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Dopamine-Dependent Desensitization of Dopaminergic Signaling in

the Developing Mouse Striatum
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The dynamics of dopamine receptor signaling efficacy were
characterized in developing mice by measuring striatal c-Fos
expression after dopaminergic agonist treatment at postnatal
day 4 (P4) to P18. Control mice and mutant mice, in which
dopamine production is inactivated in dopaminergic neurons by
gene targeting, were treated with saline; a synthetic dopamine
precursor, L-3,4-dihydroxyphenylalanine (L-DOPA) methyl ester;
a direct dopamine D, receptor agonist, N-allyl-SKF 38393; or a
dopamine reuptake inhibitor, cocaine. L-DOPA methyl ester
treatment failed to induce striatal c-Fos immunoreactivity in
control and mutant mice deficient in dopamine production at P4
and P6 compared with saline treatment. However, at P10
through P18 it induced abundant c-Fos expression in mutants.
At these later stages, c-Fos expression remained at basal levels
in control mice after L-DOPA methyl ester treatment. Control

and mutant mice responded to D, receptor agonist administra-
tion to a similar degree at P4 and P6, but the responses were
greatly enhanced in mutants at later stages. Cocaine treatment
elicited expression in control mice at P10 through P18 but not
at P4 and P6. Mutant mice were largely unresponsive to co-
caine treatment. The results suggest that striatal dopamine
receptors are capable of transducing extracellular signals at P4
and P6, but dopaminergic neurotransmission begins thereafter.
Dopaminoceptive neurons appear to reduce their sensitivity to
dopamine as dopaminergic terminals innervate the striatum
and functional neurotransmission begins.
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The development of the dopaminergic neurotransmission system
has been investigated extensively. Proteins involved in catechol-
amine synthesis, such as tyrosine hydroxylase (TH) and aromatic
L-amino acid decarboxylase (AADC), are first expressed in the
rodent midbrain at embryonic day 11.5 (E11.5); nerve terminals
containing TH and AADC reach the striatum by E19 (Jaeger,
1986; Foster et al., 1988). Other presynaptic dopaminergic mark-
ers, including the dopamine transporter, which is required for the
reuptake of released dopamine, and the vesicular monoamine
transporters (VMATS), which load synaptic vesicles with dopa-
mine, are expressed by postnatal day 1 (P1) (Leroux-Nicollet et
al., 1990; Jung and Bennett, 1996). Dopamine can be detected in
the striatum at PO; it increases sharply from P1 to PS5 (Restani et
al., 1990). The concentration of the dopamine metabolites dihy-
droxyphenylacetic acid and homovanillic acid begins to increase
in the striatum at P5 (Restani et al., 1990). Direct measurements
of released dopamine by microdialysis indicate that dopamine
secretion begins after PS5 and increases to adult levels by P10
(Andersen and Gazzara, 1993). D, and D, receptors can be
detected in the striatum at E18 (Jung and Bennett, 1996). D,
receptors initially exhibit an enriched patchy expression in neu-
rons that comprise the striosomes (Murrin and Zeng, 1989; Liu
and Graybiel, 1996). After P6, D, receptor expression becomes
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more uniform throughout the striatum (Murrin and Zeng, 1989).
D, receptors are functionally coupled to G-proteins and can elicit
changes in intracellular signaling as early as E19 (Jung and
Bennett, 1996; Shearman et al., 1997). Although the development
of various components of the dopaminergic system has been
described previously, the ontogeny of both presynaptic dopami-
nergic release and postsynaptic propagation of dopaminergic sig-
nals has not been thoroughly documented in an in vivo setting that
does not rely on responses to electrically evoked dopamine
release.

