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Abstract

Alpha-2 adrenergic receptors (A2AR) regulate multiple brain functions and are enriched in
developing brain. Studies demonstrate norepinephrine (NE) plays a role in regulating brain
maturation, suggesting it is important in A2AR development. To investigate this we employed
models of NE absence and excess during brain development. For decreases in NE we used N-(2-
chloroethyl)-N-ethyl-2-bromobenzylamine hydrochloride (DSP4), a specific noradrenergic
neurotoxin. Increased noradrenergic terminal density was produced by methylazoxymethanol
acetate (MAM) treatment. A2AR density was assayed with [?H]RX821002 autoradiography.
DSP4 lesions on postnatal day (PND) 3 produce A2AR decreases in many regions by PND 5.
A2AR recover to control levels by PND 15 and 25 and there is no further change in total receptor
density. We also assayed A2AR in brains lesioned with DSP4 on PND 13, 23, 33 and 43 and
harvested 22 days post-lesion. A2AR levels remain similar to control at each of these time points.
We examined A2AR functionality and high affinity state with epinephrine-stimulated [3°S]GTPyS
and [125 I]p-iodoclonidine autoradiography, respectively. On PND 25, control animals and animals
lesioned with DSP4 on PND 3 have similar levels of [3°S]GTPyS incorporation and no change in
high affinity state. This is in contrast to increases in A2AR high affinity state produced by DSP4
lesions of mature brain. We next investigated A2AR response to increases in norepinephrine levels
produced by MAM. In contrast to DSP4 lesions, increasing NE results in a large increase in
A2AR. Animals treated with MAM on gestational day 14 had cortical [BH]JRX821002 binding
100-200% greater than controls on PND 25, 35, 45, 55 and 65. These data indicate that NE
regulation of A2AR differs in developing and mature brain and support the idea that NE regulates
A2AR development and this has long term effects on A2AR function.
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Norepinephrine (NE) is a neurotransmitter that signals through alpha-1, alpha-2 and beta
adrenergic receptors. Studies support a role for NE in brain function as well as brain
development (Lauder, 1993; Lipton and Kater, 1989). Experiments have further indicated
noradrenergic receptors are important in developing as well as mature brain. For instance,
noradrenergic signaling through alpha-1 adrenergic receptors has an important role in
regulating prefrontal cortical function of adult animals (Ramos and Arnsten, 2007). Beta-
adrenergic receptor stimulation plays an important role in memory processes within the
amygdala and hippocampus (Bush et al., 2010; Murchison et al., 2011). In the developing rat
brain, alpha-1 adrenergic receptors are observed as early as embryonic day 14 suggesting
important developmental roles (McCune and Hill, 1995). Beta receptor stimulation in
neonatal rats is important for learning-induced plasticity in the olfactory system (Sullivan et
al., 1989).

Alpha-2 adrenergic receptors (A2AR) are also implicated in distinct processes within mature
as well as developing brain. Alpha-2 adrenergic receptors are widely distributed throughout
the central nervous system (CNS) (Nicholas et al., 1993; Unnerstall et al., 1984; Wamsley et
al., 1992) and subserve many physiological functions. These G protein-coupled receptors
(GPCR) activate Gjj, proteins to inhibit adenylyl cyclase (Duman and Enna, 1986;
Woodcock and Johnston, 1982), activate inwardly rectifying K* channels and modulate
voltage-gated calcium channels (Abdulla and Smith, 1997; Huangfu and Guyenet, 1997;
Jeong and Ikeda, 2000). A2AR are known to be localized both presynaptically and
postsynaptically. Activation of the presynaptic receptors inhibits release of
neurotransmitters, including NE, glutamic acid, aspartic acid and GABA (Bucheler et al.,
2002; Hein et al., 1999; Kamisaki et al., 1992). Downstream, A2AR activate mitogen-
activated protein kinase and negatively regulate immediate early gene (IEG) expression
(Shen and Gundlach, 2000; Williams et al., 1998).

The widespread CNS distribution of A2AR and the important roles these receptors play in
regulating CNS functions are the bases for their being frequent pharmacological targets for
the treatment of pathophysiological states. The A2AR agonist, clonidine, is widely
employed as an anti-hypertensive agent due to its actions on cardiovascular regulatory
centers in the brainstem (Yamazato et al., 2001). Dexmedetomidine reduces infarct size in
models of brain ischemia (Jolkkonen et al., 1999; Matsumoto et al., 1993). A2AR agonists
also have been shown to enhance cognition. Guanfacine improves working memory and
function of the prefrontal cortex (Arnsten et al., 1996; Franowicz and Arnsten, 1999;
Franowicz et al., 2002). Antagonists at A2AR are employed as antidepressants (Davis et al.,
2001).

There are three subtypes of A2AR, designated A/D, B and C (Bylund, 1992; Kable et al.,
2000). A2AR mRNA is enriched in many developing brain structures, suggesting it plays an
important role in brain development. For example, by E19 A2AR-A are expressed at high
levels in the cortex, septum and olfactory system at levels equivalent to those seen in adult
brain. In areas such as the basal ganglia, amygdala, thalamus, spinal cord and brainstem
A2AR-A mRNA is expressed at high levels in early development and then decreases with
subsequent maturation of the nervous system (Winzer-Serhan et al., 1997a). A2AR are
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expressed at very high levels in white matter of developing rat CNS, then disappear in
adulthood, indicating a role in regulating development (Sanders et al., 2005b). In cortex of
the embryonic rhesus monkey A2AR display a high receptor density which surpasses that
for most other receptors (Lidow and Rakic, 1994).

