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Abstract
The outcome of dopaminergic signaling and effectiveness of dopaminergic drugs depend on the
relative preponderance of each of the five dopamine receptors in a given brain region. The separate
contribution of each receptor to overall dopaminergic tone is difficult to establish at a functional level
due to lack of receptor subtype specific pharmacological agents. A surrogate for receptor function
is receptor protein or mRNA expression. We examined dopamine receptor mRNA expression by
quantitative reverse transcription real-time PCR in the striatum, globus pallidus, frontal cortex and
cingulate cortex of embryonic and postnatal mice. Samples of each region were collected by laser
capture microdissection. D1- and D2-receptor mRNAs were the most abundant in all the regions of
the mature brain. The D1-receptor was predominant over the D2-receptor in the frontal and cingulate
cortices whereas the situation was reversed in the striatum and globus pallidus. In the proliferative
domains of the embryonic forebrain, D3-, D4- and D5- receptors were predominant. In the corpus
striatum and cerebral cortex, the D3- and D4-receptors were the only receptors that showed marked
developmental regulation. By analyzing D1 receptor protein expression, we show that developmental
changes in mRNA expression reliably translate into changes in protein levels, at least for the D1-
receptor.

1. Introduction
Dopamine receptors are associated with a variety of cellular functions. In the mammalian
central nervous system, dopamine receptor activation is critical for regulation of mood,
motivation and motor function. Dopamine receptors are coupled to G-proteins. Typically,
dopamine receptor activation leads to changes in intracellular cAMP levels [31,40,43] and
triggers a signaling cascade that culminates in gene transcription [10]. Based on G-protein
partners and intracellular signaling mechanisms, two classes of dopamine receptors are
recognized [31,40,43]. The D1-like receptors are Gs/olf coupled and their activation results in
increased intracellular cAMP. The D2-like receptors are Gi/o coupled and their activation
decreases intracellular cAMP. Genes encoding five dopamine receptors have been cloned and
based on genetic evidence, the D1-like receptors are further divided into D1- and D5- receptors
(D1R and D5R, respectively) and the D2-like receptors into D2-, D3- and D4-receptors (D2R,
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D3R and D4R, respectively) [47]. Although signaling via the adenylyl cyclase-cAMP system
is the principal mode of action, dopamine receptors also activate phospho-lipase C via the Gq/
11 system and increase intracellular calcium levels [16,39]. Dopamine receptors also interact
with glutamate receptors [4,21,44] and mobilize intracellular Ca2+ stores [23,51].

Activation of the D1-like and D2-like receptors typically produces opposite effects on
intracellular signaling cascades and cell physiology [50]. A physiological balance between the
activities of the two receptors is critical for normal neurological function. In fact, perturbation
of the physiological balance appears to underlie a variety of neurological and neuro-psychiatric
conditions such as Parkinson’s disease, depression, schizophrenia, attention deficit
hyperactivity, anxiety and drug addiction. Many of the pharmacological agents used in the
management of these conditions produce their effects by selectively activating or antagonizing
the D1-like or D2-like receptors. Therefore, understanding the relative abundance of each of
the five dopamine receptors in a given brain region is helpful for understanding the overall
impact of dopaminergic signaling during normal development as well as in disease states.

Accurate estimates of dopamine receptor levels and function in specific brain regions is
hampered by low abundance of some of the receptor subtypes, lack of subtype-specific agonists
or antagonists, and unreliable antibodies. Low receptor abundance and antibody non-
specificity is a particular problem in the developing brain. A surrogate marker for receptor
function is receptor mRNA expression. We have used real-time quantitative PCR to compare
mRNA levels for each of the five dopamine receptors in different regions of the embryonic
and postnatal brain. Samples of the different brain regions were collected by using laser capture
microdissection (LCM). Using western blots, we estimated D1-receptor protein levels in the
developing and mature striatum and cerebral cortex and compared the protein levels to mRNA
levels. Our data show that all five receptor mRNAs are expressed in the proliferative and
postmitotic domains as early as embryonic day 12 (E12). The mRNA levels change
dynamically during development and each receptor and each brain region show independent
patterns of developmental regulation. Furthermore, developmental changes in mRNA levels
reliably translate into changes in protein levels, at least for the D1-receptor, validating the
usefulness of mRNA measurement as a surrogate for receptor expression.

2. Results
We collected samples of the embryonic and postnatal brains by laser capture microdissection
(LCM; Fig. 1A – E). Samples of proliferative and postmitotic regions were collected from
embryonic day 12 (E12) and E15 mice. The proliferative regions analyzed were the lateral
ganglionic eminence (LGE), medial ganglionic eminence (MGE), caudal ganglionic eminence
(CGE) and neuroepithelium of the dorsal cerebral wall. The postmitotic regions were
differentiating fields of the striatum and cerebral wall (E15 only). From postnatal brains, we
collected samples of the striatum, globus pallidus, frontal cortex and cingulate cortex from
postnatal day 0 (P0; day of birth), P21 and P60 mice (Fig. 1C, D, E). Anatomical landmarks
based on atlases of prenatal rodent brains [1,18] for E12, E15 and P0 samples or a mouse brain
stereotaxic atlas [35] for P21 and P60 samples were used to identify the brain regions.
Additional details about the anatomical landmarks used in sample collection are described in
the Methods section.

