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Abstract

Arc, c-fos and zif268 are immediate early genes (IEGs) important for adult brain plasticity. The
current study examines developmental expression of these IEGs and the effect of neonatal
noradrenergic lesion on their expression in developing and mature brain. N-(2-chloroethyl)-N-
ethyl-2-bromobenzylamine hydrochloride (DSP-4), a specific noradrenergic neurotoxin, was
administered to rats on postnatal day (PND) 3 and in situ hybridization was used to assay Arc, c-fos
and zif268 mMRNA on PND 13, 25 and 60. In contrast to decreases in Arc, c-fos and zif268 expression
produced by noradrenergic lesions of mature brain, lesions on PND3yield a strikingly different effect.
Neonatal lesions produce increases in c-fos and zif268 expression in specific frontal cortical layers
on PND13, while Arc shows no change. These lesions lead to increases in zif268 expression in frontal
cortical layers on PND 25, with no changes in c-fos or Arc expression, and on PND60 they produce
asignificant increase in c-fos expression in hippocampus with no significant changes in Arc or zif268
expression. RX821002, an A2AR antagonist, administered to control PND 60 animals produces
elevations of Arc, zif268 and c-fos mMRNASs. This response was eliminated in animals lesioned with
DSP-4 on PND 3. These data indicate that norepinephrine regulation of IEG expression differs in
developing and mature brain and that the loss of developmental norepinephrine leads to abnormally
high postnatal IEG expression. Several studies have shown an important role for norepinephrine in
brain development, including the regulation of synaptic densities and neuronal morphology. Our data
support the idea that norepinephrine plays an important role during CNS development and that
changes in noradrenergic signaling during development may have long lasting effects, potentially
on learning and memory.
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Activation of neurotransmitter receptors initiates an intracellular signaling cascade that
frequently leads to changes in the transcription of genes. The immediate early genes (IEGs)
are critically poised signaling intermediates within this cascade. These transcription factors are
rapidly activated by neuronal depolarization and regulate a diverse array of promoters, allowing
the neuron to translate its activity into cellular modifications subserving plasticity (Tischmeyer
and Grimm, 1999).

Many studies have demonstrated the importance of IEG expression for brain functions.
Including learning and memory. Induction of long-term potentiation (LTP), proposed to be the
physiological basis of memory, is associated with rapid and robust transcription of the IEG,
zif268 (egr-1, Krox-24, NGFI-A, TIS8), in the hippocampus (Davis et al., 2000). Mice with a
targeted disruption of zif268 exhibit an impaired ability to form LTP and long term memory
(Jones et al., 2001). It has also been shown that activation of zif268 is necessary for the
reconsolidation and persistence of memories (Lee et al., 2004;). Expression of zif268 in the
anterior cingulate cortex is proposed to favor the retrieval of remote fear memory in mice
(Frankland et al., 2004). Induction of zif268 within the medial prefrontal cortex and amygdala
has been implicated in the extinction of conditioned fear (Herry and Mons, 2004). Zif268 may
be important across diverse neuronal populations, including cortex and hippocampus which
are the focus of this study, since there is evidence that zif268 regulates the neuronal proteasome
(James et al., 2006). This transcription factor also may play an important role in brain
development since it is expressed within developing dendrites (Crino et al., 1998).

Activity regulated cytoskeletal protein (Arc) is another IEG involved in regulating brain
plasticity. This IEG is unique in that neural activity causes it to be rapidly enriched in rat
neuronal dendrites in hippocampus and cortex (Steward et al., 1998; Steward and Worley,
2001, 2002; Kelly et al., 2008). Arc also has attracted attention as a protein expressed in the
postsynaptic density/NMDA receptor complex in mice (Husi et al., 2000; Steward and Worley,
2001). These studies suggest that Arc allows selective strengthening of postsynaptic junctions
following their activation. Similar to zif268, Arc expression is increased during LTP in mice,
and disruptions in learning and memory occur when Arc induction is blocked (Guzowski et
al., 2000).

Studies have supported the idea that c-fos also plays a role in learning and memory in many
species (Dragunow, 1996). Expression of c-fos in rat amygdala is important for encoding taste
aversion memory (Lamprecht and Dudai, 1996). Expression of c-fos in the rat medial frontal
cortex is important for the acquisition of conditioned fear (Morrow et al., 1999). Several studies
have shown that while c-fos expression may not be necessary for short-term memory, it does
play an important role in many forms of long term memory in rat and chicken (Mileusnic et
al., 1996; Countryman et al., 2005a; Countryman et al., 2005b; Yasoshima et al., 2006a;
Yasoshima et al., 2006b). Similarly, c-fos involvement in synaptic plasticity has been
demonstrated in Drosophila (Sanyal et al., 2002).

In light of the roles played by Arc, c-fos and zif268 in brain plasticity, understanding what
signals regulate their expression in the postnatal period and guide them to mature patterns of
expression is important. In the current study we examined the role of norepinephrine in this
process. Norepinephrine is an important candidate for multiple reasons. In mature animals
norepinephrine has a documented role in regulating IEG expression. Lesioning noradrenergic
fibers with DSP-4 results in a reduction in brain expression of zif268, Arc and c-fos in
postsynaptic cells (Pompeiano et al., 1994; Cirelli et al., 1996). Further studies have pointed
to a role for specific adrenergic receptors, particularly alpha-2 adrenergic receptors (A2AR),
in regulating IEG expression. For example, local administration of the A2AR antagonist,
yohimbine, increases c-fos within the cerebral cortex (Stone et al., 1993). RX821002, another
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A2AR antagonist, increases zif268 in cortex, hippocampus and amygdala (Shen et al., 1995;
Shen and Gundlach, 2000).