We sought to determine the role of noradrenergic innervation in the development of A2AR.
Several studies have demonstrated important roles for NE in developmental processes.
These include the regulation of synaptic density, neuronal morphology and IEG expression
(Felten et al., 1982; Parnavelas and Blue, 1982; Sanders et al., 2008). Based on this, we
hypothesized that norepinephrine plays an important role in regulating the maturation of
A2AR. To address this question we employed models of norepinephrine absence and excess
during development. To study the effect of decreases in norepinephrine during development
we used N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine hydrochloride (DSP4) lesions of
neonatal rats. DSP4 decreases brain norepinephrine by selectively destroying the terminals
of the noradrenergic neurons originating in the locus coeruleus, which provide the majority
of brain NE (Jonsson et al., 1982). Increasing NE during brain development was
accomplished by the methylazoxymethanol acetate (MAM) lesion model (Johnston et al.,
1979). In this study we provide evidence that NE plays an important role in directing A2AR
development and that noradrenergic regulation of A2AR differs in the developing and
mature brain.

2. EXPERIMENTAL PROCEDURES
2.1. Materials

2.2. Animals

[3H]RX821002 (58 Ci/mmol: 2-[2-(2-methoxy-1,4benzodioxanyl)]imidazoline
hydrochloride) was obtained from Amersham (Arlington Heights, IL). [3°S]GTPyS
(1000-1500 Ci/mmol), [1251]p-iodoclonidine (2200 Ci/mmol) and [3H]nisoxetine (80 Ci/
mmol) were purchased from NEN Life Science Products (Boston, MA). Epinephrine
bitartrate, N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine hydrochloride (DSP4),
RX821002, rauwolscine, glycylglycine HCI, dithiothreitol (DTT) and desipramine were
purchased from Sigma (St. Louis, MO). Guanosine 5'-diphosphate sodium (GDP) was
purchased from United States Biochemical (Cleveland, OH). Methazoxymethanol (MAM)
was obtained from NCI (Kansas City, MO). All other chemicals were research grade.

Sprague-Dawley rats (Sasco, Kingston, NY) were bred in our colony. For DSP4 studies,
animals were treated with 50 mg/kg of DSP4 in sterile saline, i.p. For MAM studies
pregnant Sprague-Dawley rats (Sasco, Kingston, NY) were injected with 25mg/kg MAM in
sterile saline, i.p., on day14 of gestation. Control animals received saline. Brains were
collected and rapidly frozen on dry ice and stored at —80 °C. For studies correlating
[3H]nisoxetine binding with NE levels, animals were injected with DSP4 or saline on PND 8
and harvested on PND 32. Procedures were in strict accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals (NIH Publication No. 80-23,
revised 1996) and were approved by the UNMC Animal Care Committee. Studies were
designed to minimize the number of animals used and their pain and suffering.

2.3 AUTORADIOGRAPHIC PROCEDURES

2.3.1. [3H]RX821002 Autoradiography—Brains from control and DSP4 treated rats
were frozen on dry ice and stored at —80°C until use. Brains were sectioned at 16 um and
thaw mounted onto gelatin-subbed slides. Slides were then stored at —80 °C with desiccant.
Prior to incubation sections were brought to room temperature (RT) for 45 min. Sections
were then incubated in 2.0 nM [2H]RX821002, 50 mM sodium phosphate, pH 7.4 for 1hr at
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RT. Nonspecific binding was determined by addition of 10 uM rauwolscine. Incubation was
followed by two 5 min washes in ice-cold buffer followed by a quick dip in ice cold water to
remove salts. Sections were then dried under a stream of cool air and apposed to tritium
sensitive film (Hyperfilm-3H, Amersham) for four weeks. Film was developed in Kodak
D19 (Rochester, N.Y.) for 5 min, Kodak indicator stop bath for 30s and Kodak Rapid Fixer
for 4 min.

The MCID image analysis system (MCID-MT7; Interfocus Imaging, Ltd., Linton, England)
and commercial tritium standards (American Radiolabeled Chemicals, St. Louis, MO) that
were individually calibrated to [3H]-tissue standards were used to quantify receptor densities
from films. Neuroanatomy was confirmed by comparison with a brain atlas (Paxinos and
Watson, 1998).

2.3.2. [125]|Para-lodoclonidine Autoradiography—Sections, obtained as described
above for [3H]RX821002 autoradiography, were allowed to come to room temperature and
were then incubated for 3 hr at RT in 50 mM Tris—HCI, 120 mM sucrose, pH 7.4 with 50
pM [125[]p-iodoclonidine as ligand. Nonspecific binding was determined by addition of 10
uM rauwolscine. Sections were incubated in a horizontal mailer on a shaking water bath
platform. Every 15 min mailers were gently inverted three times to ensure homogenous
distribution of the radioligand. After incubation sections were washed two times for 5 min in
ice-cold 50 mM Tris—HCI, pH 7.4, briefly dipped in ice-cold distilled water and rapidly
dried under a stream of cool air. Sections were apposed to Biomax film (Kodak) for 48 h
and developed by standard procedures. Autoradiographic densities were quantified based on
commercial tritium standards (American Radiochemicals) that were individually calibrated
to [1251]-tissue standards (Miller et al., 1988). Neuroanatomy was confirmed by comparison
with a brain atlas (Paxinos and Watson, 1998).

