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Genetics, Haloperidol, and the Fos Response
in the Basal Ganglia: A Comparison

of the C57BL /6] and DBA /2] Inbred

Mouse Strains

Nilay Patel, B.S., Barbara Hitzemann, B.S., and Robert Hitzemann, Ph.D.

The haloperidol-induced increase of Fos-like
immunoreactive (Fos-1i) neurons in the basal ganglia was
compared in the C57BL/6] (B6) and DBA/2] (D2) inbred
mouse strains. The D2 strain is 10-fold more sensitive than
the B6 strain to haloperidol-induced catalepsy, a putative
animal model of the extrapyramidal symptoms (EPS) seen
after the administration of typical neuroleptics. In contrast,
the strains are equally sensitive to the haloperidol
facilitation of prepulse inhibition of the acoustic startle
response, a measure of drug efficacy on the mesolimbic
dopamine system. The haloperidol effects on Fos-li neurons
were examined over the range of 0.1 to 6.0 mg/kg; the ED5,
for haloperidol-induced catalepsy are 0.4 and 3.8 mg/kg in
the D2 and B6 strains, respectively. In neither the core or

shell of the nucleus accumbens nor the caudate-putamen
(including the dorsolateral aspect) did the D2 strain show a
greater Fos response compared to the B6 strain. In fact, in
the dorsolateral caudate-putamen, the B6 strain showed a
modest but significantly greater Fos response. However, at
the output nuclei of the basal ganglia, the entopeduncular
nucleus (EP) and the substantia nigra zona reticulata
(SNr), the D2 strain consistently showed a greater Fos
response. These data suggest that the EP and SNr may be
important to understanding the difference in haloperidol-
induced catalepsy between the D2 and B6 strains.
[Neuropsychopharmacology 18:480-491, 1998]
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As detected by both immunocytochemistry and in situ
hybridization, D, dopamine receptor antagonists reliably
induced a marked increase of striatal Fos positive neu-
rons (e.g., Miller 1990; Dragunow et al. 1990; Nguyen et
al. 1992; Robertson and Fibiger 1992; Deutch and Cam-
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eron 1992). Presumably, this increase occurs in a subset
of the striatal GABA neurons which are normally toni-
cally inhibited via a D, receptor mechanism. The Fos re-
sponse has been shown to have both predictive and
construct validity for understanding the mechanisms of
antipsychotic drug action. The data supporting this po-
sition may be briefly summarized: 1) Typical but not
atypical antipsychotics increase the number of Fos posi-
tive neurons in the dorsolateral caudate-putamen (CPu)
(Dragunow et al. 1990; Nguyen et al. 1992; Deutch and
Cameron 1992; Robertson et al. 1994; Ishibashi et al. 1996)
although olanzapine, a putative atypical antipsychotic,
does show a Fos response similar to haloperidol (Rob-
ertson and Fibiger 1996). Since the dorsolateral CPu has
an important role in the regulation of movement (Pisa
1988; Carelli and West 1991), these data suggest that the
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Fos response in the area may be predictive of the cata-
lepsy response in rodents and extrapyramidal symp-
toms (EPS) in humans (Merchant and Dorsa 1993; Rob-
ertson et al. 1994; Robertson and Fibiger 1996); 2)
Anticholinergic drugs e.g., scopolamine, which block
the development of neuroleptic-induced EPS also block
the Fos response (e.g., Guo et al. 1992); 3) All clinically
effective antipsychotic drugs induce a Fos response in
the nucleus accumbens (NAc), this being the only struc-
ture to date which consistently predicts therapeutic effi-
cacy (Robertson et al. 1994; Deutch et al. 1996); and 4)
Although most of the Fos data has been obtained in ro-
dents, the Fos response in nonhuman primates appears
similar (Deutch et al. 1996).

