1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

fg)%
S

O

R HE

,NS

N4

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
J Comp Neurol. 2003 February 3; 456(2): 176-183. doi:10.1002/cne.10525.

Neuron-Specific Age-Related Decreases in Dopamine Receptor
Subtype mRNAs

SCOTT E. HEMBYY", JOHN Q. TROJANOWSKIZ2, and STEPHEN D. GINSBERG?
1Department of Pharmacology and Psychiatry/Behavioral Sciences, Yerkes National Primate

Research Center, Neuroscience Division, Emory University School of Medicine, Atlanta, Georgia
30329

2Department of Pathology and Laboratory Medicine, The University of Pennsylvania School of
Medicine, Philadelphia, Pennsylvania 19104

SCenter for Dementia Research, Nathan Kline Institute, Department of Psychiatry, Physiology,
and Neuroscience, New York University School of Medicine, Orangeburg, New York 10962

Abstract

Age-related decline in dopamine receptor levels has been observed in regional studies of animal
and human brains; however, identifying specific cellular substrates and/or alterations in distinct
neuronal populations remains elusive. To evaluate whether age-related decreases in dopamine
receptor subtypes are associated with specific cell populations in the hippocampus and entorhinal
cortex, antisense RNA amplification was combined with cDNA array analysis to examine effects
of aging on D1-D5 dopamine receptor mRNA expression levels in hippocampal CA1 pyramidal
neurons and entorhinal cortex layer 11 stellate cells from post-mortem human brains (19-92 years).
In CAL pyramidal neurons, significant age-related decline was observed for dopamine receptor
mRNAs (D1-D4, P < 0.001; D5, P < 0.05) but not for the cytoskeletal elements B-actin, three-
repeat (3R) tau, and four-repeat (4R) tau. In contrast, no significant changes were observed in
stellate cells across the same cohort. Thus, senescence may be a factor responsible for cell-specific
decrements in dopamine receptor gene expression in one population of neurons within a circuit
that is critical for learning and memory. Furthermore, these results support the hypothesis that
alterations in dopaminergic function may also be related to behavioral abnormalities, such as
psychosis, that occur with aging.
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Dopaminergic neurotransmission in the CNS is involved in a number of functions, most
notably cognition, affect, and motor control. Increased life expectancy, resulting from recent
medical advances, has led to a need for furthering understanding of neurobiology of aging
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and causes of age-related disabilities in order to improve quality of life (Drachman, 1997).
Region-specific changes in the functional integrity of the dopaminergic system have been
associated with impairment of motor and cognitive function in humans resulting from age.
For example, unbiased estimation studies demonstrate age-related losses in sub-stantia nigra
pars compacta (SNpc) neurons, a major source of forebrain dopaminergic projections
(Fearnley and Lees, 1991; Ma et al., 1999b). Furthermore, immunohistochemistry and gene
expression studies reveal down-regulation of the dopamine (DA) transporter in the SNpc of
aged humans and monkeys (Bannon et al., 1992; Bannon and Whitty, 1997; Emborg et al.,
1998; Ma et al., 1999a). A loss of DA itself has been demonstrated in normal aging as well
(Goldman-Rakic and Brown, 1981; Fearnley and Lees, 1991). Moreover, age-related
decreases in D1 and D2 DA receptor subtypes have been demonstrated within the aged
human forebrain, including the striatum and hippocampus, by using in vivo imaging
techniques combined with DA-selective ligands (Rinne et al., 1993; VVolkow et al., 1996;
Kaasinen et al., 2000) and in post-mortem studies (Severson et al., 1982; Rinne et al., 1993;
Joyce et al., 1998). Thus, pre- and postsynaptic alterations in nigrostriatal dopaminergic
circuitry exist in the aging brain and may account for alterations in motor function (Fearnley
and Lees, 1991; Emborg et al., 1998).