We confirmed the quality of RNA isolated from the LCM samples to verify that high quality
RNA was used to produce cDNA (Fig. 1F). In addition to standardizing the amount of RNA
used for reverse-transcription, we evaluated four endogenous genes as controls to normalize
dopamine receptor gene expressions across the various regions and ages. Our results
demonstrated that when the same quantity of total RNA was analyzed from all age groups and
all brain regions included in this study, 18s rRNA had the least variability compared to other
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traditional endogenous controls such as actin, β2-microglobulin or GAPDH (Fig. 1G). Thus,
18s rRNA was found to be the most reliable indicator of the sample size. Since 18s rRNA is
abundantly and stably expressed under a variety of conditions, standardizing our samples based
on 18s levels permitted us to standardize average number of cells in each sample and therefore
compare our data across the different brain regions and age groups.

Differences in the expression levels of each dopamine receptor mRNA at each age in each
brain region as well as across the pre- and postnatal ages were compared by Student’s t-test or
analysis of variance (ANOVA). A t-test was used when only two groups of data were compared
and ANOVA was used when more than two groups were compared. Whenever ANOVA
indicated significant differences among the groups, a post hoc Bonferroni test was performed
for pair-wise comparisons. A total of 67 comparisons (43 ANOVAs and 24 t-tests) were
performed in this study. The large number of comparisons increased the probability of
occurrence of type 1 statistical error (i.e. false positives). To reduce the probability of a type
1 error we mathematically corrected the probability of rejecting the null hypothesis from the
customary 5% to a more stringent 0.1%. Thus, differences among/between groups were
considered significant only when p ≤ 0.001. Since the Bonferroni post hoc test itself is a
correction for multiple comparisons and since we used it only when ANOVA produced a p ≤
0.001, statistical significance for the Boinferroni test was set at the customary p ≤ 0.05.

Receptor mRNA expression in the proliferative domains
We analyzed mRNA expression in the proliferative zones of the dorsal cerebral wall
(presumptive neocortex) and the ganglionic eminences of the basal forebrain on E12 and E15.
Initially, mRNA expression was examined separately for the lateral, medial and caudal
ganglionic eminences. However, no significant differences were found among the 3 regions,
for any of the five receptor mRNAs on E12 or E15. Therefore, we pooled the data from the
lateral, medial and caudal ganglionic eminences.

Neuroepithelium of the dorsal cerebral wall—D1R and D5R mRNAs were expressed
at very low levels on E12 and E15 (Fig. 2A). D2R, D3R and D4R mRNAs were expressed at
high levels at both the ages (Fig 2A). Thus, D2-like mRNAs (D2, D3 and D4) were significantly
more abundant than D1-like mRNAs (D1 and D5) in the neuroepithelium of the dorsal cerebral
wall at the early developmental stages of E12 and E15 (t(10)=6.363; p<0.0001). Over the E12
to E15 interval the receptor mRNA levels did not change significantly (Fig 2A).

Ganglionic eminence—In this region, D1R and D5R mRNA expression was the lowest
and D2R and D3R was the highest on E12 (Fig 2B). Over the E12 to E15 interval D1R and
D2R mRNA increased significantly (D1R t(18)=6.382; p<0.0001 and D2R t(18)=5.38;
p<0.0001) while D3R, D4R and D5R mRNA did not show significant changes (Fig 2B). At
E15, D2R mRNA was expressed at significantly higher levels than all the other mRNAs (F
(4,49)=38.04; p<0.0001; Bonferroni p<0.001 for all comparisons).

Forebrain subventricular zone at P60—Since the subventricular zone continues to be a
proliferative region even in the adult forebrain, we included this region in our analyses. All
five dopamine receptor mRNAs were detected in this region (Fig. 2C) with significant
differences among the expression levels (F(4,25)=42.8; p<0.0001). D1R and D2R mRNA
expression was significantly higher than that of the others (Bonferroni; p<0.05, for all
comparisons). While the expression levels of D3R, D4R and D5R did not significantly differ
from each other, D2R mRNA level was higher than that of D1R mRNA (Bonferroni; p<0.05)
(Fig 2C).
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Receptor mRNA expression in the postmitotic regions
Striatum—All five receptor mRNAs were expressed in the striatum at all ages examined from
E12 to P60 (Fig 3A, B). D2R mRNA levels were significantly higher than all the other mRNAs
at each age (statistical analyses in Table 2), except at E15 when D2R and D1R mRNA levels
were not significantly different (Fig. 3A; Table 2). D1R mRNA levels were the second highest.
Thus, D1R and D2R mRNAs were the most abundant at all ages examined. Both D1R and
D2R mRNAs increased significantly between E12 and P60 (Fig. 3A; statistics in Table 1). The
D1R mRNA showed the greatest increase between E12 to E15 (Fig. 3A), which was statistically
significant (Table 1) and the expression level did not change significantly after E15 during the
postnatal period (Fig. 3A; Table 1). D2R mRNA showed a steady and significant increase from
E12 to P60 (Fig. 3A; Table 1). D3R, D4R and D5R mRNA expression showed different profiles
compared to those of D1R and D2R mRNAs (Fig. 3B). Thus, D3R mRNA expression had a
“U” shaped pattern: the expression declined from E12 to P0 and then returned to pre-existing
levels during P0 to P60. The changes were not statistically significant (Table 1). In contrast to
D3R, D4R mRNA had an inverted “U” pattern with significant increases from E12 to P0 and
a subsequent decline (Fig. 3B; Table 1). Interestingly, D5R, which showed the lowest
expression of all the mRNAs in the striatum at E12, significantly increased during later
development to reach virtually identical expression levels as D3R at P60 (Fig. 3B; Tables 1
and 2).

