetr ical  synapses and an  increase in symmetrical  
synapses (Vincent et al. 1989). 

In  our  previous s tudy (Meshul  and Casey 1989) we 
examined haloper idol- induced changes in the type o f  
synaptic contac t  made  between pre- and postsynapt ic  
structures tha t  could a c c o m p a n y  the increased density o f  
D A  D - 2  receptors. The  vast  major i ty  o f  synapses conta in  
a postsynapt ic  density or  specialization in which the 
density is cont inuous  a long the entire length o f  contact  
with the nerve terminal (Fig. 1, dark  arrow). We de- 
scribed changes in the n u m b e r  o f  synapses conta in ing  a 
d iscont inuous  or  "per fora ted"  pos tsynapt ic  density 
(Fig. 1, open  arrow). These perforated synapses are al- 
mos t  twice the diameter  o f  synapses containing a con-  
t inuous postsynapt ic  density. Adminis t ra t ion  o f  halo- 
peridol to rats for 14 days caused a significant increase 
in the number  o f  perfora ted  synapses within the (dor- 
solateral) caudate  nucleus bu t  no t  the nucleus accum- 
bens. In  tissue f rom animals treated for 14 days and then 
wi thdrawn f rom the drug  for 14 days, the increased 
number  o f  perforated synapses was no t  observed. We 
also demons t ra ted  that  the mean  diameter  o f  all the 
synapses within drug- t reated animals had  no t  changed as 
compared  to saline-treated animals,  and there had no t  
been a shift f rom smaller to larger diameter  terminals. 
This was significant, since perforated synapses are larger 
than non-per fora ted  synapses, and the effect o f  halo- 
peridol could have been due to an increase in the number  
o f  larger terminals. We have subsequently found  that  the 
increase in striatal perforated synapses was still observed 
after either 6 months  on haloperidol  or  after 6 months  
on and  1 m o n t h  off the drug (Meshul, unpubl ished ob- 
servation). Whether  this observat ion could  be related to 
T D  is no t  known.  

To  further  characterize the effects o f  neuroleptic drugs 
on rat brain, we examined the regional specificity o f  
clozapine, an atypical  neuroleptic,  and haloperidol ,  a 
typical neuroleptic,  on  the appearance  o f  perforated syn- 
apses in M P C x  (layer VI) and  nucleus accumbens,  which 
both  receive D A  input  f rom the V T A  (Emson  and  K o o b  
1978; Lindvall  et al. 1978; Beckstead et al. 1979; Van 
Eden et al. 1987) and in the caudate  nucleus. We found  
that  haloperidol  caused an increase in the percentage o f  
perforated synapses within the dorsolateral  caudate  nu- 
cleus but  not  the nucleus accumbens  or  layer VI o f  
MPCx.  In  addit ion,  haloper idol  caused an increase in 
specific binding of  [12SI]epidepride to D - 2  receptors 
within the caudate  and MPCx,  but  no t  the nucleus acc- 
umbens.  There was no change in perforated synapses 
fol lowing clozapine t rea tment  within any o f  the three 

brain areas examined, a l though there was an increase in 
specific binding o f  the appropr ia te  radiol igand to D 1 
and D - 2  receptors within the MPCx.  

Materials and methods 

Male Sprague-Dawley rats (180-200 g) (n = 5 for each group) were 
injected with haloperidol (0.5 mg/kg/day, SC)(McNeil Phar- 
maceutical), clozapine (35 mg/kg/day, SC)(Sandoz Pharmaceuti- 
cal), or normal saline for 14 days. The animals were maintained on 
a controlled 12 h dark and 12 h light cycle, with free access to food 
and water. The stock solution of haloperidoI (5 mg/ml) from the 
pharmaceutical company was diluted with normal saline. Clozapine 
was dissolved in a minimal amount of lactic acid, diluted with 
distilled water and pH balanced to 5.5. A comparable set of animals 
(n = 7) was used for the receptor binding studies as described below. 