In addition to its role in the adult brain, data indicate norepinephrine is a regulatory factor in
brain development. Noradrenergic neurons in the rat differentiate by gestational day (GD) 12
and project to the cortex at GD 17 (Lauder and Bloom, 1974; Coyle and Molliver, 1977;
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, a time period in which noradrenergic
innervation is established and subsequently increases to adult levels (Markus and Petit, 1987;
Berger-Sweeney and Hohmann, 1997; Murrin et al., 2007). The timing of noradrenergic
cortical and hippocampal innervation also coincides with the developmental expression of
A2AR and IEGs within these areas. Similar to postnatal IEG expression, the norepinephrine
transporter and alpha-2 adrenergic receptors exhibit low cortical and hippocampal expression
at PND 5, with large increases in expression by the second to third postnatal week (Herms et
al., 1994; Happe et al., 2004; Sanders et al., 2005). Also similar to IEGs, this expression
decreases with further maturation (Happe et al., 2004; Sanders et al., 2005). Other markers for
the noradrenergic system, including tyrosine hydroxylase, alpha-1 and beta adrenergic
receptors and norepinephrine itself follow a similar pattern (see Murrin et al., 2007).

Taken together, these data suggest that norepinephrine plays an important role in regulating
developmental expression of IEGs.. As a consequence, altering noradrenergic signaling during
the neonatal period may alter the development of IEG expression and regulation by A2AR.
This could have long term consequences for functions in which IEGs play an important role,
such as learning and memory. In the current study we characterize the postnatal expression of
zif268, Arc and c-fos in rat cortex and hippocampus. We also examine the role of
norepinephrine in regulating the expression of these IEGs during this developmental period
using neonatal noradrenergic lesions and we show differences compared to IEG regulation in
mature brain.

EXPERIMENTAL PROCEDURES

MATERIALS

[3H]Nisoxetine (85 Ci/mmol) was obtained from Perkin-Elmer (Boston, MA). N-(2-
chloroethyl)-N-ethyl-2-bromobenzylamine hydrochloride (DSP-4) and 2-[2-(2-methoxy-1,4-
benzodioxanyl)]imidazoline hydrochloride (RX821002 HCI) were obtained from Sigma-
Aldrich (St. Louis, MO). For in situ hybridization studies, all reagents were molecular biology
grade and were RNAase free and were from Sigma-Aldrich. All other chemicals were reagent
grade and were from Sigma-Aldrich.

ANIMALS AND DSP-4 LESIONS

Sprague-Dawley rats (Sasco, Kingston, NY) were bred in our colony. On PND 3 animals of
either sex were treated with 50 mg/kg of DSP-4 in sterile saline, i.p. (n=4).. Control animals
received saline (n=4). Brains from control animals were collected on PNDs 5, 13, 14, 25 and
60. Brains from DSP-4 lesioned animals were collected on PND 13, 25 and 60. Animals were
allowed to remain quietly in their home cage for one hour and were then taken to a separate
room where they were decapitated under isoflurane anesthesia. Brains were removed, divided
in half, and one hemisphere was immediately homogenized and used for [3H]nisoxetine
binding, a specific marker for noradrenergic terminals, to determine lesion efficacy. The
opposite hemisphere was frozen on dry ice, stored at —80 °C until used for in situ hybridization
studies. All animal use procedures were in strict accordance with The National Institutes of
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Health Guide for the Care and Use of Laboratory Animals (NIH Publications 80-23) revised
1996 and were approved by the University of Nebraska Medical Center Animal Care and Use
Committee.

DRUG TREATMENTS

At PND 60 rats that were neonatally treated with DSP-4 (n=8) or with saline (n=8) received
injections of either RX821002 (apAR-antagonist, 5 mg/kg, i.p.) dissolved in sterile saline (n=4)
or vehicle alone (n=4). Animals were allowed to remain quietly in their home cage for one
hour and were then taken to a separate room where they were decapitated under isoflurane
anesthesia. Brains were removed, divided in half, and one hemisphere was immediately
homogenized and used for [3H]nisoxetine binding. The opposite hemisphere was frozen on
dry ice, stored at —80 °C until used for in situ hybridization studies.

[3H]NISOXETINE BINDING

[3H]Nisoxetine binding to brain homogenates used a modification of the methods of Gehlert
and colleagues (Gehlert et al., 1995). Freshly dissected cortex was homogenized in 30 volumes
of 50 mM Tris, pH 7.4, for 30s on a low Tissumizer setting (10,000 rpm, Tekmar Co.,
Cincinnati, OH). This homogenate was then centrifuged at 10009 for 10 min at 2 °C and the
supernatant (S1) transferred to a clean, pre-weighed tube. Following centrifugation of S1 at
20,000g for 20 min, the resulting supernatant was discarded and the pellet was resuspended in
15 vol of 50 mM Tris using a low Tissumizer setting for 10 sec. This homogenate was then
centrifuged at 20,000g, the supernatant was discarded and the tube was weighed again and its
empty weight was subtracted to obtain the pellet weight. The pellet was suspended in 10
volumes of assay buffer: 50 mM Tris, 300 mM NaCl, and 5 mM KCI, pH 7.4. A 250 pL aliquot
of this suspension was mixed with 50 pL of 20 nM [3H]nisoxetine in the assay buffer (final
concentration: 2 nM) and 200 pL of assay buffer. Nonspecific binding was defined by 100
puM desmethylimipramine. Samples were incubated at 4 °C for 4 hr, followed by addition of 5
mL of ice cold buffer. Membranes were then collected by vacuum filtration with a Cell
Harvester (Brandel, Gaithersburg, MD) on GF-B filters (Whatman) that had been presoaked
in 0.3% polyethyleneimine (Sigma-Aldrich, St. Louis, MO). Samples were washed twice with
5 mL of ice-cold buffer. Bound radioligand was determined by liquid scintillation
spectrophotometry.