Several studies have demonstrated the inductive effects of D,
receptor agonists, cocaine, or amphetamine on immediate early
gene expression during postnatal development in intact animals
(Weaver et al., 1992; Arnauld et al., 1995; Shearman et al., 1997;
Snyder-Keller and Keller, 1998). In addition, many investigators
have shown that selective lesioning of dopaminergic neurons by
intracranial delivery of the catecholaminergic neurotoxin
6-hydroxydopamine results in the sensitization of D, receptors to
agonists in terms of immediate early gene expression (Robertson
et al., 1989; Paul et al.,, 1992; LaHoste et al., 1993). One hypoth-
esis is that during early postnatal life the striatum is highly
sensitive to dopaminergic agonists before the onset of dopamine
release, and that this situation can be mimicked in adults after
dopamine depletion. This report describes the onset of functional
dopaminergic release and signaling during the postnatal period in
an in vivo mouse model of dopamine depletion in which dopami-
noceptive neurons display a high sensitivity to dopaminergic
agonists (Kim et al., 2000). The striatum of dopamine-deficient
(Th™'~;Dbh™*) mice provides an ideal system for the charac-
terization of the developmental role of dopamine in striatal
organization and function, because dopamine production is spe-
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cifically and stably removed from otherwise intact dopaminergic
neurons and can be restored by administration of the dopamine
precursor L-3,4-dihydroxyphenylalanine (L-DOPA).

MATERIALS AND METHODS

Mice. A total of 137 control and mutant mice from 26 litters were treated
and analyzed in this study. All mice were used in accordance with the
guidelines for animal care and experimentation established by the Na-
tional Institutes of Health and the University of Washington Animal
Care Committee. Th™'~;Dbh™"* mice were bred as described previously
(Zhou and Palmiter, 1995; Zhou et al., 1995). Null alleles at the T/ gene
locus, whose product is rate-limiting for catecholamine synthesis, were
introduced by gene targeting. TH function was restored in the norad-
renergic and adrenergic cells of Th™'~ mice by targeting the Th coding
region downstream of the transcriptional regulatory elements of the Dbh
gene locus. Control and Th™'~;Dbh™"* mice were bred by intercrossing
Th*'~;Dbh™"* mice and were on a mixed C57BL/6 X 129/SvEv genetic
background. Control mice included animals that were Th*'*, Th™'~,
Dbh™'*, Dbh™"* and combinations of these genotypes. The day of birth
was designated P0. Tail DNA was isolated, and genotypes were deter-
mined in retrospect by Southern blot analysis using Stul polymorphisms
at both the Th and Dbh loci. Blots were hybridized with a Kpnl/Sacll
fragment probe containing part of intron 1 and part of exon 2 of the Th
genomic sequence (Zhou and Palmiter, 1995; Zhou et al., 1995).

Drug treatments. All drugs were injected intraperitoneally in a volume
of 10 ul/gm body weight. Mice were treated with 0.9% saline, L-DOPA
methyl ester hydrochloride (10 mg/ml with 2.5 mg/ml ascorbic acid in
PBS; Sigma, St. Louis, MO), (*)-N-allyl-SKF 38393 hydrobromide (0.25
mg/ml in 0.9% saline; Sigma/RBI, St. Louis, MO), and (—)-cocaine HCI
(2 mg/ml in 0.9% saline; Sigma/RBI). Mice were injected using 1 ml
plastic syringes and 30 gauge needles. The injection volumes ranged from
0.02 to 0.14 ml. Mice were weighed before and after treatment to assess
the accuracy of the volume delivered.

Immunohistochemistry. Mice were treated with the drugs and then
decapitated after 2 hr. Brains were dissected, immersed overnight in 4%
paraformaldehyde, cryoprotected in 30% sucrose, and frozen in super-
cooled isopentane. Free-floating coronal sections (50 wm) were immu-
nostained using rabbit polyclonal antisera directed against c-Fos (1:5000;
Santa Cruz Biotechnology, Santa Cruz, CA), u-opioid receptor (MOR-1,
1:5000; DiaSorin, Stillwater, MN), or AADC (1:1000; Affiniti Research
Products, Ltd., Exeter, UK). A rat monoclonal antibody was used to
detect dopamine D, receptors (1:1000; Sigma). For c-Fos, MOR-1, and
AADC antibodies, immunoreactivity was revealed using a biotinylated
goat anti-rabbit IgG secondary antibody (Vector Laboratories, Burlin-
game, CA), streptavidin-conjugated horseradish peroxidase (Zymed
Laboratories, San Francisco, CA), and nickel-enhanced, diaminobenzi-
dine chromogen (Sigma). For the dopamine D, receptor antibody, a
biotinylated rabbit anti-rat IgG secondary antibody (Vector Laborato-
ries) that was preadsorbed to remove antibodies that reacted with mouse
Igs was used. Sections were mounted on slides, coverslipped, and photo-
graphed. c-Fos immunoreactive nuclei were quantitated from three stri-
atal images for each mouse using Scion Image for Windows, release 4.02
(Scion Corp., Frederick, MD). Images were cropped such that only the
striatum was visible; immunoreactive nuclei were counted using the
computer software. The software excluded pixels with intensities below a
preset threshold value, included only groups of contiguous pixels fitting
within a user-designated size range, and totaled the number of remaining
particles.