Thus, D1R, D2R and D5R mRNA significantly increased over the E12 to P60 period (Table
1). In contrast, D3R and D4R mRNA fluctuated in inverse relationship to each other over the
same period. Only D2R and D5R levels significantly changed between P21 and P60 (Table 1).

Since the striatum is a rostro-caudally elongated structure and since inputs to the striatum (e.g.
cortico-striate inputs) are topographically organized along the rostral-caudal axis [19,22,30,
37,55], we examined mRNA levels separately for rostral and caudal striatum. This analysis
was performed only for the postnatal ages because the sizes of the rostral and caudal samples
on E12 and E15 were not large enough for such analyses. We standardized P0 rostral expression
level to 1.0 and compared it to caudal expression levels. This permitted us to illustrate not only
rostral versus caudal differences but also developmental changes in mRNA expression between
the 2 regions. Although there was no significant difference in D1R expression between rostral
and caudal striatum at any of the ages, we observed a non-significant (p<0.05) trend by the
standards of the present statistical analyses (where significant differences are registered only
at p<0.001) of higher D1R expression in the rostral compared to the caudal striatum at P21 (t
(13)=3.394; p<0.005 asterisk in Fig. 3C). D2R expression was significantly higher in the rostral
striatum at P0 (t(10)=7.673; p<0.0001, asterisk in Fig. 3D). By P60, rostral versus caudal
differences were only present for D3R (t(22)=3.851; p<0.001, asterisk in Fig. 3E). D4R mRNA
levels showed no significant rostral-caudal differences on P0, P21 or P60 (Fig. 3F). In contrast
to the other receptors, D5R mRNA was significantly higher in the caudal striatum at P0 (t(10)
=4.384; p=0.001, asterisk in Fig. 3G).

Striatal neurogenesis progresses in a ventro-lateral to dorso-medial gradient [2,7,9,29,49,52].
Dopaminergic innervation and appearance of striosome-matrix compartments also progresses
in ventro-lateral to dorso-medial gradient [8,9,11,12,49]. Therefore, we reasoned that postnatal
expression patterns of dopamine receptor mRNAs could show regional differences and further
subdivided rostral and caudal samples into dorsal and ventral halves. Thus, we analyzed mRNA
expression levels separately for each of the resulting 4 regions. Only the D3R mRNA showed
significant differences among the 4 regions. At each of the 3 ages examined, the ventral portion
of the rostral striatum showed the highest D3R mRNA level at P0 and P60 (P21 not significant)
compared to the other 3 regions analyzed (P0, F(3,8)=16.58; p<0.001, Bonferroni p<0.01 for
all ventro-rostral comparisons; P60, F(3,20)=30.52; p<0.0001, Bonferroni p<0.001 for all
ventro-rostral comparisons; see asterisks in Fig 3H).
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Globus pallidus—Reliable identification of this region for LCM from embryonic brains was
difficult in our preparations; therefore, we examined the globus pallidus at postnatal ages P0,
P21 and P60. As in the case of the striatum, D2R mRNA expression was significantly higher
than all the other mRNAs at each of the ages examined (Fig. 4A, Tables 1 and 2). D1R mRNA
levels were the second highest, although statistical analyses did not show this to be significant
(Table 1). D1R and D2R mRNA did not significantly change from P0 to P60 (Fig. 4A, Table
1). However, D3R mRNA levels increased significantly from P0 to P60 (Fig. 4B, asterisk;
Table 1). Also, D4R mRNA level was the highest on P0; declined from P0 to P21 and remained
low at P60 (Fig. 4B, Table 1). D5R mRNA levels did not show significant changes during the
P0 to P60 period (Fig. 4B, Table 1).

Frontal cortex—We analyzed mRNA expression in the frontal cortex on E15, P0, P21 and
P60 (Figs. 4C, D). Unlike the striatum and globus pallidus, D1R mRNA showed the highest
expression of all the mRNAs in the frontal cortex (Fig. 4C, D; Table 2). D1R mRNA did not
change significantly between E15 and P0 (Fig 4C; table 1). However, it significantly declined
from P0 to P60 (Fig. 4C, asterisk; Table 1). D2R and D3R mRNA levels did not show
significant changes over this time period (Figs. 4C, D; Table 1). D4R mRNA was high on E15
and P0 (as high as D2R mRNA) and decreased significantly from P0 to P21 and remained low
at P60 (Fig. 4D, Table 1). D5R mRNA also showed significant developmental changes with
its peak expression occurring at P21 (Fig. 4D, Table 1).

Cingulate cortex—We analyzed mRNA expression in the cingulate cortex during postnatal
development: on P0, P21 and P60 (Fig. 4E, F). The cingulate cortex, located near the medial
edge of the cerebral wall is developmentally less advanced than the more lateral regions such
as the presumptive frontal cortex. Therefore, we could not reliably distinguish between
proliferative and postmitotic regions of the presumptive cingulate cortex at E12 or E15 in our
LCM preparations and decided not to include these age groups in the analysis. D1R mRNA
was the most abundant of all the mRNAs in the cingulate cortex, except at P0 when D1R and
D2R were expressed at comparable levels (Fig. 4E, F; Table 2). D1R, D2R, D3R and D5 mRNA
expression did not vary significantly during development (Figs. 4E and 4F, Table 1). However
similar to the frontal cortex, D4R mRNA expression showed significant decreases between P0
and P60 (Fig 4F, Table 1).

Sex differences—There were no statistically significant differences in the expression level
of any of the 5 mRNAs in any of the regions analyzed between male and female mice at P60
(Fig. 5). We did not analyze the differences at any of the other age groups.

