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Retinoid signaling plays a crucial role in patterning rhombomeres
in the hindbrain and motor neurons in the spinal cord during
development. A fundamentally interesting question is whether
retinoids can pattern functional organization in the forebrain that
generates a high order of cognitive behavior. The striatum contains
a compartmental structure of striosome (or ““patch’’) and interven-
ing matrix. How this highly complex mosaic design is patterned by
the genetic programs during development remains elusive. We
report a developmental mechanism by which retinoid receptor
signaling controls compartmental formation in the striatum. We
analyzed RARB~/~ mutant mice and found a selective loss of
striosomal compartmentalization in the rostral mutant striatum.
The loss of RARB signaling in the mutant mice resulted in reduction
of cyclin E2, a cell cycle protein regulating transition from G; to S
phase, and also reduction of the proneural gene Mash1, which led
to defective neurogenesis of late-born striosomal cells. Impor-
tantly, during striatal neurogenesis, endogenous levels of retinoic
acid were spatiotemporally regulated such that transduction of
high levels of retinoic acid through RAR selectively expanded the
population of late-born striosomal progenitors, which evolved into
a highly elaborate compartment in the rostral striatum. RARB~/~
mutant mice, which lacked such enlarged compartment, displayed
complex alternations of dopamine agonist-induced stereotypic
motor behavior, including exaggeration of head bobbing move-
ment and reduction of rearing activity. RAR signaling thus plays
a crucial role in setting up striatal compartments that may engage
in neural circuits of psychomotor control.
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general principle of functional organization in the central

nervous system is the compartmental arrangement of
neuronal populations. The columnar organization of the ce-
rebral cortex represents the most elaborate compartmental
organization in the telencephalon, but compartmental orga-
nization also is present in the striatum. The striatum comprises
two neurochemically distinct compartments, striosome (or
patch) and the matrix (1-3). Unlike the columnar organization
of the cerebral cortex, striosomes, which comprise ~15-20%
of the striatum, are embedded in the surrounding matrix to
form a labyrinthine structure. Neurons in striosomes and in the
matrix are generated during different time windows, differ-
entiate at different rates into different neurochemical pheno-
types, establish different connectivity with other brain regions,
and degenerate at different rates in neurodegenerative
diseases (2, 3).

Retinoid signaling, by virtue of its powerful patterning ability in
developmental control, is involved in specification of body axis and
building structural organs (4). Retinoid signaling plays a crucial role
in patterning rhombomeres in the hindbrain and motor neurons in
the spinal cord during development (5). A fundamentally interest-
ing question is whether retinoids can pattern functional organiza-

www.pnas.org/cgi/doi/10.1073/pnas.0802109105

tion in the forebrain that generates cognitive behavior. Previous
studies have shown that development of the intermediate part of
telencephalon, which gives rise to the striatum in the mammalian
telencephalon, is regulated by retinoid signaling (6-10). It is,
however, unknown whether retinoid signaling is involved in control
of compartmental formation during striatal development.

Retinoid signaling is transduced by binding to retinoic acid (RA)
receptors (RARa, RARB, RARYy) and retinoid X receptors
(RXRa, RXRB, RXRy) that belong to the steroid/thyroid receptor
superfamily (4). RARs and RXRs are ligand-activated transcrip-
tion factors that can transactivate downstream target genes. Of the
different subtypes of RARs, RARR is preferentially expressed in
the developing striatum (11-13). We report in the present study that
RARRB signaling plays a critical role in setting up striatal compart-
mentation by differential regulation of the population sizes of
striosomal cells along the rostrocaudal axis during development,
and the enlarged striosomal compartment in the rostral striatum
may modulate the neural circuits of psychomotor function.

Results

Aberrant Compartmentation in the Striatum of RARB~/~ Mutant Mice.
Striosomes express high levels of u-opioid receptor (MORT1) and
dynorphin but low levels of calbindin-Dygx and met-enkephalin
[Fig. 1 A4 and C; supporting information (SI) Fig. S1 4 and C] (2,
3). MORI1 immunostaining showed that the areas of MORI-
positive striosomes were drastically reduced by 71.1% in RARB ™/~
mutant striatum (Fig. 1 4, A’, and F). MOR1-positive striosomes
disappeared mainly in the rostral striatum (Fig. 1.4, 4’, and F) but
were largely spared in the ventromedial striatum at middle and
caudal levels (Fig. 1 B, B, and F). Dynorphin was also reduced in
the rostral mutant striatum (Fig. S1 4, A’, and F). Moreover,
calbindin-poor zones (striosomes) were drastically diminished in
the rostral striatum such that calbindin expression became largely
homogeneous (Fig. 1 C' and E"). The number of calbindin-positive
neurons was, however, not significantly altered in mutant striatum
(wild type, 1,315.5 = 372.2/mm?; mutant, 1,297.0 + 315.6/mm?, P =
0.887, n = 3). Immunostaining of met-enkephalin showed similar
results to that of calbindin (Fig. S1 C, C’, E, and E’). Notably, in
addition to the changes of striosomal markers, the striatal area was
decreased in the rostral but not the caudal mutant striatum (Fig.
1G), suggesting a cytoarchitectural change. The perinatal strio-
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Fig. 1. Aberrant compartments of striosomes and matrix in the adult striatum
of RARB™~ mutant mice. Immunostains of MOR1 (A, A’, B, B') and calbindin (C,
C', D, D') show that striosomes, as marked by MOR1-positive neuropil patches (A)
and calbindin-poor zones (C), are reduced in the mutant striatum at rostral levels
(A’, C'). The bracketed regions in C, C' are shown at high magnification in E, E’.
The areas of MOR1-positive patches are decreased in RARB™~ mutant mice at the
rostral level (F). The striosomal reduction of MOR1 and loss of calbindin-poor
zones are less prominent in the mutant striatum at caudal levels (B, B’, D, D', F).
(G) The striatal area was reduced at the rostral but not the caudal level. (H-K) Loss
of late-born S cellsin RARB™~ mutant striatum. The bracketed regionsin H, H' are
shown at high magnification in /, I', J, J'. Double immunostaining of MOR1 and
BrdU (H-J') shows that S cells pulse-labeled with BrdU at E12.75 and E13 (darkly
stained black nuclei, arrowheads) are typically concentrated in MOR1-positive
striosomes (brown neuropil patches, H, /) and the subcallosal lateral streak (H and
J) in wild-type striatum. In contrast, only a few darkly stained BrdU-positive S cells
(arrowheads) are present in the mutant striatum (H’, I’). BrdU-labeled cells are
illustrated at high magnification in Insets (/, I'). Note that BrdU-positive S cells
remain in the subcallosal lateral streak of mutant striatum (/). (K) The number of
BrdU-positive S cells is decreased in the striatal proper of mutant striatum but not
inthe lateral streak. **, P < 0.01, ***, P < 0.001, Student’s t test, n = 3. (Scale bars
in Afor A, A’, 500 um; in B for B, B, 500 um; in C for C, C’, 500 um; in D for D, D',
500 wm; in E for E, E', 200 um; In H' for H, H' 500 um; in I’ for /-J', 100 pm.)