2.3.3. [3H]Nisoxetine Autoradiography—[3H]Nisoxetine autoradiography was carried
out as previously described (Sanders et al., 2005a). Briefly, 16pum sections were incubated in
2.0 nM [3H]nisoxetine in 10 mM NayHPO,, 300 mM NaCl and 5 mM KCI, pH 7.4, for 4 h
at 4 °C. Inclusion of 10 pM desipramine defined nonspecific binding. Sections were washed
in three separate 5 min washes of ice-cold incubation buffer and dipped in ice-cold water.
After being dried under a stream of cool air, slides were apposed to tritium-sensitive film
(HyperFilm-3H; Amersham Corp) for 8 weeks. Films were developed in Kodak D19 for 5
min, stop bath for 30s and Kodak Rapid Fixer for 7 min. Images were analyzed with the
MCID-M7 image analysis system and autoradiographic densities quantified based on
commercial tritium standards (American Radiochemicals, St. Louis, MO) that were
individually calibrated to [3H]-tissue standards. Neuroanatomy was confirmed by
comparison with a brain atlas (Paxinos and Watson, 1998).

2.3.4. A2AR Agonist-Stimulated [3°S]GTP S Autoradiography—Frozen slide-
mounted 16pm tissue sections, obtained as described above for [BH]RX821002
autoradiography, were allowed to come to RT for 30 min. They were then hydrated in assay
buffer (50 mM glycylglycine, 3 mM MgCl,, 1 mM EGTA, 100 mM NaCl, pH 7.5) at RT for
10 min. This was followed by incubation in assay buffer containing 2 mM GDP for 30 min.
Receptor stimulation was carried out for 2 hr in assay buffer containing 2 mM GDP, 0.1 nM
[35S]GTPyS, 0.2 mM DTT and 100 uM epinephrine. Addition of 10 uM RX821002, a
specific A2AR antagonist, defined the A2AR specificity of receptor stimulation. Sections
were washed 2x5 min in ice cold 50mM glycylglycine, 0.2 mM DTT, pH 7.5. Slides were
then placed on film (Bmax Hyperfilm, Amersham) for 24 h. Autoradiographic densities were
quantified based on commercial tritium standards (American Radiochemicals, St. Louis,
MO) that were individually calibrated to [3°S]-tissue standards (Miller et al., 1988).

Neuroscience. Author manuscript; available in PMC 2012 September 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sanders et al. Page 5

Neuroanatomy was confirmed by comparison with a brain atlas (Paxinos and Watson,
1998).

2.4. HPLC Analysis Of NE Levels

Endogenous norepinephrine was assayed by high pressure liquid chromatography (HPLC).
Freshly isolated cerebral cortex and hippocampus were homogenized in a solution consisting
of 2.4% HCIOy4, 0.1% sodium metabisulfite and 0.05 % Na,EDTA. The homogenized
sample was centrifuged at 13,000 rpm for 20-30 min at 4 °C. The supernatant was stored at
—70 °C until analysis in the laboratory of Dr. Kaushik Patel, Physiology Dept., University of
Nebraska Medical Center (Patel et al., 1981).

2.5. Statistics

Control brain areas were compared to norepinephrine deficient areas with a two-tailed t test.
Agonist stimulated [3®S]GTPyS binding was analyzed by one way ANOVA followed by
Tukey’s post hoc test.

3. RESULTS

3.1. NET And NE Are Both Reduced To Near Background By DSP4 In Developing Brain

We used the selective noradrenergic neurotoxin, DSP4, to lesion the noradrenergic
innervation of developing rat brain. DSP4 destroys noradrenergic terminals emanating from
the locus coeruleus (Jaim-Etcheverry and Zieher, 1980; Jonsson et al., 1982), which
provides virtually all of the noradrenergic innervation to cortex and hippocampus. Other
brain areas, such as the septum and amygdala, receive an overlapping innervation from the
locus coeruleus and other brainstem noradrenergic nuclei (Lindvall and Bjérklund, 1983;
Moore and Bloom, 1979) and are affected to a lesser extent by DSP4. Autoradiographic
analysis with [3H]nisoxetine, a highly specific ligand for noradrenergic transporters (NET)
and hence noradrenergic terminals (Wong and Bymaster, 1976; Wong et al., 1982), was
used to verify the loss of noradrenergic terminals. We also determined the extent to which
decreases in [3H]nisoxetine binding correlated with decreases in NE in developing brain.
Treating neonatal animals with DSP4 and harvesting brains on PND 32 produces a near
complete elimination of NE in cerebral cortex and hippocampus (Fig. 1A). This decrease is
accompanied by a parallel reduction in NET in both regions (Fig. 1B). This is in agreement
with similar studies in adult brain (Tejani-Butt, 1992) and demonstrates that the effects of
DSP4 in adult brain are also produced in developing brain. Studies in adult animals further
support the parallel between loss of norepinephrine due to DSP4 lesion and loss of
[3H]nisoxetine binding (Cheetham et al., 1996). It is a strength of the autoradiographic
approach that levels of norepinephrine or of [3H]nisoxetine binding can be demonstrated in
sections from the same area as A2AR data are derived.

3.2. Rat A2AR Distribution And Density Develop Independently Of NE

In adult animals denervation or chronic antagonist treatment of many neurotransmitter
receptors leads to a compensatory sensitization of the receptor, frequently characterized by
expression of more cell surface receptors, or receptor up-regulation (Dooley et al., 1983).
We assessed the effects of neonatal noradrenergic depletion on brain A2AR levels during
development using quantitative autoradiography. Rats were lesioned with DSP4 on PND 3
and brains were harvested on either PND 5, 15 or 25. Adjacent sections were used to
measure NET to confirm lesion efficacy. Only animals with a confirmed depletion of NET
greater than 90% within the cortex and hippocampus compared to controls were used for
further studies.
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Control brain A2AR densities of approximately 40-55 fmol/mg tissue are found across PND
5 brain areas. (Fig 2). By PND 25 cortical A2AR density is approximately 55 fmol/mg tissue
while hippocampal fissure A2AR density remains near 40 fmol/mg tissue. Densities in the
amygdala and septum are approximately 150 fmol/mg tissue (Fig 2).