The hippocampal formation is another brain region that receives dopaminergic projections
from the mesencephalon, specifically the vental tegmentum (Scatton et al., 1980; Verney et
al., 1985), and is also vulnerable to aging. Previous studies in rats have demonstrated
significant age-related decreases in DA levels (Godefroy et al., 1989; Miguez et al., 1999)
and DA receptors (Amenta et al., 2001) in the hippocampus of aged rats. Parallel alterations
in humans have been demonstrated in brain regions associated with cognition during aging,
including the hippocampus and temporal neocortex (Rinne, 1987; Seeman et al., 1987;
Camps et al., 1989; Cortes et al., 1989; Rinne et al., 1990; Kaasinen et al., 2000; Inoue et al.,
2001). At present, few primary data exist regarding the cellular specificity of age-related
decline of DA receptor expression within the human temporal lobe. Primary difficulties in
evaluating DA receptor subtypes in temporal lobe and other cortical regions include a
moderate DA receptor subtype density and the paucity of high-affinity/receptor-selective
ligands for D1-D5 DA receptors. Alternatively, use of gene expression technologies
provides the means to evaluate selectively all DA receptor subtypes in discrete brain
regions. For example, Meador-Woodruff and colleagues (Meador-Woodruff, 1994; Meador-
Woodruff et al., 1996) have demonstrated the presence of mMRNAs encoding the five known
DA receptors in the human hippocampal formation by using in situ hybridization. These
studies suggest a heterogeneous distribution within subfields of the hippocampal formation
and laminae of the temporal lobe. However, the relative abundance of DA receptor mRNAS
in specific neuronal populations making up these subregions remains elusive. In situ
hybridization allows the analysis of a given mRNA in a single neuron, yet the sensitivity
may not allow the analysis of low-abundance mMRNASs or the means to evaluate humerous
transcripts within the same tissue section. Moreover, reliance on regional assessment of gene
expression emphasizes transcripts contained in the majority of neuronal and glial
populations and/or transcripts in highest abundance in the region, which may not adequately
reflect alterations in gene expression in target neuronal populations. Single-cell molecular
biological procedures allow precise localization of changes in gene expression within brain
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regions (Eberwine et al., 1992; Surmeier et al., 1996; Ginsberg et al., 1999, 2000; Hemby et
al., 2002). In the present study, single-cell gene expression procedures were used to assess
the relative abundance of DA receptor mRNA levels in CA1 pyramidal neurons and
entorhinal cortex (EC) layer Il stellate neurons from human post-mortem brain tissue,
permitting precise dissection and detailed molecular characterization of specific neuronal
populations that are the principal neuronal conduits of information to the hippocampal-
entorhinal circuit.

MATERIALS AND METHODS

Subjects

Post-mortem human brain specimens were obtained at autopsy from 18 neurologically
normal individuals from the established brain collection of the Center for Neurodegenerative
Disease Research, University of Pennsylvania School of Medicine, and all of the tissue
samples were harvested using the same methods and procedures (Table 1). Ages ranged
from 19 to 92 years; 10 subjects were male, and eight were female. Gross and microscopic
diagnostic neuropathologic examinations, which included examination of multiple cortical
and subcortical regions, were performed in all cases, and no neuropathological abnormalities
relevant to mental status were found. All examined patients were without history of
neurological or major psychiatric illness.

Immunocytochemistry

Tissue blocks, which included the middle portion of the EC (subfield EI), were dissected
from the temporal lobe at autopsy, fixed in ethanol (70%/150 mM NacCl), embedded in
paraffin, and cut into 6 um sections, as described previously (Ginsberg et al., 1999, 2000;
Hemby et al., 2002). One section from each individual was stained with acridine orange to
verify the presence of nucleic acids in the tissue (Ginsberg et al., 1997, 1998; Hemby et al.,
2002). To identify individual neurons for subsequent single-cell analysis,
immunocytochemistry was performed on sections using a monoclonal antibody to
nonphosphorylated neurofilaments (RmdO20; Ginsberg et al., 1999, 2000; Hemby et al.,
2002). The antibody was labeled with the avidin-biotin method (ABC Vectastain; Vector
Laboratories) and visualized with 3,3’-diaminobenzidine.