somes express high levels of MOR1, dopamine- and cyclic adeno-
sine 3':5’-monophosphate-regulated phosphoprotein (DARPP-
32), and tyrosine hydroxylase (TH). These three markers were also
reduced primarily in the rostral part of newborn mutant striatum
(Fig. S2 A-J"). Ebf-1, a marker for developing matrix (14), was
increased in the rostral but not in the caudal part of newborn mutant
striatum (Fig. S2 K-M). Defective striosomes also occurred prena-
tally at E16.5. At E16.5, DARPP-32-positive neurons were not yet
organized into striosomal pattern in the wild-type striatum, but
DARPP-32 neurons were significantly reduced in the mutant
striatum (Fig. S3 B and B"), which indicated that the reduction of
striosomes occurred before compartmental formation.
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Loss of Late-Born Striosomal Neurons in RARB~/~ Mutant Mice. The
concurrent decreases of several striosomal markers suggested that
RARpB-null mutation might affect neurogenesis and/or survival of
striosomal neurons. Striosomal cells (S cells) and matrix cells (M
cells) finish their last mitosis at different time windows (15, 16). The
majority of S and M cells can be pulse-labeled with BrdU at
E11.5-E13.5 and after E16.5, respectively, in the mouse. Within the
S cell population, most S cells in the caudal striatum and the
subcallosal lateral streak are born at E11-E12.5, whereas most S
cells in the rostral striatum are born later at E12.5-E13.5 in the
mouse (17) (W.-LL. and F.-C.L., unpublished observations).
Because RARB mutation-induced decreases of S markers pri-
marily occurred in the rostral striatum, we pulse-labeled rostral S
cells with two injections of BrdU at E12.75 and E13. Clusters of
BrdU-labeled S cells were drastically reduced by 88.2% in the
rostral RARB ™/~ mutant striatum (Fig. 1 H, H', I, I', and K). Similar
findings were observed in the newborn mutant striatum (Fig. S3 4,
A’, C, and C"). The subcallosal lateral streak, which comprised
early-born S cells, remained largely unaffected in the rostral mutant
striatum (Fig. 1J,J', and K). Importantly, the loss of late-born S cells
occurred at E12.75 before the segregation of S and M cells into
compartments, because the reduction of BrdU-labeled cells was
detected in the mutant lateral ganglionic eminence (LGE, striatal
anlage) at 28 h postinjection of BrdU when the BrdU-labeled
postmitotic cells had migrated into the differentiated mantle zone
but were not yet organized into compartments (Fig. 2.4, 4’, and C).

Defective Neurogenesis of Late-Born Striosomal Cells in Striatal
Anlage of RARB~/— Mutant Embryos. The loss of late-born S cells in
the mutant striatum might be due to aberrant cell death and/or
defective neurogenesis induced by RARB-null mutation. We as-
sayed cell death by TUNEL staining. The number of apoptotic cells
in the wild-type LGE did not significantly differ from that in the
mutant LGE at E12.75, E13.5, E14.5, and E15.5 (Fig. S4), which
ruled out cell death as the primary cause of cell loss.

In addition to the mantle zone, low levels of RARB were
expressed in the ventricular zone (VZ) of LGE as detected by
RT-PCR and in situ hybridization (Fig. S5), which is consistent with
the report that RARS is expressed by proliferating progenitors in
neurospheres derived from striatal anlage (18). To determine
whether the reduction of S cells was due to defective proliferation
of S progenitors in the germinal zones, we pulse-labeled late-born
S progenitors with BrdU at E12.75 and examined the BrdU
incorporation rate at 1 h after BrdU injection. BrdU-positive cells
were reduced by 16.7% in the VZ of RARB™/~ mutant LGE (Fig.
2 B and B’, D, and E). The reduction was specific to the LGE,
because it did not occur in the ventral pallium of cortical anlage
(Fig. 2E). In parallel to the defective proliferation, cyclin E2
(Ccne2), a cell cycle protein regulating transition from G; to S
phase (19), was decreased by 16.1% in the mutant LGE (Fig. 2 F,
F’, and H). Moreover, the proneural gene Mashl was also reduced
by 19.3% in the mutant LGE (Fig. 2 G, G’, and I). BrdU-positive
cells tended to decrease in the mutant subventricular zone (SVZ),
a secondary proliferative population in the germinal zones (86.2 =
7.5% of wild type, P = 0.0718, n = 6).

The deficit in cell proliferation was specific to late-born S cells,
because pulse labeling of early-born S cells at E11.5 or M cells at
E16.5 with BrdU did not show significant differences of BrdU-
positive cells in the LGE/developing striatum between the wild-type
and RARB™~ mutant embryos (Fig. 2D). These results are in good
accordance with the aforementioned findings that early-born S cells
and M cells were spared in the adult mutant striatum (Fig. 1 F and
K). Note that the loss of late-born S progenitors was not due to
depletion of precursor pools by precocious differentiation, because
no apparent increase of TuJl-positive neurons was observed in
E12.75 and E13.5 mutant LGE (data not shown).

Liao et al.
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RA Increased Cell Proliferation of Striatal Progenitors. It remained a
puzzle within the S cell population why RARB mutation pri-
marily targeted the late-born S cells, whereas it relatively spared
the early-born S cells. A possible account for this differential
effect is that the early-born S cells might be incompetent to
transduce RA signals. To test this hypothesis, wild-type mouse
embryos were maternally treated with all-trans RA (5 mg/kg)
every 12 hfrom E10.5 to E11.5 and then pulse-labeled with BrdU
for 1 h before embryo culling. The RA treatments resulted in
increases of BrdU-positive cells in the VZ of LGE at rostral,
middle, and caudal levels (Fig. 3 B, B’, and E) and decreases of
TuJ1-positive areas in the mantle zone (Fig. 3 B and B'). These
results indicated that early-born S progenitors were in fact
competent to transduce R A signals by expanding its population.

To further test whether the RA-enhanced cell proliferation was
mediated through RARP signaling, the same set of experiments
were performed in RARB™/~ mutant embryos and their wild-type
littermates. R A treatments did not effectively increase proliferation
of early-born S cells in RARB~/~ mutant LGE at rostral and middle
levels (Fig. 3F), which indicated that the lack of RARP largely
prevented RA from increasing proliferation of early-born S cells.