D1-like to D2-like mRNA ratios—We re-analyzed mRNA levels for D1-like (D1R and
D5R) and D2-like (D2R, D3R and D4R) receptors and calculated D1-like to D2-like receptor
ratios (Fig. 6A). In the striatum, at all ages examined, D2-like receptor expression was higher
than D1-like receptor expression. The ratio approached its highest value (~0.8) at E15
indicating that D1- and D2-like receptor mRNA levels were closely balanced at that age. At
all other ages, D2-like mRNA was more abundant than D1-like mRNA in the striatum. In the
globus pallidus D1-to-D2 ratio was consistently smaller than 1.0 at all the ages examined,
indicating the preponderance of the D2-like receptors. In the frontal cortex, the ratio was
consistently greater than 1.0 indicating the preponderance of the D1-like receptor at all ages
examined. The ratio reached its highest value on P0 and declined from P0 to P21, indicating
fluctuations in the receptor mRNA levels during postnatal development. In the cingulate cortex,
the ratio was <1.0 at P0 indicating the predominance of the D2-like receptors at this age. The
ratio rose above 1.0 at P21 and P60, indicating a reversal of the D2-like receptor mRNA
predominance during the postnatal period. The increase in the ratio at P21 was due to an
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increase in D1R mRNA as well as a significant decline in D4R mRNA over the P0 to P21
period (Tables 1 and 2).

D1-receptor protein expression
We examined D1-receptor protein in membrane preparations from P0 and P60 frontal cortex
and striatum (Fig. 6B). Our goal was to determine if mRNA levels corresponded with
membrane associated protein levels. Since the relative expression of the D1R mRNA was
different between the frontal cortex and the striatum (striatum > frontal cortex) and since
developmental regulation of D1R mRNA over the P0 to P60 interval was also different (decline
in frontal cortex versus increase in the striatum), we chose these two brain regions and
developmental stages. Consistent with the mRNA expression level, D1R protein expression in
membrane fractions declined from P0 to P60 in the frontal cortex and increased in the striatum.
The expression level was higher in the striatum than frontal cortex at P0 and P60, in agreement
with mRNA expression levels.

3. Discussion
Our data show that dopamine receptor mRNA expression in the mouse forebrain begins early
in the embryonic period and that each mRNA shows a unique, region-specific developmental
profile. D1R and D2R mRNAs predominate over the other three mRNAs during development
and at maturity (Fig. 7). The embryonic neuroepithelial domains show a preponderance of D2-
like (D2R, D3R and D4R) receptor mRNA. Interestingly, although all five mRNA levels
change during development, D3R and D4R are the only mRNAs that are up- and down-
regulated during postnatal development (Fig. 7). D3R mRNA shows striking developmental
variation in the ventral forebrain, especially in the striatum, whereas D4R mRNA shows
striking variation in the dorsal forebrain. Membrane-associated receptor protein levels
correspond with mRNA levels, at least for D1R in the frontal cortex and striatum and at least
at P0 and P60, suggesting that mRNA level is good indicator of protein expression.

The ontogeny of dopamine receptors has been examined previously by using receptor binding,
in situ RNA hybridization or RT-PCR in the brains of rodents and primates [13,14,17,26,38,
41,42,45,46]. With the exception of the in situ hybridization studies, the mRNA expression
was not analyzed in anatomically defined regions of the embryonic and postnatal brain.
Although in situ hybridization analyses offer exquisite anatomical resolution, often at the single
cell level, the data can be difficult to quantify due to the low signal to noise ratios in the
autoradiograms, especially in the embryonic brain. Our study offers quantitative data on
relative expression level of each of the five dopamine receptor mRNAs from E12 to P60 in
samples of the forebrain collected by LCM based on anatomical landmarks. Thus, our data not
only complement earlier studies but also offer novel information on expression of the dopamine
receptors during brain development.

Receptor mRNA expression begins in the ventral and dorsal forebrain prior to the arrival of
dopaminergic axons from the midbrain. Tyrosine-hydroxylase positive axons enter the mouse
basal forebrain by E13 and dorsal forebrain by E14, coincident with increases in dopamine
content of these two regions [11,33,36]. D1-like and D2-like receptor binding sites appear in
the mouse basal forebrain by E13 [34], at least a day after the appearance of the mRNA. Similar
findings were reported earlier by others [42]. It is possible that developmental regulation of
mRNA and binding site expression occurs by independent mechanisms. Perhaps receptor
binding site expression occurs upon exposure to dopamine, the endogenous ligand, and mRNA
expression occurs earlier, independent of exposure to dopamine [42].

Although all five receptor mRNAs were expressed in the embryonic proliferative domains of
the dorsal and ventral forebrain, D2-like (D2R, D3R and D4R) mRNA was the most abundant
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in the proliferative domains. The predominance of the D2-like receptor did not change
significantly over the E12 to E15 interval. Among the D2-like mRNAs, the ganglionic
eminence expressed high levels of D3R mRNA. In fact D3R was the most abundant mRNA
in this region on E12. This is consistent with earlier reports of high levels of D3R mRNA in
the ganglionic eminence illustrated by in situ hybridization methods [6]. In general, expression
of dopamine receptor mRNAs in forebrain neuroepithelial regions is consistent with the ability
of dopamine or its receptor agonists to modulate cell proliferation [33,36,56,57]. The
subventricular zone of the P60 forebrain also expressed all five receptor mRNAs. Although
D2R mRNA was the most abundant, D1R and D3R mRNAs were also expressed prominently.
D5R mRNA was significantly higher in this region compared to the embryonic proliferative
domains. Once again, expression of dopamine receptor mRNAs is consistent with the reported
effects of dopamine receptor agonists and antagonists on cell proliferation in the subventricular
zone [15,20,53,54].