Electron microscopy. Twenty-four hours following the final injec- 
tion, the animals were anesthetized with 1.0 ml/kg of a solution 
containing 5% ketamine, 2% xylazine and 1% acepromazine. The 
chest cavity was opened, and a solution consisting of 0.2 ml heparin 
(1000 units/ml) plus 0.2 ml 2% sodium nitrite (in normal saline) was 
quickly injected into the left ventricle. The left ventricle was cut and 
a 16 gauge blunt needle inserted through the ventricle and into the 
aorta. Fixative solution (300-500 ml) was perfased through the 
animal. The fixative consisted of 2.5% glutaraldehyde/3% freshly 
depolymerized paraformaldehyde in 0.1 M NaCacodylate buffer, 
pH 7.3, containing 0.1% CaC12. One hour after the perfusion, the 
brain was removed from the animal and placed in fixative overnight. 

A midsaggital cut through the corpus collosum was made and 
then a coronal cut made at Bregma + 1.7 and + 2.7 ram. (Paxinos 
and Watson t986). This exposes the head of the caudate and the 
nucleus accumbens at the first cut and the MPCx at the second cut. 
A 2 mm a piece from the dorsolateral part of the caudate, the nucleus 
accumbens (ventral and just medial to the anterior commissure, 
termed "shell of the nucleus accumbens" according to Paxinos and 
Watson 1986), and the medial prefrontal cortex (4 mm ventral from 
the skull and including all six layers of the cortex) was cut and 
placed into cold (4 ° C) Na Cacodylate buffer (pH 7.3) for 3-6 h. The 
tissue was then placed in cold 1% osmium tetroxide/1.5% K +- 
ferricyanide for 1.5 h, en bloc stained with aqueous 0.5% uranyl 
acetate overnight in the cold, dehydrated in a graded series of 
ethanols, and embedded in Embed 812/araldite. Thick sections 
(0.5 gm) were cut on an RMC 6000 ultramicrotome, stained with 
toIuidine blue, and examined with the light microscope to confirm 
the orientation of the tissue. Thin sections (silver-gold interface 
colors) were cut, placed on 200 mesh nickel grids and stained briefly 
(25 s) with lead citrate (0.075%)/aqueous uranyl acetate (8%) 
(5 min.)/lead citrate (25 s). The sections were viewed and photo- 
graphed on a JEOL 1200 EX TEMSCAN electron microscope. AI1 
photographs (initial magnification: x 15000) were randomly taken 
throughout the section in the region of the neuropil, an area con- 
taining the greatest concentration of synapses. The negatives were 
all printed at a final magnification of x 42000. 

A total of 25 micrographs were taken from each animal and 
brain region. The photographs were analyzed by an individual blind 
to the experimental group. The apposition of a nerve terminal and 
a putative postsynaptic structure was determined to be a synapse 
if there was an accumulation of synaptic vesicles within the nerve 
terminal and the pre-and postsynaptic membranes were electron 
dense. A synapse was determined to contain a perforated post- 
synaptic density if there was a gap in the electron density of the 
postsynaptic membrane of more than 0.05 microns (the width of a 
synaptic vesicle). The number of synapses with and without perfora- 
tions per field of view (22 gm 2) was determined and the mean 
percentage of perforated synapses (±SEM) was calculated. The 
mean percentages between groups was statistically analyzed using 
Peritz' F-test (for multiple comparison of means) (Einot and Gab- 
riel 1975). 



Radioligand binding to dopamine receptors. The method of Neve et 
al. (1990) was used to determine specific binding of radioligand to 
D-1 and D-2 receptors. Rats were killed 24 h after the last injection 
by decapitation and their brains removed and placed on ice. The 
rostral caudate, nucleus accumbens, and MPCx were dissected out 
and frozen at - 7 0  ° C. Tissue was subsequently homogenized in 10 
vol ice-cold TRIS buffer (50 mM TRIS-HC1, pH 7.4 at 25 ° C) and 
centrifuged at 30000 g for 20 min. The resulting supernatant was 
homogenized in 10 vol ice-cold TRIS buffer with 5 mM EDTA and 
incubated at 30 ° C for 30 min. The suspension was centrifuged 
again and resuspended in 600 vol (caudate and nucleus accumbens) 
or 30 vol (MPCx) of TRIS-isosaline for use in binding assays. 