We also tested whether exogenous RA could alter proliferation
of late-born S cells by maternally treating wild-type mouse embryos
with RA every 12 h from E12.5 to E13.5 and then pulse-labeling
with BrdU for 1 h before culling. The RA treatments did not alter
cell proliferation in the rostral and middle parts of E13.5 LGE (Fig.
3G). We surmised that this might be due to high levels of endog-
enous RA present in the rostral/middle LGE at E12.5-E13.5, which
could limit the effect of exogenous RA (see below, Fig. 4 B, E, and
H). Accordingly, RA induced-cell proliferation should occur in the
region where endogenous RA was low. Indeed, exogenous RA
increased BrdU-positive cells in the VZ of caudal part of E13.5
LGE (Fig. 3 D, D', and G), where a low level of endogenous RA
was present (see below, Fig. 4 C, F, and I).

Chronic RA Treatments Resulted in Enlarged Caudal Striosomes. We
further assayed the effects of chronic RA treatments during the

Liao et al.
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Fig. 2. Defective neurogenesis of late-born S cells in
striatal anlage of RARB™~ mutant embryos. (A, A’, C)
Twenty-eight hours after a single pulse labeling of
BrdU at E12.75, more BrdU-positive S cells (green) mi-
grate into the Ki67-negative differentiated mantle
zone (MZ) of wild-type LGE (A) than that in the mutant
LGE (A’, Q). (B, B', D, E) The number of S cells pulse-
labeled with BrdU for 1 h at E12.75 is reduced in the VZ
of LGE but not in the VP (E). The arrowheads in B, B’
indicate the boundary between the LGE and the VP.
The reduction of cell proliferation also is temporally
specific, because it occurs only in the S progenitor
pulse-labeled with BrdU at E12.75 (late-born S cells)
butnotatE11.5 (early-born S cells; D), nor does it occur
in the progenitors of matrix (M) cells pulse-labeled
with BrdU at E16.5 (D). (F-/) Reduction of neurogenesis
markers in RARB™/~ mutant LGE. Ccne2 mRNA is de-
creased in the mutant E12.75 LGE and VP (F, F/, H). The
VP and the LGE are indicated by the regions between
100 the double and single arrowheads and between the
& single arrowhead and arrow, respectively, in F, F'.

Mash1 mRNA is reduced in E13.5 RARB™/~ mutant LGE

(G, G, I).*,P<0.05; ***, P<0.001, Student’s t test. All
7 experiments were repeated at least three times. CTX,
60 cortex; Sep, septum; SVZ, subventricular zone; VP, ven-
tral pallium. (Scale bars in A for A, A’; in B for B, B’; in
Ffor F, F’; and in G for G, G', 100 um.)
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entire neurogenesis of S and M cells. The embryos treated with RA
every 12 h from E11.5 to E17.5 had enlarged DARPP-32- and
GluR1-positive striosomes in the caudal striatum (Fig. S6). No
significant effect was observed in rostral striosomes, which con-
tained late-born S cells, nor did the population of M cells appear to
be affected by the RA treatments (data not shown). Because
striosomes in the caudal striatum were made up of early-born S
cells, these results were consistent with the findings that exogenous
R A mainly increased proliferation of early-born S cells (Fig. 3B, B’,
and E) and further suggest that as a consequence, more early-born
S cells are recruited to caudal striosomes.

RA Directly Regulated Proliferation of Striatal Progenitor-Derived
Cells in Vitro. To further determine whether RA could directly
regulate proliferation of striatal progenitors, we used the ST14A
cell line, which was immortalized from rat striatal progenitors
during the neurogenesis time window of S cells at E14 (20). The
proliferating ST14A cells expressed RARB and RXR}p transcripts
(Fig. S7D). All-trans RA (1 uM) increased proliferation of ST14A
cells, because BrdU-labeled cells were significantly increased by
142.3% with RA treatment (Fig. S7 B and C). RA also increased
Ccne2 and decreased the differentiation marker of microtubule-
associated protein 2 (Fig. S7D).

Spatiotemporal Regulation of Endogenous Levels of RA in Striatal
Anlage. Given that early-born S cells are capable of responding to
RA signals, why is this cell population less affected by RARSB
mutation? We postulated that the concentration of RA might be
very low in E10.5-E11.5 LGE when the early-born S cells undergo
neurogenesis. During early telencephalic development, a major RA
source for the LGE is synthesized by retinaldehyde dehydrogenase
3 (Raldh3) (10, 21), although Raldhl is present in the mesostriatal
afferents (22). We found that few cells expressing Raldh3 mRNA
were present in E11.5 LGE (Fig. 44). In contrast, when the
late-born S cells undergo neurogenesis at E12.5-E13.5, many
Raldh3-positive cells were present in the rostral/middle LGE but
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Fig. 3. RA-induced increases of cell proliferation in
striatal anlage. Embryos were maternally treated with
all-transRA (5 mg/kg) every 12h fromE10.5t0 E11.5 (A,
A',B,B',E F)orE12.5t0E13.5(C, C", D, D', G) and were
then pulse-labeled with BrdU for 1 h before culling. RA
treatments during E10.5-E11.5 result in increases of

E Eary-born F Eary-bor G pryeas BrdU-positive cells (green nuclei) in the rostral, middle,

and caudal levels of E11.5 wild-type LGE (B, B’, E), but
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not in the caudal LGE (Fig. 4 B and C) (21). We further determined
the endogenous RA level in the LGE with a coculture assay. Using
the Sil-15 RA reporter cells, RA produced by explant tissue could
be detected by activation of the p-galactosidase reporter gene (9,
23). Few X-gal-positive cells were found when cocultured with
E11.5 LGE (Fig. 4 D and G). In contrast, many X-gal-positive cells
were detected when cocultured with the rostral (Fig. 4 E and H) but
not the caudal part of E13.5 LGE (Fig. 4 F and I). These results
confirmed that endogenous RA in the LGE was very low during the
neurogenesis time window of early-born S cells, whereas a substan-
tial level of RA was present during the neurogenesis time window
of late-born S cells in the rostral LGE.