Statistical analysis. The low numbers of Th™~'~;Dbh™ ™ mice obtained
as a result of the complex breeding scheme and the small litter sizes
caused by lethality in embryos lacking noradrenergic function (Thomas
et al., 1995) necessitated the pooling of c-Fos immunohistochemistry
results from mice at P4 and P6 and mice at P10, P14, and P18 to achieve
sufficient statistical power. ANOVA and post hoc tests were performed
using Statistica for Windows, release 6.0 (StatSoft Inc., Tulsa, OK).

RESULTS

Saline-elicited c-Fos immunoreactivity and

MOR-1 expression

Control and mutant (Th ™/~ ;Dbh™™ ™) mice were injected with
saline at P4, P6, P10, P14, and P18; c-Fos immunoreactivity was
assessed in the striatum 2 hr later. c-Fos-positive nuclei from
images of coronal sections of the striatum as shown were counted
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using computer software. Similar basal levels of nuclear immu-
noreactivity were observed in the striatum of saline-treated con-
trol and mutant animals at each stage (see Figs. 14-J, 54). At P4
and P6, c-Fos immunoreactivity was enriched in clusters of cells
resembling striosomes (Fig. 1C-F). The development of strio-
somes was characterized by examining the striatal expression of
MOR-1 (Johnston et al., 1990). MOR-1 immunoreactivity in
control and Th™/~;Dbh™"'* mice was similar at each stage (Fig.
1K-T). At P4, weak clusters of MOR-1 expression were evident;
the number and size of clusters were augmented at P6 and
persisted from P10 through P18.

L-DOPA methyl ester-elicited c-Fos immunoreactivity
and AADC expression
L-DOPA methyl ester (100 mg/kg) was administered to control
and Th~'~;Dbh™"* mice; striatal c-Fos immunoreactivity was
assessed 2 hr after treatment. This dose restores striatal dopa-
mine levels in adult Th '~ ;Dbh™"'* mice to 24% of the levels of
control mice (Szczypka et al., 1999). L-DOPA methyl ester treat-
ment did not induce striatal c-Fos expression at P4 and P6 in
either control or Th™'~;Dbh™'* mice (see Figs. 24-D, 5B).
However, a regional analysis, in which dorsomedial, dorsolateral,
ventromedial, and ventrolateral striatal quadrants were examined
separately, showed that L-DOPA methyl ester treatment signifi-
cantly elevated c-Fos expression in the ventromedial striatum of
Th™'~;Dbh™* mice at P4 and P6 (data not shown). In control
mice, L-DOPA methyl ester administration did not significantly
enhance c-Fos expression above that observed with saline treat-
ment at P10, P14, and P18 (Fig. 2E,G,I). However, in Th™'~;
Dbh™'* mice, L-DOPA methyl ester administration induced
c-Fos expression 433, 442, and 1363% above that observed with
saline treatment at P10, P14, and P18, respectively (Fig. 2F,H,J).
AADC expression was examined in striatal sections as a
marker of presynaptic dopaminergic terminals. AADC immuno-
reactivity in control and Th™/~;Dbh™"* mice was similar at each
stage (Fig. 2K-T'). At P4, weak clusters of AADC expression
were evident in the lateral striatum. The number and size of
clusters was augmented from P6 to P10; AADC expression in-
creased outside of clustered terminals from P14 to P18.