Each brain region showed unique characteristics with respect to developmental regulation of
the five mRNAs. D1R and D2R mRNA increased more or less in tandem during development
in the striatum and the globus pallidus (Fig. 7). In sharp contrast to the D1R, D2R and D5R
mRNAs, which increased from E12 to P60, D3R and D4R mRNA expression showed up- and
down-regulation during development, suggesting that these two mRNAs may play significant
roles in brain development. Other reports also emphasize the notion that D3R mRNA is
markedly regulated during brain development. For example, D3R mRNA and binding site
distribution changed dramatically within the different layers of the developing rodent
somastosensory cortex (whisker barrel field) suggesting a role for this dopamine receptor in
cortical pattern formation [14]. In the present study, D3R mRNA was the only mRNA that
showed region-specific expression patterns and significant developmental changes along
dorso-ventral and rostro-caudal axes of the striatum.

Recently we showed that dopamine receptor activation modulates migration of GABA neurons
from the embryonic mouse striatum to the cerebral cortex [5]. Activation of the D1R promoted
the migration whereas activation of the D2R decreased it suggesting that the ability of the
neurons to migrate to the cortex may be influenced by the balance of expression between D1-
like and D2-like receptors. Thus, if a neuron in the embryonic striatum expressed
predominantly D1-like receptors, it may be more likely to migrate to the cortex whereas a
neuron expressing predominantly D2-like receptors may be more likely to remain within the
striatum. The present data support this speculation by showing that the D2-like receptors
predominate in the embryonic and postnatal striatum (Fig. 3) whereas D1-like receptors
predominate in the embryonic and postnatal cerebral cortex (Fig. 4).

The mRNA expression patterns in the frontal and cingulate cortices in the dorsal forebrain
were significantly different than the ventral forebrain regions (Fig. 7A, B). The overall mRNA
expression levels in the dorsal forebrain were significantly lower than those in the ventral
forebrain. Another major difference was that D1R mRNA was more abundant than D2R mRNA
in the dorsal forebrain. In addition, in the frontal cortex, the D1R mRNA declined during
development. This is the only region in which a decline in D1R mRNA was seen. Another
significant difference was that D4R mRNA expression was the highest of all the mRNAs in
the cingulate cortex on P0 – even higher than D1R or D2R mRNA. Whether D4R mRNA plays
a significant role in the development of this cortical region remains unknown. D4R is expressed
on GABA interneurons in the mature cerebral cortex and is implicated in the pathophysiology
of neuro-psychiatric disorders [32]. The differences in receptor mRNA expression between
dorsal and ventral forebrain (Fig. 7A, B) may underlie the differences in the response of these
regions to antipsychotic medication [24,25].
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Our data also show that expression levels of the mRNA and membrane-associated protein
changes correspond with each other, at least for D1R. We were unable to perform similar
analyses for the other receptors because the commercially available antibodies for the other
receptors did not identify receptor-specific bands in our hands. Although limited to only the
D1R, the mRNA-protein correspondence is strong in two brain regions and during two stages
of postnatal development. Therefore, we suggest that mRNA expression is a reliable marker
of receptor protein expression in the developing and mature brain. Similar correlations do not
exist between mRNA and receptor binding site expression for D1 or D2 family of receptors
during development or at maturity [17,38,42]. Previous reports show that D1-like binding sites
predominate over D2-like binding sites in the embryonic and postnatal striatum [17,38,42].
This is in contrast to the higher D2-like mRNA expression in the striatum during pre- and
postnatal development reported in this study (Fig. 7). Whether the discrepancy is due to
differential sensitivities of the techniques for detection of mRNA versus binding sites or if it
is due to differences in the processing or trafficking of the receptor protein remains to be
determined. Finally, it should be noted, that our method is unable to distinguish between
receptor mRNA expression patterns at pre- or post-synaptic regions or between neurons and
glial cells.

In summary, our data show that dopamine receptor mRNA expression shows region-specific
developmental profiles (Fig. 7). D3R and D4R are the only mRNAs that are up- and down-
regulated during postnatal development. D3R mRNA shows developmental variation in the
ventral forebrain, whereas D4R mRNA shows developmental variation in the dorsal forebrain.
The ratio between D1-like and D2-like mRNAs illustrates the predominance of the D1R in the
dorsal forebrain and the predominance of the D2R in the ventral forebrain. Although mRNA
expression may correlate with protein expression, the functional significance of developmental
modulation of mRNA levels remains unclear because of the lack of correlation between mRNA
and binding site expression. The potential for formation of D1R – D2R heteromers, especially
in the young-adult brain [39] adds to the complexity involved in correlating mRNA expression
and receptor function.

4. Experimental Procedures
Animals

Timed-pregnant CD1 mice were purchased from Charles River Laboratories (Wilmington,
MA). Female mice housed with a male for the previous 15 – 17 hours were examined for the
presence of vaginal plugs at 9:00 AM. Presence of the plug was taken to indicate conception
and the day of plug discovery was designated E0. The day of birth was designated postnatal
day 0 (P0). The experimental procedures were approved by Institutional Animal Care and Use
Committee and were consistent with the NIH guidelines for the care and use of laboratory
animals.