Alterations of Dopamine Agonist-Induced Stereotypic Motor Behav-
iors in RARB~/~ Mutant Mice. The selective loss of rostral striosomes
in RARB™~ mutant mice provided a unique opportunity to look
into the functional significance of S compartments at the behavioral
level. We treated the mice with apomorphine, a stereotypy-eliciting
dopamine agonist, and examined the stereotypic motor behaviors,
including head bobbing, rearing, and grooming. With the vehicle
treatment, wild-type and mutant mice had similar activities of
locomotion, head movement, rearing, and grooming (Fig. 5 A-C;
data not shown). Apomorphine (3 mg/kg) increased the locomotor
activity in wild-type and RARB ™/~ mutant mice to similar degrees
(Fig. 54). Apomorphine at the dosage of 3 mg/kg was ineffective in
inducing repeated head bobbing in wild-type mice, but it drastically
induced stereotypic head-bobbing movement in RARB™/~ mutant
mice at 20 and 50 min after injection (P < 0.001, two-way ANOVA;
Fig. 5B), which suggested the head-bobbing behavior was exagger-
ated in RARB ™/~ mutant mice. Apomorphine at 3 mg/kg was also
ineffective in altering the rearing activity in wild-type mice (Fig.
5C), but the rearing activity was completely lost in RARB™~
mutant mice at 20 min after apomorphine injection (P < 0.001,
two-way ANOVA; Fig. 5C). The grooming activity tended to
decrease in apomorphine-treated RARB ™/~ mutant mice, but the
decrease did not reach statistical significance (data not shown).
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C’, 200 um; and in D for D, D', 100 um.)

Discussion

Our study provides previously undescribed genetic evidence that
retinoid receptor signaling plays a crucial role in patterning the
functional organization in the striatum that is involved in generation

E11.5 (Rostral/ Middle) E13.5 (Rostral/ Middle)

A B

E13.5 (Caudal)

Cae™

Fig. 4. Spatiotemporal regulation of endogenous RA in the LGE. None or at
most few Raldh3-positive cells are present in E11.5 LGE (A). By E13.5, many
Raldh3-positive cells are present in the rostral/middle part of LGE (B), but few
Raldh3-positive cells are present in the caudal LGE (C). (D-/) Detection of endog-
enous RA in the LGE with the RA reporter cells assay. Few X-gal-positive Sil-15
reporter cells are presentin the coculture of E11.5 LGE (D and G) or the caudal part
of E13.5 LGE (F and /), whereas many X-gal-positive reporter cells are present in
the coculture of rostral/middle part of E13.5 LGE (E and H). The bracketed regions
in D-F are shown at high magnification in G-/, respectively. (Scale bars, in A-C, 200
pm; in D for D, E, 500 um; in F, 500 um; and in G for G-/, 50 um.)
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RARB~/~ mutant mice does not differ from
wild-type mice either with the challenges of
vehicle or apomorphine (Apo, 3 mg/kg) at 20
and 50 min after drug injections. (B) Apo-
morphine significantly increases the head-
bobbing movement in RARB™/~ mutant mice
at 20 and 50 min after the drug injection
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apomorphine at this low dose does not increase head bobbing in wild-type mice. (C) Apomorphine (3 mg/kg) completely inhibited the rearing activity of RARB~/~
mutant mice at 20 min after injection. ***, P < 0.001, two-way ANOVA, Bonferroni’s post hoc test. Apo-20, Apo-50, Veh-20, Veh-50: 20 and 50 min after the

injections of apomorphine or its vehicle.

of psychomotor behavior. Our experiments demonstrate heteroge-
neity of S cell populations along the rostrocaudal axis in terms of
RARSR signaling. The population of late-born S cells, which is
preferentially expanded by high levels of RA through RARpB
signaling to form a large S compartment in the rostral striatum, may
engage in modulating neural circuits of psychomotor function.

Regulation of Proliferation of S Progenitors by RARB Signaling.
RARP mutation resulted in defective proliferation of late-born S
cells. In addition to the differentiated mantle zone, RARP is
expressed at low levels in the progenitor domains of LGE (Fig. S5)
and by progenitor cells in neurospheres derived from striatal anlage
(18). The expression of RARP in striatal progenitors suggests a
cell-autonomous effect of RARP in regulating proliferation of
striatal progenitors, which is corroborated by our finding that RA
increased proliferation of striatal progenitors-derived ST14A cells.
A previous cell lineage study has suggested a heterogeneity of S and
M progenitors within the proliferative VZ (24). It is likely that both
the late-born S progenitors and the M progenitors were concur-
rently labeled by the 1-hour pulse of BrdU at E12.75 LGE. Because
the population of M cells is the dominant population in the striatum
(=80-85% of total striatal neurons) and the neurogenesis of M
cells was not affected by RARB mutation, the RARB mutation-
induced moderate decreases in cell proliferation and Ccne2 and
Mashl mRNA levels are likely to reflect a selectivity of defective
neurogenesis of the small population of late-born S progenitors.
The presence of low levels of RAR in the progenitor domains may
thus suggest a selective expression of RAR in a small population
of S progenitors.

A Stage-Dependent Dual Mode of RA Signaling for Controlling Striatal
Development. It is unclear why the proliferation of M progenitor
cells was unaffected in RARB™/~ mutant LGE, which may be due
to the absence of RARR or selective expression of RA degrading
enzymes in M progenitors. Unlike M progenitor cells, differenti-
ating M cells were competent for transducing RA signals, because
Ebf-1, a differentiating marker of M cells (14), was increased in
RARPB™/~ striatum, suggesting that differentiation of M cells is
regulated by RARR signaling. RA signaling has been shown to
regulate differentiation of striatal molecules, particularly the mol-
ecules involved in dopamine signal transduction including D1 and
D2 receptors and DARPP-32 (6, 10, 12, 25-28). Given that most
RA-regulated dopamine signaling molecules are first expressed by
S and also later by M cells during development, we propose a
stage-dependent dual mode of RA signaling in which RA first
regulates proliferation of late-born S progenitors and later differ-
entiation of postmitotic S and M cells in striatal development.

Patterning the Labyrinthine of Striatal Compartments by RARB Sig-
naling. The S compartments, as shown by 3D reconstruction study,
form a labyrinthine structure in which the S compartment is larger
and more elaborate at the rostral than the middle and caudal levels
(29). Given the differentially proliferating effects by RA on S cells
undergoing neurogenesis at different time windows, we propose a
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working model that RARp signaling plays a crucial role in setting
up the population sizes of S compartments along the rostrocaudal
axis (Fig. 6). Under physiological conditions, the early-born S cells,
due to deficiency of RA at their neurogenesis at E10.5-E11.5,
develop into a small S compartment in the caudal striatum. Sub-
sequently, elevated concentration of RA at E12.5-E13.5 LGE may
enable full activation of RARf signaling in late-born S cells, which
leads to preferential expansion of the late-born S cell population.
The late-born S cell population eventually evolves to form a fully
blown S compartment in the rostral striatum.