For characterization of D-2 receptors, aliquots of the mem- 
brane preparation were added to assay tubes containing (final 
concentrations): 50 mM TRIS HC1, pH 7.4; 0.9% NaCI, 0.025% 
ascorbic acid, 100 nM idazoxan, 0.001% bovine serum albumin, 
[lZ 5i]epidepride (2000 Ci/mmol), and appropriate drugs. No correc- 
tion for radioactive decay of [125I]epidepride was made because the 
decay product has no measurable binding activity (unpublished 
observations). Spiperone (2 gM) was used to define nonspecific 
binding. Assays were carried out in duplicate in a volume of 0.5 ml. 
Incubations were initiated by the addition of tissue, carried out at 
30 ° C for 60 rain, and stopped by the addition of 5 ml ice-cold wash 
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buffer (10 mM TRIS, pH 7.4 and 0.9% NaC1) to each assay. The 
samples were filtered through glass-fiber filters (Whatman GF/C) 
and washed with an additional 2 × 5 ml wash buffer. The radioactiv- 
ity retained on the filter was counted using a gamma counter (LKB 
Clinigamma 1272). 

For characterization of DA D-1 receptors, pH]-SCH 23390 
(Dupont-NEN, Boston, MA) was incubated with the tissue 
preparation for 60 min at 37 ° C. Non-specific binding was defined 
by the difference in binding determined in the presence or absence 
of SCH 23390 (1 pM). The reaction was terminated and the contents 
of each tube was filtered as described for the [lzSI]epidepride bind- 
ing assay (above). 

Differences in specific D 1 or D-2 binding between either the 
haloperidol-or clozapine-treated animals and the saline control 
group were compared statistically using the student t-test. The 
experiment-wise statistical significance level of P < 0.05 was selected 
when comparing the two groups of data. 

Results 

The neuropi l  o f  the caudate  nucleus is i l lustrated in Fig. 1. 
The neuropi l  f rom the nucleus  accumbens  and  layer VI 

Fig. 1. Electron micrograph from the neuropil of the caudate nu- 
cleus of a rat treated with haloperidol for 14 days. A non-perforated 
synapse (dark arrow) is making an asymmetric contact with a 
dendritic spine, while three perforated synapses (open arrows) are 

making asymmetric contact with dendritic spines. Another per- 
forated synapse (curved arrow) is shown making a symmetric con- 
tact with a dendritic shaft. Calibration bar: 0.5 gm 
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Table 1. Effect of clozapine and halo- 
peridol on the number of perforated and 
total synapses 

Saline a Haloperidol" Clozapine" 

Perf syn. Total syn. Perf syn. Total syn. Perf syn. Total syn. 

Caudate 1.014-0.07 11.54-0.25 1.534-0.08b10.84-0.22 0.954-0.07 10.94-0.23 

Nucleus 0.99_+0.08 11.64-0.28 1.044-0.09 10.94-0.28 1.094-0.08 12.34-0.29 
accumbens 

Media l  1.104-0.08 10.64-0.29 1.14_+0.10 11.34-0.26 1.234-0.10 11.84-0.24 
prefrontal 
cortex 

a Values are means_+ SEM per field of view 
u Statistically significant versus saline controls or clozapine using Peritz' F-test (P < 0.05) 20] 
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Fig. 2. Mean percentage of perforated synapses within the caudate 
nucleus following 14 day treatment with either saline, clozapine 
(35 mg/kg/day) or haloperidol (Haldoi) (0.5 mg/kg/day). *Signifi- 
cantly different versus saline or clozapine (P<0.05), using Peritz' 
F-test 20] 
10~ 

O9 

0 
Saline CLZ Haldol 

Fig. 3. Same as Fig. 2 except for the nucleus accumbens. There were 
no differences between any of the groups 

of MPCx are similar in appearance. The perforated syn- 
apse contains a break in the continuity of  the postsynap- 
tic specialization such that the membrane in the area of 
the perforation does not contain the usual increased 
density. The perforation can be located anywhere along 
the length of  the point of  synaptic contact and in some 
instances, there can be more than one perforated region 
per synapse. The majority of  perforated synapses (70.2 %) 
make contact with dendritic spines, with the remainder 
of the contacts on dendritic shafts (29.8 %). Occasional 
contacts are observed on the neuronal cell body. Per- 
forated synapses were associated with asymmetrical den- 
sities 89.1% of the time, with the remainder of  the per- 
forated synapses having symmetrical contacts. 