To our knowledge the Fos strategy has not been ap-
plied to investigate the genetic variability in neuroleptic
response. Among both inbred strains of mice and rats,
there are marked differences in sensitivity for haloperi-
dol-induced catalepsy (Kinon and Kane 1989; Kanes et
al. 1993). For example, among 40 standard and recombi-
nant inbred mouse strains, the EDs, for haloperidol-
induced catalepsy varies more than 30 fold (Hitzemann
et al. 1995) and these differences do not appear to be as-
sociated with differences in drug uptake or metabolism
(Kanes et al. 1993). Correlated traits to the catalepsy re-
sponse include D, receptor density, the number of mid-
brain dopamine neurons, and the number of striatal
cholinergic neurons (Qian et al. 1992, 1993; Kanes et al.
1993; Hitzemann et al. 1993, 1994; Dains et al. 1996).
Paradoxically, both somatodendritic and post-synaptic
D, receptor density are increased in the non-responsive
animals (Hitzemann et al. 1991; Qian et al. 1992, 1993;
Kanes et al. 1993, 1996; Cipp, 1995). Quantitative trait
loci (QTL) analysis of the catalepsy response has re-
vealed three QTLs which map near three likely candi-
date genes, Drd2, HTR2a, and Chat (Kanes et al. 1996;
Rasmussen et al. 1997).

In the current study we have compared the Fos response
to haloperidol in the C57BL/6] (B6) and DBA /2] (D2)
inbred mouse strains. The EDs, for haloperidol-induced
catalepsy in the D2 and B6 strains are 0.4 and 3.8 mg/kg,
respectively (Kanes et al. 1993). In contrast, these strains
are equally sensitive to the haloperidol facilitation of
prepulse inhibition (PPI) of the acoustic startle response
(McCaughran et al. 1997), which is thought to reflect ha-
loperidol’s effects on the mesolimbic dopamine system
(see e.g., Swerdlow et al. 1994), although, there also ap-
pears to be some involvement of the caudodorsal stri-
ato-pallidal circuitry (Kodsi and Swerdlow, 1995). Sig-
nificant haloperidol effects on PPI are detected at 0.1
mg/kg. As a working hypothesis, we proposed that the
Fos response to haloperidol in the D2 and B6 strains
would parallel the results found for typical and atypical
neuroleptics; in the dorsolateral CPu, the D2 strain
would be more sensitive to the effects of haloperidol,
whereas in the nucleus accumbens (NAc) the strains
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would be equally sensitive. The alternative hypothesis
was that the strains would be equally sensitive to the ef-
fects of haloperidol in the CPu and the NAc, but would
differ significantly at the output nuclei of the basal gan-
glia i.e., the entopeduncular nucleus (EP) and the sub-
stantia nigra zona reticulata (SNr). Wirtshafter and
Asin (1995) have demonstrated that haloperidol causes
a dose dependent increase of Fos-li neurons in both the
EP and SNr and concluded that these data are consis-
tent with the idea that receptor blockade results in dis-
inhibition of cells in these brain regions.

METHODS
Animals

Male C57BL/6 and DBA /2] mice weighing 18-24 g were
obtained from Jackson Laboratories (Bar Harbor, ME).
Animals were housed under 12-hour light-dark cycle,
fed food and water ab libitum, and acclimated to the new
environment for at least two weeks. For the three days
prior to testing, the animals were injected once daily in-
traperitoneally (i.p.) with saline. On testing day, the an-
imals were randomly assigned to one of six groups—saline
or haloperidol (0.1, 0.3, 1.0, 3.0, and 6.0 mg/kg). Halo-
peridol (Sigma Chemical Co., St. Louis, MO) was dissolved
in saline with minimal amount of acetic acid, further di-
luted before injection and administered i.p. Sixty min-
utes after drug or saline treatment, the animals were deeply
anesthetized with a 7:5 mixture of xylazine (8 mg/kg;
Miles Inc, KN) and ketamine (60 mg/kg; Fort Dodge
Laboratories, Fort Dodge, IW). The animals were tran-
scardially perfused with 0.9% saline solution, the brains
were removed and fixed overnight in 4% paraformalde-
hyde in 0.1 M phosphate buffer (PB), pH = 7.4.