IN SITUHYBRIDIZATION

Sixteen micron tissue sections were cut in a cryostat and thaw-mounted on Superfrost Plus
slides (Fisher Scientific, Pittsburgh, PA). Sections were fixed in ice cold 4% paraformaldehyde
in phosphate buffered saline (PBS) pH 7.4, for 5 min, washed in PBS for 1 min and in 75%
ethanol for 2 min, and stored in 100% ethanol at 4 °C. Slides were allowed to dry at room
temperature prior to in situ hybridization. Oligonucleotide probe sequences were as follows:
Arc: 5-CTT-GGT-TGC-CCA-TCC-TCA-CCT-GGC-ACC-CAA-GAC-TGG-TAT-TGC-
TGA-3' (complementary to bases 789-833, NM_019361.1)’; zif268: 5'-CCG-TTG-CTC-
AGC-AGC-ATC-ATC-TCC-TCC-AGT-TTG-GGG-TAG-TTG-TCC-3’ (complementary to
bases 355-399, NM_012551.1); c-fos: 5'-CAG-GGC-TAG-CAG-TGT-GGG-GGA-GCT-
CAG-TGA-GTC-AGA-GGA-3’ (complementary to bases 1465-1503, XM_234422.2). A
Blast search (Altschul et al., 1990) of Genbank found that these sequences do not have
significant homology with any other sequences. Probes were 3’ end labeled with [3°S]-dATP
(1200 Ci/mmol, Perkin Elmer, Boston, MA) using terminal deoxyribonucleotidyl transferase
(3’ End Labelling System, Perkin Elmer). Labeling reactions were purified of unincorporated
radionucleotide with Biospin-6 chromatography columns (BioRad, Hercules, CA) by
centrifuging at 2500 rpm for 5 min. Hybridization buffer (150 pl of 50% formamide, 4XSSC,
8% dextran sulfate, 1XDenhardt’s, 500 pg/mL salmon sperm DNA, 270 pg/mL yeast tRNA,
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0.1 mM DTT) containing 1x10° cpm of labeled probe was applied to each slide. Non-specific
labeling was determined by inclusion of 10X unlabeled probe. Slides were coverslipped, sealed
with D.P.X. (Aldrich Chemical Co., Milwaukee, WI) and placed overnight in a 1XSSC
humidified sealed Tupperware container at 42 °C. The next day coverslips were removed in
55°C 1XSSC and slides were washed 4x15min in 1XSSC at 55 °C. After washing, slides were
briefly dipped in room temperature water to remove salts and in 70% ethanol to facilitate
drying. Slides were apposed to Biomax film (Kodak, Rochester, NY) for 2-3 weeks. Films
were developed using standard techniques and analyzed using the MCID-M7 image analysis
system (Interfocus Imaging, Ltd., Linton, England). For figure 1 images were normalized to
the same color calibration scale for presentation of comparative data. This does not change the
underlying density data for each image.

Autoradiographic densities were quantified using commercial tritium standards (American
Radiochemicals, St. Louis, MO) that were previously calibrated to 3°S (Miller and Zahniser,
1987). Cortical expression was measured at two coronal levels in order to view IEG
development in rostral and caudal cortex. These levels corresponded to 0.7 mm anterior to the
bregma and 3.3 mm posterior to the bregma (plates 15 and 33; Paxinos and Watson, 1998),
and are referred to as frontal and parietal cortex, respectively Determinations were taken from
one to two sections per coronal level. Neuroanatomy was assessed by comparing sections to
the rat brain atlas of Paxinos and Watson. Assays involving different ages of animals were
carried out on the same day using the same hybridization probe preparation.

Development of IEG expression was compared across ages using a two-way ANOVA with the
Bonferroni post hoc test. Differences in control and DSP-4-treated brain areas were analyzed
with Student’s two-tailed T test. Data from studies examining the effects of neonatal DSP-4
on adult IEG expression and their response to RX821002 were analyzed by a one-way ANOVA
with Tukey multiple comparison post hoc test. There were no significant differences between
sexes at the ages examined and so data were collapsed across sexes. Data from the RX821002
treatment studies are presented as the percentage change compared to the average basal
expression level. [3H]Nisoxetine binding data were analyzed with Student’s two-tailed t-test.
Tables of detailed values and statistical comparisons are presented as supplementary material.

BRAIN EXPRESSION OF IMMEDIATE EARLY GENES DURING DEVELOPMENT

Expression of IEGs was assayed at PND 5, 13, 14, 25 and 60. These ages were chosen since
they represent important periods of postnatal brain development. By PND 5 most neuronal
division and migration is complete, but differentiation and synaptogenesis have not been well
initiated. PND 13 and 14 were assayed since a robust proliferation of synapses has been
documented between ~PND 10 and ~PND 25-30 in many brain regions, including the cortex
(Markus and Petit, 1987). We measured differences in expression over 24 hrs to determine
whether differences could be detected over a short period during intense synaptogenesis. By
PND 25 synaptogenesis reaches its peak (Markus and Petit, 1987). Finally, PND 60 was
analyzed to view the IEG expression profile in the mature brain.