Treatment with haloperidol for 14 days resulted in a 
statistically significant increase in the mean percentage of  
perforated synapses as compared to either clozapine or 
saline within the neuropil of  the caudate nucleus 
( P <  0.05) (Fig. 2). None of  the treatments lead to any 
change in the mean number of  perforated synapses in the 
nucleus accumbens (Fig. 3) or layer VI of  MPCx (Fig. 4). 
Similarly, there was no significant change in the total 
number of  synapses in any of the brain regions following 
either haloperidol or clozapine treatment (Table 1). The 
only significant increase was in the number of  perforated 
synapses within the caudate following haloperidol ad- 
ministration. Therefore, the percent increase in per- 
forated synapses within the caudate, as shown in Fig. 2, 
was not due to a decrease in the total number of  syn- 
apses. 

Tables 2 and 3 show the specific binding for D-1 and 
D 2 receptors, respectively, from the caudate, nucleus 
accumbens, and MPCx. Haloperidol caused a significant 
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Fig. 4. Same as Fig. 2 except for the medial prefrontal cortex. There 
were no differences between any of the groups 

Table 2. Effects of haloperidol and clozapine on D-1 receptors 

Saline" HaloperidoP Clozapine" 

Caudate 462 i33 394 ±19 453 ±33 
Nucleus 177 ±16 175 ±22 227 ±48 
accumbens 
Medial 60.44- 3.2 63 ± 3.3 69.9± 2.5 b 
prefrontal 
cortex 

Values are means (fmoles/mg protein) ± SEM 
b Statistically significant versus saline controls by the t-test 
(P < 0.05) 
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Table 3. Effects of haloperidol and ctozapine on D-2 receptors 

Saline ~ Haloperidol" Clozapine a 

Caudate 139 ±7 172 4-11 b 110 ±21 
Nucleus 37.6±5.7 45.3± 8.2 40.74- 4.9 
accumbens 
Medial 4.5±0.2 6.4± 0.2 b 6.4± 0.4 b 
prefrontal 
cortex 

a Values are means (fmoles/mg protein) ± SEM 
b Statistically significant versus saline controls by the t-test 
(P<0.05) 

increase in the specific binding of D-2 receptors in the 
caudate nucleus and MPCx compared to the saline con- 
trol (P<0.05). The drug did not effect D-1 receptor 
binding in any of the three regions examined. This was 
in contrast to clozapine, which caused a significant in- 
crease in D-1 and D-2 receptor binding in MPCx com- 
pared to the saline control (P<0.05). 

Discussion 

Interest in perforated synapses was stimulated by several 
previous studies demonstrating that these synapses can 
undergo changes (i.e. synaptic plasticity) in density fol- 
lowing exposure to various environmental conditions 
(Greenough et al. 1978; Vrensen and Cordozo 1981; 
Hatton and Ellisman 1982; Geinisman et al. 1986) or 
lesions (Nieto-Sampedro et al. 1982). The perforated 
synapse is usually larger than those not perforated and 
at certain points along the pre- and postsynaptic density, 
the width of the synaptic cleft is also smaller as compared 
to the other synapses. Greenough and coworkers (1978) 
speculated that the perforated synapse is more efficient 
at transmitter release and this plasticity may be related 
to learning and memory. 

Our initial study (Meshul and Casey 1989) focused on 
the ultrastructural effects of haloperidol within the dor- 
solateral caudate and the nucleus accumbens. In rat, the 
dorsolateral caudate receives afferents from areas asso- 
ciated with motor functions (Beckstead et al. 1979; 
McGeorge and Faull 1989). Inputs from timbic cortex to 
this area of caudate are sparse, suggesting a primary role 
in motor function. Damage to the lateral portion of the 
caudate results in sensor±motor impairment (Dunnett 
and Iversen 1982) and is consistent with the involvement 
of the nigrostriatal system in EPS and TD (Baldessarini 
and Tarsy 1980). 