Single-cell gene expression

After immunolabeling, a 66-base-pair oligo(dT)-T7 primer/promoter
[AAACGACGGCCAGTGAATTGTAAT-ACGACTCACTATAGGCGC(T)24] was
hybridized to poly(A*) mRNA overnight in 50% formamide/5x SSC at 25°C in a
humidifying chamber. cDNA was synthesized directly on the tissue sections (in situ
transcription) using avian myeloblastosis virus reverse transcriptase (AMVRT; 0.5 U/pl;
Seigagaku America) in Tris buffer (pH 8.3) containing 6 mM MgCly; 120 mM KCI; 7 mM
dithio-threitol (DTT); 250 uM each of dATP, dCTP, dGTP, and TTP; and 0.12 U/ul of
RNAsin (Tecott et al., 1988). Tissue sections were incubated in the aforementioned solution
at 37°C for 90 minutes, washed twice in 2x SSC at 25°C for 5 minutes, and stored at 4°C in
0.5% SSC for up to 72 hours. After in situ transcription, layer 11/11 stellate neurons and CAl
pyramidal neurons were dissected using a micropipette attached to a micromanipulator
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under high-power objective field (40x). Although there was minimal disruption of the
surrounding neuropil, the possibility exists that mRNA of other cells within the vicinity of
the dissection may have been included in the analysis. Contents were collected in the pipette
and emptied into 1.5 ml microcentrifuge tubes for second-strand cDNA synthesis and
subsequent aRNA amplification. The amplification and reamplification procedures have
been described in detail elsewhere (Eberwine et al., 1992, 1998; Ginsberg et al., 2000;
Hemby et al., 2002). During the second round of amplification, 33P-UTP was incorporated
for the RNA probes from each subject destined for custom-designed cDNA array
hybridization. Under optimal conditions, the first round of aBRNA amplification results in
approximately a 1,000-fold yield, and two rounds of amplification result in approximately a
108-fold increase over the original amount of each poly(A*t) mRNA. The aRNA procedure is
a linear amplification process with minimal change in the relative abundance of the mRNA
population in the native state of the neuron. mMRNA can be reliably amplified from small
amounts of fixed tissue including individual neurons (Ginsberg et al., 1999, 2000; Hemby et
al., 2002).

Custom-designed cDNA array analysis

Custom-designed cDNA arrays were synthesized using 1 pg of linearized plasmid cDNAs/
ESTs cross-linked to nylon membranes (Hybond XL; Amersham Biosciences, Arlington
Heights, IL). Arrays contained D1-D5 DA receptor subtypes (Table 2). Clones for the DA
receptor subytpes contained sequences specific for the seven-transmembrane-spanning
region of the respective receptor cDNAs. Comparisons of the cDNA sequences used for this
study revealed no homology among the receptor subtypes. In addition to the DA receptor
cDNAs, approximately 220 cDNAs encoding transcripts for classes of genes, including
cytoskeletal elements, neurotrophins, glutamate receptors, protein phosphatases/kinases, and
synaptic markers (Ginsberg et al., 1999, 2000; Hemby et al., 2002) were included on the
array. Each cDNA/EST on the custom-designed cDNA arrays was verified by restriction
digestion and sequence analysis.

Custom-designed cDNA arrays were hybridized for 24 hours at 44°C in a rotisserie
hybridization oven (Hybaid) with the following solution: 50% formamide, 6x SPPE, 5x
Denhardt’s solution, 0.1% sodium dodecyl sulfate (SDS), 200 ng/ml sheared salmon sperm,
and 1.0 mM sodium pyrophosphate. After hybridization, membranes were washed
sequentially with 2x SSC/0.1% SDS, 0.5x SSC/0.1% SDS, and 0.1x SSC/0.1% SDS for 20
minutes each at 44°C. Labeled hybridized products were detected using phosphoimager
cassettes, and hybridization signal intensities were analyzed using ImageQuant software
(Amersham Biosciences).

Data analysis

Densitometry values (hybridization intensities) were obtained for each clone and subtracted
from the value obtained for vector only (pBluescriptll) as well as background (nonspecific)
hybridization on the array. The net densitometry value was divided by the summed values
for all of the clones on the array (global normalization) to yield a normalized value for each
clone on the array, thereby minimizing variations resulting from differences in the specific
activity of the probe and the absolute quantity of probe present (Ginsberg et al., 2000;
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Hemby et al., 2002). Data were analyzed using multiple linear regression analysis with age
as the dependent variable and gene expression as the independent variable. The null
hypothesis was rejected at P < 0.05.

