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Dopamine is a major neurotransmitter in neural systems 
innervating the striatum, and dopamine receptors are ex- 
pressed during early pattern formation in the developing 
striatum. To test for the functional responsiveness of de- 
veloping striatal neurons to dopaminergic stimulation, we 
established an organotypic slice culture of newborn rat 
striatum. We analyzed the effects of dopamine receptor ag- 
onists and of adenylate cyclase and protein kinase acti- 
vation on striatal neurons by measuring the induction of 
Fos-like and Fra-like proteins in the cultured striatum. Fos- 
like and Fra-like proteins were induced in striatal neurons 
by activation of Dl-like dopamine receptors but not by ac- 
tivation of DS-like receptors. The induction of Fos-like pro- 
tein was mainly in striosomes and a medial compartment 
next to the ventricular zone, whereas Fra-like protein was 
induced in the striatal matrix as well. CAMP analogs and 
forskolin induced widespread expression of both Fos-like 
and Fra-like proteins. Our findings thus suggest that neu- 
rons of developing striosome and matrix compartments 
not only have different functional coupling of Dl-like re- 
ceptors to adenylate cyclase, but also have distinct matur- 
ational programs for dopaminergic regulation of individual 
transcription factors. Finally, despite evidence that protein 
kinase was involved in the induction of Fos-like protein, 
experiments with kinase inhibitors suggested that the in- 
duction of Fos-like protein had unusual pharmacological 
characteristics and raised the possibility that a novel pro- 
tein kinase A-like molecule may have been involved in the 
induction. The cultured striatal slice preparation should 
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provide a valuable tool for analyzing the molecular deter- 
minants of striatal development and function. 

[Key words: basal ganglia, striosome, c-fos, immediate- 
early gene, dopamine Dl receptor, CAMP, kinase, devel- 
opment] 

Dopamine, as the principal neurotransmitter in neural tracts lead- 
ing from the midbrain to the forebrain, influences functions 
ranging from motor and cognitive performance to addictive be- 
havior. In addition, dopamine may also regulate neuronal de- 
velopment (Lankford et al., 1988; McCobb et al., 1988; Reinoso 
et al., 1993; Swarzenski et al., 1994). Bridging between dopa- 
mine and its functional effects are multiple dopamine receptor 
subtypes whose differential linkage to intracellular messenger 
systems is a matter of intense study (Sibley et al., 1993). Acti- 
vation of dopamine receptors not only acutely affects the phys- 
iology of neurons, but can result in long-term alterations in gene 
expression in activated neurons (Graybiel, 1990; Gerfen, 1992b). 
This evidence for transcriptional regulation is of interest for 
work on neuroplasticity and development in dopaminergic sys- 
tems. 

Among the genes that have been implicated in coupling such 
receptor-mediated effects to long-term changes are immediate- 
early genes, including those of the fos-jun family, whose protein 
products exert combinatorial control over downstream gene ex- 
pression (Sheng and Greenberg, 1990). Stimulation of dopamine 
receptors has been found to regulate such genes in vivo in sub- 
sets of striatal neurons both in adult and in embryonic and neo- 
natal rodents (Robertson et al., 1989; Graybiel et al., 1990; 
Young et al., 1991; Berretta et al., 1992; Cole et al., 1992; Mor- 
atalla et al., 1992, 1993; Nguyen et al., 1992; Paul et al., 1992; 
Zhang et al., 1992; Dilts et al., 1993; LaHoste et al., 1993; Bron- 
stein et al., 1994; Fusco et al., 1994; for review, see Grzanna 
and Brown, 1993). However, such in vivo experiments are not 
appropriate for determining whether the regulatory effects of 
dopamine receptor stimulation are direct downstream actions of 
dopamine receptors expressed in the striatum, and do not permit 
analysis of the signaling cascades. 

To address these questions of signaling process in the striatal 
neurons, we developed an organotypic slice culture of striatum 
from newborn rat brains. With such organotypic striatal slice 
cultures, we analyzed the functional responses of developing 
striatal neurons to dopaminergic challenges. We chose the post- 
natal day (P) 0 striatum for study, because most striatal neurons 
have been born, and the main tissue of the striatum (the strio- 
somes and matrix) have been formed, but much of the neuro- 
chemical and morphological differentiation of the striatum is yet 
to be completed. As this differentiation occurs in the presence 
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Figure 1. Neuronal phenotypes in 3 d striatal slice cultures. Photographs illustrate striatal slices cultured for 3 d in vitro and immunostained for 
different striatal-enriched antigens. A, DARPP-32-like immunostaining showing many DARPP-32-rich cell clusters (developing striosomes, example 
at asten’sk) and a DARPP-32-positive lateral rim (arrowheads) in the cultured caudoputamen (CP). Very little DARPP-32-like staining is present 
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of an already dense dopaminergic innervation and dopamine re- 
ceptor expression (Specht et al., 1981; Voorn et al., 1988; Murrin 
and Zeng, 1989; Sales et al., 1989), we hoped to identify striatal 
neurons responsive to dopamine receptor stimulation, and to 
characterize the responses. 

We studied the expression of fos- and fra-like gene products 
in neurons of the striatal slices following stimulation of Dl-like 
and DZlike receptors, and following activation and inactivation 
of second messengers identified with Dl and D2 signaling path- 
ways Because the cultured slices maintained developing strio- 
some and matrix compartments, we were further able to deter- 
mine whether differential induction of fos- and fra-like genes 
occurred in these two compartments, which have different de- 
velopmental schedules, express different combinations of neu- 
rotransmitter-related substances and develop different connec- 
tions with other brain regions that tend to link striosomes to 
limbic and matrix to sensorimotor circuits (for review, see Gray- 
biel, 1990, 1993a; Gerfen, 1992b). 

Our results indicate that transcription factors of the Fos-Jun 
family can be induced in cultured striatal neurons by stimulation 
of dopamine receptors, that this induction is mediated through 
Dl-like dopamine receptors coupled to CAMP-adenylate cyclase 
and protein kinases, and that developing striosome and matrix 
neurons respond differently and express different fos family 
genes in response to stimulation of Dl-like receptors. In addi- 
tion, a medial compartment adjacent to the ventricular zone is 
distinguished in the experiment. This slice culture system should 
provide a powerful adjunct to in vivo work on the regulation of 
gene expression in the developing striatum. 

Materials and Methods 
Preparation of organotypic slice cultures. The organotypic slice culture 
method of Stoppini et al. (1991) was adapted for use with slight mod- 
ifications (Liu et al., 1993). Newborn pups of Sprague-Dawley rats 
(Taconic Farms, Germantown, NY) were anaesthetized by hypothermia, 
and the brains were removed following decapitation. The brain tissue 
was embedded in 4% low melting temperature agarose (FMC Bio- 
Products, Rockland, ME) dissolved in Gey’s Balanced Salt Solution 
(GIBCO-Bethesda Research Labs, Grand Island, NY) supplemented 
with 5.5 mg/ml glucose, and then was cut on a vibratome into 300 p,rn 
thick coronal slices. The agarose and the pia mater were removed from 
each slice, and the two hemispheres were separated by cutting through 
the midline of the forebrain. In some slices, part of the dorsomedial 
neocortex was cut off to prevent its later curling, which led to tissue 
damage and cell death in the slices. Slices were cultured on top of 0.4 
pm &roporous transparent biopore membranes in 30 mm cult&e plate 
inserts (Millicell-CM, Millipore, Bedford, MA). All slices from a single 
hemisphere of a single brain were cultured together in an individual 
insert-The inserts w&e placed in six-well culture dishes. Each well was 
SuDDlied with 1 ml of SF21 serum-free medium (Sepal et al., 1992). 
w&h is a modification of B18 serum-free medium (krewer and Co;- 
man, 1989). The cultures were incubated in a humidified incubator at 
33°C with 5% CO,, 95% air. 

All the experimental procedures involving animals were approved by 
the Committee on Animal Care of the Massachusetts Institute of Tech- 
nology. 

Application of dopamine receptor agonists and antagonists. Striatal 
slices were typically maintained in culture for 3 d before application of 
pharmacologic agents to the culture medium. Short-term cultures were 
also studied. Incubation with drugs were carried out for 2.5-3 hr. For 
all experiments, vehicle incubations were run in parallel as controls. 
The dopamine agonists and antagonists tested included the full Dl- 
selective agonist, SKF-81297 HCl (100 nM, kindly provided by Dr. 
Joseph Weinstock of SmithKline Beecham Pharmaceuticals, King of 
Prussia, PA; Nielsen et al., 1989; Andersen and Jansen, 1990); the par- 
tial Dl-selective agonist, R(+)-SKI-38393 HCl [l PM; Research Bio- 
chemicals Inc. (RBI), Natick, MA; Andersen and Jansen, 19901; the 
D2-selective agonist, R(-)-quinpirole HCl (1 and 10 PM; RBI; Naga- 
hama et al., 1986); the nonselective dopamine receptor agonist apo- 
morphine (1 and 10 pM; Sigma, St. Louis, MO); the Dl-selective 
antagonist, R(+)-SCH-23390 HCl (1 and 10 p,M; RBI; Hyttel, 1983); 
the D2-selective antagonist, metoclopramide (10 and 100 PM; Sigma); 
and corresponding vehicles. The vehicle for dissolving SKF-81297 was 
0.6% ethanol and 0.2% HCl in 0.9% saline containing 1 mu EDTA and 
0.01% ascorbic acid. SKF-38393, SCH-23390, quinpirole and metoclo- 
pramide were dissolved in sterile 0.9% saline. Apomorphine was dis- 
solved in 0.9% saline containing 0.5% ethanol. For receptor blocking 
experiments, the cultures were preincubated with R(+)-SCH.23390 (1 
and 10 FM) or metoclopramide (10 and 100 FM) for 45 min to 2 hr 
before the addition of dopamine agonists. When possible, stimulation 
and blocking or vehicle control treatments were done in pairs on the 
two hemispheres of individual brains. All other controls were carried 
out on hemispheres from littermate brains. 