The nucleus accumbens mainly receives input from 
limbic structures (Beckstead et al. 1979; Kelly et al. 1982; 
Kelly and Domesick 1982). This differential innervation 
pattern may lend further support to the idea that the 
nucleus accumbens may be the site of ant±psychotic ac- 
tion, whereas the more dorsal and lateral striatum may 
be involved in neuroleptic-induced EPS (Stevens 1973; 
Costall and Naylor 1976). 

The hatoperidol-induced increase in perforated syn- 
apses was observed within the dorsolateral caudate and 

not the nucleus accumbens. We hypothesized that the 
perforated synapse was not a part of the dopamine sys- 
tem and that its neuronal origin could be sensor±motor 
cortex (Meshul and Casey 1989). This hypothesis was 
based on the diameter of the perforated synapse, which 
was twice that compared to either dopamine (Pickel 
1986), GABA (Ribak et al. 198t), or acetylcholine 
(Phelps et al. 1985) labelled terminals. The haloperidol- 
induced increase in perforated synapses within the dor- 
solateral caudate, and the importance of this area in 
terms of motor function, may suggest a correlation be- 
tween these two observations. 

Clozapine is associated with a low incidence of EPS 
and TD (Casey 1989a). If the motoric disorders asso- 
ciated with haloperidol treatment involve the dor- 
solateral caudate, then treatment with clozapine should 
not cause any changes in the density of perforated syn- 
apses in this particular area. Fig. 2 indicates that this is 
the case. It was also found that clozapine did not affect, 
ultrastructurally, the other two DA-rich areas (nucleus 
accumbens or layer VI of MPCx). There was no change 
in the total number of synapses following either drug 
treatment within any of the brain areas examined. This 
is important, since the lack of change in the percentage 
of perforated synapses following clozapine treatment 
could have been due to a significant decrease in the total 
number of synapses and an increase in the mean number 
of perforated synapses. 

The lack of change in D-1 or D-2 receptor binding 
within the caudate following clozapine (Tables 2 and 3) 
correlates with the inability of this drug to effect the 
density of perforated synapses. The increase in D-1 and 
D-2 specific binding within MPCx following clozapine 
did not  correlate with an increase in perforated synapses 
in this cortical area. This is in contrast to the increase in 
D-2 receptor binding within the caudate following halo- 
peridol, where a subsequent increase in perforated syn- 
apse density was observed. On the other hand, the halo- 
peridol-induced increase in D-2 receptors within MPCx 
did no t  correlate with a change in the percentage of 
perforated synapses within this brain region. At least 
within this area of cortex, differences in receptor binding 
by either drug was not correlated with any morphologi- 
cal change. This calls into question any correlation or 
linkage between biochemical, pharmacological, or mor- 
phological changes associated with neuroleptic drug 
treatment. 

A number of previously reported electrophysiological 
and biochemical studies may help to explain the lack of 
ultrastructural changes within the dorsolateral caudate 
following clozapine. Initially, acute administration of 
haloperidot caused an increase in activity of the A9 DA 
neurons (Bunney and Grace 1978; White and Wang 
1983). Chronic administration, however, resulted in a 
significant decrease in activity of these same neurons. 
When GABA or DA was applied to these silent neurons, 
activity could be restored, suggesting that the neurons 
had undergone depolarization blockade. It was later 
found that chronic haloperidol also caused depolariza- 
tion blockade of the A10 DA neurons (Chiodo and 
Bunney, 1983). Chronic clozapine treatment, however, 
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resulted in depolarization blockade of only the A10 but 
not A9 DA neurons. This finding is significant, since it 
has been suggested that EPS associated with neuroleptic 
treatment may be correlated with the drug effect on A9 
neurons versus the antipsychotic effect of the drug on 
A10 neurons (Chiodo and Bunney 1983, 1985). Blockade 
of A9 DA neurons by haloperidol may result in an 
increased density of perforated synapses within the cau- 
date, whereas the failure ofclozapine to block such activ- 
ity may be responsible for the lack of change within this 
brain area. 