Examination of neurofilament-immunoreactive tissue sections of the human temporal lobe
revealed a distinct laminar pattern of immunoreactivity confined to the somatodendritic
region of neurons in layers I1/111 and V of the EC and Ammon’s horn subfields of the
hippocampal formation. No apparent differences in the staining intensity or reaction product
distribution were observed between the cell groups. Acridine orange staining did not reveal
any significant differences in the presence of nucleic acid content between the two cell
groups, which is similar to previous observations by our group (Ginsberg et al., 1997, 1998).

mRNAs encoding all five of the DA receptors were detected in all CA1 pyramidal and layer
[1/111 EC stellate neurons in the present study. Relative abundance of the DA receptor
subtype mRNAs varied slightly between CA1 pyramidal neurons (D3 > D5 > D1 > D2 >
D4) and layer Il stellate cells (D3 > D5 > D2 > D1, D4). In contrast, no difference in relative
expression was observed between the two cell populations for the cytoskeletal elements -
actin and tau. A significant age-related decline was found in CA1 pyramidal neurons for D1
(y=-0.51-age + 58.92, P < 0.001, R =0.764), D2 (y = -0.52 - age + 60.24, P< 0.001,R =
0.775), D3 (y = -1.11 - age + 103.69, P < 0.01, R = 0.895), D4 (y = -0.48 - age + 53.24, P <
0.001, R =0.789), and D5 (y = —0.54 - age + 65.36, P < 0.028; R = 0.533) DA receptor
mRNAs (Fig. 1). The percentage declines per decade for each receptor subtype were 5.2%,
5.0%, 11.2%, 4.7%, and 5.0%, respectively. In contrast to CA1 pyramidal neurons, no
significant age-related changes were observed in EC layer |1 stellate neurons for D1 (y =
0.02 - age +9.48, P=0.86, R = 0.06), D2 (y = -0.11 - age + 25.88, P = 0.31, R = 0.31), D3
(y=-0.32-age +54.79, P=0.31, R=0.31), D4 (y =0.07 - age + 11.58, P=0.61, R =
0.16), or D5 (y = —0.12 - age + 34.13, P = 0.56, R = 0.12) subtypes (Fig. 2).

B-Actin and tau mRNA abundances were also assessed in these neuronal populations in
order to evaluate the specificity of transcript regulation. No significant age-related
differences were observed for -actin in CAL neurons (y = 0.03 - age + 17.17, P =0.802, R
=0.07) or EC layer Il stellate cells (y = 0.07 - age + 10.66, P = 0.496, R = 0.21). Similarly,
there were no significant differences in the abundance of tau in CA1 neurons (4Rtau: y =
0.007 - age +23.21, P=10.962, R = 0.01; 3Rtau: y = 0.03 - age + 17.99, P = 0.578, R = 0.16)
or layer 11 stellate cells (4Rtau: y = 0.05 - age + 8.23, P = 0.653, R = 0.14; 3Rtau: y = -0.18 -
age + 32.11, P=0.16, R = 0.45). These observations suggest a selective age-related decline
in DA receptor subtypes rather than a global down-regulation of several classes of
transcripts (Fig. 3).

DISCUSSION

The present study demonstrates a significant age-related decline in DA receptor subtype
mRNAs in CA1 pyramidal neurons but not EC layer |1 stellate cells in clinically normal
human post-mortem brain tissues. The localization of DA receptor mMRNAS to human
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hippocampal and EC neurons is consistent with observations using alternative molecular-
based techniques (e.g., in situ hybridization histochemistry) in human brain (Meador-
Woodruff, 1994; Meador-Woodruff et al., 1996) and rodent brain (Ciliax et al., 1994;
Meador-Woodruff et al., 1994). All five of the cloned DA receptor subtype mRNAs were
coexpressed in both CAL pyramidal neurons and EC layer |1 stellate neurons. Slight
differences in the relative abundance of DA receptor subtype mMRNAS were observed
between CA1 pyramidal neurons (D3 > D5 > D2, D1 > D4) and layer Il stellate cells (D3 >
D5 > D2 > D1, D4), variations that likely reflect intrinsic differences between the individual
cell types, in that many classes of transcripts (e.g., Synaptic markers, neurotrophin receptors)
have been shown to differ across individual cell types as well as within discrete subregions
(Ginsberg et al., 1999, 2000; Hemby et al., 2002). Importantly, in addition to providing
expression profile-based evidence of the presence of the five DA receptor mRNAS in
hippocampal neurons, this report demonstrates a selective, cell-type-specific, direct
association between age and decreased DA receptor mMRNA levels in individual neurons
obtained post-mortem from cognitively normal human subjects.