Immunohistochemistry

The paraformaldehyde fixed brains were transferred to
ice-cold 30% sucrose in PB and were allowed to cryo-
protect in this solution for 2448 hours. Thirty-mi-
crometer frozen coronal sections were cut on a micro-
tome and collected in 10 mM phosphate buffered saline
(PBS). The sections were rinsed three times in PBS and
treated with 0.3% H,O, in PBS for fifteen minutes to
block the endogenous peroxidase activity. The sections
were rinsed in PBS six more times to remove the resid-
ual H,0O,. The sections were then blocked for two hours
in the immunoreaction buffer (10 mM PBS containing
0.25% Triton X-100 and 3% goat serum) without anti-
body; antibody (final dilution 1:20,000) was than added
and the incubation was continued for 60 to 72 hrs at
4°C. The antibody was obtained from Oncogene Science
Inc. (Cambridge, MA); the antibody was raised against
residues 4 - 17 of human c-Fos protein.

The sections were rinsed three times in PBS and incu-



482 N. Patel et al. NEUROPSYCHOPHARMACOLOGY 1998—VOL. 18, NO. 6




NEUROPSYCHOPHARMACOLOGY 1998—VOL. 18, NO. 6

Genetics, Haloperidol and Fos 483

120

100

80

c-Fos positive cells
(=)

100

80 -
60 -
40

20 A

0 .
saline 0.1 0.3 1 3 6
Haloperidol - mg/kg
Figure 2. Effect of haloperidol on the number of Fos posi-

tive cells in the dorsolateral caudate-putamen (v1CPu) and
the ventrolateral CPu (v1CPu): comparison of the C57BL/6]
and DBA/2J Inbred Mouse Strains. Animals (males only)
were administered various doses of haloperidol or vehicle 1
hr before sacrifice. The number of Fos positive neurons was
detected by standard immunohistochemical techniques. N =
8-10 animals per treatment. Data are the mean *+ SE. * Sig-
nificantly different from the DBA /2] strain;p < 1072

bated with the biotinylated goat anti-rabbit IgG (1:200 of
secondary antibody) in 10 mM PBS containing 0.3% Tri-
ton X-100 and 3% goat serum for two hours at room
temperature. The sections were subsequently incubated
with horseradish peroxidase avidin-biotin complex in
10 mM PBS for two hours at room temperature. The
sections were rinsed three times in PBS and placed in
0.1 M Tris (pH 7.4) for 5 minutes. The chromatic reac-
tion was accomplished with diaminobenzidine (50 mg/
100 ml of 0.1 M Tris) in presence of 0.01% nickel ammo-
nium sulfate solution and 0.035% hydrogen peroxide.
The sections were mounted onto slides, dehydrated and
cover-slipped with Permount.
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Figure 3. Effect of haloperidol on the number of Fos posi-
tive cells in the core and shell of the nucleus accumbens
(NAc): comparison of the C57BL/6] and DBA/2] Inbred
Mouse Strains. Details in the legend to Figure 2. For the core,
data from the dorsal and medial aspects have been com-
bined; for the shell, data from the medial and ventral aspects
have been combined (see Figure 1).

Image Analysis

C-Fos positive nuclei were counted in seventeen regions
of the basal ganglia (Figure 1) using MCID M1 imaging
software (St. Catharines, Ontario, CA). The target re-
gion was captured using a black and white digitizing
camera. The targets were enhanced (against the back-
ground) using a matrix function. Targets with perimeter
and area greater than 8 pixels were selected within the
templates shown in the Figure 1. The selected targets
were manually examined for accuracy and incorrect se-
lections were removed from the cell counts. Each region
was counted at two rostral-caudal levels. The number of
Fos-li neurons in a region were divided by the scan area to
yield the number of Fos-li neurons within a 0.1 mm? area.