There is evidence that Arc, c-fos and zif268 are highly expressed in neurons but are also found
in astrocytes and glia (Worley et al., 1991; Lyford et al., 1995; Hung et al., 2000; Rodriguez
et al., 2008; Nakazawa et al., 2008; Reznikov et al., 2008). Therefore the expression detected
in this study reflects contributions from both of these neuronal populations.
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Cortical expression was measured at two coronal levels in order to view IEG development in
rostral and caudal cortex. These levels corresponded to 0.7 mm anterior to the bregma and 3.3
mm posterior to the bregma (plates 15 and 33; Paxinos and Watson, 1998), and are referred to
as frontal and parietal cortex, respectively. Tables of detailed values and statistical comparisons
are presented as supplementary material.

Cortical Arc levels are low at PND 5 with higher expression in superficial cortical layers
compared to deep cortical layers (Figs. 1, 2A). By PND 13 Arc mRNA has increased greatly,
with 2 to 5 fold increases in cortical expression compared to PND 5. Arc mRNA at PND 13 is
rich in layers 4 and 6 of the frontal cortex, especially in the motor and somatosensory cortices,
while the increase in cingulate cortex is less (Fig. 1). In the parietal cortex pronounced
expression is apparent in layers 4 and 6 as well. Statistical analysis shows an effect of both age
(p <0.0001, df = 4 for both levels) and cortical layer (p < 0.0001, df = 3 for frontal, df = 4 for
parietal) and an interaction between layer and age in frontal cortex (p < 0.0002, df = 12).
Statistical analysis also shows that, for most regions, Arc expression from PND 13 onward is
significantly greater (+39 to +470%) than the expression at PND 5. At PND 14 layers 4 and 6
of the frontal and parietal cortices exhibit Arc mRNA levels that are statistically greater (+51
to +58%) than those found in the PND 60 cortex. The high expression levels at PND 14 begin
to diminish by PND 25, with only layer 6 of the frontal cortex still significantly greater than
PND 60. Within the PND 60 cortex, Arc is generally decreased compared to its expression at
the end of the second postnatal week (Figs. 1, 2A), although expression in cingulate and medial
cortex is at its highest level (Fig. 1).

Hippocampal measurements were taken by combining densities of CA1, CA2 and CA3 regions,
all of which were similar. In general, Arc development in hippocampus mirrors that in the
cortex. Low Arc mRNA expression levels are seen at PND 5, they peak at PND 14 and then
decrease to lower levels of expression with adulthood. Interestingly hippocampal Arc exhibits
a strong and statistically significant increase (+42%) in expression from PND 13 to PND 14
(p < 0.05; Fig. 2A). This increase over 24 h of development illustrates the dynamic and rapid
changes in Arc expression that can occur during periods of early synaptogenesis and suggests
Arc plays an important role in this process.

Developmental expression of c-fos generally parallels the pattern found with Arc. Low c-fos
MRNA levels are found at PND 5, followed by a pronounced increase at PND 13. c-fos
expression is significantly higher (+58 to +422%) in most regions at all later ages compared
to PND 5. At the end of the second postnatal week c-fos expression is especially high in layer
4 of the frontal and parietal cortex (Figs. 1, 2B), especially in the somatosensory cortex (Fig.
1). Statistical analysis shows an effect of both age (p < 0.0001, df = 4 for both levels) and
cortical layer (p < 0.0001, df = 3 for frontal, df = 4 for parietal) and an interaction between
layer and age for frontal (p < 0.032, df = 12) and parietal cortex (p < 0.0001, df = 16). At PND
14 c-fos transcript levels are statistically greater (+55 to +102%) in all regions examined
compared to adult, with the exception of parietal cortex layer 5 and the hippocampus. In contrast
to Arc, c-fos expression is most enriched developmentally in superficial cortical layers, with
less expression in layer 6. This is especially evident in the parietal cortex. c-fos also differs
from Arc, as well as zif268, at PND 25. At this age Arc and zif268 are highly expressed in
cortical layers 4 and 6, while c-fos is more homogenous in its expression across cortical layers
(Fig. 2B). Similar to Arc and zif268, c-fos expression decreases with adulthood particularly in
superficial cortical layers (Fig 1B, Fig 2), a pattern also seen with zif268.
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Within the hippocampus developmental c-fos expression is less dynamic than within cortex.
Expression increases to PND 13, and from this age on is elevated relative to PND 5 values,
although none of these differences reached statistical significance with two-way ANOVA.
Unlike cortex, hippocampal c-fos does not exhibit a peak in expression at PND 13, but remains
at a similar level at all ages after PND 5. (Figs. 1, 2B).

zif268 has a very low level of expression at PND 5 across frontal and parietal cortical layers.
At this age expression is characterized by higher densities in the superficial layers of the
cerebral cortex compared to deeper cortical layers. Statistical analysis shows an effect of both
age (p < 0.0001, df = 4 for both levels) and cortical layer (p < 0.0001, df = 3 for frontal, df =
4 for parietal) and an interaction between layer and age for frontal (p < 0.01, df = 12) and
parietal cortex (p < 0.0001, df = 16). By PND 13 a striking 4- to 10-fold increase in zif268
expression is evident (Figs. 1, 2C), particularly in somatosensory and lateral motor cortices
(Fig. 1). At this age cortical zif268 mRNA expression is highest in layers 4 and 6, with lower
expression in layers 1-3 and layer 5. At PND 25 levels of zif268 transcript decrease slightly
from PND 13 levels across most cortical layers. With adulthood most cortical layers contain
less zif268 mRNA than is found at PND 13, 14 and 25. Statistical analysis of cortical expression
across different ages demonstrates that in all cortical layers zif268 expression from PND 13
onward is significantly greater (+150 to +680%) than expression at PND 5. By adulthood,
expression decreases from levels found between PND 13 and PND 25 and many layers exhibit
statistically significant decreases (—27 to —41%) in expression relative to PND 13 and 25 (Figs.
1, 2C).

zif268 mMRNA expression in the hippocampus is similar to the cortex in that it is low at PND
5 and dramatically increases by PND 13. However, unlike the cortex, the hippocampus does
not exhibit peak zif268 expression until PND 25 as opposed to a peak at PND 13 in cortical
layers (Fig 2C). Hippocampal zif268 expression decreases significantly by PND 60. The peak
at PND 25 in hippocampal zif268 expression is unique to zif268, compared to the other two
IEGs examined.