Laser capture microdissection (LCM)
We collected samples of telencephalic proliferative and postmitotic domains from E12 and
E15 mice by using LCM. Embryos were removed one at a time from dams deeply anesthetized
by an intraperitoneal injection of a mixture of Ketamine (50 mg/kg) and Xylazine (10 mg/kg).
The embryos were decapitated; their heads were frozen in liquid nitrogen vapor and stored at
−80°C. The frozen heads were sectioned on a cryostat at 70μm thickness in the coronal plane.
The sections were mounted on RNase-free, MembraneSlides® (Molecular Machines and
Industries, Glattbrugg, Switzerland), dried at room temperature and stored at −80°C. The
sections were viewed under a Nikon TE2000 inverted microscope connected to CellCut® LCM
equipment (Molecular Machines and Industries). The lateral ganglionic eminence (LGE),
medial ganglionic eminence (MGE), caudal ganglionic eminence (CGE), neuroepithelium of
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the dorsal cerebral wall, striatal differentiating field and postmitotic regions of the cerebral
cortex (from E15 only) were identified and dissected (UVCut software package; Molecular
Machines and Industries) (Fig. 1A, B). Immediately upon dissection, the sample was picked
up on adhesive lids of 500μl mini IsolationCaps® (Molecular Machines and Industries) (Fig.
1A, B). Each region of interest was collected from both hemispheres and pooled. We collected
samples from 3–6 brains for each of the two embryonic stages.

P0, P21and P60 mice were anesthetized by isoflurane inhalation and decapitated. Brains were
removed and frozen in liquid nitrogen vapor and stored at −80°C. Coronal sections were cut
and mounted as described above. From these sections, we collected samples of the striatum,
globus pallidus, frontal cortex and cingulate cortex by LCM as described above (Fig. 1C, D,
E). The different regions were identified with the help of an adult mouse brain stereotaxic atlas
[35]. Since the striatum is a rostro-caudally elongated structure and striatal inputs an outputs
are topographically organized [19,22,30,37,55], we collected separate samples from rostral
and caudal striatum. The junction between the anterior and posterior limbs of the anterior
commissure was considered to be the boundary between rostral and caudal subdivisions of the
striatum. The sections at the junction and rostral to it were considered to represent rostral
striatum and those caudal to the junction were considered the caudal striatum. From each
subdivision, we collected separate samples from the dorsal and ventral portions. Thus, from
each brain, we collected four samples of the striatum: dorsal-rostral, ventral-rostral, dorsal-
caudal and ventral-caudal. Samples of each brain region collected from the two hemispheres
were pooled. Each region of interest sample was pooled from both hemispheres. Samples from
male and female mice were collected and analyzed separately for each brain region from the
P60 age group. We collected samples from 3–6 brains for each of the two postnatal age groups.

The stereotaxic coordinates for the different regions in the P60 brains were as follows. Rostral
striatum from 5.34 mm inter-aural, 1.54 mm bregma to 4.06 mm inter-aural, 0.26 mm bregma;
caudal striatum from 3.94 mm inter-aural, 0.14 mm bregma to 3.22 mm inter-aural, −0.58 mm
bregma. Globus pallidus: 3.82 mm inter-aural, 0.02 mm bregma to 2.22 mm inter-aural, −1.58
mm bregma. The frontal and cingulated cortices were collected from the same sections that
were used for collection of striatal samples.

We also collected samples of the cerebral cortex and striatum from E15 and P60 brains by
micro-dissection for preparation of RNA samples for use as endogenous reference genes. We
did not use LCM for this purpose because regional specificity was not necessary for validation
of an endogenous control.

RNA isolation
RNA from the LCM samples was extracted with PicoPure RNA isolation kit (Arcturus-
Molecular Devices, Mountain View, CA), and additional DNase digestion (Qiagen, Valencia,
CA), according to manufacture’s instructions. RNA, for validation of endogenous controls,
collected by microdissection from cerebral cortex and striatum E15 and P60, was isolated with
RNAqueous-4PCR kit (Applied Biosystems, Foster City, CA) with DNase treatment according
to manufacture’s instructions.

Reverse transcription and quantitative real-time PCR
After validation of RNA sample quality and quantity with a Bioanalyzer 2100 (Agilent
Technologies, Foster City, CA) (Fig. 1F), 2μg of RNA were converted to cDNA by RT reaction
using SuperScript II and random hexamer primers (Invitrogen, Carlsbad, CA). We used
0.5μl of cDNA per well in a 20μl reaction volume for PCR. Proprietary primers and fluorescent
probe sequences were designed by Applied Biosystems TaqMan Gene expression assays. The
following genes were analyzed, each is followed by its corresponding catalogue number D1R
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(Mm01353211_m1), D2R (Mm00438541_m1), D3R (Mm00432887_m1), D4R
(Mm00432893_m1), D5R (Mm00658653_s1), and reference genes 18s rRNA (Hs
Hs99999901_s1), β-actin (4352933E), β-2-microglobulin (B2M) (Mm00437762_m1), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (4352932E). TaqMan Universal
master PCR mix was used for all PCR reactions (Applied Biosystems). Real-time PCR was
performed in a Prism 7000 (Applied Biosystems) using the following thermal settings: 1 cycle
of 2 min at 50°C, 1 cycle of 10 min at 95°C and 40 cycle of 15 sec at 95°C and 1min at 60°C.
Relative mRNA expression for endogenous control genes was calculated by using the
2−ΔΔCt method[27]. Cycle thresholds for all genes were selected 2 cycles past baseline
amplification within the linear range on log scaling. All dopamine receptor target gene
expressions were normalized to the endogenous control and the mean normalized expression
was analyzed using Q-gene software [48]. The data were analyzed by a Student’s t-test or
ANOVA using Prism 4 for Macintosh analysis package (Graphpad Software Inc., San Diego,
CA).