Figure 1. Schematic illustration of the regions targeted for analysis a) dorsal core of the nucleus accumbens (NAc); b)
medial core NAc; c¢) medial shell NAc; d) ventral shell - NAc; e) ventrolateral caudate-putamen (CPu); f) lateral CPu; g) dor-
solateral CPu; h) medial CPu; i) ventral pallidum (VP) (rostral); j) VP (caudal); k) dorsomedial CPu; 1) globus pallidus (GP)
(rostral); m) GP (caudal); n) medial entopeduncular nucleus (EP); o) lateral EP; p) subthalamic nucleus; q) medial substantia
nigra zona reticulata (SNZr); r) lateral SNZr; s) ventral tegmental area (VTA); t) rostral SNZ compacta (SNZc); u) caudal SNZc.
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Figure 4. Effect of haloperidol on the number of Fos posi-
tive cells in the ventral pallidum (VP) and globus pallidus
(GP): comparison of the C57BL/6] and DBA/2] Inbred
Mouse Strains. Details in the legend to Figure 2.
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Statistical Methods

The data were analyzed by standard analysis of vari-
ance techniques using Statistical software for Windows
(Statsoft Inc., Tulsa, OK). Duncan’s multiple range test
was used for the post hoc analysis. Although multiple
brain regions were examined, the Fos responses across
regions and doses of haloperidol were highly corre-
lated, thus reducing the number of independent tests.
The number of such independent tests is clearly less
than 102 (17 regions X 6 treatment groups) but clearly
more than 1. As a compromise, we have set the mini-
mum threshold for a significant effect at p < 1072

RESULTS
Experimental Design

Male D2 and B6 mice (N = 8-12/group) were injected
once daily with saline for three consecutive days. On
day 4, the animals were administered either saline or
haloperidol (0.1, 0.3, 1, 3, or 6 mg/kg). The EDs, for ha-
loperidol-induced catalepsy in the D2 and B6 strains are
0.4 and 3.8 mg/kg, respectively; at 6 mg/kg, all of the
animals were cataleptic using the method for assess-
ment described previously (Hitzemann et al. 1991;
Kanes et al. 1993). The animals were sacrificed one hour
later and the number of Fos-like immunoreactive (Fos-
li) neurons in the basal ganglia was determined as de-

Table 1. Summary of the effects of haloperidol on the number of Fos-li neurons in the basal ganglia: comparison of the

C57BL/6] (B6) and DBA /2] Inbred Mouse Strains®

Haloperidol
0 0.1 0.3 1.0 3.0 6.0
Region/Strain B6 D2 Bé6 D2 B6 D2 Bé6 D2 B6 D2 Bé6 D2
Dorsal Core-NAc® 47 +5 44 *5 77+5 77+7 79+12 89 *7 73*9 74*6 61*6 74*8 84*+9 65+5
Medial Core-NAc 44 *+5 366 806 716 96*x12 90x7 91*x10 82*8 82*x6 8xx10 89*9 64=x7
Medial Shell-NAc 50*4 45+6 76*+4 64*6 86*+10 87+*5 89+*9 78*+7 87 %5 94*+10 92*+5 65+*5
Ventral Shell-NAc 29*5 26+5 56*+8 36*7 76*9 52*6 6l1*x6 53*x5 73*x6 53*4 717 40*5
Ventrolateral-CPu  5*3 7*x3 255 20*x4 60*8 51*x6 676 68*x7 98+x4 78+8 79*4 72*+4
Dorsolateral-CPu 74 4+2 48+10 30*8 81*9 63*x6 8 *6 774 109*+3 77*5 89+4 646
Dorsal-CPu 29+8 22*x5 96+10 74*=5 109+12 8 *7 1018 79+4 1008 997 121*6 75*6
Medial-CPu 45+7 366 87 64*x6 91*x12 75*x6 72*x9 655 73x9 78x7 90*+x6 585
VP 9+£3 10x2 13+x4 12x2 20*x4 173 213 32*x4 26*4 34=*5 21+2 26x4
GP 2+x1 3x1 4=x1 6x1 92 12x1 10x1 16x1 14*x1 171 141 14=3
Lateral-EP 2+x1 41 92 10*x2 26*5 34=*x3 28*x3 37*x5 36*3 39=*3 29+x2 28%5
Medial-EP 2+1 10*x2 11*1 34*6 37*7 68*5 39*+6 74+4 48+6 81+*4 58+4 696
STh 136 10+x2 12*x4 15*x2 15*x7 16*5 13*+4 8+2 15*x4 2710 7x2 11%2
Medial-SNr 11 2x1 3=*1 3x1 9+x5 11*x2 10x2 29*x3 20*x2 37=*3 29+4 343
Lateral-SNr 11 1x1 1=*1 11 3=x2 2+x1 31 61 50 7=%x1 4+x1 4=x1
SNc 284 9x2 31*6 28*x6 34*x7 48*5 47*6 40*x5 49*+4 45*6 58+6 34+3
VTA 92 61 10*x1 19*+3 26*4 34*3 28*x4 34*+4 32*2 42*5 284 27x2