Application of protein kinase activators and inhibitors. Striatal slices 
cultured for 3 d in vitro were incubated for 2.5-3 hr with the CAMP 
analogs, dibutyryl-CAMP (1 and 3 mu; Sigma) and Sp-CAMPS (100 
FM, 1 mM; RBI); the adenylate cyclase activator, forskolin (10 PM; 

RBI); the forskolin analog, 1,9-dideoxy-forskolin (10 WM; RBI), which 
does not stimulate adenilate cyclase;. the protein kinase C activator, 
ohorbol 12-mvristate 13-acetate (PMA: 40.5. 81. 162. 486. and 810 nM. 
i.62, 16.2, anh 96.6 FM; RBI); ;he PMA analog, 4&PMk (1.62, 16.2; 
and 96.6 p,M; RBI), which does not stimulate protein kinase C; or their 
vehicle, dimethyl sulfoxide. For protein kinase inhibitor experiments, 
the striatal slices were preincubated with the protein kinase inhibitors, 
Rp-CAMPS (100 FM, 1 mM; RBI); H7 (50 and 100 PM; RBI), H8 (50 
and 100 FM; RBI), H89 (30, 60, 90, 120, 300, and 600 FM; Seikagaku, 
Rockville, MD), H85 (30 and 600 JLM; Seikagaku), or KN62 (30 FM; 

Seikagaku), or with the calmodulin inhibitor, W7 (100 PM; RBI), for 1 
hr before the application of SKF-81297 (100 nM) or forskolin (10 p,~). 

The doses 1iste;were determined in preliminary experiments. For&Olin, 
1.9.dideoxv-forskolin. PMA. 40~.PMA. H7. H8. H89. H85. KN62. and 
w7 were d&solved in’dimethyl sulfoxihe. dibutiryl-cAMP,‘Sp-CAMPS, 
and Rp-CAMPS were dissolved in distilled water. 

For comparison with the kinase inhibition experiments, other 3 d 
striatal slice cultures were incubated with the protein synthesis inhibitor, 
cycloheximide (10 and 50 PM, in sterile 0.9% saline; Sigma) for 1 hr 
before the application of SKF-81297 (100 nM). 

Incorporation of 5-bromo-3’-deoxyuridine. Striatal slices cultivated 
for 3 d in vitro were incubated with 5-bromo-3’-deoxyuridine (BrdU, 
10 pM) for 3 hr, and were then fixed in 70% ethanol in 50 mM glycine 
buffer (pH 2.0) for 1 hr at -20°C. The immunostaining for BrdU was 
carried out according to the manufacturer’s protocol (Detection kit II, 
Boehringer Mannheim Biochemica, Indianapolis, IN). 

Immunostaining. After incubation, the slices were fixed in ice-cold 
4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4) for 1 hr. 
For immunostaining, the slices were successively rinsed (4 X 10 min) 
with PB containing 0.1% azide, were washed with 1.5% H,O,, 3% 
methanol in 0.01 M phosphate-buffered saline (PBS) containing 0.2% 

t 

in the medial compartment (MC) adjacent to the ventricular zone (VZ). The dark staining at the ventricular edge of the tissue is nonspecific staining 
of diffuse noncellular immunostaining products and occurred in the ventricular zone of other slices stained for other antigens (B, C, and Figs. 2- 
4, 7). B, Cultured striatum immunostained for calbindin-D,,,,. Calbindin-D,,,,- like immunoreactivity is mainly ventral and is in the matrix. Asterisk 
indicates a calbmchn-D,,,,-p oor striosome. A few dorsal calbindin-D,,,, -rich patches (example at star) also appear, and these have been shown to 
represent transiently stained striosomes (see Liu and Graybiel, 1992a,b). The medial compartment is not stained. G, TH-like immunostaining of a 
cultured slice showing that many TH-positive patches (dopamine islands, corresponding to developing striosomes; example at asterisk) as well as 
a strongly TH-positive lateral rim (arrowheads) are present in the cultured striatum. Znset shows higher magnification of the central part of the TH- 
positive striosome indicated by the asterisk in C. D, Rat.401 immunostaining of a cultured striatal slice showing arching Rat.401-positive radial 
glial fibers (examples at arrowheads) extending through the caudoputamen (CP). The Rat.401 antibody also stained blood vessels (example at 
curved arrow). AC, Anterior commissure; CC, corpus callosum; S, septum. Scale bar: A-C (in C) and D, 500 pm; inset in C, 20 km. 
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Triton X-100, and were incubated in 5% normal goat serum in PBS for 
1 hr, with several washes in PBS intervened between the steps. 

Primary incubations were carried out with 1:200 rabbit polyclonal 
anti-c-Fos antiserum (Oncogene Science Inc., Uniondale, NY, Ab2 
OGS, lot 3920501), 1: lO,OOO-20,000 mouse monoclonal anti-dopa- 
mine- and adenosine 3’:5’-monophosphate-regulated phosphoprotein 
(DARPP-32) antibody (kindly provided by Drs. E. L. Gustafson and I? 
Greengard of The Rockefeller University and H. Hemmings of The New 
York Hospital-Cornell Medical Center), 1: 1000 rabbit polyclonal anti- 
calbindin-D,,,, antiserum (kindly provided by Dr. P. C. Emson of In- 
stitute of Animal Physiology, Barbaraharm, Cambridge, U.K.), 1: 1000 
mouse monoclonal anti-tyrosine hydroxylase (TH) antibody (Incstar, 
Stillwater, MN, lot 8930030), 15000 rabbit polyclonal anti-FosiFos- 
related antigens (Fra) antiserum (kindly provided by Dr. M. J. Iadarola 
of the National Institute of Dental Research, National Institutes of 
Health, Bethesda, MD; batch F2 prep 1; Young et al., 1991), 1: 1 mouse 
monoclonal anti-nestin antibody (Rat.401), 1:400 mouse monoclonal 
anti-microtubule-associated protein 2 (MAP-2) (Boehringer Mannheim 
Biochemica, Indianapolis, IN), 1:400 rabbit polyclonal anti-glial fibril- 
lary acidic protein (GFAP) (Sigma, St. Louis, MO), and I:150 mouse 
monoclonal anti-proliferating cell nuclear antigen antibody (PCNA, 
Santa Cruz Biotechnology, Santa Cruz, CA). Incubation solutions con- 
tained 0.4% Triton X- 100, 1% normal rat serum, 1% normal goat serum 
(for OGS Fos, Iadarola Fos/Fra, calbindin-D,,,, and GFAP antisera) or 
normal horse serum (for DARPP-32, TH, Rat.401, MAP-2, and PCNA 
antibodies) and 0.1% azide in PBS. Slices were incubated at room tem- 
perature overnight, and were then processed for immunocytochemistry 
by the avidin-biotin-peroxidase complex (ABC) method as described 
elsewhere (Hsu et al., 1981; Liu et al., 1991). A number of DARPP-32 
immunostained slices were cryoprotected with 20% glycerol in 0.1 M 

PB containing 0.1% azide, and were then cut into 20 pm thick sections 
on a freezing microtome. 

Controls for the specificity of OGS Fos-like immunostaining were 
carried out by incubating slices with OGS anti-Fos antiserum preabsor- 
bed with the peptide to which the antiserum was raised (Oncogene 
Science Inc., S-14-C, lot 923802), and for other antisera and antibodies, 
including the Iadarola Fos/Fra antiserum, by omission of the primary 
antibody in the staining process. The findings described for Fos-like 
and Fos/Fra-like protein expression refer strictly to immunodetectable 
proteins observed with the OGS (Fos-like) and Iadarola (Fos/Fra-like) 
antisera used. 