Why blockade of A10 neuronal activity by both halo- 
peridol and clozapine failed to change the density of 
perforated synapses within the nucleus accumbens or 
MPCx is not certain. What is clear is that the circuitry 
of the dorsolateral caudate and nucleus accumbens are 
distinct. Besides inputs from A9 DA neurons (Beckstead 
et al. 1979), and sensorimotor cortex (McGeorge and 
Faull 1989), the caudate also receives afferents from the 
parafasicular nucleus of the thalamus (Berendse and 
Groenewegen 1990). The nucleus accumbens receives 
input from the A10 DA neurons (Beckstead et al. 1979) 
and from widespread areas of limbic cortex, including 
medial prefrontal (Sesack et al. 1989), hippocampus 
(Kelley and Domesick 1982) and amygdala (Kelley et al. 
1982). The A10 DA neurons also proiect to MPCx (Em- 
son and Koob 1978; Lindvall et al. 1978; Van Eden et 
al. 1987). We hypothesized that a possible neuronal 
source of the perforated synapse was sensorimotor cortex 
(Meshul and Casey 1989). Injection of the tracer, 
WGA-HRP,  into sensorimotor cortex of untreated rats 
labels nerve terminals associated with perforated syn- 
apses within the rostral dorsotateral caudate (Meshul et 
al. 1990). Injections of this tracer into the parafasicular 
nucleus of the thalamus labelled only small, non- 
perforated, nerve terminals within a similar area of the 
caudate (Meshul, unpublished observations). 

We also suggested that activation of the corticostriatal 
pathway could bring about the increase in perforated 
synapses due to haloperidol treatment (Meshul and Ca- 
sey t 989). Specifically, blockade of caudate DA receptors 
would prevent the inhibitory effects of DA on this area, 
resulting in an increase in GABA release from the cau- 
date to the globus pallidus. This would inhibit the activ- 
ity of the globus pallidus, which would cause a decrease 
in release of GABA from the globus pallidus to the 
thalamus (VA/VL). The decrease of inhibition from the 
globus pallidus would activate the projection from the 
thalamus to the motor cortex and subsequently activate 
the corticostriatal pathway. This suggestion is consistent 
with the observation that there is an increase in glucose 
utilization within the striatum following haloperidol 
(Carvey et al. 1987). Depolarization blockade of the A 10 
DA neurons, due to either haloperidol or clozapine treat- 
ment, could ultimately fail to activate the pathways from 
the various limbic cortical regions to the nucleus accum- 
bens, thus preventing any synaptic change in this nu- 
cleus. On the other hand, the clozapine-induced increase 
in specific binding to D-1 and D-2 receptors within the 
MPCx (Tables 2 and 3) may also affect the activity of the 
descending cortico-accumbens pathway. 

Clozapine also binds to other non-DA receptors (An- 
derson et al. 1985; Seeman and Grigoriadis 1987), in- 
cluding muscarinic (Miller and Hiley 1974; Snyder et al. 
1974), alpha2-noradrenergic (Bartholini et al. 1972; Bur- 
ki et al. 1974; McMillen and Shore 1978; Peroutka and 
Snyder 1980), histaminergic (Peroutka and Snyder 1980), 
and serotonergic (5 I-IT2) (Hyttel et al. 1985). In addi- 
tion, chronic administration of clozapine has recently 
been shown to significantly decrease the density of 
5-HT2 receptors within the cortex (Wilmot and Szczepa- 
nik 1989; O'Dell et al. 1990), and the striatum (O'Dell 
et al. 1990). Chronic administration of haloperidol did 
not effect the density of 5-HT2 receptors. The clozapine- 
induced decrease in 5-HT~ receptors within the striatum 
was measured in the ventrolateral region, since binding 
in the dorsolateral area was near background levels. The 
ventrolateraI striatum receives mainly limbic afferents 
compared to the dorsolateral striatum, which receives 
sensorimotor input (McGeorge and Faull 1989). This is 
important since the analysis of perforated synapses in the 
present study used tissue from the dorsolateral region of 
the caudate. The direct effect of clozapine in this dorsal 
region would, therefore, have been minimal. It is possible 
that blockade of cortical 5-HT2 receptors could affect 
activity of the corticostriatal pathway, which is at least 
one origin of the perforated synapse (Meshul et al. 1990). 