N-allyl-SKF 38393-elicited c-Fos immunoreactivity and
dopamine D, receptor expression

The D,-like receptor agonist N-allyl-SKF 38393 (2.5 mg/kg) was
administered to control and Th '~ ;Dbh™"* mice; striatal c-Fos
immunoreactivity was assessed 2 hr after treatment. A prelimi-
nary experiment indicated that this dose elicited a submaximal
c-Fos response in control mice. At a 12.5 mg/kg dose, both
control and mutant mice responded equivalently at P18 (data not
shown). A submaximal dose (2.5 mg/kg) was used to reveal
potential differences between control and mutant mice. The D,
receptor agonist induced striatal c-Fos expression in both control
and Th~'~;Dbh™"* mice at each stage (see Figs. 34-/J, 5C). In
control mice, D, receptor agonist administration induced c-Fos
expression 87, 64, 155, 75, and 49% above that observed with
saline treatment at P4, P6, P10, P14, and P18, respectively (Fig.
34,CE,GI).In Th™'~;Dbh™"* mice, D, receptor agonist admin-
istration induced expression 108, 236, 458, 368, and 1055% above
that observed with saline treatment at P4, P6, P10, P14, and P18,
respectively (Fig. 3B,D,F,H,J). Although regional analysis re-
vealed significant induction of immunoreactivity in the ventrome-
dial and ventrolateral striatum for control and Th™'~;Dbh™"'*
mice at both P4 and P6 and P14, P10, and P18, significant
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induction in the dorsal striatum was observed only in the dorso-
lateral striatum of control mice at P4 and P6 and Th™/—;Dbh™"'*
mice at P10, P14, and P18 (data not shown).

D, receptor expression was examined in striatal sections as a
marker of postsynaptic dopaminoceptive neurons. D, receptor im-

J. Neurosci., November 15, 2002, 22(22):9841-9849 9843

Figure 1. Striatal c-Fos and MOR-1 immu-
noreactivity 2 hr after treatment with saline.
A CE G I K M O,Q, S, Representative
control coronal sections showing the striatum
(top, dorsal; right, lateral). B, D, F, H, J, L, N,
P, R, T, Representative Th™/~;Dbh™'™ sec-
tions. 4, B, c-Fos immunoreactivity in P4
striatum. C, D, c-Fos immunoreactivity in P6
striatum. E, F, c-Fos immunoreactivity in
P10 striatum. G, H, c-Fos immunoreactivity
in P14 striatum. /, J, c-Fos immunoreactivity
in P18 striatum. K, L, MOR-1 immunoreac-
tivity in P4 striatum. M, N, MOR-1 immuno-
reactivity in P6 striatum. O, P, MOR-1 im-
munoreactivity in P10 striatum. O, R,
MOR-1 immunoreactivity in P14 striatum. S,
T, MOR-1 immunoreactivity in P18 striatum.

munoreactivity in control and Th ™/~ ;Dbh”"* mice was similar at
each stage (Fig. 3K-T'). At P4, weak clusters of D, receptor ex-
pression were evident in the lateral striatum. The number and size
of clusters were augmented from P6 to P10; D, receptor expression
increased outside of clustered terminals from P14 to P18.
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Figure 2. Striatal c-Fos and AADC immu-
noreactivity 2 hr after treatment with
L-DOPA methyl ester (100 mg/kg). 4, C, E,
G, I K, M, O, O, S, Representative control
coronal sections showing the striatum (fop,
dorsal; right, lateral). B, D, F, H, J, L, N, P, R,
T, Representative Th™/~;Dbh™" sections.
A, B, c-Fos immunoreactivity in P4 striatum.
C, D, c-Fos immunoreactivity in P6 striatum.
E, F, c-Fos immunoreactivity in P10 stria-
tum. G, H, c-Fos immunoreactivity in P14
striatum. /, J, c-Fos immunoreactivity in P18
striatum. K, L, AADC immunoreactivity in
P4 striatum. M, N, AADC immunoreactivity
in P6 striatum. O, P, AADC immunoreactiv-
ity in P10 striatum. O, R, AADC immunore-
activity in P14 striatum. S, 7, AADC immu-
noreactivity in P18 striatum.
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Cocaine-elicited c-Fos immunoreactivity at P4 and P6 to die. In control mice, cocaine administration did
Control and Th™'~;Dbh™* mice were also treated with cocaine not enhance c-Fos expression at P4 and P6, but it induced re-
(20 mg/kg), a selective monoaminergic reuptake inhibitor; c-Fos ~ sponses 304, 43, and 94% above those observed with saline
immunoreactivity was assessed in the striatum 2 hr later. This treatment at P10, P14, and P18, respectively (Figs. 44,CE, G, 5D).
dose was chosen because treatment with higher doses caused mice Cocaine significantly elevated c-Fos expression in the dorsolat-
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eral, ventromedial, and ventrolateral striatum of control mice at
P10, P14, and P18 (data not shown). In Th™~'";Dbh™"'* mice,
cocaine administration induced some striatal c-Fos expression.
However, the responses of mutants to cocaine were less than
those of control mice at P10, P14, and P18 (Fig. 4F,H,J). Cocaine