EFFECT OF NEONATAL DSP-4 NORADRENERGIC LESION ON POSTNATAL BRAIN IEG
EXPRESSION

Rat pups were administered 50 mg/kg DSP-4 i.p. on PND 3. This protocol has been shown to
produce a ~90% depletion of endogenous norepinephrine (Jonsson et al., 1982). Our own
studies have verified that neonatal administration of DSP-4 leads to a comparable loss of
norepinephrine (data not shown) and that this decrease correlates well with decreases in [3H]
nisoxetine binding. Nisoxetine binds with high selectivity to the norepinephrine transporter
(NET), which is located on noradrenergic terminals (Tejani-Butt, 1992), reflecting
noradrenergic innervation. Brains from rats lesioned with DSP-4 on PND 3 were collected on
PND 13, 25 and 60. One hemisphere of the brain was dedicated to [3H]nisoxetine binding to
verify the lesion. The opposite hemisphere was used for in situ hybridization analysis of Arc,
c-fos and zif268 mRNA. We found that injecting DSP-4 on PND 3 produced major decreases
in hemispheric NET at PND 13, 25 and 60 (—70%, —83%, —89% respectively; Fig 3).
Autoradiographic studies show that [3H]nisoxetine binding is reduced to background levels in
cortex and hippocampus, the regions examined in this study. Normal binding remains in ventral
regions of the brain innervated by projections from the Al and A2 cell groups (data not shown).

Lesioning adult rats with DSP-4 has been shown to cause a pronounced reduction in Arc, c-
fos and zif268 expression (Pompeiano et al., 1994; Cirelli et al., 1996; Cirelli and Tononi,
2000). We conducted preliminary studies on rats administered DSP-4 at 48 days of age to verify
that DSP-4 would decrease IEG expression. Examining these animals on PND 62 (two weeks
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later) revealed an ~80% decrease in Arc expression across the frontal and parietal cortices and
a ~25% decrease in zif268 expression across frontal cortical layers (data not shown), in
agreement with the previous studies. In striking contrast to the adult, we found that neonatal
DSP-4 either produced no change or increases in IEG expression compared to controls.

Arc mRNA was expressed at similar levels compared to controls across frontal and parietal
cortical layers in animals administered DSP-4 on PND 3. This is evident at PND 13, 25 and
60 (Figs. 1,4A,5A). In general the effect of the DSP-4 lesion on c-fos was to produce a slight
increase in expression and in a few regions this increase reaches statistical significance. Frontal
cortical layers 1-3 display a 36% increase in c-fos mMRNA at PND 13. In the mature brain of
animals lesioned on PND 3, layer 5 of frontal and parietal cortices and hippocampus have
statistically significant (+25%) increases in c-fos expression (Figs. 1,4B,5B). Animals
examined on PND 13 show a 20% increase in zif268 mMRNA within layer 6 of the frontal cortex
due to the lesion By PND 25 frontal cortical increases of 36%, 19% and 32% are seen in layers
4, 5 and 6, respectively, with similar small increases seen in layers 1-3 and 4 of the parietal
cortex (Figs. 1, 4C, 5C). By PND 60, differences between control and DSP-4 treated animals
disappear and zif268 expression is similar across cortical layers (Figs. 1,4C,5C).

EFFECT OF NEONATAL DSP-4 ON RX821002 INDUCED INCREASES IN Arc, c-fos AND zif268

Previous studies of the role of alpha-2 adrenergic receptors (A2AR) in IEG regulation have
found increases in IEG mRNA levels (c-fos, c-jun, zif268) subsequent to the administration of
RX821002, a selective A2AR antagonist (Shen and Gundlach, 2000). We assayed levels of
Arc, c-fos and zif268 mRNA after administration of RX821002, and we investigated whether
this response was altered in adult rats that were treated with DSP-4 as neonates.

Administration of RX821002 (5 mg/kg, i.p.) to PND 60 intact rats produces a 25-100%
increase in Arc, c-fos and zif268 mRNA expression across layers of the frontal and parietal
cortex (Fig. 6). This response is most robust for Arc within the frontal cortex (Fig. 6A). In
frontal cortical layers 4 and 6 Arc levels increase by ~75% over control levels. Arc increases
by ~50% in layers 1-3 and layer 5. In the parietal cortex and hippocampus increases in Arc
are also found, but only parietal cortex layers 1-3 and hippocampus show a statistically
significant elevation (Fig. 6A). c-fos increases by approximately 50% in layers of the frontal
cortex, and increases by ~50-100% in the parietal cortex. The greatest elevation is in layers
1-3 of the parietal cortex (Fig. 6B). In contrast to Arc and zif268, c-fos does not increase in
hippocampus after RX821002. Zif268 increases by ~25-50% across frontal and parietal
cortical layers as well as in the hippocampus (Fig. 6C). These effects demonstrate that A2AR
maintain a tonic inhibition of Arc, c-fos and zif268 in mature cortex and hippocampus. This
inhibition may reflect contributions from presynaptic auto-inhibitory A2AR. This inhibition
may further consist of a contribution from postsynaptic A2AR, which are considered to
constitute the majority of the A2AR population within rat cortex and hippocampus, comprising
approximately 80% of the total A2AR population in the cortex and hippocampus (Heal et al.,
1993).