Age-related impairments of motor and cognitive function in humans have been associated
with regional-specific changes in DA function, primarily in the nigrostriatal pathway (Kane
et al., 1982; Odenheimer et al., 1994; Volkow et al., 1996). Age-related loss of SNpc
neurons and decreased striatal DA neurotransmitter levels have also been observed
(Goldman-Rakic and Brown, 1981; Fearnley and Lees, 1991; Ma et al., 1999a).
Furthermore, gene expression studies have revealed decreased DA transporter mRNA in the
SNpc of aged humans (Bannon et al., 1992; Bannon and Whitty, 1997) and complementary
decreases in DA transporter and tyrosine hydroxylase immunoreactivity in humans (Ma et
al., 1999a) and nonhuman primates (Emborg et al., 1998). However, others report no
significant loss of midbrain DA neurons with age (Muthane et al., 1998; Kubis et al., 2000).
Nevertheless, alterations in the SNpc are paralleled by numerous studies reporting age-
related declines in striatal D1-like and D2-like receptor binding sites shown with in vivo
imaging techniques (Rinne et al., 1990, 1993; Antonini and Leenders, 1993; lyo and
Yamasaki, 1993; Antonini et al., 1995; VVolkow et al., 1996, 1998, 2000; Wong et al., 1997;
Ichise et al., 1998; Wang et al., 1998) and from post-mortem studies (Severson et al., 1982;
Rinne, 1987; Rinne et al., 1990).

As noted previously, alterations in hippocampal DA function may be related to memory
formation and related cognitive functions (Squire and Zola-Morgan, 1991; Zola-Morgan and
Squire, 1993; Zola-Morgan et al., 1994; Leonard et al., 1995). Disruption of the functional
integrity of DA neurotransmission in these regions has been correlated with the
pathophysiology of schizophrenia (Akil et al., 2000; Bigliani et al., 2000; Xiberas et al.,
2001) and Alzheimer’s disease (AD; Ryoo and Joyce, 1994; Joyce et al., 1998; Volkow et
al., 1998; Ginsberg et al., 2000) and may contribute to the cognitive decline associated with
normal aging (Volkow et al., 1998). Previous studies have demonstrated significant age-
related decreases in DA transmission (Godefroy et al., 1989; Miguez et al., 1999; Amenta et
al., 2001) in the hippocampus of aged rats, and simlar alterations have been demonstrated in
the hippocampus and temporal neocortex of humans (Rinne, 1987; Seeman et al., 1987;
Rinne et al., 1990; Kaasinen et al., 2000; Inoue et al., 2001). Recently, two studies have
reported age-related decreases in D2/D3 receptor density in hippocampus (10-12% decline
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per decade) and temporal cortex (9-12% decline per decade) by using positron emission
tomography and [11C]JFLB 457 (Kaasinen et al., 2000; Inoue et al., 2001). These studies
provide important information on age-related changes in DA receptor density in the human
hippocampal formation. However, a comprehensive evaluation of DA receptor regulation in
humans is limited by the specificity of available ligands for D1-D5 receptors and the ability
to discern changes in specific neuronal populations within these regions. The present study
extends previous observations at the regional/binding site level to include cell-specific
localization of DA receptors. Down-regulation of D1, D2, and D3 receptors is consistent
with imaging and binding studies; however, age-related decreases in D4 and D5 receptor
mRNAs are a novel finding because of the ability to discriminate DA receptor subtypes
based on sequence composition as well as cellular morphology and localization of discrete
cell types within the hippocampal formation. Future studies are warranted to determine the
localization of D4 and D5 receptor subtypes in the hippocampal formation and the potential
quantitative and qualitative alterations in these receptors during ageing and disease,
provided that subtype-selective and/or -specific ligands become available.