?Animals (males only) were administered either saline of haloperidol 1 hr prior to sacrifice. The number of Fos-li neurons was determined by stan-
dard immunohistological techniques. Data are the mean *+ SE from 8-12 animals per treatment.

®Abbreviations: nucleus accumbens (NAc); caudate-putamen (CPu); globus pallidus (GP); ventral pallidum (VP); subthalamic nucleus (STh); en-
topeduncular nucleus (EP); substantia nigra zona reticulata (SNr); substantia nigra zona compacta (SNc); ventral tegmental area (VTA).
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Figure 5. Effect of haloperidol on the number of Fos posi-
tive cells in the medial entopeduncular nucleus (mEP) and
the medial substantia nigra zona reticulata (mSNr): compar-
ison of the C57BL/6] and DBA/2J Inbred Mouse Strains.
Details in the legend to Figure 2. *Significantly different
from the C57BL/6] strain; p < 1072,

scribed in Methods. The one hour time course was cho-
sen on the basis of pilot data which showed that the
maximal Fos response is obtained 60-90 minutes after
haloperidol administration; by three hours the response
has significantly decreased. This observation of a rapid
Fos response is consistent with the time-course found
by others using various paradigms to stimulate Fos ex-
pression (e.g., Franza et al. 1987, 1988; Sonnenberg et al.
1989; Dilts et al. 1993). No significant differences were
observed along the rostral-caudal axis within a given
region (see Figure 1), thus all data and statistical analy-
sis presented here are based on the average of data
taken from two rostral-caudal levels. Each region was
analyzed independently. A tabular summary of the re-
sults are presented in Table 1.

Caudate-Putamen

Four regions of the caudate-putamen (CPu) were exam-
ined: medial, dorsomedial, dorsolateral, and ventral lat-
eral (Figure 1). For the dorsolateral CPu, the ANOVA
revealed significant effects for treatment (Fsp; = 290,
p <1079), strain F, 5; = 88, p < 107°) and the treatment X
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Figure 6. Effect of haloperidol on the number of Fos posi-
tive cells in the substantia nigra zona compacta (SNc) and
the ventral tegmental area (VTA): comparison of the C57BL/
6] and DBA /2] Inbred Mouse Strains. Details in the legend
to Figure 2.

strain interaction (F5y; = 7.1, p < 10~*). Post hoc analy-
sis of the strain X treatment interaction revealed that
the B6 strain showed a modest but significantly greater
increase of Fos-li neurons in the CPu at all doses of ha-
loperidol except 1 mg/kg (Figure 2). Representative im-
ages from this region are presented in Figure 7a. For the
ventrolateral CPu and dorsal CPu, the ANOVA re-
vealed significant strain X treatment interactions
(FYICPY5 g, = 3.5, p < 4 X 1072 FIPy; o, = 3.2, p < 8 X
1072). For the ventrolateral CPu, the B6 strain showed a
significantly greater increase in the number of Fos-li
neurons at 3 mg/kg haloperidol (Figure 2). In the me-
dial CPu, there was no significant strain X treatment in-
teraction (F595 = 2.1, p < 6 X 1072).

Nucleus Accumbens

The core of the nucleus accumbens (NAc) was divided
into dorsal and medial aspects (Figure 1). Significant ef-
fects were detected for treatment (F5195 = 15, p < 107°)
and region (F; 195 = 9.7, p < 107%) but not for strain, the
treatment X region, strain X region or the treatment X
strain X region interactions. The treatment X strain in-
teraction (Fs19; = 1.7, p < 1.2 X 107') did not meet the
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Figure 7a.