Double staining for Fos-like immunoreactivity and DARPP-32.like 
or PCNA-like immunoreactivity was carried out by the ABC method 
(Batchelor et al., 1989). Slices were first stained for Fos-like protein 
(OGS antiserum) with diaminobenzidine (DAB)/nickel intensification. 
To deplete endogenous peroxidase activity and to block excessive biotin 
binding sites from the first staining, the slices were then treated with 
0.6% H,O, in 0.1 M Tris buffered-saline (TBS) for 45 min, 6 p,l biotin/ 
ml TBS for 30 min, 6 p,l avidin/ml TBS for 30 min, and 5% normal 
horse serum in TBS for 1 hr, with several TBS rinses in between. Slices 
were then incubated in 1:20,000 mouse monoclonal anti-DARPP-32 
antibody or 1: 150 mouse monoclonal anti-PCNA antibody at room tem- 
perature overnight, and were processed for immunostaining with DAB 
as chromogen. Double immunofluorescence staining was also carried 
out for Fos-like protein and DARPP-32. The slices were incubated over- 
night in a mixture of OGS anti-Fos antiserum and anti-DARPP-32 an- 
tibody at room temperature, and were then incubated in a mixture of 
secondary antisera containing 1: 100 donkey anti-rabbit conjugated with 
Texas red (Jackson ImmunoResearch Laboratories Inc., West Grove, 
PA) and 1:lOO donkey anti-mouse conjugated with FITC (Jackson 
ImmunoResearch Laboratories) for 3 hr. Patterns of immunofluores- 
cence were studied with a laser confocal microscope (Bio-Rad, MRC- 
600, Hercules, CA) to determine whether colocalization of antigens oc- 

slices were incubated with ‘SS-methionine and SKF-81297 without 
preincubation with kinase inhibitor. Following incubation, the slices 
were rinsed three times in 0.1 M PBS, were lysed with 10% trichloro- 
acetic acid and were spun down at 13,000 X g for 15 min. The pellets 
were resuspended in 0.1 N NaOH and were sonicated briefly. The ra- 
dioactivity in 10 ~1 aliquots of each sample was determined by liquid 
scintillation counting. Another 10 ~1 aliquot of each sample was used 
for protein assay to determine the quantity of total protein present in 
each sample (BCA Protein Assay, Pierce, Rockford, IL). The incorpo- 
ration of 35S-methionine in each sample was then normalized for protein 
content. 

Results 
Expression of neuronal phenotypes and developing 
cornpartmentation in organotypic cultures of neonatal striatum 
The cultured forebrain slices contained tissue of the caudopu- 
tamen and cerebral cortex and, depending on the anteroposterior 
level, of other regions including the nucleus accumbens, olfac- 
tory tubercle, globus pallidus, and septum (Figs. 1, 2C). Slices 
were routinely cultivated for 3 d in vitro before treatment, at 
which time there was minimal constitutive expression of Fos- 
like protein in the striatum (see below). To assess the general 
status of neuronal survival in the organotypic cultures, sets of 
slices cultivated for 3 d were stained for microtubule-associated 
protein 2 (MAP-2), a neuronal marker (Garner et al., 1988). 
There were numerous MAP-2-positive neurons distributed 
through the striatum and other regions of the cultured forebrain 
slices (data not shown). 

As an assay for the expression of striatal neuronal phenotypes 
and compartmentation in the cultured striatum, other slices were 
stained for DARPP-32 or for calbindin-D,,,,, two molecules ex- 
pressed by medium spiny neurons and previously identified in 
the rat striatum as neuronal markers for, respectively, developing 
striosomes (DARPP-32) and matrix (calbindin-D,,,,) (Foster et 
al., 1987; Liu and Graybiel, 1992a; for adult data, see Walaas 
and Greengard, 1984; Gerfen et al., 198.5). There were many 
DARPP-32-positive and calbindin-D,,,-positive neurons in the 
cultured striatum (Fig. IA,@, and the differential distributions 
of the DARPP-32 and calbindin-D,,,, immunostaining in the 
slices were similar to those in the developing striatum in vivo. 
These results demonstrated not only an excellent neuronal sur- 
vival but also a developing compartmentation in the cultured 
striatum. 

Preliminary evaluation of neuronal survival rate in 3 d striatal 
slice cultures 

Due to the limited optical resolution in microscopy, we could 

Within this thickness, patches of DARPP-32-positive striatal 

not correctly assess the whole population of surviving neurons 
throughout the depth of the slices. We therefore developed a 
technique by which 3 d striatal slice cultures were first whole- 
mount immunostained for DARPP-32, and were then sectioned 
into a series of thin sections (20 pm). By reconstruction of the 
consecutive thin sections derived from individual slices, we 
found that the thickness of whole-mount immunostained slices 
was ca. 200-240 km. Even assuming that the immunostaining 
process led to tissue shrinkage, this finding suggested that the 
slices, originally cut at thickness of 300 pm, had flatten into 
thinner slices during the course of the 3 d cultivation in vitro. 

curred in individual striatal neurons. 
Assay for protein synthesis following protein kinase inhibition. 35S- 

Methionine incorporation was measured to estimate the protein synthe- 
sis in slices subjected to protein kinase inhibitors, as this treatment has 
been found to reduce orotein content in other in vitro svstems (Klvm- 
kowsky, 1988). Triplicates of striatal slice cultures maiitained for’3 d 
in vitro were rinsed twice in methionine-free culture medium and were 
preincubated in methionine-free culture medium with one of three pro- 
tein kinase inhibitors: H7 (50 p,M), H8 (100 FM) or H89 (600 PM) for 
1 hr. Slices were then incubated for 3 hr in the same methionine-free 
medium to which SKF-81297 (100 nM) and ?S-methionine (10 wCi/ 
ml, New England Nuclear, Boston, MA) were added. Control stiiatal 

neurons were evident across a depth of ca. 140-160 pm, in- 
eluding all but the top and bottom surfaces of the slices. Thus, 
there was penetration of antibody through the slices, but super- 
ficial zones lacking cellular DARPP-32 staining. We used the 
thickness within which DARPP-32-positive neurons were found 



as an estimate of the region of cell survival, and the DARPP- 
32-positive neurons as a rough indicator of neuronal survival in 
general. With these estimates, we judged that the neuronal sur- 
vival rate in the slices was ca. 60-70% (140/240 pm to 1401200 
pm). Correspondingly, the numbers of dead and dying cells in 
the slices could be inferred to be in the range of 30-40%. 

Persistence of tyrosine hydroxylase-positive dopamine islands 
in 3 d striatal slice cultures 

To determine whether dopamine-containing fibers persisted in 
the striatum after 3 d in vitro, we stained a series of the 3 d 
slice cultures for TH-like immunoreactivity. As shown in Figure 
lC, patches of intense TH-like immunoreactivity were distrib- 
uted through the cultured neonatal striatum in a pattern similar 
to that of the so-called dopamine islands, which are known to 
correspond to developing striosomes (Olson et al., 1972; Ten- 
nyson et al., 1972; Graybiel, 1984; Moon Edley and Herkenham, 
1984; Murrin and Ferrer, 1984; van der Kooy, 1984). The TH- 
like immunostaining of the islands was most intense dorsally 
and laterally, and there was a rim of strong immunostaining 
along the lateral edge of the caudoputamen. However, the TH- 
like immunoreactivity in the striatal slices did not appear in the 
normal fibrous pattern typical of that in the newborn rat. The 
staining (Fig. lC, inset) was associated mainly with small TH- 
immunoreactive granules and puncta, presumably representing 
degenerating TH-immunoreactive fiber and terminals of the do- 
pamine-containing mesostriatal pathway. 

Presence of proliferative ventricular zone, neuronal and glial 
precursor cells, radial glia and astrocytes in cultured striatum 

The status of mitotic activity in the ventricular zone of 3 d cul- 
tured slices was assayed by incubating the slices with the thy- 
midine analog, 5-bromo-3’-deoxyuridine (BrdU), which labels 
proliferating cells. Many BrdU-positive cells were present in the 
ventricular zone (Fig. 3A). This result was confirmed by im- 
munostaining for proliferating cell nuclear antigen (PCNA), an 
independent marker for mitotic cells; many PCNA-positive cells 
were present in the ventricular zone (data not shown). 

The survival of precursor cells of neurons and glial cells was 
assessed in 3 d slice cultures by immunostaining for Rat.401 
(nestin) (Hockfield and McKay, 1985; Lendahl et al., 1990). 
Many Rat.401-positive cells were present in the ventricular 
zone, and there were Rat.401-positive cells in the striatum (and 
neocortex) as well (Fig. 1D). Remarkably, the architecture of 
Rat.401-positive radial glial cells was well preserved. An array 
of radial glial fibers stretched from the ventricular zone across 
the striatum proper toward the lateral edge of the cultured stria- 
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turn, as found in neonatal rat striatum in vivo (Liu and Graybiel, 
1992b). 

Three-day striatal slices were also stained for glial fibrilltiry 
acidic protein (GFAP) to study the distribution of astrocytes in 
slices. Numerous GFAP-positive astrocytes with extended, well 
differentiated processes were present in the striatum proper. By 
contrast, such cells were rare or absent in the medial compart- 
ment. Instead, this compartment contained intensely stained 
GFAP-positive cells with a few short processes and many small 
weakly GFAP-positive cells without stained processes (data not 
shown). 