Treating PND 3 rats with DSP-4 results in a dramatic loss of noradrenergic innervation to the
cortex at PND 60 (Fig. 3). In situ hybridization quantification of Arc, zif268 and c-fos IEG
mRNA levels shows that neonatal DSP-4 treatment left basal levels of mMRNA for these IEGs
unaltered at PND 60 in nearly all regions (Figs. 4,5). In contrast to control rats, treatment of
neonatally DSP-4-lesioned rats with RX821002 at PND 60 does not result in a significant
increase in these mMRNAs within the frontal and parietal cortices (Fig. 6). [}2°1]Para-
iodoclinidine binding (Sanders et al., 2006) was used on adjacent sections to determine changes
in the density of A2AR due to treatment with neonatal DSP-4. We found no significant
differences between control and DSP-4 lesioned brains (J. Sanders, unpublished data).
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Therefore the changes we have observed do not appear to be due to a developmental alteration
in A2AR density as a result of the lesion.

DISCUSSION

Immediate early genes (IEGs) are a widely conserved component of genomic signaling. These
genes are critical signaling intermediates in systems from viruses to mammals. IEGs were
originally uncovered as components of viral genomes (Grasso and Buchanan, 1969; Salser et
al., 1970; Honess and Roizman, 1974). The synthesis of these viral transcripts within host cells
occurs within minutes of infection and is independent of de novo protein synthesis, hence the
name “immediate early.”

Analogous gene expression cascades, characterized by transcription that is protein synthesis-
independent, accompany the growth of mammalian cells. The IEG, c-fos, increases rapidly in
mammalian cells, with mRNA levels peaking at 40 to 120 minutes after growth factor
stimulation (Lau and Nathans, 1987). Studies in neurons identified transcripts that exhibited
similar rapid increases in expression and did not require de novo protein synthesis (Hughes
and Dragunow, 1995). Zif268, for instance, was identified when nerve growth factor (NGF)
stimulated PC12 cells, producing large increases in zif268 mRNA 30 to 60 minutes post-
stimulation (Milbrandt, 1987). A similar profile of Arc induction is seen in PC12 cells
stimulated with NGF, fibroblast growth factor (FGF) or epidermal growth factor (EGF) (Lyford
etal., 1995).

Though the investigation of IEGs in neurons historically originated with in vitro studies of
cellular development, in vivo studies have identified IEG activation to be a robust correlate of
new memory formation. Arc, c-fos and zif268 mRNA levels increase in the rat hippocampus
subsequent to spatial learning tasks (Guzowski et al., 2001). Song-learning in zebra finch is
accompanied by increases in ZENK, an ortholog of zif268, within specific auditory nuclei
(Mello et al., 1995). During visual discrimination learning paradigms monkeys exhibit an
increase in zif268 protein within brain regions known to mediate such learning (Okuno and
Miyashita, 1996).

Studies have used inhibition of Arc and zif268 protein synthesis during learning tasks to further
examine the significance of their expression. Stereotactic infusions of antisense
oligonucleotides to Arc within the rat dentate gyrus disrupts formation of long term memories
(Guzowski et al., 2000). Mice with a targeted disruption of zif268 display a similar deficit in
the ability to form long term memory (Jones et al., 2001). Infusion of zif268 antisense
oligonucleotides into the amygdala interferes with learning associations between neutral
stimuli and the reinforcing properties of cocaine (Lee et al., 2005). Given the important role
for IEGs in brain function, it is important to understand what signals guide these genes to
mature expression and regulation by brain receptors.

IEG in Developing Cortex and Hippocampus

In the current study we report the postnatal developmental expression of the IEGs, Arc, c-fos
and zif268, in frontal and parietal cortex and hippocampus, regions that exhibit robust
expression of these genes. All three IEGs are weakly expressed in all regions examined at PND
5, followed by a sharp increase at PND 13. By adulthood expression levels decrease from the
high levels found at the end of the second postnatal week. We focused on the cerebral cortex
and hippocampus since our data and the findings of others have shown Arc and zif268 to be
enriched within these structures (Worley et al., 1991; Lyford et al., 1995), and these are regions
well innervated by norepinephrine. Lower levels of expression are detectable in regions such
as thalamus, hypothalamus and brainstem. Furthermore, DSP-4, a noradrenergic neurotoxin
used in these studies, causes long lasting depletion of norepinephrine from cortex and
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hippocampus but is less effective in pruning noradrenergic terminals in other brain areas such
as hypothalamus (Jonsson et al., 1982; J. Sanders, unpublished data).

Norepinephrine Regulation of Brain Development and IEG Expression

We hypothesized that norepinephrine was a likely candidate for regulating the development
of IEG expression, including the responsiveness of the IEGs to stimulation in adult brain. The
concept that norepinephrine regulates aspects of brain development has been supported by
studies showing altered dendritic morphology and orientation secondary to neonatal lesions of
the noradrenergic system at the time of cortical differentiation. Treating rats with 6-OHDA
during the first four days of postnatal life produces a significant increase in synaptic density
through PND 8 (Blue and Parnavelas, 1982). Increases in cortical layer VI dendritic length
have been found in the brains of adult rats in which the locus coeruleus was electrolytically
lesioned as neonates (Maeda et al., 1974). Similar lesions increase the number of dendritic
branches of pyramidal neurons in cortical layers I11 and 1V (Wendlandt et al., 1977). In mice,
neonatal 6-OHDA lesions result in changes in the dendritic orientation of layer IV neurons of
the somatosensory cortex (Loeb et al., 1987). Because these studies involve lesion of
noradrenergic neurons during cortical differentiation, they suggest norepinephrine is important
in this phase of neuronal maturation.