In general, control brains exhibit the greatest values for NET within the septum and
hippocampus and moderately lower densities are observed in the cortex and amygdala.
Neonatal DSP4 decreases NET throughout these areas. This effect is most pronounced in the
cerebral cortex and hippocampus, followed by the amygdala and septum. The presence of
persistent NET in the amygdala and septum reflects the overlapping noradrenergic
innervation of these regions by the dorsal medullary and lateral tegmental noradrenergic
systems that are spared the effects of DSP4 (Fig. 2). Surprisingly, although NET and NE are
dramatically reduced in many brain regions of animals treated with DSP4 neonatally, A2AR
densities are not altered and are similar to control values across all brain areas surveyed. At
PND 5 there is an approximately 50% decrease in A2AR across all brain regions assayed
except the frontal cortex.. These return to control levels in PND15 and PND 25 animals

(Fig. 2).

3.3. Effect Of Neonatal Versus Adult Administration Of DSP4 On A2AR Agonist High
Affinity State

Receptors also may become more sensitive through an increase in agonist affinity or in the
percentage of receptors in the agonist high-affinity state. We determined whether the
number of A2AR in the agonist high affinity state increases as a consequence of loss of
norepinephrine during development despite lack of change in total receptor number. We
used [122I]p-iodoclonidine, an A2AR agonist which selectively binds to the agonist high
affinity state of A2AR when used at very low concentrations.

In PND 25 control rat brain [*2°1]p-iodoclonidine binding is highest in the amygdala and
septum. Lower levels are measured throughout the cortex and in the hippocampal fissure
(Fig. 3A). In control brains the density of [122I]p-iodoclonidine binding on PND 25 parallels
NET and total A2AR density (Figs. 2, 3A). High levels of [1251]p-iodoclonidine binding and
[3H]RX821002 binding are found in the septum with a correspondingly robust level of
[3H]nisoxetine binding. Lower levels of [3H]nisoxetine binding in the cerebral cortex are
accompanied by lower [122[]p-iodoclonidine and [3H]RX821002 binding (Fig 3A). This
comparison of transporter and A2AR suggests that the density of noradrenergic innervation
regulates tissue expression of A2AR and the level of A2AR in the agonist high affinity state.
However, similar to [BH]JRX821002 binding, [12%I]p-iodoclonidine binding does not change
in the face of a long-standing norepinephrine depletion in the developing brain. Values
similar to control are found across brain regions for DSP4-treated neonates examined on
PND 25 (Fig. 3A) and PND 60 (Fig. 3B).

We also examined high affinity A2AR response in more mature animals by lesioning with
DSP4 on PND 48 and examining brains on PND 62. In contrast to brains lesioned on PND 3
and harvested on PND 25 or 60, brains lesioned on PND 48 and harvested on PND 62
exhibit a pronounced up-regulation of [1251]p-iodoclonidine binding in all brain regions
examined (Fig. 3C).

3.4. A2AR Agonist-Stimulated [3°S]GTPyS Binding Develops Independently Of
Norepinephrine

We were surprised to see no change in A2AR density or in percentage of receptors in the
agonist high affinity state following DSP4 lesion in neonatal animals, a contrast to adults.
We next examined whether there is a change in receptor coupling to G proteins, the first step
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in the signal transduction pathway for A2AR, using agonist-stimulated [3®S]GTPyS binding
(Happe et al., 1999). This addressed the question of whether there is increased function of
A2AR in animals that had lost noradrenergic innervation during postnatal development even
though there is no change in receptor number.

Control animals and animals lesioned with DSP4 neonatally are similar in basal [3°S]GTPyS
binding across brain regions and demonstrate similar levels of [33S]GTPyS incorporation in
response to epinephrine stimulation (Fig. 4). For both control and DSP4-treated animals, the
epinephrine-induced increase in [3°S]GTPyS binding above basal levels is ~75% for frontal
cortex, ~30% for amygdala and ~140% for septum (Fig. 4 ). Addition of 10 uM RX821002
is equally effective in blocking epinephrine stimulation across brain regions in control and
DSP4 treated animals. Addition of 10 uM RX821002 alone was assayed for its effect on
[35S]GTPyS binding. Although RX821002 is an inverse agonist at A2AR (Murrin et al.,
2000; Wade et al., 2001) and theoretically could reduce the incorporation of [3°S]GTPyS by
A2AR, it had no measureable effect in our assays. The similarity in epinephrine-induced
[35S]GTPyS incorporation between treatment groups shows that a second messenger
sensitization of A2AR, at least at the level of G protein coupling, does not occur in the
developmental absence of norepinephrine.

3.5. Effect Of Developmental Increase In Norepinephrine On Expression Of A2AR

We found that neonatal lesion of noradrenergic neurons with DSP4 did not alter A2AR
levels or linkage to G proteins, indicating that the expression level and functional linkage of
A2AR is not altered by the absence of NE during development. We next examined the effect
of a developmental increase in NE levels on A2AR expression. We used
methylazoxymethanol acetate (MAM), an alkylating agent that destroys dividing cells to
increase brain levels of NE. Administration of MAM on E14 to pregnant dams results in a
noradrenergic hyper-innervation of the cerebral cortex (Johnston et al., 1981a). The injection
of MAM at E14 destroys the dividing cells in the superficial layers of the cerebral cortex,
leaving the cells of the locus coeruleus and the deep cortical layers unaffected because they
have differentiated before E14 (Johnston et al., 1981a; Luhmann et al., 2003). Because the
noradrenergic innervation is unaffected but its projection field is reduced in volume, the
effect is a noradrenergic hyperinnervation of the cerebral cortex, resulting in a ~220%
increase in the concentration of norepinephrine (Johnston et al., 1981a). Excitatory and
inhibitory neurotransmitters and enzymes that are intrinsic to the projection field, such as
glutamate decarboxylase and y-amino-butyric acid, are minimally affected (Johnston et al.,
1981a; Johnston et al., 1979). Because MAM eliminates superficial layers 2—4 of the
cerebral cortex and preserves layers 5 and 6, this study expresses the NET and A2AR
densities of MAM cortex as a percentage of the levels measured in the corresponding
cortical layers 5 and 6 of control brains.