Th™"; Dbh ™"

Figure 3. Striatal c-Fos and dopamine D,
receptor immunoreactivity 2 hr after treat-
ment with N-allyl-SKF 38393 (2.5 mg/kg). 4,
C E G, I K, M, O, Q, S, Representative
control coronal sections showing the striatum
(top, dorsal; right, lateral). B, D, F, H, J, L, N,
P, R, T, Representative Th™/~;Dbh™/* sec-
tions. 4, B, c-Fos immunoreactivity in P4
striatum. C, D, c-Fos immunoreactivity in P6
striatum. E, F, c-Fos immunoreactivity in
P10 striatum. G, H, c-Fos immunoreactivity
in P14 striatum. , J, c-Fos immunoreactivity
in P18 striatum. K, L, D, receptor immuno-
reactivity in P4 striatum. M, N, D, receptor
immunoreactivity in P6 striatum. O, P, D,
receptor immunoreactivity in P10 striatum.
O, R, D, receptor immunoreactivity in P14
striatum. S, 7, D, receptor immunoreactivity
in P18 striatum.

can have nonselective effects at monoamine transporters other
than the dopamine transporter, such as the serotonin and norepi-
nephrine transporters (Kuhar et al., 1991; Rocha et al., 1998), so
a component of the immediate early gene response to cocaine can
be independent of dopamine secretion.
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Figure 4. Striatal c-Fos immunoreactivity 2 hr after treatment with
cocaine (20 mg/kg). A, C, E, G, I, Representative control coronal sections
showing the striatum (top, dorsal; right, lateral). B, D, F, H, J, Represen-
tative Th™'~;Dbh™* sections. A, B, c-Fos immunoreactivity in P4 stria-
tum. C, D, c-Fos immunoreactivity in P6 striatum. E, F, c-Fos immuno-
reactivity in P10 striatum. G, H, c-Fos immunoreactivity in P14 striatum.
1, J, c-Fos immunoreactivity in P18 striatum.

Kim et al. « Dopaminergic Signaling in the Developing Striatum

Behavioral observations and body weight data

There were few visible effects on the motor function of mice
treated with various dopaminergic compounds from P4 to P10.
L-DOPA methyl ester and N-allyl-SKF 38393 induced locomo-
tion, rearing, and stereotyped grooming movements at P14 and
P18; the effects were more pronounced in mutant mice. Cocaine
depressed activity at P14 and P18. The body weights of all of the
control and mutant mice used in this study were similar at P4 and
P6 (means = SEM; P4 control, 3.39 = 0.07 gm, n = 22; P4 mutant,
321 = 0.18 gm, n = 9; P6 control, 4.70 = 0.15 gm, n = 20; P6
mutant, 432 * 031 gm, n = 9). However, the body weights of
control and mutant mice began to diverge at P10 (P10 control,
8.19 = 0.13 gm, n = 20; P10 mutant, 6.04 = 0.22 gm, n = 8). At
P14, control mice weighed 9.17 * 0.35 gm (n = 18), and mutant
mice weighed 5.41 = 0.38 gm (n = 7). By P18, control mice
(10.18 = 0.40 gm, n = 20) weighed almost twice as much as
mutant mice (5.49 * 0.55 gm, n = 4). Two-way ANOVA revealed
a significant interaction of phenotype and age in terms of body
weight (F = 17.59; df = 4, 127; p < 0.0001). Mean body weights
between control and mutant mice were significantly different at
P10, P14, and P18 (p < 0.01, p < 0.0001, p < 0.0001, respectively,
by Schefté’s test).