Isolation of cell membrane fractions and immunoblotting
We collected samples of cerebral cortex and striatum from P0 and P60 mice by micro-
dissection. Membrane fractions from the micro-dissected samples were prepared as described
previously [3]. Briefly, tissue samples were homogenized by hand with a teflon/glass
homogenizer on ice with cold homogenization buffer (250mM sucrose, 10mM Tris, 1mM
dithiothreitol (DTT), 1mM MgCl2, complete mini protein inhibitor (Roche Applied Science,
Indianapolis, IN, pH 7.4), and centrifuged at 600 X g for 10 min. The membrane fraction was
precipitated by centrifugation of the supernatant at 200,000 X g (70.1 Ti rotor at 50,000 rpm
for 30 min) and resuspended in resuspension buffer (10mM Tris, 1mM EDTA, 1mM DTT and
complete mini protein inhibitor). Protein concentration of the membrane fractions was
measured by BAC kit (Pierce, Rockford, IL), and the samples were solubilized in sample buffer
(63mM Tris-HCl, 2% SDS, 10% Glycerol, 2% β-Mercaptoethanol, 0.01% Bromophenol blue).
Solubilized membrane fraction protein (20μg) without heat denaturation was fractionated by
SDS-PAGE 20-4% gradient gel and transferred to PVDF (Millipore, Billerica, MA). The blots
were incubated with 5% skim milk in TBS (20mM Tris, 137mM NaCl, pH 7.6) for 1 hr at room
temperature, followed by incubation with monoclonal D1R antibody (1:500) (Chemicon,
Temecula, CA) in TBS containing 1.5% BSA overnight at 4°C [28]. Blots were washed with
TBS, 0.05% Tween 20 three times, and incubated with horseradish peroxidase-conjugated
donkey anti-mouse secondary antibody (1:20,000) (GE Healthcare, Piscataway, NJ), for 1 hr.
Immunoreactivity was detected by using ECL plus (GE Healthcare), and exposed to
autoradiogrphic film (Kodak, Rochester, NY).