Brains from MAM-treated animals exhibit a dramatic increase in NET density, 100-300%
greater than control throughout postnatal development. In frontal cortex at PND 25 and 35
NET levels are 100% greater than control levels (Fig. 5). By PND 45 the levels peak at
250% greater than control and then decline to near 150% greater by PND 55 and 65. A
similar pattern of expression is found in parietal cortex where a NET density 180% greater
than control was seen at PND 25 and a peak at 300% greater than control at PND 45, In the
anteromedial amygdala, a region in which DSP4 reduces NET by 55-80%, MAM did not
alter NET expression. This is consistent with the fact that this brain region undergoes the
majority of its neurogenesis by E13, thus escaping the effects of MAM (Bayer, 1980).

In contrast to DSP4, we found that increasing the density of noradrenergic innervation
during development results in a large increase in A2AR. [3H]RX821002 binding in the
frontal cortex was 100% greater than control values at PND 25 (Fig 5). From PND 45
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onward, expression of A2AR in MAM-treated animals is consistently 120% above control
values. In the parietal cortex A2AR are generally 100% above control levels with a peak at
PND 55 that is 200% greater than control. The amygdala of MAM-treated animals does not
have an increase in A2AR. This indicates that the increases in A2AR in MAM-treated
animals are localized to areas of increased noradrenergic innervation and therefore it is
unlikely that they are a non-specific effect of the toxin.

4. DISCUSSION

Alpha-2 adrenergic receptor signaling is an important component in a variety of behavioral
and physiological actions, including learning and memory. The A2AR-B receptor appears to
be important in emotional memory (de Quervain et al., 2007). Local administration of the
A2AR antagonist yohimbine, which increases NE release from nerve terminals, increases c-
fos within the cerebral cortex (Stone et al., 1993), an indication of increased neuronal
activity. The antagonist, RX821002, increases zif268, an IEG involved in learning and
memory, in corteX, hippocampus and amygdala (Shen and Gundlach, 2000; Shen et al.,
1995). Administration of the A2AR agonist, guanfacine, improves working memory in mice,
monkeys, and humans (Franowicz and Arnsten, 1999; Franowicz et al., 2002). Transgenic
mice which lack one or a combination of the three A2AR subtypes display many behavioral
perturbations, including increased immobility in the forced swim test, lack of response to
antidepressants, an exaggerated startle reactivity and reduced pre-pulse inhibition of startle
responses (Kable et al., 2000; see MacDonald et al., 1997).

A role for A2AR during development is suggested by early mRNA expression and protein
enrichment in developing brain (Happe et al., 2004; Lidow and Rakic, 1994; Sanders et al.,
2005b; Winzer-Serhan and Leslie, 1997; Winzer-Serhan et al., 1997a; Winzer-Serhan et al.,
1997b). Behavioral studies with transgenic A2AR animals also support a role for these
receptors in the development and final expression of important CNS functions. Both
A2AR-2A and A2AR-2C regulate memory and learning in behavioral paradigms (Bjérklund
et al., 2000; Hunter et al., 1997) and involvement of A2AR-2C in startle responses, prepulse
inhibition and sensorimotor gating has been demonstrated (Sallinen et al., 1998). Disorders
with deficits in these types of behavior include schizophrenia and attention deficit disorder,
both considered developmental disorders.

Many studies have shown that neurotransmitters, including NE, play important roles as
regulators of nervous system development (Landis, 1990; Lauder, 1993; see Lipton and
Kater, 1989; Meier et al., 1991; Whitaker-Azmitia, 1991). Noradrenergic neurons in the rat
differentiate by gestational day (GD) 12 and project to the cortex at GD 17 (Coyle and
Molliver, 1977; Lauder and Bloom, 1974; Schlumpf et al., 1980). The timing of
noradrenergic cortical innervation coincides with many important events relevant to cortical
development including neurogenesis, neuronal migration, sprouting of cellular processes,
and the formation of synaptic contacts. This occurs largely within the first three weeks of
postnatal development in rodents, a time period in which noradrenergic innervation is
established and subsequently increases to adult levels (Berger-Sweeney and Hohmann,
1997; Markus and Petit, 1987; Murrin et al., 2007).

Neonatal lesion of noradrenergic neurons produces a significant increase in synaptic density
through PND 8 (Blue and Parnavelas, 1982) and an increase in cortical layer VI dendritic
length (Maeda et al., 1974). Similar lesions increase the number of dendritic branches of
pyramidal neurons in cortical layers 111 and IV (Wendlandt et al., 1977) and change
dendritic orientation of layer 1V neurons of the somatosensory cortex (Loeb et al., 1987).
These studies indicate norepinephrine is important in regulating neuronal maturation in the
CNS, particularly in cortex.
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To further address the role of norepinephrine in A2AR development we employed a model
of developmental norepinephrine absence, i.e., DSP4 lesions, and a model of developmental
NE excess, i.e., prenatal treatment with MAM. We found that loss of NE during
development has minimal effect on A2AR expression. A2AR density, agonist high affinity
state and receptor functionality, as measured by linkage to G proteins, are not altered beyond
the first few days by DSP4-induced loss of NE in developing rat brain. This is consistent
with results in dopamine beta-hydroxylase knockout mice (DBH—/—) which have a selective
and complete absence of NE across postnatal development (Sanders et al., 2006). In contrast
to loss of developmental NE, increasing norepinephrine concentrations during development
via MAM treatment leads to large increases in cortical A2AR.