Potential Involvement of the Rostral S Compartment in Neural Circuits
of Psychomotor Function. The enlarged S compartment by RARSB
signaling in the rostral striatum should presumably have topograph-
ically functional significance. Challenging the RARB™/~ mutant
mice with apomorphine revealed a differentially responsive profile
of various stereotypic behaviors, including exaggeration of head-
bobbing movement and reduction of rearing activity. These behav-
ioral phenotypes were unlikely due to changes of dopamine recep-
tors in the mutant striatum, because D1 and D2 receptors are not
altered in RARB ™/~ mutant mice (12). The behavioral phenotypes
instead imply that neurons in the rostral S compartment may
modulate complex neural circuits of psychomotor control. It has
been proposed that unbalanced activity shifting toward increased
neuronal activity in S compartment is correlated with motor
stereotypic behavior (30, 31), although another study has argued
that motor stereotype does not require enhanced activity in S
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Fig. 6. Schematic drawings illustrating the working hypothesis of modular
patterning of striatal compartments by RARB signaling. The early-born S cells,
because of deficiency of endogenous RA in the LGE during their neurogenesis at
E10.5-E11.5, develop into a small S compartment in the caudal striatum. Subse-
quently elevated RA at E12.5-E13.5 enables full activation of RARB signaling in
late-born S cells, which leads to preferential expansion of the late-born S cell
population. The expanded S cell population eventually evolves to form a large
and elaborate S compartment in the rostral striatum, which may modulate
psychomotor function. Note that, for simplicity, the effects of RA signaling on
promoting differentiation of striatal neurons are omitted from the drawings.
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neurons (32). The S compartment receives limbic system-associated
inputs from the cerebral cortex and projects to dopaminergic
neurons of the pars compacta of the substantia nigra, which may
provide feedback control of dopaminergic inputs to striatal circuits
(2, 3). The loss of rostral S compartment in RARB ™/~ mutant
striatum would conceivably result in aberrant neural circuits and
perhaps change of dopamine tone within the basal ganglia, which
in turn leads to altered drug-induced repetitive motor behavior. We
cannot, however, rule out the possibility that there may be some
uncharacterized defects in other brain regions that contribute to the
behavioral phenotype of RARB ™/~ mutant mice.

Aberrant RA Signaling and the Pathogenesis of Psychomotor Disor-
ders. Clinical relevance of RA signaling in regulation of stereotypic
motor behavior has been reported in patients with obsessive-
compulsive disorder (OCD), because the stereotypic motor symp-
toms of OCD patients are alleviated with RA treatments (33).
Autism, a neurodevelopmental disorder characterized by aberrant
repetitive behavior, is linked to defective corticobasal ganglia
circuits (34). A recent MRI study has reported a decrease in the
volume of the caudate nucleus in patients with autism (35), and the
etiology of autism may be associated with abnormal RA signaling
and MOR deficiency (36, 37). Clinical case reports also implicate
potential RA treatments for autism (38). Taken together, given that
MORLI is selectively expressed in striatal S compartments, our
findings of RARB mutation-induced aberrant S compartments and
associated psychomotor dysfunction may have clinical implication
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for understanding the pathogenesis of autism and other psychomo-
tor disorders.

Experimental Procedures
Detailed experimental procedures are described in S/ Text.

Mutant Mice. RARB mutant mice were generated (39). See Experimental Proce-
dures in SI Text.

Immunohistochemistry. Immunohistochemistry was performed as described (40)
with the following primary antibodies: rabbit MOR1 [1:10,000, gift of R. P. Elde
(University of Minnesota, Minneapolis)] mouse calbindin (1:500, Sigma), rabbit
met-enkephalin (1:2,000, gift of R. P. Elde), rabbit DARPP-32 (1:150, Cell Signal-
ing), rabbit tyrosine hydroxylase (1:2,000, EugenTech), rabbit Ki67 (1:200, Novo-
Castra), rabbit glil-tubulin (TuJ1, 1:1,000, Covance), sheep BrdU (1:200, Biodesign)
and rabbit GIuR1 (1:200, Upstate Biotechnology).

In Situ Hybridization. /n situ hybridization was performed as described (13). See
Experimental Procedures in S/ Text.

Cell Culture. The cultivation of explant tissue, Sil-15 RA reporter cells, and ST14
cells was performed as described (9, 20, 23). See Experimental Procedures in S|
Text.

Behavioral Tests. See Experimental Procedures in Sl Text.
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Experimental Procedures

Mutant Mice. RARB mutant mice were housed in a specific
pathogen-free room with 12-hr light-dark cycle in the animal
center at the National Yang-Ming University. The mutant mice
were maintained by back-crossing with C57/BL6J mice. Litter-
mate offspring of heterozygote intercrosses were used for ex-
periments. The animal procedures of experiments were ap-
proved by the Institutional Animal Care and Use Committee of
National Yang-Ming University.

Genotyping of Mutant Mice. The genotyping of mutant mice was
performed by PCR with tail genomic DNA. The mouse tails
were collected at 3—4 weeks after birth. Following incubation in
the lysis buffer (10 mM Tris, 100 mM NaCl, 10 mM EDTA, 0.5%
SDS, 250 pg/ml protease K) at 55°C overnight, the lysates were
treated with RNase A for 30 min at 37°C followed by protein
precipitation solution (Promega) to remove RNA and proteins.
The genomic DNA was extracted by isopropanol (1:1) and
dissolved in Tris-EDTA buffer for at least 2 h at 50°C. For
RARP mutant mice, three primers were used for genotyping:
UDY% (5'-CCAGG CTCCT TTTTC TTCTA CCATA-3'),
UD97 (5'-CTGTT TCTGT GTCAT CCATT TCCAA-3") and
UD98 (5'-AGGCC TACCC GCTTC CATTG CTCAG-3"). The
PCR amplification was carried out at 94°C for 6 min followed by
35 cycles at 94°C for 30 sec, 60°C for 30 sec, and 72°C for 40 sec.
An additional process at 72°C for 5 min was run at the end of the
PCR. The PCR products derived from UD96/UD97 and UD96/
UD98 were 275 and 300 bp, which corresponded to the wild-type
(WT) and RARR null alleles, respectively.

Administration of RA and/or 5'-bromo-deoxyuridine to Mouse Em-
bryos. Wild-type timed-pregnant CD1 mice (National Labora-
tory Animal Center, Taipei, Taiwan) or timed-pregnant
RARB "/~ mutant mice were fed by oral gavage with all-trans RA
(5 mg/kg, Sigma) or vehicle (DMSO, Merck) every 12 h from
E10.5-E11.5 or E12.5-E13.5. The RA or vehicle solutions were
mixed with sunflower oil for oral gavage. Following the last
treatment of RA, the pregnant mice were s.c. injected with
5’-bromo-deoxyuridine (BrdU, 50 mg/kg) 1 h before embryo
harvesting. For chronic treatments of RA, timed-pregnant CD1
mice were fed by oral gavage with all-trans RA (5 mg/kg) or
vehicle every 12 h from E11.5-E17.5. For analyzing cell prolif-
eration in striatal anlage, timed-pregnant heterozygous mutant
mice at E11.5, E12.75 or E16.5 were s.c. injected with BrdU (50
mg/kg, Sigma) 1 h before embryo harvesting. The day of plug
positive was defined as E0.5. For tracing the late-born S cells,
timed-pregnant heterozygous mutant mice received two s.c.
injections of BrdU (100 mg/kg) at E12.75 and E13 and the
labeled offspring was killed at PO or adulthood.