The midbrain serotonin raphe neurons also project to 
the substantia nigra (Steinbusch 1981), and lesions of this 
pathway lead to a decrease in serotonergic activity and 
a decrease in haloperidol-induced catalepsy (Kostowski 
et al. 1972). Gallager and Aghajanian (1976) reported 
that atypical neuroleptics inhibit the activity of neurons 
within the raphe, but typical neuroleptics have no effect. 
The atypical neuroleptics may decrease the inhibitory 
effect of serotonin on the substantia nigra (A9) and could 
play a role in preventing depolarization blockade of these 
midbrain neurons. Absence of depolarization blockade 
of the A9 DA neurons by clozapine could explain the 
lack of change in perforated synapses within the caudate. 

The heterogeneity of the striatum, in terms of afferent 
connections, may be important in terms of explaining the 
relative lack of EPS and TD observed with clozapine 
versus haloperidol. Clozapine failed to change the den- 
sity of perforated synapses within the motor-related dor- 
solateral caudate, as compared to the haloperidol- 
induced increase in perforations. Both drugs had no 
influence on the density of perforated synapses within the 
nucleus accumbens or MPCx, and this may be important 
for the antipsychotic effect of both drugs. Meltzer et al. 
(1989) suggested the importance of the ratio between 
5-HT2 and D-2 binding in terms of classifying typical 
and atypical antipsychotic drugs and their effects in 
producing EPS. Co-administration of haloperidol and a 
5-HT2 blocker, such as ritanserin, a drug which activates 
DA neurons (Ugedo et al. 1989), could prevent the in- 
crease in perforated synapses as shown with clozapine. 
This will be critical in determining the rote of serotoner- 
gic activity in the action of clozapine, since ritanserin has 
been found to decrease the EPS associated with neuro- 
leptic treatment in humans (Bersani et al. 1986, 1990). 
However, it has also been recently reported that ad- 
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min i s t r a t i on  o f  a series o f  neu ro lep t i c  d rugs  wi th  va ry ing  
5 - H T z / D - 2  b ind ing  ra t ios  p r o d u c e d  c l in ica l ly  indis t in-  
gu i shab le  EPS in n o n h u m a n  p r i m a t e s  (Cascy  1989b). 

In  s u m m a r y ,  we have  shown tha t  h a l o p e r i d o l  t rea t -  
men t  resul ts  in an  increase  in the m e a n  pe rcen tage  o f  
p e r f o r a t e d  synapses  on ly  wi th in  the  d o r s o l a t e r a l  c a u d a t e  
a n d  n o t  the  nucleus  a c c u m b e n s  o r  M P C x .  S imi la r  t rea t -  
m e n t  wi th  c lozap ine  fai led to  change  the dens i ty  o f  per-  
f o r a t ed  synapses  wi th in  the  three  b r a i n  areas  examined .  
There  was no  difference in the  to ta l  n u m b e r  o f  synapses  
fo l lowing  a n y  o f  the  t r e a tmen t s  in any  o f  the b ra in  re- 
gions.  Changes  in specific b ind ing  to D A  recep tors  a n d  
m o r p h o l o g y  was on ly  co r re l a t ed  wi th in  the  cauda t e  fol- 
lowing ha lope r ido l .  In  c o n t r a s t  to the  cauda t e  nucleus,  
the  M P C x  d id  no t  show a co r r e l a t i on  be tween the per -  
centage  o f  p e r f o r a t e d  synapses  a n d  changes  in D - 1  o r  
D - 2  b ind ing  induced  b y  c lozap ine  or  ha lope r ido l .  W i t h  
r ega rd  to  p e r f o r a t e d  synapses ,  there  a p p e a r e d  to  be no 
d i rec t  co r r e l a t i on  be tween  b iochemica l  and  m o r p h o l o g i -  
cal changes  fo l lowing  neuro lep t i c  d rug  t r ea tmen t .  
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