The reliability of mMRNA levels as an indicator of protein levels and the functional role of
proteins in cellular function is variable. Translational accessibility, posttranslational
modifications, and phosphorylation states of proteins can all disrupt the balance between
mRNA and functional protein. The absence of age-related decreases in layer 1l stellate
neurons does not imply a lack of functional alterations or that involvement in a protein is not
occurring, or vice versa that a differentially expressed mRNA is involved. Though not
assessing protein levels, gene expression strategies provide the specificity to evaluate each
of the DA receptor subtypes in defined brain regions. Moreover, single-cell RNA
amplification procedures combined with microarrays allows the evaluation of coordinate
changes in the expression of multiple transcripts from discrete neuronal populations within
regions (Ginsberg et al., 1999, 2000; Hemby et al., 2002). The present results extend
previous imaging studies by demonstrating neuron-specific age-related decreases in all of
the DA receptor subtype mRNASs. The demonstration of cell-type-specific, age-related
decreases in DA receptor subtypes is particularly important when attempting to compare
relative expression levels between cognitively normal control subjects and patients with
neurodegenerative or neuropsychiatric disorders. Specifically, extra care must be taken to
age match subjects appropriately or, at a minimum, have no significant differences in age
across the groups. Otherwise, age-related decline in DA receptor subtype mMRNAS may
obscure data analysis through increased variation in the control and/or disease groups.
Importantly, age-related decline in DA receptors (observed in normal and/or diseased
subjects) may not be involved with mechanisms underlying the pathophysiology of a disease
and may reflect changes specific to senescence. Notwithstanding this caveat, our group has
demonstrated a clear down-regulation of the five DA receptor subtypes in neurofibrillary-
tangle-bearing CA1 pyramidal neurons in AD brains vs. nontangle-bearing CA1 neurons in
age-matched controls (Ginsberg et al., 2000).

The results of the present study identify a selective, age-related alteration in receptor
subtypes of a single neurotransmitter system that may affect the functional integrity of
hippocampal circuitry. For example, decreased expression of DA receptor mRNAs in CAl
pyramidal neurons may result in decreased receptor protein levels in the CA1 region and/or
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CAL1 projection areas, subiculum, and to a lesser extent EC. Future studies should include a
detailed immunohistochemical assessment of CAL perikarya and terminal fields to
determine the degree of correlation between D1-D3 DA receptor subtype mRNA and
protein levels. As mentioned previously, similar assessments for D4 and D5 DA receptor
subtypes is dependent on the future availability of selective and specific antibodies and
ligands. Evidence indicates decreased densities of D1 and D2 receptors in the hippocampus
that are age related (Kaasinen et al., 2000, 2002; Inoue et al., 2001); however, the resolution
of these techniques obviates the assessment of DA receptor subtypes at the subregional
level. By contrast, lack of age-related decreases in DA receptor mRNAs in entorhinal
stellate cells does not indicate that this neuronal population was unaffected by the aging
process. On the contrary, there were significant alterations in synaptic proteins and
glutamate receptors in a single-cell survey of stellate cells in aged schizophrenics (Hemby et
al., 2002). Future studies are warranted to determine whether these or other transcripts may
be preferentially dysregulated in this cell population with aging.

In summary, the present study provides direct evidence of age-related decreases in DA
receptor mRNAs that are cell type specific within the hippocampal formation.
Understanding alterations in the functional integrity of dopaminergic neurotransmission
within the hippocampal formation and other forebrain regions is a critical step in the
development and/or refinement of pharmacotherapies that may delay the onset and/or
prevent some of the psychopathology associated with senescence. Future characterization of
altered expression patterns for thousands of genes via molecular fingerprinting techniques in
homogeneous cell populations within the human brain, as well as the brains of appropriate
animal models, will provide a panoramic view of the potential molecular underpinnings of

aging.
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Age-dependent assessment of DA receptor mRNA levels in hippocampal CA1 pyramidal
neurons. MRNA expression values correspond to hybridization signal intensity for
individual transcripts divided by the total blot hybridization signal intensity - 100. Symbols

represent relative abundance of mMRNAs for the transcripts for each subject.
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Fig. 2.
Age-dependent assessment of DA receptor mRNA levels in EC layer |1 stellate cells. mRNA

expression values correspond to hybridization intensity for individual transcripts divided by
the total blot hybridization intensity - 100. Symbols represent relative abundance of mMRNAs
for the respective transcripts for each subject. In contrast to the case for CA1 pyramidal
neurons, no significant age-related decrease in DA receptor expression was found.
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Fig. 3.
Relationship of B-actin, 4Rtau, and 3Rtau mRNA expression in CA1 and stellate cells from

EC layers I1/111 to age. Symbols represent relative abundance of mRNASs for the transcripts
for each subject for CA1 (red dots) and EC layer |1 stellate cells (black dots).
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TABLE 2

Dopamine Receptor Subtype cDNAs

cDNA  Product (bp)

Accession No./position

D1 166
D2 226
D3 278
Dal 365
D52 764

M35077.1/710-875
M36831.1/841-1,066

NM 017140.1/745-1,022
NM 012944.1/1,045-1,409

M69118.1/690-1,454

1Courtesy of Karen O’Malley, Washington University.

2Courtesy of Marc Caron, Duke University.
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