Basal expression of Fos-like protein in striatal slice cultures 
as a function of time in vitro 

The basal levels of expression of Fos-like protein were assessed 
in control slices cultivated in vitro from times varying from 4 
hr (n = 3) to 1 d (n = 3), 2 d (n = 3), or 3 d (n = 7), with 
final 2.5-3 hr exposures to 0.9% saline or to the vehicle for 
apomorphine (0.5% ethanol in 0.9% saline). The slices were 
stained for Fos-like immunoreactivity with the polyclonal OGS 
anti-Fos antiserum. For simplicity, we use the terms, “Fos” and 
“Fos-like“, in the following text strictly to refer to Fos-like an- 
tigens recognized by the OGS anti-Fos antiserum. We also use 
the term, “D 1 -like receptors,” to refer to the subfamily of Dl 
(D,,) and D5 (D,,) receptors, and the term, “D2-like receptors”, 
to refer to the subfamily of D2, D3, and D4 receptors (see be- 
low). 

In slices cultivated for 4 hr, diffuse nuclear Fos-like immu- 
nostaining was broadly distributed throughout the tissue, includ- 
ing the striatum and the cerebral cortex (Fig. 2A). In addition, 
there were a few very weakly stained clusters of Fos-positive 
nuclei in the lateral part of the caudoputamen. For this reason, 
we did not carry out the main series of experiments in such 
acutely prepared slice cultures. However, we did test the capac- 
ity of dopamine receptor agonists to induce Fos-like protein at 
these shorter times as described below (Fig. 2A’). 

After 1 d in vitro, clusters of weakly stained Fos-positive cells 
were still evident in the lateral striatum of the vehicle-treated 
slices, and many Fos-immunoreactive cells were still present in 
the cerebral cortex. However, by 2 d in vitro, most slices showed 
only low levels of Fos-like immunostaining in the striatum and 
in the cortex, and by 3 d in vitro Fos-like protein expression 
was very low, with a few Fos-positive nuclei in the ventrolateral 
striatum and pallidum and scattered Fos-positive nuclei in the 
cortex (Fig. 2B). 

Based on these findings, slices were cultured for 3 d in nearly 
all experiments so as to minimize basal levels of OGS Fos ex- 

Figure 2. Basal and stimulated levels of expression of OGS Fos-like protein in the striatum cultured for 4 hr or 3 d. Photomicrographs illustrating 
OGS Fos-like immunostaining in striatal slices cultivated in vitro for 4 hr (A, A’, 0, E) or for 3 d (B, B’, C, D’, E’) before being challenged for 3 
hr with the nonselective dopamine receptor agonist apomorphine (A’, B’, C, D, D’, E, E’; 10 PM) or with the vehicle for apomorphine, 0.5% 
ethanol in 0.9% saline (A, B). An entire slice cultured for 3 d and treated with apomorphine is illustrated in C. In the 4 hr vehicle-treated slice 
culture (A), there is a high level of basal expression of OGS Fos-like immunoreactivity in the striatum, including scattered clusters of weakly 
stained Fos-positive cells in the lateral striatum (example at asterisk). After 3 d in vitro (B), very few OGS Fos-positive cells are present. B’ and 
D’, In 3 d cultures treated with apomorphine, the expression of OGS Fos-like protein in the caudoputamen is primarily focused in clusters of cells 
(examples at asterisks), which correspond to developing striosomes (see Fig. 5 and text). Many Fos-positive cells also appear in the medial 
compartment (MC). In 4 hr slice cultures treated with apomorphine (A’, D), the most pronounced Fos-like immunoreactivity is also in cell clusters 
(examples at asterisks) and the medial compartment, but many Fos-positive cells appeared in the striatal region outside clusters as well. In the 
neocortex, the expression of OGS Fos-like immunoreactivity also has a more restricted distribution pattern in the 3 d slice culture (E’) than that in 
the 4 hr slice culture (E). The Fos-positive cells are primarily concentrated in the deep part of the neocortex (arrowhead) in the 3 d slice culture, 
whereas Fos-positive cells are distributed throughout the neocortex in the 4 hr slice culture, with middle and deep layers of enhanced expression. 
AC, Anterior commissure; BF, basal forebrain; CC, corpus callosum; CTX, neocortex; CP, caudoputamen; S, septum. Scale bar shown in A’ 
indicates 500 pm for A, A’, B, B’, and C. Scale bars for D and D’ (in D’) and for E and E’ (in E’) indicate 100 pm. 
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Figure 3. Proliferative ventricular zone and expression of Fos-like protein in the medial compartment. A, Photomicrograph of a 3 d cultured 
striatum immunostained for BrdU applied for 3 hr before fixation. Many BrdU-positive cells (examples at arrows) are present in the ventricular 
zone (vz). The wide area covered by the distribution of BrdU-positive cells in the ventricular zone is probably due to tissue spreading and flattening 
outward during cultivation in vitro. A few BrdU-positive cells (examples at curved arrows) are scattered in the medial compartment (MC) and in 
the striatum proper (CP). B, Photomicrograph of OGS Fos-like immunostaining in a 3 d cultured striatum challenged with SKF-81297. Many OGS 
Fos-positive cells (examples at curved arrows) are packed together in the medial compartment adjacent to the ventricular zone, but very few Fos- 
positive cells are present in the ventricular zone. The medial compartment lacks condensed internal capsule fiber bundles ($5). Scale bar for A and 
B (in B) indicates 200 pm. 

pression in the tissue before drug application. Except when spec- 
ified explicitly, the results described below were obtained in 
such 3 d cultures. In a small number of slices, regardless of 
incubation time, diffuse Fos-like immunostaining was present 
throughout the tissue. The nature of this diffuse Fos-like im- 
munostaining was not clear. 

Patterned expression of Fos-like protein in striatal slice 
cultures exposed to dopamine receptor agonists 

Apomorphine, a dopamine receptor agonist with high affinity 
for both dopamine Dl-like and D%-like receptors (1 pM, n = 2; 
10 PM, n = 5), induced nuclear OGS Fos-like immunoreactivity 
in 3 d cultures in highly distinctive anatomical patters both in 
the striatum (Fig. 2B’,C,D’) and in the neocortex (Fig. 2E,E’). 
Clusters of Fos-positive cells were distributed through the cau- 
doputamen at all but the most rostra1 levels of the striatum, and 
many Fos-immunoreactive nuclei were also collected in a band 
along the dorsolateral edge of the caudoputamen, particularly at 
caudal levels. In the ventral striatum, Fos-positive cells were 
sparse except in a focus of immunoreactive cells at the border 
between the caudal nucleus accumbens and the rostra1 bed nu- 
cleus of the stria terminalis (data not illustrated). 

In addition to these regions, there was a prominent medial 
compartment of the caudoputamen, immediately adjacent to the 
ventricular zone, in which many Fos-positive nuclei appeared 

(Figs. 2B’, 3B). In this zone, condensed bundles of internal cap- 
sule fibers were absent, and there was very little DARPP-32- 
like immunostaining (Fig. lA), calbindin-D,,,,-like immuno- 
staining (Fig. 1B) or TH-like immunostaining (Fig. 1C). 

Although there was strong basal expression of OGS Fos-like 
protein in vehicle-treated control slices fixed 4 hr after slicing, 
we wanted to determine whether the pattern of OGS Fos-like 
protein induced by dopamine receptor agonists after 3 d could 
also be detected as early as a few hours after slicing, when 
relatively little time for denervation-associated changes had 
elapsed. As shown in Figure 2, A’ and D, clearly patchy OGS 
Fos-like immunostaining was indeed present in slices stimulated 
with apomorphine 4 hr after slicing, and the medial compartment 
in these slices also contained many Fos-positive nuclei. 

Dopamine Dl -like receptor activation induces Fos-like protein 
in cultured striatum 

To characterize the dopamine receptor subtypes mediating in- 
duction of Fos-like protein, we treated striatal slice cultures with 
a series of dopamine receptor agonists selective for either Dl- 
like or D2-like receptors. Both the full dopamine Dl-selective 
agonist, SKF-81297 (100 nM, n = 5; 1 pM, n = 1) and the 
partial Dl-selective agonist, SKF-38393 (1 pM, n = 3; 10 pM, 

n = 3) induced pronounced OGS Fos-like immunostaining in 
clusters of striatal cells and in the medial compartment in pat- 
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Figure 4. The Dl-selective dopamine receptor agonist SW-81297 activates expression of OGS Fos-like protein primarily in cell clusters in 
cultured striatum. A, Photomicrograph of distinctly patchy OGS Fos-like immunostaining in a striatal slice cultivated for 3 d in vitro before treatment 
with SW-81297. The bracketed region in A is shown at higher magnification in C. The Fos-positive clusters (examples at asterisks) correspond to 
developing striosomes (see Fig. 5 and text). Fos-positive cells are also present in the medial compartment (MC). B, Photomicrograph of OGS Fos- 
like immunostained striatal slice that was cultured for 3 d in vitro and was then pretreated with SCH-23390, a Dl-selective dopamine receptor 
antagonist, before exposure to SKF-81297. Very little Fos-like immunoreactivity is present. The bracketed region in B is shown at higher magni- 
fication in D. AC, Anterior commissure. Scale bars: A and B (in B) represents 500 pm; C and D (in D), 100 pm. 

terns similar to those seen in the slices treated with apomorphine 
(Fig. 4A,C). The drugs were effective at concentrations as low 
as 100 nM for SKP-81297 and 1 FM for SKF-38393 and apo- 
morphine (Table 1). 