4.1. Norepinephrine Regulation of Brain Development and A2AR

Our study employs the A2AR antagonist, [?H]RX821002 and the A2AR agonist [12°]p-
iodoclonidine to measure brain A2AR. An important factor in interpreting our data is the
ability of A2AR antagonists versus A2AR agonists to label different populations of the
receptor. As a G-protein coupled receptor A2AR exist in agonist high and low affinity
states. A2AR antagonists such [3H]JRX821002 measure changes in the total receptor
population (high- and low- affinity states). In contrast, ligands such as clonidine, p-
iodoclonidine and [3H]-UK 14304 are agonists which a have a much greater affinity for
A2AR in the high-affinity state (Baron and Seigel, 1990; Gerhardt et al., 1990), and when
used in very low concentrations label the high affinity state almost exclusively.

Our initial studies used the A2AR antagonist, [PH]RX821002, to examine the response of
the total A2AR population to neonatal DSP4. Our results demonstrating a loss of A2AR in
the first days following DSP4 lesion suggests that in neonatal cortex a large percentage of
A2AR are presynaptic. Our data agree with previous studies that found a similar decrease
shortly after DSP4 or 6-OHDA lesion (Dausse et al., 1982; Heal et al., 1993). Further
studies used [3H]RX821002 and [251]p-iodoclonidine to measure total A2AR density and
high-affinity state, respectively. From PND 15 through PND 65 we found no difference in
total or high-affinity A2AR density in frontal and parietal cortex when comparing DSP4-
treated rats with controls, in agreement with others (Heal et al., 1993), whereas Dausse and
colleagues found a 20% increase in A2AR in cortex from PND 45-50 rats (Dausse et al.,
1982). These differences may reflect differential effects of 6-OHDA, which destroys
dopaminergic as well as noradrenergic terminals, compared to DSP4, which is primarily a
noradrenergic toxin, or that the earlier studies used membrane binding with [3H]clonidine as
opposed to our studies which used the autoradiographic procedures with [BH]JRX821002 and
[1251]p-iodoclonidine. The selectivity of DSP-4 and similar findings with the specific
elimination of NE in DBH—/— mice (Sanders et al., 2006), however, indicates
developmental loss of norepinephrine does not produce an up-regulation of A2AR, in
contrast to what is found in older animals.

Interpretation of these data requires consideration of the limitations inherent in
developmental lesions. It is possible that a small fraction of a given neurotransmitter pool
may sustain adequate receptor stimulation to maintain normal receptor homeostasis. The
dopaminergic system, for instance, only requires 20% of endogenous dopamine in order to
be functional. Our preliminary studies demonstrate that DSP-4 successfully depletes ~95%
of norepinephrine from the developing cortex and hippocampus. Furthermore DBH—/— mice
are completely devoid of NE postnatally and exhibit small but statistically significant
decreases in [3H]RX821002 binding in the hippocampus but not in cortex (Sanders et al.,
2006). From these findings we conclude it is unlikely the A2AR phenotype in our animal
models is being sustained by very low levels of norepinephrine. The differences between
small A2AR decreases in DBH—/— animals and no change in DSP4 lesioned neonatal rats
may be due to species differences. Alternatively DBH—/— have a complete absence of
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norepinephrine throughout postnatal development and into adulthood, whereas our DSP4
lesions of neonates maintain less than 5% of endogenous NE (Fig. 1A). While this is a small
amount of remaining neurotransmitter, it is possible that a residual amount maintains
receptor stimulation and contributes to differences in A2AR phenotype between these two
models.

We considered whether other neurotransmitters may be activating A2AR in the absence of
norepinephrine, and therefore maintaining normal levels. It has been shown, for instance,
that dopamine has an affinity for A2AR-A and A2AR-C that is comparable to
norepinephrine (Zhang et al., 1999). That dopamine is activating A2AR to maintain the
receptor phenotype in our studies, though, is unlikely. Dopaminergic fibers are restricted in
their projection and have very sparse terminal fields in most of the cortex and hippocampus
(Lindvall and Bjorklund, 1983). Dopamine levels in the hippocampus and occipital cortex,
for example, are far lower than norepinephrine levels. Dopamine levels in the hippocampus
and occipital cortex, for example, are 15 + 2 and 14 + 1 ng/g, respectively, whereas
norepinephrine levels in the hippocampus are 582 + 52 ng/g and in the occipital cortex 329 +
1 (Jonsson et al., 1982). Therefore, it is unlikely that dopamine is stimulating A2AR to
maintain the normal developmental phenotype in areas such as the hippocampus or cortex.
Stimulation by epinephrine or serotonin is also unlikely. Although A2AR have a high
affinity for epinephrine, there is very little epinephrine in the brain. While serotonergic and
noradrenergic terminals broadly overlap, serotonin has a low affinity for A2AR. Therefore
each of these neurotransmitters would be unlikely candidates for compensatory stimulation
in NE’s absence. Based on our studies and these considerations, we conclude that the
elimination of NE from the developing brain does not significantly affect A2AR expression,
affinity state or linkage to G proteins.