Statistical Analysis
All statistical analyses were performed with Prism v4.0a for Macintosh (GraphPad Software,
Inc., San Diego, CA). Analysis of variance was performed for dopamine receptor expression
levels across ages and within age for each region. Post-hoc analysis was performed by using
Bonferroni correction for multiple comparisons. Student’s t test was performed for analysis of
male and female differences and in other cases involving comparison between only 2 groups.
Due to multiple comparisons and the risk of a Type I error, statistical significance for ANOVA
and t-tests was set at p<0.001.
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Figure 1.
Collection of tissue samples from sections of the embryonic (A, B) and adult (C, D, E) brains
by laser capture microdissection. Two cryostat sections from an E15 brain are shown in A and
B after sample collection. A section from rostral levels of the forebrain (A) is shown after
samples of the lateral ganglionic eminence (a), medial ganglionic eminence (b) and developing
striatum (c) were collected from the ventral forebrain. From the same section, samples of
postmitotic (d) and proliferative (e) domains of the cerebral wall were collected from the dorsal
forebrain. A section from the caudal forebrain (B) is shown after samples of the caudal
ganglionic eminence (a) were collected. Diagrams three representative coronal sections taken
from the adult mouse brain atlas [35] are shown in C, D and E. Samples of the striatum were
collected from sections intervening between those shown in C and E. Samples taken from
sections between C and D represent the rostral striatum and samples taken from sections
beginning with D and up E represent the caudal striatum. From each section, samples from the
dorsal (a) and ventral (b) striatum were collected separately. In addition to striatal samples,
samples of the cingulate cortex (d), frontal sensorimotor cortex (c) and globus pallidus (e) were
also collected. Every section between C and E was used from every brain. Qualitative analysis
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of RNA isolation (F) was performed by nondenaturing capillary gel electrophoresis. A
representative gel shows intact 28s (upper bands) and 18s (lower bands) rRNA, without
degradation bands or smears (lanes 1, 2, and 3 represent E15 samples from lateral, medial and
caudal ganglionic eminences, respectively). (G). Selection of endogenous RNA control for real
time reverse transcription quantitative PCR. We used 2μg of total RNA from cerebral cortex
(CT) and striatum (ST) each, collected from embryonic day 15 (E15) or adult (P60) mice to
assess which generally accepted endogenous control was superior for normalizing expression
of mRNA for each region at each age Our results demonstrate that only 18s rRNA levels
remained steady between E15 and P60 in the cortex and striatum prompting its choice as the
endogenous control in all our experiments. Actin, B2M and GAPDH mRNA levels showed
variation between E15 and P60 and between cortex and striatum.
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Figure 2.
Expression level of dopamine receptor mRNAs in the proliferative neuroepithelium of the
dorsal cerebral wall (A) and the ganglionic eminence (B) on E12 and E15 and the subventricular
zone on P60 (C). Since there were no statistically significant differences in the expression level
of any of the five mRNAs between the lateral, medial and caudal ganglionic eminences at E12
or E15, we combined the data from the 3 subdivisions. (A) Dorsal cerebral wall demonstrates
greater D2-like (DR2, DR3 and DR4) than D1-like receptor expression (t(10)=6.363;
p<0.0001). (B) * = D1R and D2R are significantly higher at E15 than at E12 (t(18)=6.382 or
5.38, respectively, p<0.0001 for both), † = D2R expression significantly greater than all other
dopamine receptors at E15 (p<0.0001 for all post-hoc comparisons). (C) * = D1R and D2R
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expression lavels are significantly different between each other and compared to all other
receptors (F(4,25)=42.8; p<0.0001; Bonferroni p<0.05, for all comparisons) Mean±SEM
values from 3–6 individual brains.
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Figure 3.
Dopamine receptor mRNA expression in the striatum from E12 to P60 (A, B). D1R and D2R
mRNA levels are significantly higher than the other mRNAs (Table 2). Therefore, D1R and
D2R expression levels are shown separately in A and D3R, D4R and D5R mRNA are shown
in B. Since the striatum is a rostro-caudally elongated structure, we analyzed each mRNA
separately for rostral and caudal striatum on P0, P21 and P60 (C, D, E, F, G) (C, * = t(13)
=3.394; p<0.005 at P21 rostral versus caudal) (D, * = t(10)=7.673; p<0.0001 at P0 rostral vs.
caudal) (E, * = t(22)=3.851; p<0.001 at P60 rostral vs. caudal). We also analyzed mRNA
expression separately for dorsal and ventral regions of rostral and caudal divisions. Only D3R
mRNA showed significant differences among the four sub-regions with the ventral portion of
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the rostral striatum showing the highest expression at each (H) (** = P0, F(3,8)=16.58;
p<0.001, Bonferroni p<0.01 for all ventro-rostral comparisons; P60, F(3,20)=30.52; p<0.0001,
Bonferroni p<0.001 for all ventro-rostral comparisons. Mean±SEM values from 3–6 individual
brains. DR = dorsal-rostral; VR = ventral-rostral; DC = dorsal-caudal; VC = ventral-caudal.
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Figure 4.
Developmental profiles of dopamine receptor mRNAs in the globus pallidus (A, B), frontal
sensory-motor cortex (C, D) and cingulate cortex (E, F). D1R and D2R mRNA levels are higher
than the other mRNAs; therefore, they are shown separately for each region (A, C, E). D3R,
D4R and D5R mRNA are also shown for each region (B, D, F). The data from embryonic mice
are shown only for the frontal cortex, because in the other regions we could not identify
postmitotic differentiating fields consistently in the sections of the embryonic brain during
LCM. In the globus pallidus (A, B) D2R mRNA was significantly higher than all the other
mRNA at each age (Table 2) and (B) * = D3R mRNA significantly increases from P0 to P60
while * = D4R mRNA significantly decreases from P0 to P60 (Table 1). In frontal cortex (C,
D) D1R mRNA was significantly higher than all the other mRNAs at every age (Table 2) and
declined during development (C, * = Significantly different from P21 and P60, see Table 1).
D4R mRNA decreased during development (D, * = Significantly different from P21 and P60,
see Table 1). D5R mRNA was the highest at P21(D, * = see Table 1). In cingulate cortex (E,
F) D1R mRNA was significantly higher than all the other mRNAs at all ages except P0 (Table
2). In the cingulate cortex, only D4R mRNA showed significant changes during development
(F, * = different from P21 and P60, see Table 1). Mean±SEM values from 3–6 individual brains.
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Figure 5.
Sex differences in the expression levels of dopamine receptor mRNAs at P60 in the striatum
(A), globus pallidus (B), frontal cortex (C), cingulate cortex (D) and the subventricular zone
(E). There were no statistically significant differences by t-test between male and female mice
in any mRNA in any region. Mean±SEM values from 3–6 individual brains.
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Figure 6.
An overview of the ratio between D1-like receptors (summation of D1R and D5R) and D2-
like receptors (summation of D2R, D3R and D4R) is shown for each region during development
(A; age along the abscissa; 0, 21 and 60 = P0, P21 and P60, respectively). Only the striatum
at E15 approximates equipoise (ratio 0.8) between the two dopamine receptor classes. The
ventral forebrain represented by the striatum (ST) and globus pallidus (GP) show D2-like
dominance in receptor expression, whereas the dorsal forebrain represented by frontal (FC)
and cingulate (CC) cortex show D1-like dominance. An immunoblot showing D1R protein
expression (B). Membrane fractions from postnatal days 0 and 60 (P0 and P60, respectively)
cortex and striatum were analyzed for D1R protein expression. The D1R band (bold arrow)
appears between ~ 100 and 75 KD (smaller arrows). The highest levels of protein are seen in
the adult striatum and the lowest levels in the adult cortex with intermediate levels at P0 in the
cortex and striatum.
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Figure 7.
A summary of the salient differences between ventral (A) and dorsal (B) forebrain with regard
to dopamine receptor mRNA expression. For the sake of simplicity, the striatum and globus
pallidus are grouped together under ventral forebrain and frontal and cingulate cortices under
dorsal forebrain, overlooking differences between each of the 2 regions within a group. Data
on prenatal expression are taken from the striatum (E12 and E15) and frontal cortex (E15) only.
In both the forebrain regions, D1R and D2R mRNA are by far the most abundant. However,
both D1R and D2R mRNA expression is significantly higher in the ventral than dorsal
forebrain. D2R mRNA levels are higher than D1R mRNA in the ventral forebrain whereas the
opposite is the case in the dorsal forebrain. Whereas both D1R and D2R mRNA increase during
development in the ventral forebrain, both show decline in the dorsal forebrain. D3R mRNA
shows the most striking developmental change in the ventral forebrain with two peaks separated
by a trough anchored around the time of birth. D4R mRNA shows the most striking
developmental change in the dorsal forebrain with its high expression level early in
development and a rapid decline in the postnatal period. D5R mRNA shows comparable
developmental changes in both the regions.
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