In contrast to the Dl-selective agonists, the Da-selective ag- 
onist, quinpirole (1 p,M, n = 2; 10 FM, n = l), did not induce 
expression of OGS Fos-like immunostaining in more than a few 
scattered cells either in the striatum or elsewhere (data not 
shown). 

Slices exposed to the full Dl-selective agonist SKF-81297 

(100 nM) were doubly immunostained for OGS Fos-like protein 
and for DARPP-32 to determine whether the Fos-rich cell clus- 
ters corresponded to clusters of DARPP-32-immunoreactive 
neurons, which constitute developing striosomes. The evidence 
for alignment was unequivocal (Fig. 5). Moreover, colocalization 
of Fos-like immunoreactivity and DARPP-32-like immunoreac- 
tivity was observed for many (but not all) individual neurons 
within the Fos-positive, DARPP-32-positive patches (Fig. 5). 
However, OGS Fos-positive cells in the medial compartment did 
not express DARPP-32. Double immunostaining for OGS Fos- 
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Table 1. Induction of Fos-like and Fos/Fra-like proteins by dopamine agonists in 3 d striatal slice cultures and the effects of dopamine 
receptor antagonists 

Selective D24ike 
Nonselective dopamine Selective Dl-like dopamine receptor agonist dopamine receptor 

None receptor agonist apomorphine SKF-81297 SKF-38393 agonist quinpirole 

Pretreatment Fos FoslFra Fos FoslPra Fos Fos/Fra Fos FoslFra Fos Fos/Fra 

No pretreatment - + ++ +++ ++ +++ ++ NA - + 
SCH-23390 - + - NA - ++ - NA NA NA 
Metoclopramide - + ++/+++ NA ++ +++ ++ NA NA NA 

The data summarized are from the tissue immunostained for Fos-like protein with OGS antiserum or for Fos/Fra-like protein with ta&rola’s antiserum, The doses 
of the drugs are, for apomorphine, 1 or 10 FM; SKF-81297, 100 nM or 1 FM; SKF-38393, 1 or 10 (LM; quinpirole, 1 or 10 JLM; SCH-23390, 1 or 10 FM; and 
metoclopramide, 10 or- 100 ELM. NA, data are not available 

like and PCNA-like proteins indicated that most of the Fos- 
positive cells in the medial compartment were located outside 
the PCNA-positive ventricular zone proper (data not shown). At 
most there were only a few scattered Fos-positive cells (and Fos/ 
Fra-positive cells, see below) present in the ventricular zone of 
striatal slices treated with dopamine agonists. 

Effects of dopamine receptor antagonists on the induction of 
Fos-like protein in striatal slice cultures suggest selectivity for 
DI -like receptors 
Pretreatments with dopamine receptor antagonists confirmed the 
selectivity of the dopamine receptor agonist effects for Dl-like 
receptors. The Dl-selective antagonist, SCH-23390 (1 PM), fully 
or almost completely blocked subsequent induction of OGS Fos- 
like protein expression by administration of either SKF-81297 
(n = 2, Fig. 4&D), SKF-38393 (n = 3) or apomorphine (n = 
6) both in the striatum proper and in the medial compartment 
adjoining the ventricular zone (Fig. 4). By contrast, pretreatment 
with the D2-selective antagonist, metoclopramide (10 and 100 

PM), did not reduce the activation of striatal OGS Fos-like pro- 
tein by SKF-81297 (100 nM, n = 5), SKF-38393 (1 FM, n = 

2), or apomorphine (10 PM, n = 5). Preincubation with meto- 
clopramide tended to enhance OGS Fos-like immunostaining in 
the striatum in some slices treated with apomorphine (10 FM; 

data not shown), but no such effect was seen with the Dl-se- 
lective agonists. Neither SCH-23390 (n = 2), nor metoclopram- 
ide (n = 4), nor their vehicle, saline (n = 4), given by them- 
selves, induced expression of Fos-like protein in the striatum 
above background levels. 

Induction of Fos-like protein in cultured striatum by forskolin 
and by CAMP analogs 

Dopamine Dl-like receptors are known to be coupled positively 
to adenylate cyclase, the activation of which leads to an increase 
in the second messenger, CAMP (Kebabian and Calne, 1979; 
Sibley et al., 1993), and both of the dopamine Dl-selective ag- 
onists we used, SKP-81297 and SKF-38393, have been shown 
to stimulate adenylate cyclase in the striatum (Nielsen et al., 

Figure 5. OGS Fos-positive cells cor- 
respond to DARPP-32-positive strio- 
somal neurons identified by double la- 
beling. Confocal images illustrating the 
same field in caudoputamen of a 3 d 
slice culture treated with SKF-81297 
for 3 hr and processed with double im- 
munofluorescent markers for OGS Fos- 
like immunoreactivity and DARPP-32- 
like immunoreactivity. A cluster of 
Fos-positive (A) and DARPP-32-posi- 
tive (B) cells is shown. Many neurons 
in the striosomal cell clusters coexpress 
Fos-like immunoreactivity and DARPP- 
32-like immunoreactivity (examples at 
arrows). A few DARPP-32-positive 
cells are not double labeled (examples 
at arrowheads). Scale bar for A and B 
(in A) indicates 20 ym. 
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Figure 6. Forskolin induces expression of OGS Fos-like protein both in striosomes and in matrix of striatal slice cultures. A, Photomicrograph of 
OGS Fos-like immunostaining in a striatal slice cultured for 3 d in vitro and then treated with forskolin (10 FM, 3 hr). Fos-like immunoreactivity 
is detectable both in striosomes (example at asterisk) and in the surrounding matrix. B and C illustrate at higher magnification the regions bracketed 
in A in the striatum proper and in the medial compartment (MC). The immunostaining of Fos-positive neurons (examples at arrows in B) in the 
matrix (M) is weaker than that of neurons in developing striosomes (B, example at asterisk), as is that of Fos-positive cells (examples at curved 
arrows in C) in the medial compartment. A few Fos-positive cells (example at arrow in C) appear in the ventricular zone (VZ). CP, Caudoputamen. 
Scale bar in A indicates 500 pm; scale bar for B and C (in C) indicates 100 pm. 

1989; Andersen and Jansen, 1990). We therefore stimulated a 
series of slices with forskolin (10 pM, R = 5) to determine 
whether direct activation of adenylate cyclase would, as expect- 
ed, lead to expression of Fos-like immunoreactivity, and wheth- 
er, if so, the distribution of Fos-positive striatal neurons would 
be similar to that seen following Dl agonist treatment. 

Forskolin induced robust expression of nuclear Fos-like pro- 
tein in clusters of striatal neurons corresponded to developing 
striosomes (Fig. 6A), and many individual neurons in the clusters 
were doubly immunostained for Fos-like and DARPP-32-like 
proteins (data not shown). However, in contrast to slices treated 
with dopamine receptor agonists, those treated with forskolin 
showed marked induction of OGS Fos-like immunostaining in 
the matrix as well (Fig. 6AJ3). Striosomes still appeared differ- 
entially immunostained, because for any given neuron in the 
matrix, the forskolin-induced Fos immunostaining was weaker 
than that in nearby striosomal neurons (Fig. 6B). Nevertheless, 
many neurons in the matrix were Fos-positive. Moreover, al- 
though forskolin and Dl agonist treatments were similar in in- 
ducing Fos-like protein in many cells in the medial compart- 
ment, forskolin also induced Fos-like protein in cells of the ven- 
tricular zone in some of the slices (Fig. 6C). 

The specificity of these immunostaining patterns was tested 
by treating control slices with the vehicle for forskolin (dimethyl 

sulfoxide, n = 2) and with 1,9-dideoxy-forskolin (n = 2), a 
forskolin-like molecule that does not stimulate adenylate cy- 
clase. These treatments did not induce expression of Fos-like 
protein in more than a few cells in the striatum (data not shown). 