Preparation of Brain Tissue. Littermates of 1.5- to 6-month-old and
newborn mice were used. The mice were anesthetized by i.p.
injection of sodium pentobarbital and then transcardially per-
fused with ice-cold 4% paraformaldehyde in 0.1 M phosphate
buffer (PB, pH 7.4). The brains were postfixed in the same
fixative overnight and then cryoprotected in 30% sucrose in 0.1
M PBS for at least 36 h at 4°C. The brains were sectioned at 20
pm for adult and 30 wm for newborn in the coronal plane with
a freezing sliding microtome (Microtom). The sections were
stored in either 0.1 M PB containing 0.1% azide or antifreezing
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solution containing 20% glycerol before processing for immu-
nocytochemistry or in situ hybridization. For harvesting embry-
onic brain tissue, pregnant mice were deeply anesthetized with
3% sodium pentobarbital before abdominotomy. Embryos were
removed from the uterus and kept in ice-cold PBS, and the
brains were removed and immersed fixation with 4% parafor-
maldehyde for at least 20 h and then cryoprotected in 30%
sucrose in PBS for 2 days. The brains were sectioned at 12 um
with a cryostat (Leica) or at 25 um with a sliding microtome.

In Situ Hybridization. The brain sections of wild-type and litter-
mate mutant mice were mounted on the same slides to ensure
they were processed under the same condition. The riboprobes,
which included MORI (GenBank accession no. L13069, nt
1281-1441), dynorphin (NM_019374, nt 121-488), EbfI
(NM_053820, nt 1847-2214), Mash1 (M95603, 572-812), Ccne2
(AF091432, nt 333-1056) and Raldh3 (NM053080, nt 1204-1666)
were cloned into pGEM-T-easy vector (Promega) by PCR. The
RARP1/3 probe was used as previously described (1). In situ
hybridization was preformed with 33S-UTP labeled probes ex-
cept Raldh3 which was performed with digoxigenin-labeled
probes (1).

TUNEL Cell Death Assay. TUNEL staining was performed on slides
using the In Situ Cell Death Detection Kit (Roche) according to
the manufacturer’s instructions. Briefly, the sections were rinsed
2 X 5 min with 0.1 M PBS and then incubated in 0.1 M
glycine/PBS for 30 min at room temperature. After a brief rinse
of 0.1 M PBS, the sections were treated with 0.1% sodium citrate
buffer containing 0.1% Triton-X100 in PBS for 2 min on ice.
Following 3 X 5-min rinses with PBS, the sections were incu-
bated in the labeling solution containing 10% terminal trans-
ferase (TdT) at 37°C for 1 h to label free 3’OH ends in
fragmented DNA with fluorescein-dUTP. Another set of sec-
tions was processed in parallel without TdT in the labeling
solution as negative controls. The sections were counterstained
with DAPI (Molecular Probes) or PI (BioVision). After exam-
ination with fluorescence microscopy, the fluorescein-dUTP
signals were converted into to the visible chromogen of diami-
nobenzedine by incubating the sections with HRP-conjugated
sheep antibody against fluorescein for 1 h following blocking
with 10% sheep serum for at least 1 h. The sections were then
processed with immunohistochemistry as described above.

Reverse-Transcription PCR. The ventricular zone and the mantle
zone of LGE were dissected from E13.5 forebrain slices. Total
RNA was prepared by guanidinium thiocyanate-phenol-chloro-
form extraction. Two micrograms of RNA were primed with
oligo(dT) (Roche), and reversely transcribed to cDNAs by Super-
Scrip reverse transcriptase (Invitrogen) following the manufactur-
er’s instructions. For PCR of each gene, the GenBank accession
number, forward and reverse primers, corresponding nucleotide
positions of the amplicon, annealing temperature, number of
reaction cycles, and size of PCR product were as follows: RARf
(AJ002942), forward, 5'-GCTTT GAAGT GGGCA TGTCC-3',
reverse, 5'-GTCAT GGTGT CTTGC TCTGG-3', 780-1191; 50°C,
35, 412 bp; RXRB (NM_011306), forward, 5'-CTGCA AGGGT
TTCTT CAAGC-3', reverse, 5'-ATCCT GTCCA CAGGC
ATCTC-3', 779-1018, 55°C, 35, 240 bp; RXRy (NM_009107),
forward, 5'-TGAAG GTTGC AAAGG CTTCT-3', reverse, 5'-
CACGT TCATG TCACC GTAGG-3', 840-1146, 55°C, 35, 307 bp;
Ccne2 (AF091432), forward, 5'- ATTTA AGCTG GGCAT GT-
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TCA CAGGA, reverse, 5'-TTCAC ACTCA GGTCA CTTCG
ACTTC TG, 333-1056, 60°C, 27 cycles, 724 bp; DARPP-32
(AF281662), forward, 5'-AGTTA GGGGA GCTTC G, reverse,
5’-AGTTT CCATC TCTCT GGG, 68-274, 60°C, 30, 207; MAP2
(M21041), forward, 5'-CATCA TCCGC ACTCC T, reverse, 5'-
CGTGG TGAGC ATTGT C, 151-461, 58°C, 35 cycles, 311 bp;
actin (V01217), forward, 5'-TCATG AAGTG TGACG TTGAC
ATCC-3', reverse, 5'-CCTAG AAGCA TTTGC GGTGC AC-
GAT G-3', 2727-3135; 60°C, 15, 285 bp. The PCR reactions was
carried out in 10 wl mixture containing 1 ul of cDNAs, 1 X PCR
buffer, 0.5 U TagDNA polymerase (Geneaid), 0.25 mM dNTP and
primers (20 ng) using a thermal cycler (Biometra, Germany). The
target genes were amplified by denaturing cDNAs at 94°C for 30
sec, annealing primer at the optimal temperature for 30 sec, and
extending amplicons at 72°C for 40 sec. The control for genomic
DNA contamination was RT-PCR without reverse transcriptase,
and no DNA band was detected under this condition.