DISCUSSION

The results suggest that dopamine is not required for the struc-
tural organization of the dopaminergic neurotransmission ma-
chinery, but that dopamine is necessary for normal maturation of
striatal dopaminoceptive neurons. The role of dopamine in stri-
atal development was explored by measuring c-Fos expression
after treatment with dopaminergic agonists. This approach was
useful, because activation of postsynaptic D, receptors, which are
coupled to G,- and G-proteins, leads to stimulation of adenylyl
cyclase (Hervé et al., 1993). Immediate early gene induction
reflects acute elevations of cAMP-dependent signaling within
striatal neurons (Konradi et al., 1996; Liu and Graybiel, 1996;
Andersson et al., 2001), although it has been shown that c-fos
transcriptional activation requires convergent cAMP- and
calcium-dependent signals (Robertson et al., 1995; Konradi et al.,
1996). Thus, striatal c-Fos induction can be used as an indicator
of D, receptor signal transduction in vivo.

At P4 and P6, both control and Th ™'~ ;Dbh""'* mice displayed
increased c-Fos expression in response to the direct D; receptor
agonist, indicating that functional D, receptor signaling can occur
at these early stages. However, L-DOPA methyl ester failed to
induce c-Fos expression at P4 and P6. L-DOPA methyl ester is
presumably taken up into neurons, converted into dopamine in
AADC-expressing cells, and loaded into synaptic vesicles by
VMATs. The expression of c-Fos after acute L-DOPA methyl
ester treatment of Th™'~;Dbh™"'* mice likely results from the
activity-dependent release of dopamine from presynaptic neu-
rons, the activation of postsynaptic D, receptors, and the induc-
tion of cAMP-dependent gene transcription. The lack of c-Fos
induction after L-DOPA methyl ester treatment in Th~/~;
Dbh™* mice, even in the presence of functional D, receptors,
suggests that dopaminergic neurotransmission has not reached
significant levels at P4 and P6. However, a regional analysis of
c-Fos expression showed that L-DOPA methyl ester treatment
significantly elevated immunoreactivity in the ventromedial stri-
atum of mutants at P4 and P6. In the ventromedial striatum, it
may thus appear that dopamine release begins at or before P6
(Figs. 1D, 2D). But cocaine failed to induce striatal c-Fos expres-
sion at P4 and P6 in control mice. Furthermore, significant co-
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Figure 5. Quantitation of striatal c-Fos-
positive nuclei 2 hr after treatments and a
homeostatic model of dopamine receptor
§88 signaling efficacy during postnatal develop-
ment. Values represent c-Fos-positive nu-
clei quantitated from images of entire stri-
atal sections and are reported as means =
SEM at various postnatal stages. A, Values
after saline treatment. B, Values after
L-DOPA methyl ester (100 mg/kg) treat-
ment. C, Values after N-allyl-SKF 38393
(2.5 mg/kg) treatment. D, Values after co-
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]'0 15 50  caine (20 mg/kg) treatment. When mice at

P4 and P6 and mice at P10, P14, and P18
were grouped together, three-way ANOVA
revealed a significant interaction of pheno-
type, age, and drug (F = 20.99; df = 3, 121;
p < 0.0001). Investigation of the causes of
the complex interaction by two-way
ANOVA revealed a significant interaction
of age and drug for control mice (F = 9.24;
df = 3, 92; p < 0.0001) and mutant mice
(F = 17.25;df = 3,29; p < 0.0001). ***p <
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caine responses were not observed in control mice at P4 and P6
when striatal quadrants were analyzed separately. The ability of
cocaine to induce striatal c-Fos expression in control mice re-
quires functional dopamine synthesis, release, activation of
postsynaptic receptors, and reuptake through presynaptic trans-
porters (Drago et al., 1996; Rocha et al., 1998), which are all
hallmark features of dopaminergic neurotransmission. The ab-
sence of a cocaine-elicited response, although a D, receptor
agonist induced expression, suggests that dopaminergic neuro-
transmission does not reach significant levels until after P4 and P6
in the striatum (Fig. 5E).