To further test the involvement of CAMP in inducing expres- 
sion of Fos-like protein in the striatal slices, slices were treated 
with the CAMP analogs, dibutyryl-CAMP (1 and 3 mu, n = 1 
for each dose) and Sp-CAMPS (100 PM, 1 mM, n = 1 for each 
dose) (O’Brian et al., 1982). These CAMP analogs increased 
expression of Fos-like protein in the cultured striatum homo- 
geneously in a dose-dependent manner. Dibutyryl-CAMP at 3 
mu induced nuclear Fos-like immunostaining in more striatal 
cells than did either 1 mM dibutyryl-CAMP or 1 mM Sp-CAMPS 
(data not shown). Sp-CAMPS at 100 p,M was not effective in 
inducing expression of Fos-like protein, 

Expression of Fos-like protein in cultured striatum in response 
to phorbol ester treatments 

To test whether activation of Ca*+/phospholipid-dependent pro- 
tein kinase (protein kinase C) would stimulate the expression of 
Fos-like protein in the developing striatum, we applied phorbol 
ester (PMA) to cultured slices in two sets of experiments. In the 
first, we administrated submicromolar or low micromolar doses 
(40.5, 81, 162, 486, and 810 nM, n = 1 or 2 for each dose, and 
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1.62 pM, n = 2). Even at the highest submicromolar doses, PMA 
either did not induce or induced little OGS Fos-like immuno- 
staining in the striatum. PMA at the dose of 1.62 pM (n = 2) 
induced Fos-like protein in some scattered cells in the cultured 
striatum. In a second set of experiments, with higher doses of 
PMA (16.2 and 96.6 pM, IZ = 2 for each dose), strong activation 
of Fos-like protein occurred. The immunostaining present in the 
striatum showed a decreasing medial to lateral gradient and Fos- 
like protein was also expressed in the medial compartment (data 
not shown). The control of PMA, 4o-PMA, which does not ac- 
tivate protein kinase C, did not induce Fos-like protein expres- 
sion in the cultured striatum at 1.62, or 16.2 pM (n = 1 for each 
dose). However, 4a-PMA at 96.6 pM (n = 2) induced weak 
Fos-like protein expression in some ceil clusters and in the lat- 
eral streak of the striatum in some of the slices. 

Dtperent constitutive and stimulus-induced patterns of 
expression of Fos-like and Fos/Fra-like proteins in the 
cultured striatum 

When slices were treated with SKF-81297 and were then pro- 
cessed with OGS anti-Fos antiserum that had been preabsorbed 
with the OGS peptide immunogen, no staining appeared. Stain- 
ing was also nil when the primary antiserum was omitted from 
the incubation solution. These controls suggested that the OGS 
Fos-like immunostaining was selective for the peptide sequence, 
SGFNADYEASSSRC (corresponding to amino acid sequence 
4-17 of human fos), which was used to raise the OGS antiserum. 

This selectivity does not, however, constitute proof that Fos, 
as opposed to one or more Fos-related antigens (Fras), was the 
protein detected in our experiments. In an additional set of ex- 
periments, we therefore applied apomorphine (n = 2), SKF- 
81297 (n = 3) dibutyryl-CAMP (n = 2) forskolin (n = 3) 
quinpirole (n = 2), or their vehicles, (apomorphine vehicle, n = 
1; SKF-81297 vehicle, n = 2; forskolin vehicle, IZ = 2; quin- 
pirole vehicle, n = 2), and stained the slices with a polyclonal 
anti-Fos/Fra antiserum raised against the conserved amino acid 
sequence 128-152 of Fos and Fra proteins (Young et al., 1991). 
We employ the terms, “Fos/Fra” and “Fos/Fra-like” proteins 
only to refer to the Fos/Fra-like antigens recognized by this anti- 
Fos/Fra antiserum. Young et al. (1991), Zhang et al. (1992), Dilts 
et al. (1993), and Bronstein et al. (1994) have presented evidence 
that this polyclonal antiserum recognizes Fos-like and Fra-like 
proteins that are induced in vivo by both apomorphine and by 
the indirect dopamine receptor agonist, cocaine. We also pre- 
treated slices with SCH-23390 (1 PM, n = 2) or with metoclo- 
pramide (10 and 100 FM, n = 1 for each dose) before SKF- 
81297 exposure, and exposed other slices to SCH-23390 alone 
(1 pM, n = 2) or to metoclopramide alone (10 and 100 pM, n 
= 1 for each dose). 

Both the constitutive and the induced patterns of Fos/Fra-like 
immunostaining in the striatum were different from those seen 
with the OGS Fos antiserum (Fig. 7). In contrast to the very low 
constitutive expression of Fos-like protein in vehicle-treated 3 d 
striatal slice cultures, there was a strong basal expression of Fos/ 
Fra-like protein in the striatum. The most prominent immuno- 
staining appeared in clusters of striatal cells which were distrib- 
uted either broadly or, in a few slices, primarily medially (Fig. 
7A) in a surround of weaker staining. Constitutive expression of 
Fos/Fra-like protein also occurred in the medial compartment in 
aggregates of cells and in scattered cells as well. The constitutive 
expression of Fos/Fra-like protein in the cultured striatum was 
not blocked either by the D 1 -selective antagonist SCH-23390 (1 

PM, n = 2) or by the D2-selective antagonist metoclopramide 
(10 and 100 pM, n = 1 for each dose). 

Apomorphine and SKF-81297, but not quinpirole, induced 
prominent expression of Fos/Fra-like protein throughout the cul- 
tured caudoputamen. Induction in striosomes was more exten- 
sive than in the unstimulated slices, and there was also consid- 
erable enhancement of Fos/Fra-like immunostaining in the ma- 
trix (Fig. 7B,D). Such marked agonist-induced expression in the 
matrix was not found for OGS Fos-like protein following the 
same treatments (Fig. 4C). The expression of Fos/Fra-like pro- 
tein in the striatal medial compartment was also greatly en- 
hanced relative to that of OGS Fos (Fig. 7B). There was also 
pronounced Fos/Fra-like immunostaining in the ventral stria- 
turn-nucleus accumbens regions in the agonist-treated cultures, 
in contrast to the low levels of OGS Fos-like immunostaining 
found there following treatment with the same agonists (Fig. 
7B). 

Only partial blockade of Fos/Fra-like protein expression could 
be documented in SKF-8 1297-treated slices pretreated with 
SCH-23390 and compared with SKF-81297 controls. The block- 
ade of induction had to be judged against constitutive levels of 
FoslFra-like protein expression, which were themselves insen- 
sitive to SCH-23390. In each of two experiments, a decrease in 
the medial compartment was obvious; a decrease in the matrix 
was evident in one of these, but for striosomes, it was unclear 
whether a decrease occurred in either experiment. 

Metoclopramide pretreatment had no detectable effect on 
SKF-81297 induction of Fos/Fra-like protein, as found also for 
OGS Fos. Forskolin, which induced OGS Fos-like protein in the 
matrix at much lower levels than in striosomes, increased the 
expression of Fos/Fra-like protein almost equally strongly in 
striosomes and matrix. Striosomes had only slightly higher in- 
tensity of Fos/Fra-like immunostaining than did adjacent regions 
of the matrix. Forskolin strongly enhanced Fos/Fra-like protein 
expression in the medial compartment, but not in the ventricular 
zone. Patterns of Fos/Fra-like immunostaining similar to those 
observed after forskolin treatment were also evident in slices 
treated with the CAMP analog, dibutyryl-CAMP (1 and 3 ITIM), 

with higher doses inducing higher levels of expression (data not 
shown). 

Effects of cycloheximide on the induction of Fos-like and Fos/ 
Fra-like proteins in striatal slice cultures 

To test whether the observed Fos-like and Fos/Fra-like immu- 
noreactivity induced by SKF-81297 was derived from de now 
synthesis of protein, 3 d cultured striatal slices were preincu- 
bated with the protein synthesis inhibitor, cycloheximide. Cyclo- 
heximide (10 FM, n = 2; 50 FM, n = 2) strongly inhibited 
expression of Fos-like and Fos/Fra-like proteins induced by 
SKF-81297 in the cultured slices. Interestingly, incubation of 
slices with cycloheximide alone did not cause a significant de- 
crease of constitutive expression of Fos/Fra-like protein in the 
cultured striatum (data not shown). 

Effects of protein kinase inhibitors on dopaminergic induction 
of Fos-like protein in striatal slice cultures 
In an attempt to identify intracellular kinase pathways that might 
mediate the Fos response to stimulation of Dl-like receptors, 
striatal slices were maintained in vitro for 3 d and were then 
stimulated with SKF-81297 in the presence of different protein 
kinase inhibitors. The effects of these reagents on forskolin-in- 
duced Fos-like protein expression was also tested. The results 
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Figure 7. Basal and stimulated levels of Fos/Fra-like protein expression in the striatum cultured for 3 d irz vitro. Photomicrograohs of Fos/Fra- 
like immunostaining detected in 3 d slice cultures treated with the Dl-selective dopamine receptor agonist SKF-81297 (B, D) 0; with the vehicle 
for SKF-81297 (A, C). A and C, There are hiah basal levels of Fos/Fra-like immunoreactivitv in the vehicle-treated slice culture. in contrast to 
OGS Fos-like immunoreactivity (see Fig. 2B).‘The Fos/Fra-positive nuclei are enriched in strlosomal cell clusters, especially medially (examples 
at asterisks) and are scattered through the medial compartment (MC), but are rare in the ventricular zone (VZ). B and D, In the SKF-81297-treated 
slice, many Fos/Fra-positive cells are present in the extrastriosomal matrix (M), and expression in the striosomes (examples at asterisks) is very 
intense. Some of the Fos/Fra-positive cells in the matrix are strongly stained (examples at arrows in D) whereas others are weakly stained (examples 
at curved arrows in D). Many Fos/Fra-positive cells are also present in the medial compartment. Note that strong Fos/Fra-like immunoreactivity is 
induced in the nucleus accumbens (NA) and in the islands of Calleja (star). Scale bar for A and B (shown in B) indicates 500 km; scale bar for C 
and D (shown in D) indicates 100 km. S, Septum. 