Representative photomicrographs showing the Fos response to saline and 1 mg/kg haloperidol in the dorsolat-

eral CPu: comparison of the C57BL/6]J and DBA/2J Inbred Mouse Strains. A) saline C57BL/6]J; B) 1 mg/kg haloperidol
C57BL/6J; C) saline DBA/2J; D) 1 mg/kg haloperidol DBA /2]. Bar = 100 pm.

Figure 7b. Representative photomicrographs showing the Fos response to saline and 1 mg/kg haloperidol in the EP: com-
parison of the C57BL/6] and DBA /2] Inbred Mouse Strains. Details in Figure 7a.

Figure 7c.

Representative photomicrographs showing the Fos response to saline and 1 mg/kg haloperidol in the SNr: com-

parison of the C57BL/6] and DBA /2] Inbred Mouse Strains. Details in Figure 7a.

1072 threshold for significance; these data are presented
in Figure 3. As in the CPu, 0.1 mg/kg haloperidol in-
duced marked increases (> 75%) in the number of Fos-
li neurons in both strains.

The shell of the NAc was divided into a medial and
ventral component (Figure 1). Significant effects were
detected only for treatment (F5,9; = 23, p < 107°). The
treatment X strain interaction (F5;9; = 1.9, p < 107") did
not meet the threshold for significance; these data are
presented in Figure 3. As in the core, the haloperidol ef-
fect was marked, approximately doubling the number
of Fos-li neurons in both strains over the dose range of
0.3 to 3 mg/kg.

Ventral Pallidum, Globus Pallidus, and
Subthalamic Nucleus

For the ventral pallidum (VP) significant effects were
detected only for treatment (Fs 95 = 26, p < 107°). The
treatment X strain interaction (F593 = 2.6, p < 3 X 1072)
did not meet the 102 threshold for significance. These
data do however, suggest a trend to a greater effect in
the D2 strain at the 1 and 3 mg/kg haloperidol doses
(Figure 4).

For the globus pallidus (GP) significant effects were
detected for treatment (Fs195 = 82, p < 107°) and strain
(F1108 = 22, p < 107*) but not for the treatment X strain
interaction (Fs5 195 = 2.1 p < 6 X 1072); these data are pre-
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sented in Figure 4. On average, the number of Fos-li
neurons in the D2 strain was 31% higher as compared
to the B6 strain across all treatments. No significant ef-
fects were detected in the subthalamic nucleus (STh);
these data are summarized in Table 1.

Entopeduncular Nucleus, Substantia Nigra Zona
Reticulata and Compacta, and Ventral
Tegmental Area

The entopeduncular nucleus (EP) was divided into a lat-
eral and medial component (Figure 1); given the marked
difference in the number of Fos-li neurons, the two
components were analyzed separately. In the lateral EP,
there was a significant effect for treatment (F5 194 = 88,
p < 107°) but not for the treatment X strain interaction
(F5104 = 1.4, p <2 X 107"). For the medial EP significant
effects were detected for treatment (F5;9y = 120, p <
1075), strain (F, 194 = 132, p < 107°) and the treatment X
strain interaction (F5;9; = 7.4, p < 107%). These latter
data are presented in Figure 5 and illustrate that over
the dose range of 0.1 to 3 mg/kg haloperidol, the num-
ber of Fos-li neurons was significantly higher in the D2
strain. Representative images from this region are
found in Figure 7b.

The substantia nigra zona reticulata (SNr) was di-
vided into a lateral an medial component (Figure 1). As
shown in Table 1, the lateral aspect contained few Fos-li
neurons and these data were not analyzed further. For
the medial SNr, significant effects were detected for
treatment (Fs194 = 91, p < 107°), strain (F; 1oy = 42, p <
107°) and the treatment X strain interaction (Fs 9, = 11,
p < 107°). As shown in Figure 5, the D2 strain showed a
significantly greater response in ventral SNZr at 1 and 3
mg/kg. Representative images are shown in Figure 7c.