Within the mature brain norepinephrine plays an important role in regulating basal IEG levels.
An intact noradrenergic projection from the locus coeruleus is required for high levels of
expression of several IEGs during the waking state (Cirelli and Tononi, 2004). In contrast to
periods of sleep, which are associated with protein synthesis and membrane trafficking and
maintenance, the waking state and the activation of IEGs is associated with increased plasticity
and with learning and memory (Cirelli and Tononi, 2004). Previous studies have shown >60%
decreases in c-fos mMRNA and ~50% decreases in zif268 and Arc mRNAs in mature brains 5
days after lesion of noradrenergic neurons with DSP-4 (Yamada et al., 1999; Cirelli and Tononi,
2000). A 30% decrease in Arc, c-fos and zif268 mMRNA has been found in adult brains 21 days
after lesioning (Cirelli and Tononi, 2004). Our own studies confirmed that Arc and zif268
MRNA decreased 25-80% when animals were lesioned with DSP-4 on PND 48 and brains
harvested on PND 62 (J. Sanders, unpublished data).

The findings presented in this paper demonstrate an important role for norepinephrine in early
postnatal IEG expression that differs from its role in the mature brain. We show that lesion
with DSP-4 at PND 3 effectively denervates cortex and hippocampus of noradrenergic
terminals in developing brain as revealed by dramatic decreases in [3H]nisoxetine binding, in
agreement with earlier studies (Grzanna et al., 1989; Tejani-Butt et al., 1990). In contrast to
the decreases in IEG expression which follow DSP-4 lesions of adult brain, neonatal lesions
produce either increases or no change in IEG expression. zif268, in particular, shows 20-30%
increases across most layers of the frontal and parietal cortex. This increase is quantitatively
the opposite of decreases in zif268 expression seen in mature brains after a similar number of
days post-lesion (Cirelli and Tononi, 2004). Arc expression remains unchanged throughout
development following DSP-4 lesion. c-fos also remains similar to control with the exception
of transient PND 13 increases in cortical layers 1-3 and a small increase in cortical layer 5 of
PND 60 brain. These contrast dramatically with the 30% decreases in Arc and c-fos mMRNA
seen in adult brains after similar post-lesion duration (Cirelli and Tononi, 2004). Our studies
agree with similar findings in the dopamine-p-hydroxylase knockout mouse (Szot et al.,
1999), a model of developmental norepinephrine deficit. These studies point to significant
changes in the regulation of IEG expression in the adult brain due to lack of noradrenergic
innervation in the developing brain, they indicate the role of norepinephrine differs in
developing and adult brain, and they support the idea that norepinephrine plays an important
role in normal developmental processes.
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Clinical Implications

Conclusion

Clinically, drugs acting on A2AR are used in the treatment of a variety of psychiatric disorders.
Mirtazapine is an antidepressant which acts as an antagonist at A2AR as well as at 5-HT2 and
5-HT3 receptors (Puzantian, 1998). A2AR antagonistic properties are also found in clozapine,
an atypical antipsychotic (Richelson and Nelson, 1984) and S18327, an experimental
compound with promising potential as an antipsychotic (Millan et al., 2000). It also has been
suggested that A2AR antagonists may be therapeutically useful for treatment of
neurodegenerative conditions (Marien et al., 2004). Consistent with this idea is the finding that
A2AR antagonists protect rats from 6-hydroxydopamine-induced Parkinsonian symptoms
(Srinivasan and Schmidt, 2004).

Considered in the context of our findings, a potential explanation for the beneficial effects of
A2AR antagonists is their activation of plasticity-associated IEGs. In particular, the therapeutic
properties of A2AR antagonists may arise from their ability to produce a brain state with greater
potential to respond to insult, a state similar to the early neonatal period. In studies comparing
the effects of braininjury at PND 1, PND 10 and in adults, optimal recovery occurs from lesions
produced at PND 10 (Kolb et al., 2000; Gonzalez et al., 2003). This timeline for optimal
reorganization parallels the developmental pattern of IEG expression in the current study. We
find peak IEG expression at the end of the second postnatal week, close to PND 10. As IEGs
are important for adult brain plasticity (Guzowski et al., 2000; Jones et al., 2001), a high level
of expression may be important for or contribute to optimal recovery. Accordingly, A2AR
antagonists that increase the expression of these IEGs in the adult brain may recapitulate states
of developmental plasticity and promote functional recovery.

Our current studies provide a detailed analysis of Arc, c-fos and zif268 expression during
cortical development. Expression of each of these transcripts is low in the neonatal brain but
increases dramatically at PND 13, coincident with the onset of synaptogenesis. This is followed
by a decrease in expression of Arc and zif268, whereas basal c-fos expression remains steady.
We report that the neonatal brain responds to DSP-4 with moderate increases or no change in
the levels of these transcripts at PND 13, 25 and 60 and this is in sharp contrast to the effects
of a similar lesion in adult brain. This indicates regulation of these IEGs by noradrenergic
innervation is very different when comparing developing to adult brain. Since these IEGs are
involved in developmental synaptogenesis and also play important roles in memory and
learning, these results indicate that the noradrenergic system is important in both of these
critical processes. Our studies also suggest that alterations of noradrenergic system function
during development may have significant consequences not only on the normal development
of the CNS but on memory and learning throughout life and on other functions in which
norepinephrine plays an important role, such as regulation of affective state.
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Figure 1.