At P10, P14, and P18, cocaine treatment elicited an immediate
early gene response in the control striatum, indicating that dopa-
mine release has begun by these stages (Fig. 5F). This idea is
supported by the observation that L-DOPA methyl ester also
evoked abundant c-Fos expression in mutant mice at P10, P14,
and P18. Thus, although the presynaptic machinery required for
dopamine production, vesicular loading, and release and postsyn-
aptic systems needed for dopaminergic signaling are present at P1
(Jaeger, 1986; Foster et al., 1988; Leroux-Nicollet et al., 1990;

Postnatal Day

Increases to Steady Rate,
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T 1

T pooled P10, P14, and P18 control mice by
10 15 20

one-tailed Dunnett’s test. fip < 0.01,
greater than saline response of pooled P4
and P6 Th™';Dbh™"" mice by one-tailed
Dunnett’s test. §§§p < 0.001, greater than
saline response of pooled P10, P14, and
P18 Th~/~;Dbh™* mice by one-tailed
Dunnett’s test. E, Before P4 and P6, mid-
brain dopaminergic terminals migrate into
the striatum and produce dopamine, and
. some striatal neurons already express do-
te pamine receptors. Dopamine receptor sig-
naling efficacy is high. F, Between P6 and
P10, presynaptic dopaminergic release and
the propagation of signals in postsynaptic
neurons begin. Dopamine signaling efficacy
is reduced. G, From P10 to P18 and during
adulthood, dopaminergic neurotransmis-
sion continues at a steady rate. Dopamine
receptor signaling efficacy stabilizes at a
low plateau. White squares, Control mice;
black squares, Th™'~;Dbh™"" mice.

P10 to P18:
Dopamine Release

Efficacy Stabilized.

Restani et al., 1990; Andersen and Gazzara, 1993; Jung and
Bennett, 1996), striatal dopaminergic neurotransmission appar-
ently does not reach significant levels until after P6. This delay
suggests that some factor not considered here limits the onset of
functional synaptic transmission. This limiting factor could be
electrical activity driven by afferents received by midbrain dopa-
minergic neurons. It is also possible that the development of other
inputs to the striatum, such as cortical glutamatergic neurons, may
be limiting, because glutamate receptor activation is believed to
act in concert with dopamine signaling to induce c-Fos expression
(Konradi et al.,, 1996). The responsiveness of D; receptors in
control mice declined from P10 through P18, as evidenced by the
stable level of c-Fos induction after D; receptor agonist admin-
istration even as the absolute number of D, receptor-expressing
striatal cells increased. The D, agonist, which acts directly on
postsynaptic neurons, elicited much more immunoreactivity in
mutants compared with control mice at P10 through P18, indicat-
ing that striatal D, receptor signaling efficacy is reduced in
control mice as a consequence of the onset of functional dopa-
minergic neurotransmission after P6 (Fig. 5G).
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In control mice, clustered c-Fos expression at P10 and P14 was
observed after L-DOPA methyl ester treatment, whereas in mu-
tants, widespread striatal nuclear immunoreactivity was evident.
Clustered c-Fos expression may represent enhanced cAMP/cal-
cium signaling within striosomal neurons, which receive prefer-
ential presynaptic dopaminergic innervation (Roffler-Tarlov and
Graybiel, 1987) and in which D, receptors are enriched in their
expression during perinatal life (Murrin and Zeng, 1989; Liu and
Graybiel, 1996). One possibility is that this difference in the
pattern of c-Fos expression between control and mutant mice is
attributable to a requirement for dopamine in the formation and
organization of striosomes. However, striosomes appeared to
develop comparably in control and mutant mice, as assessed by
examination of MOR-1 expression. Another possibility is that
presynaptic terminals from midbrain afferents are disorganized in
the striatum of Th™'~;Dbh™* mice. But dopaminergic differen-
tiation and axonal guidance into the striatum also proceeded
normally in control and mutant mice, with clustered AADC
immunoreactivity appearing at early stages, followed by increased
AADC expression in regions around clusters at later stages. A
third possibility is that enriched D, receptor localization in strio-
somes is disrupted in the mutant striatum, but D, receptor
expression appeared similar in both groups with enriched strio-
somal expression at P4 and P6, followed by more uniform distri-
bution at later stages. A final possibility is that the responsiveness
of striatal D, receptors is dampened as functional dopaminergic
neurotransmission begins. In the absence of dopaminergic input
in the striatum of Th~'~;Dbh™"* mice, the sensitivity of D,
receptors remained high throughout the striatum, and dopamine
release induced widespread c-Fos expression after L-DOPA
methyl ester treatment. D, receptor abundance appeared similar
in the control and Th ' ~;Dbh™"'* striatum, which is consistent
with previous results showing that receptor levels in adult control
and mutant mice are similar (Kim et al., 2000). The results are
consistent with enhanced c-Fos responses observed in D, recep-
tor agonist- and cocaine-treated rats during early postnatal life
and the subsequent decline of sensitivity to these drugs during
adolescence (Weaver et al., 1992; Arnauld et al., 1995; Shearman
et al., 1997; Snyder-Keller and Keller, 1998).