Prior studies have documented that the MAM lesion protocol used in these studies results in
a ~220% increase in the concentration of NE in cerebral cortex. Excitatory and inhibitory
neurotransmitters and enzymes that are intrinsic to the projection field, such as y-amino-
butyric acid and glutamate decarboxylase, are minimally affected by MAM treatment
(Johnston et al., 1981a; Johnston et al., 1979). Neurotransmitters originating from brainstem
nuclei, such as serotonin and acetylcholine are increased (Johnston et al., 1981b), but it is
unlikely they influence A2AR given their lack of affinity for the receptors. In addition, there
are other models of increased developmental NE which show increases in A2AR. The
mouse mutant coloboma, which is deficient in SNAP-25 synaptic vesicle docking protein,
has increased NE in certain brain regions and parallel increased A2AR-A mRNA (Jones et
al., 2001).

Treating juvenile rats with desipramine, a tricyclic antidepressant that primarily blocks
norepinephrine reuptake, results in A2AR increases in prefrontal cortex (Deupree et al.,
2007). Fetal cocaine, which also blocks NE reuptake, similarly results in an increase in
A2AR during brain development (Booze et al., 2006; Seidler and Slotkin, 1992). The NET-
KO mouse, which has increased synaptic norepinephrine levels, has a robust increase in
A2AR mRNA as well as functional A2AR receptors (Gilshach et al., 2006).

Cumulatively, these data point to a differential noradrenergic regulation of A2AR in
developing versus adult brain. In general, adult animals show an increase in the A2AR high
affinity state and little change in total A2AR density as a result of noradrenergic lesions
during maturity. For example, 6-OHDA, which lesions noradrenergic and dopaminergic
fibers, results in a doubling of [3H]clonidine high affinity binding sites in cortex (U’Prichard
etal., 1979). Reserpine, which depletes the brain of monoamines including norepinephrine,
results in an up-regulation of high affinity A2AR binding by A2AR agonists [3H]-UK 14304
and [3H]clonidine in the cortex and other brain regions (Giralt and Garcia-Sevilla, 1989;
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Ribas et al., 2001). A separate study of [3H]p-aminoclonidine binding in adult rats lesioned
with DSP4 found an increase in [2H]p-aminoclonidine affinity in cortex, hippocampus,
striatum and cerebellum. These brain wide increases in affinity occurred in the context of an
unchanged Bmax in cortex and cerebellum and slightly decreased Bmax in hippocampus
and striatum (Dooley et al., 1983). An additional study found an increase in cortical A2AR,
as measured by clonidine binding, 7 days after DSP4 treatment of adult rats (Wolfman
1994).

Other studies measuring A2AR with antagonists such as [3H]idazoxan or [3H]RX821002
have found little or no change in receptor density after lesioning the noradrenergic system of
adults (Heal et al., 1993; Hume et al., 1992). The selective up-regulation of high affinity
A2AR is consistent with our own data which shows an increase in cortical [12°1]p-
iodoclonidine binding when animals are lesioned with DSP4 at PND 48 and brains harvested
at PND 62 (Fig. 3C). This occurs alongside no change in cortical [3H]JRX821002 binding
when animals are lesioned with DSP4 during a similar time frame (i.e., treated with DSP4
on PND 43 and brains harvested on PND 65; Fig. 5). This dissociation between increases in
A2AR agonist binding alongside no changes in antagonist binding has been documented in
other studies that deplete norepinephrine in adult rats (Ribas et al., 2001). This has also been
seen in the postmortem brain of suicide victims (Callado et al., 1998; Ordway et al., 1994),
consistent with a norepinephrine deficiency in severe depression.

The effects of depleting NE from the mature brain contrast with those of increasing synaptic
NE by blocking its reuptake, which results in a down-regulation adrenergic receptors. This
has been documented for beta-adrenergic receptors (Daws et al., 1998; Tiong and
Richardson, 1990) and for A2AR using either antagonists or agonists to label the receptor
(Barturen and Garcia-Sevilla, 1992; Deupree et al., 2007; Subhash et al., 2003). The
response of the mature brain to alterations in NE level is the opposite of changes found in
developing brain. We find a decrease or no change in total ay-AR number, high affinity state
or linkage to G proteins following a developmental loss of NE and we find a robust increase
in A2AR density in association with increased developmental NE.

4.2. Clinical Implications

Therapeutically, several psychotropic medications target A2AR and are used to treat
psychopathology in developing as well as adult populations. Guanfacine, a partial A2AR
agonist, is effective in treating children and adolescents with ADHD (Sallee et al., 2009).
Mirtazapine is an antidepressant which acts as an antagonist at A2AR as well as at 5-HT2
and 5-HT3 receptors. While approved for the treatment of depression in adulthood, it also
has been used to treat social phobia in children and adolescents (Mrakotsky et al., 2008).
A2AR antagonist properties are also found in atypical antipsychotics used to treat adult was
well as childhood psychotic and affective disorders. For example, antipsychotics such as
clozapine and risperidone have affinities for A2AR that approximate or surpass their affinity
for dopamine D2 receptors (Bymaster et al., 1996). Atomoxetine, a selective NE reuptake
inhibitor, is also efficacious in the treatment of attention deficit hyperactivity disorder
(ADHD) (Garnock-Jones and Keating, 2009). Its mechanism is thought to involve the
stimulation of A2AR in prefrontal cortex secondary to increasing synaptic norepinephrine
levels (Arnsten, 2009). Similarly, A2AR signaling is proposed to be important in mediating
the therapeutic effects of tricyclic antidepressants (Zhang et al., 2009).