Cell Culture. The cultivation of Sil-15 RA reporter cells was per-
formed as described (2). The reporter cells were seeded on cover-
slips with density of 2 X 10° cells/em? and cultured in L-15 CO,
medium for 24 h before coculturing with explant tissues. E11.5 and
E13.5 mouse brains were cut in the coronal plane with a vibratome.
The lateral ganglionic eminence (LGE) was isolated from the
forebrain slices and rinsed three times with SF-21 serum-free
medium (3) before being cocultured with Sil-15 cells for 10 h in
L15-based serum-free medium containing all-frans retinol (10 nM,
Sigma). For assaying the RA levels in E13.5 LGE along the
rostrocaudal levels, the rostral and caudal parts of E13.5 LGE were
isolated from the forebrain slices and then cocultured with Sil-15
cells for 10 h. The cocultures of explants and reporter cells were
fixed with 2% formaldehyde and 0.2% glutaldehyde in PBS for 5
min at room temperature, and were then processed for X-gal
staining.

ST14A cells (4) were propagated at 33°C in Dulbecco’s modified
Eagle’s medium (Invitrogen) supplemented with 3.7 g/liter NaCOs
(Merck), 0.29 g/liter glutamine (Invitrogen), 100 unit/ml penicillin-
stryptomycin (Invitrogen), and 10% FBS (Biological Industries).
Two days after subculture, the medium was replaced with SF21
serum-free medium. All-rans RA (1 uM, Sigma) or its vehicle was
added to the medium, and the cells were further cultivated for 4
days in vitro. For the cell proliferation assay, cells were seeded in
24-well plates (5 X 10* cells/well) and pulse-labeled with BrdU (3
pg/ml, Sigma) for 3-6 h before fixation with 4% paraformaldehyde
for 30 min. Immunostaining of BrdU was performed, and the
proliferation index was calculated as percentage of BrdU-positive
cell number of total cells as identified by DAPI staining. For
RT-PCR assay of gene expression in ST14A cells, cells were
cultured in 6-well dishes (2.5 X 10° cells/well) with the same culture
protocol.

Quantification. For measuring MOR1-positive striosomal areas, the
photomicrographs were digitalized and loaded into the Scion Image
software program (Scion). The Bregma 1.30 and 0.4 mm were
selected to represent the rostral and caudal levels of the striatum,
respectively (5). The left, top, and right borders of the striatum were
along the inner side of the lateral ventricle, the corpus callosum, and
the external capsule, respectively. To exclude the area of the nucleus

1. Liao WL, Tsai HC, Wu CY, Liu FC (2005) Differential expression of RARbeta isoforms in
the mouse striatum during development: a gradient of RARbeta2 expression along the
rostrocaudal axis. Dev Dyn 233:584-594.

. Wagner W, Han B, Jessell TM (1992) Regional differences in retinoid release from
embryonic neural tissue detected by an in vitro reporter assay. Development 116:55—
66.

3. Segal RA, Takahashi H, McKay RDG (1992) Changes in neurotrophin responsiveness

N
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accumbens, a horizontal line was drawn from the top of the anterior
commissure to the bottom of the external capsule, and then a
second line was drawn form the central point of the first horizontal
line to the bottom of the lateral ventricle. These two lines demar-
cated the bottom of the dorsal striatum. The striosomal and the
total striatal areas (caudoputamen) of both hemispheres were
measured as duplicates, and the percentage of the striatal areas
taken up by striosomes was calculated by dividing the striosomal
areas with total striatal areas.

To quantify the density of calbindin-positive neurons in the
rostral striatum, the number of total calbindin-positive neurons was
divided by the area of the striatum. For quantifying BrdU-positive
cells in the adult striatum, darkly stained BrdU-positive cells were
counted in the striatal proper and the subcallosal lateral streak at
the level of Bregma 1.3 mm. BrdU-positive cells in each hemisphere
were counted as duplicate. For calculating proliferation index in the
BrdU-positive/TuJ1-negative ventricular zone at E11.5, E12.75, and
E16.5 LGE/developing striatum, the number of BrdU-positive cells
were divided by the number of DA PI-positive nuclei. For estimating
the degree of programmed cell death, TUNEL-positive cells were
counted every 100 wm along the rostrocaudal levels at E12.75,
E13.5, E14.5, and E15.5 LGE/developing striatum, and the number
of TUNEL-positive cells at each level were summed up for statis-
tical analysis between genotypes.

For densitometry measurement of 33S-labeled mRNA signals in
x-ray film, the autoradiographic brain images in x-ray film were
digitized and loaded into the Scion Image software program. The
mean density of autoradiogram was measured from selective brain
regions. The specific signal intensity was obtained by dividing the
intensity of autoradiogram with background levels taken from the
corpus callosum, and the specific signals from the selected brain
regions in two hemispheres were calculated as duplicate. The
intensities of the specific signals from different brains were aver-
aged, and were then expressed as ratio relative to that of wild-type
brains. Statistical analyses were performed by Student’s ¢ test.

Behavioral Tests. Mice (4- to 6-months old) were used in the present
study (n = 9 for wild-type mice, n = 10 for RARB” mutant mice).
The behavioral experiments adopted the within-subject experimen-
tal design. Apomorphine (3 mg/kg, Sigma) dissolved in the vehicle
of 0.2% ascorbic acid (Sigma) was s.c. administrated at 1 h after
vehicle injection to each animal. A dose-response pilot study was
first performed to determine the dosage of apomorphine used in
the present study. Apomorphine at the dose of 3 mg/kg did not
effectively elicit motor stereotypy in wild-type mice, although it
significantly increased locomotor activity. The dosage of 3 mg/kg
was used throughout the experiments. The behavioral responses of
each animal were video-recorded for 3 min at the time points of 20
min and 50 min after the injection of vehicle or apomorphine. The
number of head bobbing (repetitive stretching or swaying of the
head in a back-and-forth or left-and-right motion) was counted
during the last 2 min of each video clip. Locomotor activity was
assessed by calculating the percentage of time excluding the sta-
tionary phases during the last 2-min period of each video clip.
Rearing and grooming activity was measured by calculating the
percentage of time that the animals displayed each behavior during
the last 2-min period of each video clip. Data were analyzed with
two-way ANOVA followed by Bonferroni’s post hoc test.

during the development of cerebellar granule neurons. Neuron 9:1041-1052.

4. Cattaneo E, Conti L (1998) Generation and characterization of embryonic striatal
conditionally immortalized ST14A cells. J Neurosci Res 53:223-234.