cAMP signaling contributes to striatal immediate early gene
induction, but calcium-dependent signaling resulting from
NMDA receptor activation is also important (Konradi et al.,
1996). Previous electrophysiological studies have characterized
the development of excitatory cortical inputs to striatal medium
spiny neurons. The number of glutamatergic synapses increases
until P18, but spontaneous electrical activity in the striatum is
rare before P14 because of low cortical activity (Tepper et al.,
1998). c-Fos expression elicited by dopaminergic agonists before
P14 occurs against a stable background of low glutamatergic
signaling. After P14, cortical excitatory input may play a role in
shaping the responsiveness of dopamine receptors in terms of
immediate early gene induction. The probability of glutamate
release at striatal synapses is relatively high until P19, when it is
reduced in a dopamine D, receptor-dependent manner (Tang et
al., 2001). Thus, dopamine secretion contributes to the develop-
ment of glutamatergic synapses after P19. This change in gluta-
matergic function may in turn alter the responsiveness of dopa-
mine receptors in terms of c-Fos expression.

The absence of behavioral responses to dopaminergic agonists
at P4, P6, and P10 suggests that dopamine plays a minimal role in
modulating motor activity at these stages. At P10, mutant mice
had lower body weights than control mice. By P14, the severe

Kim et al. « Dopaminergic Signaling in the Developing Striatum

hypoactive phenotype of Th™/~;Dbh™™" mice becomes apparent
(Zhou and Palmiter, 1995). Previous reports have shown that
dopaminergic agonists can induce suckling behavior in young
rodents (Fon et al., 1997), which is consistent with a role for
dopamine in the ingestive behavior of pups or behaviors related
to eliciting maternal care.

The hypothesis that synaptic formation and maintenance are
dependent on activity-related neurotransmitter release has been
addressed in several experimental systems (Shatz, 1996;
Constantine-Paton and Cline, 1998; Sanes and Lichtman, 1999;
Verhage et al.,, 2000). The results presented here suggest that
dopaminergic neurotransmission is not absolutely required for
the targeting of presynaptic neurons to their sites of innervation.
Instead, the role of dopamine in developing synapses appears to
be related to dampening the response of striatal postsynaptic
receptors to the neurotransmitter itself such that a slowly shifting
homeostatic relationship between the quantity of dopamine re-
leased and the efficacy of dopamine receptor signaling is estab-
lished (Fig. SE-G). Developing neuronal circuits are thought to
achieve balanced synaptic transmission through the excessive
elaboration of presynaptic contacts and the subsequent pruning of
synapses to reduce neuronal information flow to appropriate
levels (Purves and Lichtman, 1980). This in vivo study suggests
that developing dopaminergic synapses are tuned by the reduc-
tion of the sensitivity of receptors in striatal neurons. It would be
interesting to determine whether this type of modulation of
postsynaptic sensitivity occurs at other developing synapses; if
this were not the case, it would be interesting to understand what
makes dopaminergic synapses peculiar.
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