For the substantia nigra zona compacta (SNc) signifi-
cant effects were detected only for treatment (F59y =
19, p < 107°). The treatment X strain interaction (Fs 19, =
2.3, p < 5 X 107%) was not significant. However, the
data suggest a great number of Fos-li neurons in the B6
strain as compared to the D2 strain at 6 mg/kg halo-
peridol (Figure 6).

For the ventral tegmental area (VTA) significant ef-
fects were detected for treatment (Fs19y = 47, p < 107°)
and strain (F, 1o, = 10, p < 107%). The treatment X strain
interaction (Fs194 = 2.8, p < 2 X 107?) did not meet the
1072 threshold for significance. However, the data sug-
gest that over the dose range of 0.1 to 3 mg/kg halo-
peridol, the number of Fos-li neurons was higher in the
D2 strain (Figure 6).

DISCUSSION

Previous studies from this laboratory have established
that the D2 and B6 inbred mouse strains differ almost

NEUROPSYCHOPHARMACOLOGY 1998—VOL. 18, NO. 6

10-fold in their sensitivity to haloperidol-induced cata-
lepsy, a putative animal model of EPS (Kanes et al.
1993). In contrast, we have recently observed that the
D2 and B6 strains are equally sensitive to the haloperi-
dol facilitation of prepulse inhibition (PPI) of the acous-
tic startle response (McCaughran et al. 1997); presum-
ably, this increase in PPl results largely from
haloperidol’s effects on the mesolimbic dopamine sys-
tem (see e.g., Swerdlow et al. 1994). Further, the D2 and
B6 strains are equally sensitive to the increase in PPI
seen after the administration of the atypical neurolep-
tics, clozapine, and risperidone. These data led us to
postulate that the D2 and B6 strains would differ in
their Fos response to haloperidol in the same way that
rats and nonhuman primates differ in their response to
haloperidol and clozapine (e.g. Dragunow et al. 1990;
Nguyen et al. 1992; Deutch and Cameron 1992; Deutch
et al. 1996; Robertson et al. 1994). Thus, it was expected
that compared to the B6 strain, the D2 strain would
show a greater increase in the number of Fos-li neurons
in the dorsolateral CPu after haloperidol treatment, but
the strains would be equally sensitive to the effects of
haloperidol in the NAc. The data in Figures 2 and 7a, b,
and c clearly establish that the D2 strain does not show
a greater Fos response in the dorsolateral CPu; in fact
the data suggest that the B6 strain which has a higher
density of D, dopamine receptors in the CPu (Kanes et
al. 1993; Erwin et al. 1993) is moderately but signifi-
cantly more sensitive to the effects of haloperidol. Inter-
estingly, in the NAc there were no difference in the Fos
response, even though D, receptor density is signifi-
cantly higher in the B6 strain (Kanes et al. 1993; Erwin et
al. 1993). Overall, these data illustrate that the striatal
Fos response to haloperidol in the B6 and D2 inbred
strains does not predict the behavioral outcome (cata-
lepsy). In preliminary studies of the BALB/cJ and LP/]
strains, we have found similar results; these strains are
the extreme phenotypes and differ more than 30-fold in
their haloperidol EDs,.

The alternative working hypothesis was that the D2
and B6 strains would differ at the output nuclei of the
basal ganglia. The data in Figure 5 support this hypoth-
esis. The D2 strain showed a greater Fos response in
both the EP and SNr. The effect in the EP was detected
over a wide range of haloperidol doses (0.1 to 3 mg/kg)
and in the SNr at 1 and 3 mg/kg of haloperidol. If the
Fos positive neurons in the EP and SNr are the GABA
efferents which project to the thalamus, these data may
explain the differential behavioral response. These data
support and extend the observations of Wirtshafter and
Asin (1995) who noted that in the rat, both haloperidol
(0.5-8 mg/kg) and metoclopramide (6.25-50 mg/kg)
cause a dose dependent increase in the number of Fos-li
neurons in the rostral portion of the EP and the medial
aspect of the SNr. The regions sampled in the present
study were similar to those used by Wirtshafter and
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Asin (1995) and we confirm that it is the medial and not
the lateral aspect of the SNr which responds to drug
treatment; furthermore, we confirm that the Fos respon-
sive neurons in the SNr are not immunoreactive for ty-
rosine hydroxylase (unpublished observation). These
authors also performed a number of important control
experiments which are pertinent to the current results.
They observed that the Fos response is blocked by
pretreatment with scopolamine and was not mimicked
by the administration of 5-HT,a,c and 5-HT; antago-
nists. This latter point is of important since at high doses
haloperidol has significant 5-HT,, ,c antagonist activity.