5. Hof PR, Young WG, Bloom FE, Belichenko PV, Celio MR (2000) Comparative Cytoar-
chitectonic Atlas of the C57BL/6 and 129/Sv Mouse Brains (Elsevier Science, Amster-
dam).
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Fig. S1. Aberrant neurochemical expression in striatal compartments of adult RARB”- mutant mice. (A, A", B, B'): Dynorphin (Dyn) mRNA, which is enriched
in striososmes, is reduced by 20.95% in RARB” mutant striatum at the rostral level compared with wild type striatum (A, A’, F). Less effect of 10.32% reduction
was observed in the caudal striatum (B, B, F). (C-E'): Met-enkephalin immunostaining, which is heterogeneous in wild-type striatum (C, D), appears
homogenously in RARB” mutant striatum at rostral levels (C'). The bracketed regions in C, C’ are shown at high magnification in E, E’, respectively. Note that
the enkephalin-poor zones, which mark the loci of striosomes (E), disappear in the mutant striatum (£’). *, P < 0.05; ***, P < 0.001, Student’s t test, n = 4. (Scale
bars in A for A, A’, 500 um; in B for B, B', D, D', 500 um; in C for C, C’, 500 um; in E for E, E’, 200 um.)
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Fig. S2. Abnormal neurochemical expression in striatal compartments of newborn (postnatal day 0) RARB”- mutant mice. Developing striosomes containing
high levels of MOR1 (A), DARPP-32 (D32, G), tyrosine hydroxylase (TH) immunoreactivity (I) and MOR1 mRNA (D) are diminished in RARB” mutant striatum at
rostral levels (A’, G', I', D’), whereas no significant change is observed in the mutant striatum at caudal levels except the lateral parts (B’, H’, J, E’). The areas
of MOR1-immunoreactive striosomes are reduced by 45.5% in the newborn mutant striatum at rostral levels, but no significance change was found at caudal
levels (C). The MOR1 mRNA was also reduced by 44.1% in the newborn mutant striatum at rostral levels, but no significance alteration was found at caudal levels
(F). (K-M) Ebf1 mRNA, which is preferentially expressed by matrix cells, is increased by 33.5% in RARB” mutant striatum at rostral levels (K, K’, M) without
significant change at caudal levels (L, L', M). **, P < 0.01, ***, P < 0.001, Student’s t test, n = 3. (Scale bars in A, P, G, I, K are 500 um for A-B’, D-E’, G-H', I-J',
K-L', respectively.)
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Fig. S3. Loss of late-born striosomal cells (S cells) in newborn and embryonic striatum of RARB” mutant mice. (A, A’, C, C') Double immunostaining of BrdU
and MOR1 shows that typical clusters of S cells pulse-labeled with BrdU at E12.75 and E13 are present in the postnatal day 0 (P0) wild-type striatum (A, C). In
contrast, few clusters of BrdU-positive cells are present in the PO mutant striatum (A’, C'). The bracketed regions in A, A’ are shown at high magnification in C,
C', respectively. (B, B'): Before compartmental segregation at E16.5, DARPP-32-positive striosomal cells are evenly distributed in the lateral parts of both the wild
type (B) and the mutantstriatum (B’), but the numbers of DARPP-32-positive cells are decreased in the mutant striatum (B’) as compared with that in the wild-type
striatum (B). (Scale bars in A for A, A’, 200 pm; in B for B, B’, 100 pm; in C for C, C’, 50 um.)
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Fig. S4. TUNEL assay for cell death in striatal anlage of RARB” mutant mice. (A-B’) E14.5 forebrain tissue containing the LGE (striatal anlage) were processed
with TUNEL staining to assay programmed cell death. A few scattered TUNEL-positive cells are found in the LGE (arrowheads in B, B’). There is no apparent
difference in the numbers of TUNEL-positive cells between the wild type (A, B) and mutant LGE (A’, B’). The bracketed region in A, A’ are shown at high
magnification in B, B'. (C) Quantitative measurement of TUNEL-positive cells in the LGE at different embryonic stages. No significant change of the numbers of
TUNEL-positive cells, as compared with the wild type LGE, is found in RARB” mutant LGE at E12.75, E13.5, E14.5, and E15.5. LV, lateral ventricle; MZ, mantle zone;
Sep, septum; SVZ, subventricular zone; VZ, ventricular zone. Data are representative of n = 3 for each embryonic stage. (Scale bars in A for A, A’, 200 um; in B
for B, B, 100 pm.)
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Fig. S5. Expression of RARB mRNA in the ventricular zone of E13.5 LGE. (A) RARB, RXRB, and RXRy mRNAs are detected in both the proliferating ventricular
zone (VZ) and the differentiated mantle zone (MZ) of E13.5 LGE by RT-PCR assay. Three sets of independent experiments are presented (n1, n2, n3). Low levels
of RARB transcripts are detected in the VZ as opposed to the MZ using a set of PCR primers that recognize all RARB isoforms. To exclude the possibility that the
dissected VZ tissue might have accidentally contained MZ tissue, the expression of DARPP-32, a marker for MZ, was assayed in parallel (n3). DARPP-32 is detected
in the MZ, but is barely detectable in the VZ, which rules out the possibility that the positive signals of RARB, RXRB and RXRy in the VZ are confound by inclusion
of MZ tissue in the VZ samples. No band is detected in the RT-PCR assay without reverse transcriptase (RT-). (B) In situ hybridization with an antisense probe
recognizing both RARB1 and RARB3 in a parasagittal E13.5 forebrain section shows that RARB1/3 is expressed in the VZ and MZ of LGE, which is consistent with
the results of RT-PCR assay (A). (B’) Hybridization with the sense probe does not produce specific signals. LV, lateral ventricle. (Scale bar in B for B, B’, 500 um.)
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Fig. S6. Enlarged striosomes in the caudal striatum of RA-treated embryos. (A, A’) Immunostaining of DARPP-32 shows enlarged striosomes in the caudal
striatum of wild-type embryos maternally treated with all-trans RA (5 mg/kg) every 12 h during E11.5-E17.5 (A’) as compared with those treated with vehicle
(A). (B, B’) Similar results of RA-induced enlarged striosomes in the caudal striatum were found with immunostaining for GIuR1, another marker for developing
striosomes. (C) Quantitative measurement indicates GluR1-positive striosomal areas are increased by 156.3% in the caudal striatum of RA-treated embryos. *,
P < 0.05, Student'’s t test, n = 3. (Scale bar in B’ for A, A’, B, B’, 200 um.)
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Fig. S7. Increases of proliferation of ST14A cells by RA. (A) ST14A cells were cultured with 10% FBS for 2 days, then cultured with serum-free medium with or
without all-trans RA for 4 days. Cells were pulse-labeled with BrdU (3 ng/ml) before fixation. (B, C) RA increases proliferation of ST14A cells, as the percentage
of BrdU-positive cells in total cells is significantly increased by RA (1 uM). (D) RA treatment increases Ccne2, a proliferation marker, and concurrently decreases
MAP2, a differentiation marker. Note that RARB and RXRp are expressed in ST14A cells.
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