are summarized in Table 2. For the inhibitors with marked ef- both of which are general inhibitors of cyclic nucleotide-depen- 
fects on Fos-like protein expression, inhibition of general protein dent protein kinases and protein kinase C at the doses indicated, 
synthesis was also tested. As a final control, we tested whether abolished or almost completely abolished striatal OGS Fos-like 
any of the kinase inhibitors by themselves induced Fos-like pro- protein expression induced by SKF-81297 or forskolin. A lower 
tein expression in the cultured striatum. None did. dose of H8 (50 pM) partially blocked the expression of OGS 

F’reincubation of slices with H7 (50, 100 pM) or H8 (100 PM), Fos-like protein in some slices and did not block in others. 
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Table 2. Effects of protein kinase inhibitors on expression of Fos-like protein in 3 d cultured 
striatum 

Kinase inhibitors SKP-81297 (100 nM) Forskolin (10 PM) 

Rp-CAMPS (1 mM) 
H7 (50, 100 PM) 

H8 (50 PM) 

H8 (100 PM) 

H89 (30, 60, 90, 120, 300 FM) 

H89 (600 PM) 

H85 (30 PM) 

H85 (600 PM) 

W7 (100 PM) 

KN62 (30 PM) 

H89 (30 FM) and W7 (100 PM) 

H89 (30 PM) and KN62 (30 )LM) 

H89 (300 FM) and KN62 (30 PM) 

H8 (50 PM) and W7 (100 FM) 

H8 (50 PM) and KN62 (30 FM) 

t 
- 
++ 
+ 
++ 
++ 
++ 
++ 
++ 
++ 
++ 
++ 
++ 

++ 

- 
++ 

++ 
++ 
NA 
NA 
++ 
++ 
++ 
++ 
++ 

Data show the effects of pretreatments with protein kinase inhibitors on OGS Fos-like immunostaining in the striatum 
of cultured slices treated with SKF-81297 or forskolin. The intensity and pattern of immunostaining were rated 
according to the following scale: ++, normal pattern of immunostaining similar to that induced by the agonists 
alone; +, partially reduced immunostaining; -, complete or almost complete blockade of immunostaining. Each 
experiment was performed at least in duplicate. NA, data are not available. 

To test the possibility that the inhibition of Fos-like protein 
induction by H7 and H8 might be due to nonspecific inhibitory 
effects of the kinase inhibitors, the status of protein synthesis in 
the presence of the kinase inhibitors was assessed by measuring 
?S-methionine incorporation in the cultured slices. Pretreat- 
ments .with the blocking 50 PM dose of H7 resulted in a ca. 13% 
decrease in 35S-methionine incorporation, whereas pretreatments 
with the blocking dose of H8 (100 FM) resulted in a ca. 36% 
decrease. The nearly total blockade of induction of Fos-like pro- 
tein by H7, especially, thus seems unlikely to be due to the 
partial reduction of protein synthesis found with this inhibitor. 

Unexpectedly, pretreatments with the H89 kinase inhibitor at 
a dose within the range of concentrations selective for protein 
kinase A (30 PM; Chijiwa et al., 1990) did not affect the ex- 
pression of Fos-like protein induced by SKF-81297 or forskolin. 
The concentration of H89 had to be increased to 600 FM before 
partial blockade occurred, and even at this dose, which is beyond 
the dose-range selective for protein kinase A, there was only 
partial (estimated 30-50%) reduction in OGS Fos-like protein 
expression. At this extreme dose, the H89 preincubation led to 
a ca. 76% reduction of 35S-methionine incorporation, indicating 
a significant decrease in general protein synthesis. The massive 
inhibition of protein synthesis indicated that the inhibitor likely 
could penetrate the tissue of the slices, suggesting that the failure 
of blockade of Fos-like protein expression by H89 did not sim- 
ply reflect lack of penetration of the inhibitor into the slice tis- 
sue. H8.5, a control inhibitor for H89 that is far less selective 
than H89 for protein kinase A at the dose of 30 FM, did not 
affect or only slightly reduced the expression of OGS Fos-like 
protein at doses as high as 600 PM. 

Pretreating striatal slices with a second protein kinase A in- 
hibitor, the membrane-permeable Rp-CAMPS (1 mu; O’Brian et 
al., 1982), also did not significantly inhibit striatal OGS Fos-like 
protein induction by SKF-81297 or forskolin. Rp-CAMPS (1 
mu) did, however, partially antagonize OGS Fos-like protein 

expression induced by Sp-CAMPS (1 mu) in the cultured stria- 
turn. 

Finally, pretreating striatal slices with KN62 at 30 PM, an 
inhibitor of calcium/calmodulin dependent protein kinase II 
(CaM kinase II), did not reduce the induction of Fos-like protein 
by SKF-81297, nor did the calmodulin inhibitor, W7 at 100 PM. 

Instead, in a few slices, each of these pretreatments appeared to 
enhance the OGS Fos-like immunostaining induced by SKF- 
81297. 

The lack of blockade by single protein kinase inhibitors could 
reflect the presence of multiple kinase pathways capable of ac- 
tivating Fos-like protein. In PC12 cells, for example, C-$X in- 
duction has been reported to occur through phosphorylation of 
CAMP response element-binding protein (CREB) by both pro- 
tein kinase A and CaM kinase II (Sheng et al., 1990, 1991; Dash 
et al., 1991; Bading et al., 1993). We therefore concurrently 
applied different pairs of kinase inhibitors to determine whether 
it was still possible to induce expression of Fos-like protein by 
SKF-81297 or forskolin. Pretreating slices with H89 (30 PM or 
300 PM) and KN62 (30 FM), with H89 (30 FM) and W7 (100 
FM), with H8 (50 PM) and KN62 (30 FM), or with H8 (50 FM) 

and W7 (100 FM) did not significantly inhibit the expression of 
OGS Fos-like protein in the striatum of slices stimulated either 
with SKF-81297 or forskolin. 

Discussion 
The experiments we report here establish the organotypic slice 
culture as a valuable system for studying the regulation of gene 
expression in the developing striatum. Under the culture condi- 
tions we used, cell survival in the striatum was high up to at 
least 3 d in vitro, the germinal zone was mitotically active, strio- 
some-matrix compartmentation was maintained, striatal neurons 
expressed striatum-enriched antigens in typical patterns, and 
they were able to generate dopamine Dl-like receptor-mediated 
and CAMP-dependent responses to extracellular stimulation by 
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activating expression of Fos-like and Fra-like gene products. 
These responses were striatal compartment-specific and differed 
for different gene products of thefos-jun family. We suggest that 
there are individually distinct maturational programs for acti- 
vation of even closely related genes coupled to developing do- 
pamine receptor-mediated signal transduction pathways in the 
striatum. The unusual pharmacologic profile of the responses to 
protein kinase inhibitors raises the further possibility that novel 
protein kinase A-like molecules may participate in the trans- 
duction from membrane to nucleus of the striatal neurons. 

Advantages of organotypic cultures of striatum over 
dissociated cell cultures and cell lines as an in vitro approach 

By tending to preserve much of the physiologically relevant en- 
vironment of developing striatal neurons, the organotypic striatal 
slice culture represents a system more anatomically and physi- 
ologically relevant than cultures of cell lines (Cattaneo and Mc- 
Kay, 1990; Evrard et al., 1990) or dissociated primary striatal 
cells (Panula et al., 1979; Bockaert al., 1986). The maintenance 
of the infrastructure for cell-cell interactions in slice cultures 
allows the development and cell biology of striatal neurons to 
be analyzed in an approximately in situ condition. These special 
properties, and the experimentally accessible condition of cells 
in the slices, make the organotypic culture of striatum a valuable 
compromise paradigm between in vivo whole animal and in vitro 
dissociated cell culture approaches. 

Activation of dopamine DI-like receptors in vitro induces 
selective expression of Fos-like and Fos/Fra-like proteins in 
neurons of developing striosomes and matrix 
The activation of OGS Fos-like protein by Dl-like receptor ag- 
onists was highly concentrated in the developing striosomes. 
This selectivity is consistent with evidence that developing strio- 
somes are enriched in Dl-like receptor binding sites relative to 
the surrounding matrix (Munin and Zeng, 1989; Caboche et al., 
1991; Liu and Graybiel, unpublished observations), although the 
distribution of Dl receptor mRNA with respect to compartmen- 
tation in developing striatum remains to be clarified (Guennoun 
and Bloch, 1992; Schambra et al., 1994). The failure of dopa- 
mine Dl-like receptor agonists to stimulate the expression of 
high levels of Fos-like protein in matrix neurons was not, how- 
ever, due to a poor survival capacity of this population of cells, 
nor to a lack of functional Dl-like dopamine receptors in the 
matrix. Many developing calbindin-D,,,,-positive and MAP-2- 
positive neurons were present in the matrix of the cultured stria- 
turn, and Dl-selective agonists did activate widespread expres- 
sion of Fos/Fra-like protein in the matrix. Notably, strong in- 
duction of Fos-like protein was observed in slices cultured for 
as short a time as 4 hr, so that denervation supersensitivity had 
a relatively short time to occur. The Dl-selective effects we saw 
were thus not simply the result of prolonged effects of culturing. 