The question arises as to what are the likely mecha-
nism(s) which could explain the differential response of
the B6 and D2 strains in the EP and SNr. In this regard,
the “intermediate” nuclei of the D, receptor “indirect”
pathway (the GP and the STh) (Gerfen et al. 1990) were
not informative. Given the low number of Fos-li neu-
rons in the GP of the saline group, it was not possible to
detect a haloperidol-induced decrease in this region
(the expected response). In fact a modest Fos response
was observed in the GP; Ruskin and Marshall (1996)
have suggested that these responsive neurons actually
project back to the striatum. Given the circuitry of the
striatopallidal pathway, it was predicted that haloperi-
dol should induce a substantial Fos response in the STh;
however, in both strains, the STh was essentially unre-
sponsive to haloperidol treatment. Thus, we must con-
clude that at least in the mouse, Fos expression does not
tract the expected responses to haloperidol treatment in
the GP and STh.

The possibility must be considered that the differen-
tial Fos response in the EP and SNr is mediated by dif-
ferences in the activity of the “direct” D, pathway (Ger-
fen et al. 1990). In this regard, one must consider
whether or not at the doses used, haloperidol will oc-
cupy a significant proportion of the D; receptors. The
dose of 0.3 mg/kg which showed the maximum be-
tween strain difference in the EP Fos response, should
produce a brain haloperidol level of approximately 3
nM (adapted from Kanes et al. 1993). The affinity of ha-
loperidol in either strain brain for D, and D, receptors,
respectively is 1 and 100 nM (unpublished observa-
tions; see also Seeman and Van Tol 1994. Thus at 0.3
mg/kg, D, and D; receptor occupancies will be 75%
and 2.9%, respectively. However, at 6 mg/kg, D, recep-
tor occupancy will be substantial (39%) and one cannot
discount the possibility of D; receptor mediated effects
on the Fos response. In this regard, Wirtshafter and
Asin (1995) found that the administration of the D, an-
tagonist, SCH 23390 (2-8 mg/kg), produced a relatively
weak Fos response in the EP and SNr.

From the behavioral perspective there are at least
two reasons to believe that the D, system is not impor-
tant to the differential haloperidol response: 1) There
are no significant differences among inbred strains of
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mice (including the D2 and B6 strains) in SCH 23390 in-
duced catalepsy—a corollary to this observation is the
lack of substantial differences in D, receptor density
among strains (Kanes et al. 1993: Erwin et al. 1993); and
2) Drugs such as raclopride which have essentially no
activity at D; sites, also differentiate haloperidol respon-
sive and non-responsive animals (Hitzemann et al. 1991).

We recognize the liabilities associated with extract-
ing causal relationships from a two strain comparison.
The D2 and B6 strains are highly polymorphic and may
differ in the catalepsy response for reasons that would
not be reflected by differences in the Fos-response
within the basal ganglia. From a statistical perspective,
a two strain comparison is equivalent to a two-point re-
gression analysis. We view the data presented here as a
first step. The results clearly demonstrate that it is not
necessary for there to a difference in the Fos-response
within the dorsolateral CPu in order for there to be
marked difference in sensitivity to haloperidol-induced
catalepsy. Further, the data suggest some “down-
stream” targets which may be potential sites of the ge-
netic variance. To test such hypotheses, we are cur-
rently crossing the B6 and D2 strains to form an F,
population from which the phenotypic extremes for cat-
alepsy will be tested for the Fos-response. Alterna-
tively, one could examine the Fos-response in the ex-
treme strains (see Kanes et al. 1996) of the BXD
recombinant inbred series. In both strategies, the herita-
bility for catalepsy is high (>0.75) (Kanes et al. 1996;
Dains et al. 1996).
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