In situ hybridization autoradiographs for Arc, c-fos and zif 268 at PND 5, 13, 14, 25 and 60.
These images correspond to 0.7 mm anterior to bregma in adult animals (plate 15, Paxinos and
Watson, 1998) and present frontal cortex. The greatest enrichment of Arc, c-fos and zif268
mMRNA is seen in layers 4 and 6 at PND 13 and 14. This decreases through P25 to adulthood.
IEG expression in control brains (CTL) is compared to expression in rats that were treated with
DSP-4 on PND 3. Images are normalized to one another in terms of color. Data for DSP4
treated animals were not collected on PND 14. PND 14 animals were used only for comparison
with PDN 13 animals during a period of robust synaptogenesis, as indicated in the text.

The calibration bar indicates the density of mMRNA and is calibrated in nCi/mg tissue. All
images are at the same magnification. Differences in size between images are due to age,
variations in shrinkage during processing or to differences in the sex of the animals.
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Figure 2.

Development of (A) Arc (B) c-fos and (C) zif 268 expression in cortical layers and
hippocampus (CA1-3). Ages represented are PND 5, 13, 14, 25 and 60. Peak expression for
the majority of regions occurs at PND 14. Data are expressed as nCi/mg tissue and are mean
+ SEM, n=3-4. Cortical expression was measured at two coronal levels corresponding to 0.7
mm anterior to the bregma and 3.3 mm posterior to the bregma in adult rats (plates 15 and 33
in Paxinos and Watson, 1998) and are referred to as frontal and parietal cortex, respectively.
For the sake of clarity, statistical differences are not presented in this figure. A complete
statistical analysis comparing brain regions by age is presented in supplementary tables.
Abbreviations: fr=frontal cortex, par=parietal cortex, hip=hippocampus; numbers refer to
cortical layer.
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Figure 3.

Effects of DSP-4 lesion at PND 3 on cortical NET levels. DSP-4 lesions at PND 3 decrease
[3H]nisoxetine binding in cortical synaptosomes at PND 13, 25 and 60.
* - p<0.001: significantly different from control at the same age; Students two-tailed t test.
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Figure 4.

The effect of neonatal noradrenergic denervation on (A) Arc, (B) c-fos, and (C) zif268
expression in layers of frontal cortex. Arc expression during development is unaltered by the
neonatal lesion. In DSP-4 lesioned animals c-fos and zif268 display transient increases
compared to controls at PND 13 and 25. These disappear by PND 60. Each graph shows the
percent change in IEG levels of animals treated with DSP on PND 3, relative to animals injected
with saline on PND 3. Data were analyzed by a one-way ANOVA with Tukey multiple
comparison post hoc test.

fr=frontal cortex; numbers refer to cortical layer.

* - p<0.05: Significantly different from control at the same age.

Neuroscience. Author manuscript; available in PMC 2009 December 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sanders et al.

Page 21

Arc

P13 P25 P60

>

o
(=]
3
"

Percent change
N
o o
e t

-40 — —
K * © o0 .Q A  »© o0 S x ©H o0 .Q
N QAR S ARV S NSRRGSR SRV ST NS QAR W SR
& & & & & € &L & € &L
q Q Q
B c-fos
P13 P25 P60
*
o 80- . :
{e)]
c *
£ 40 1 4
[$]
E .ijﬂ'—;_!-
oL EE -
[}]
o o
71 s S S —
K  © o .Q > ™ o -Q a  © o0 .Q
N S S £ N 3 S R N < < < 3
& L &L & &€ & L & & LT
q < q
C. zif268
P13 P25 P60

o]
o
3
:
:

Percent change
H
e
v E *

Not Determined

0. 'TTT_T_!
-40 . : r r
5 % 6 o @ N & PO
Qré\ STy €L

Figure 5.

The effect of neonatal noradrenergic denervation on (A) Arc, (B) c-fos, and (C) zif268
expression in layers of parietal cortex and in the hippocampus (CA1-3). Arc expression during
development is unaltered by the neonatal lesion. c-fos expression shows small increases in
layer 5 and hippocampus compared to controls at PND 60. In DSP-4 lesioned animals zif268
displays transient increases in expression at PND 13 and PND 25 compared to controls, and
these disappear by adulthood. Each graph shows the percent change in IEG levels of animals
treated with DSP on PND 3, relative to animals injected with saline on PND 3. All data are
from the same group of animals (n=4). Data were analyzed by a one-way ANOVA with Tukey
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multiple comparison post hoc test. Tissue for PND 13 examination of zif268 were lost during
processing.

par=parietal cortex; hip=hippocampus (CA1-3); numbers refer to cortical layer.

*p<0.05: Significantly different from control at the same age.
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Figure 6.

The effect of RX821002 administration (5 mg/kg, i.p.) on (A) Arc, (B) c-fos and (C) zif268 in
PND 60 animals with or without neonatal DSP-4 lesion. Black bars show changes in IEG
expression 1 hr after RX821002 administration in control (saline-treated) animals. Clear bars
show changes in IEG expression 1 hr after RX821002 administration in rats treated on PND
3 with DSP-4. Each graph shows the percent change in IEG levels following treatment with
RX821002 relative to saline injected PND 60 animals that had the same treatment on PND 3.
Data are quantified according to cortical layer. Data were analyzed by a one-way ANOVA
with Tukey multiple comparison post hoc test.

fr=frontal cortex, par=parietal cortex, hip=hippocampus; numbers refer to cortical layer.

Neuroscience. Author manuscript; available in PMC 2009 December 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sanders et al.

* - p<0.05, ** - p<0.01, *** - p<0.001: significantly different from control.
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