These findings suggest that the developmental heterogeneity 
in the response capacity of striosome and matrix neurons in- 
volves not simply maturation of dopamine receptor subtypes 
functionally coupled to corresponding second messengers, but 
also differential targeting of fos-jun family gene products by the 
intracellular messenger cascades activated in the two compart- 
ments. These differences in gene regulation may presage some 
of the striking differences in neurochemistry and connectivity of 
these striatal compartments at adulthood. 

Fos/Fra-like protein, but not Fos-like protein, was constitu- 
tively expressed in the 3 d striatal cultures. This fits with findings 

for the normal developing rat striatum in vivo (Alcantara and 
Greenough, 1993; Fusco et al., 1994). Our findings in vitro sug- 
gest that the constitutive expression of Fos/Fra-like protein in 
the developing striatum is not dependent on intact innervation 
by extrinsic afferents, is not sensitive to Dl-like receptor block- 
ade, and is not dependent on recent ongoing protein synthesis. 

Involvement of CAMP, adenylate cyclase, and protein kinase C 
in the induction of Fos-like protein in cultured striatum 

The evidence that CAMP analogs and forskolin induced strong 
expression of OGS Fos-like immunoreactivity in neurons of 
striosomes and some induction in matrix neurons supports the 
view that CAMP was involved in the dopamine receptor-medi- 
ated activation of Fos-like protein in the striatal slice cultures. 
This evidence is in accord with the well-known positive cou- 
pling of Dl-like receptors to adenylate cyclase (Sibley et al., 
1993), and the fact that CAMP can lead to activation of Fos 
protein in PC12 cells (Sassone-Cori et al., 1988; Fisch et al., 
1989). Induction of c-fos and Fos-like protein by forskolin has 
also been observed in cultures of dissociated striatal cells (He 
and Hong, 1991) and in the adult striatum in vivo (Simpson and 
McGinty, 1994). 

Stimulation of Dl-like receptors has been shown to activate 
protein kinase C in striatal cell cultures (McMillian et al., 1992), 
and activated protein kinase C can induce c-fos in transfected 
cell lines (Fisch et al., 1987; Gilman, 1988). We were unable to 
demonstrate convincingly that activation of protein kinase C 
with PMA induced expression of Fos-like protein in the cultured 
striatum. Intense Fos immunostaining was present only with 
high doses of PMA. We cannot exclude the possibility that, at 
such dose levels, PMA had nonspecific effects. 

Effects of protein kinase inhibitors on expression of Fos-like 
protein in cultured striatum 

The results of our kinase inhibition experiments, taken together 
with the induction of Fos-like protein by CAMP analogs and 
adenylate cyclase activators, clearly favor the view that protein 
kinase A is involved in the induction of Fos-like protein by Dl 
agonists in the neonatal striatum. However, H89, a selective in- 
hibitor of protein kinase A in PC12 cells at low doses, did not 
block OGS Fos induction unless it was applied at cytotoxic lev- 
els, and then it only blocked partially. Nor did the protein kinase 
A inhibitor Rp-CAMPS. 

At least three alternatives might account for these results. 
First, despite our control experiments, we cannot discount the 
possibility that the lack of blockade by H89 resulted from in- 
adequate penetration of the slices. This seems an unlikely ex- 
planation for the lack of inhibition by Rp-CAMPS, however, 
which is membrane permeable. Second, it is possible that there 
are redundant kinase pathways capable of inducing Fos or Fras 
in the slices, even in the presence of the paired kinase inhibitors 
we tested. In particular, protein kinase C may be involved, as 
the kinase inhibitors H7 and H8 which were effective in block- 
ing induction also inhibit protein kinase C at the doses tested. 
It seems unlikely, however, that protein kinase A would not be 
involved, and thus the failure of the selective protein kinase A 
inhibitors to block induction remains a puzzle. 

An intriguing alternative possibility raised by our findings is 
that the developing striatum may express a novel isoform of 
protein kinase A capable of mediating the gene activation we 
observed. Several lines of evidence already suggest that signal 
transduction in the striatum may involve novel molecules dif- 
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ferentially enriched in the striatum. These include the G protein, 
G,,,, (Drinnan et al., 1991; HervC et al., 1993), the striatum-en- 
riched adenylate cyclase, AC,, (Glatt and Snyder, 1993), the 
CAMP-regulated phosphoproteins, ARPP-16, ARPP-21, and 
ARPP-90 (Ouimet et al., 1989; Walaas et al., 1989; Girault et 
al., 1990), the calmodulin-dependent phosphodiesterase 1Bl (63 
kDa) (Bentley et al., 1992; Polli and Kincaid, 1992, 1994; Yan 
et al., 1994), the striatum-enriched tyrosine phosphatase, STEP 
(Lombroso et al., 1991, 1993), and the protein phosphatase-1 
inhibitor, DARPP-32 (Ouimet et al., 1984). The presence of 
these molecules, and especially of those related to CAMP func- 
tion, make the possibility of a novel kinase A an attractive al- 
ternative to pursue. 

A medial compartment of the developing striatum 
Fos-like and Fos/Fra-like proteins were induced by dopamine 
receptor agonists, by forskolin, and by high concentrations of 
PMA in a medial compartment of the cultured striatum imme- 
diately adjacent to the ventricular zone. We show that this zone 
is not, in contrast to the ventricular zone, mitotically active in 
the slice cultures, as though it were not a subventricular zone 
but part of the striatum proper. However, it does not express 
appreciable levels of DARPP-32, calbindin-D,,,,, or TH, nor 
contain mature GFAP-positive astrocytes, all characteristics of 
the adjacent striatum. These findings raise the possibility that the 
Fos-and Fos/Fra-positive cells in the medial compartment are 
postmitotic cells poised to migrate into the striatum proper but 
not yet activated to express their full striatal phenotypes. Inter- 
estingly, study of the developing cat striatum indicates that this 
zone may represent a “waiting compartment” in which previ- 
ously pulse-labeled ‘H-thymidine-positive cells pile up prior to 
migration (Newman-Gage, Liu, and Graybiel, unpublished ob- 
servations). It also appears to correspond to a medial zone which 
has specialized pseudocholinesterase staining properties in the 
fetal striatum of both human and cat brains (Graybiel and Rags- 
dale, 1980; Ragsdale and Graybiel, 1983). Although this medial 
compartment does not show high levels of Dl-like receptor 
binding (Murrin and Zeng, 1989; Caboche et al., 1991; Liu and 
Graybiel, unpublished observations) or Dl dopamine receptor 
mRNA (Guennoun and Bloch, 1992), the functional assay we 
used may have detected Dl-like receptors expressed at low lev- 
els in this population of cells. This suggests that striatal cells at 
the beginning of migration may already express functional do- 
pamine receptors coupled to expression of Fos-like and Fra-like 
proteins. 

Regulation of striatal genes by dopamine 

Dopamine receptor agonists regulate the expression of neuro- 
peptides, neurotransmitters, receptors and associated molecules 
in the striatum (Graybiel, 1990, 1993b; Gerfen, 1992a,b; Nestler, 
1992). For example, stimulating Dl -like receptors and blocking 
D2-like receptors differentially increase and decrease, respec- 
tively, prodynorphin mRNA and proenkephalin mRNA in the 
striatum (Hong et al., 1978; Hanson et al., 1987; Li et al., 1988; 
Sivam, 1989; Gerfen et al., 1990; Hurd et al., 1992; Daunais et 
al., 1993; Hurd and Herkenham, 1993; Jian et al., 1993; Steiner 
and Gerfen, 1993; Bronstein et al., 1994). The physiological 
effects of such regulation may influence multiple levels of neu- 
ronal plasticity in relation to striatal input-output processing, 
both during development and at maturity. As several of the reg- 
ulated molecules such as prodynorphin and proenkephalin have 
been shown to have sequences resembling the consensus AP-1 

sequence in their promoters, by means of which they could bind 
Fos/Jun family dimers, the suggestion has been made that their 
regulation may involve transcription factors of this family (e.g., 
Sonnenberg et al., 1989; Graybiel et al., 1990; Naranjo et al., 
1991; Graybiel, 1993b; Hyman et al., 1993; Bronstein et al., 
1994). An advantage of the striatal slice culture preparation we 
report here is that some of these questions can now be addressed 
in vitro. Such work could have a major impact on understanding 
the cell and molecular biology underlying development and neu- 
roplasticity in the striatum. 
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