Etiologically, an increase in A2AR levels has been specifically implicated in depressed
subjects who have committed suicide. Previous studies have shown that suicide victims have
increased A2AR-A mRNA as well as A2AR density (De et al., 1997; Escriba et al., 2004).
Polymorphisms in the A2AR-A gene have been associated with susceptibility to suicide
(Fukutake et al., 2008).
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Based upon the widespread clinical targeting of A2AR across the lifespan, their proposed
role in mediating antidepressant action, and their implicated role in psychiatric disorders, it
is important to understand the regulation of these receptors during development and how this
compares to their regulation in adult brain. Our studies suggest that there may be important
differences in the clinical response of developing versus adult populations to agents
targeting A2AR. In particular, these findings may be especially relevant to understanding
differential responses of childhood versus adult depression to antidepressants that work
primarily on the noradrenergic system. Tricyclic antidepressants, monoamine oxidase
inhibitors, and venlafaxine are effective in the treatment of adult depression but may not be
effective in children (see Geller et al., 1999; Hazell et al., 2000; Varley, 2003; Whittington
et al., 2004). Much of the clinical efficacy of these agents is attributable to their actions on
the noradrenergic system (Subhash et al., 2003).

Our characterization of noradrenergic regulation across brain development sheds light on
differences in adult and developing brain and suggests differential regulation of A2AR as a
factor that may subserve differences in adult and juvenile depression (Murrin et al., 2007).

In particular, an immature regulator system for the A2AR in the young animal may help
explain the lack of efficacy of tricyclic antidepressant drugs in pediatric populations (Bylund
and Reed, 2007; Deupree et al., 2007). Finally, these and other studies from this lab
(Sanders et al., 2008) indicate that the long term consequences of exposure to drugs acting
on A2AR differ in developing and mature brain and consideration should be given to this
when treating children and adolescents with such drugs.
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ABBREVIATIONS

A2AR alpha-2 adrenergic receptor

DBH dopamine-B-hydroxylase

DSP4 N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine hydrochloride

DTT dithiothreitol

GD gestational day

IEG immediate early gene

MAM methylazoxymethanol acetate

NE norepinephrine

NET norepinephrine transporter

PND postnatal day (age)

RT room temperature

RX821002 2-[2-(2-methoxy-1,4benzodioxanyl)]imidazoline hydrochloride
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FIGURE 1.

Reduction in NET parallels reduction in norepinephrine levels in DSP4 treated animals.
Neonatal treatment with DSP4 reduces NET and norepinephrine levels in cortex and
hippocampus at PND 32 to <5% of control levels. NET was quantified by [2H]nisoxetine
binding. NE levels were measured by HPLC. ctx = cortex, hip=hippocampus. Data are mean
+ SEM, n = 4. All DSP4 values were significantly different from the corresponding saline
controls, p<0.001.
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FIGURE 2.

Effects of neonatal DSP4 lesion on development of NET and A2AR. DSP4 treatment on
PND 3 greatly reduces NET from PND 5 to PND 25 as measured by [3H]nisoxetine binding.
A2AR density, as measured by [H]RX821002 binding, is reduced in some regions two days
later (PND 5) but recovers and is not significantly changed compared to controls from PND
15 on. Data for frontal cortex (fr ctx) and septum (sep) are from coronal level 0.7 mm
anterior to the bregma while data for parietal cortex (par ctx), amygdala (amy) and
hippocampus (hip) are from coronal level 3.3 mm posterior to the bregma, corresponding to
plates 15 and 33 in Paxinos and Watson (1998). fr ctx=frontal cortex; sep=lateral septum.
Data are mean £ SEM, n = 4-12.

Groups significantly different from saline control, * — p < 0.05; # — p < 0.01.
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Effects of DSP4 lesion on A2AR agonist high affinity state in developing and mature brain.
DSP4 treatment on PND 3 produces no significant change in the level of high affinity state
A2AR on PND 25 (A) or PND 60 (B). In contrast, DSP4 treatment on PND 48 produces

significant increases in levels of high affinity state A2AR on PND 62 (C). Data are
expressed in fmol/mg tissue and are mean + S.E.M., n=3-8. Data for frontal cortex (fr ctx)
and septum (sep) are from the coronal level 0.7 mm anterior to the bregma (3A, 3C) while
data for parietal cortex (par ctx), amygdala (amy) and hippocampus (hip) are from coronal
level 3.3 mm posterior to the bregma (3A, 3B, 3C: Paxinos and Watson, 1998). For 3B

amygdaloid tissue was lost during processing.
* - significantly different from corresponding saline control, p < 0.02.
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FIGURE 4.
Linkage of A2AR to G proteins is not affected by neonatal DSP4 lesion. Rats were treated

with DSP4 at PND 3 and linkage of A2AR to Gjj, was examined at PND 25 using the
[35S]GTPyS assay as described in Methods. Treatment with epinephrine (Epi) increased
[35S]GTPyS binding in all brain regions, similar to previously published studies in adults.
Neonatal treatment with DSP4 did not alter [3°S]GTPyS binding in either control or DSP4
treated animals. There were no significant differences between control (saline) and DSP4
treated animals within any treatment. n= 10-16.

* - significantly different from the corresponding control, RX and Epi+RX, p < 0.001.
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FIGURE 5.

Comparison of the effects of developmental noradrenergic depletion and excess on NET and
A2AR. NET was assayed with [3H]nisoxetine and A2AR with [3H]RX821002. MAM was
administered to pregnant dams on E14 and offspring brains harvested at PND 25, 35, 45, 55
and 65. DSP4 was administered 22 days prior to each of the experimental ages. NE
hypoinnervation during development due to DSP4 lesions reduced NET levels to near zero
but had no effect on A2AR, in contrast to similar lesions in adults. NE hyperinnervation
during development due to MAM lesions significantly increased both NET and A2AR levels
in cortex. Data are mean + SEM, n = 4-6.

* - significantly different from the corresponding control, p < 0.01.
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