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Abstract

Cyclic AMP can stimulate the transcription of many activity-dependent genes via activation of the
transcription factor, CREB. However, in mouse cortical neuron cultures, prior to synaptogenesis,
neither cAMP nor dopamine, which acts via cAMP, stimulated CREB-dependent gene transcription
when NR2B-containing NMDA receptors (NMDARS) were blocked. Stimulation of transcription by
cAMP was potentiated by inhibitors of excitatory amino acid uptake, suggesting a role for
extracellular glutamate or aspartate in CAMP-induced transcription. Aspartate was identified as the
extracellular messenger: enzymatic scavenging of L-aspartate, but not glutamate, blocked stimulation
of CREB-dependent gene transcription by cAMP; moreover, CAMP induced aspartate but not
glutamate release. Taken together, these results suggest that cAMP acts via an autocrine or paracrine
pathway to release aspartate, which activates NR2B-containing NMDARs, leading to Ca2* entry and
activation of transcription. This cAMP/aspartate/NMDAR signaling pathway may mediate the
effects of transmitters such as dopamine on axon growth and synaptogenesis in developing neurons
or on synaptic plasticity in mature neural networks.
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INTRODUCTION

Cyclic AMP (cAMP) is a ubiquitous intracellular second messenger that regulates a wide range
of cellular processes in the nervous system throughout the vertebrate lifespan, including
synaptogenesis, growth of axons, dendrites and dendritic spines, and persistent changes in
synaptic plasticity such as long-term potentiation (LTP) (Nguyen and Kandel, 1996; Boulanger
and Poo, 1999; Ma et al., 1999; Cai et al., 2001; Kao et al., 2002; Nguyen and Woo, 2003;
Tominaga-Yoshino et al., 2002; Otmakhov et al., 2004; Ji et al., 2005; Wozny et al., 2008).
Neuronal levels of cAMP are regulated by G-protein-coupled receptors linked to adenylyl
cyclase (AC). In the cortex, hippocampus and striatum, the neurotransmitter, dopamine (DA),
activates AC via D1/D5 DA receptors to regulate neuronal growth and differentiation during
development (Schmidt et al., 1998; Jones et al., 2000) and synaptic plasticity and cognitive
function in the mature brain (Huang and Kandel, 1995; Otmakhova and Lisman, 1998; Bach
etal., 1999; Huang et al., 2004; Shen et al., 2008).

Cyclic AMP activates cAMP-dependent protein kinase (PKA), which can directly modulate
effector proteins by phosphorylation at PKA-specific serine or threonine residues or can alter
the levels of the effector proteins themselves by modulating gene expression. Promoters
containing cCAMP/Ca2*-response elements (CRES) are regulated by the transcription factor,
CRE-binding protein (CREB) (Mayr and Montminy, 2001; Impey et al., 2004), which can be
activated by extracellular signals that increase the intracellular levels of cAMP or Ca2* (West
etal., 2002; Lonze and Ginty, 2002; Conkright et al., 2003). Cyclic AMP-dependent regulation
of transcription via CREB has been implicated in neurogenesis, cell survival, synaptic
transmission and cognitive function in the normal nervous system and may be defective in
developmental, psychiatric and neurodegenerative disorders (Barco et al., 2002; Lonze and
Ginty, 2002; Nguyen and Woo, 2003; Carlezon et al., 2003).

CREB activation requires phosphorylation of serine-133, which can be mediated by PKA, the
mitogen-activated protein kinase (MAPK) pathway, or Ca*/calmodulin-dependent kinases
(CaMKs), depending on the activating signal and cell type (Gonzalez and Montminy, 1989;
Sheng et al., 1991; Dash et al., 1991). Although CREB phosphorylation is necessary, it may
not be sufficient to initiate gene transcription. In many cells, an additional step, e.g., activation
of a transcriptional co-activator such as CREB binding protein (CBP/p300; TOX3) (Arias et
al., 1994; Brindle et al., 1995; Yuan et al., 2009), is necessary for the assembly of an active
RNA polymerase complex and initiation of transcription (Cardinaux et al., 2000; Vo and
Goodman, 2001; Xu et al., 2007; Hardingham et al., 1999). Whether activation of both CREB
and co-activator is mediated by cAMP- or Ca2*-dependent kinases may depend on cell-specific
kinase expression patterns (Matthews et al., 1994; Impey et al., 2002).

Here, we report that, in immature neurons from embryonic mouse cortex, prior to
synaptogenesis, DA and cAMP do not stimulate CREB-dependent gene transcription when
NMDARs are blocked. Our results suggest that cAMP stimulates CREB-dependent gene
transcription via a two-step process by inducing release of an excitatory amino acid, identified
here as aspartate, which then activates NMDARSs, leading to Ca2* entry and gene transcription.

MATERIALS AND METHODS

Cell cultures

Cultured neurons from embryonic (E15.5) C57BI6 mouse cortex were maintained in 24-well
plates coated with polyornithine and laminin at a density of 3 x 10° cells/well. Culture medium
was B27-supplemented Neurobasal (Invitrogen, Carlsbad, CA) containing 1 mM glutamine,

penicillin and streptomycin. Cells were grown in 0.5 ml of medium per well and the medium
was not changed. All experiments were conducted at 4 -5 div. Although the cultured cells at
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this age are postmitotic neurons, which have elaborated extensive processes and express
neuron-specific immunohistochemical markers, synaptogenesis has not yet begun (c.f.,
Hardingham and Bading, 2002; Han and Stevens, 2009). Cortical astrocyte cultures from E15.5
C57BI6 mouse embryos were maintained in poly-L-lysine-coated T75 flasks in DMEM/F12
medium (1/1) supplemented with 10% heat-inactivated fetal bovine serum (Atlanta
Biologicals, Lawrenceville, GA) and penicillin and streptomycin. Prior to transfection,
astrocytes were replated into 24-well plates (5 x 10° cells/well; 0.5 ml medium/well).

Transfection, plasmids and luciferase reporter assays

CAMP assay

Cortical neurons were transfected on 3 div by the Ca2*-phosphate method (Xia et al., 1996).
Astrocytes were transfected 1- 2 days after replating using Lipofectamine 2000 (Invitrogen)
diluted 1:33 in Opti-MEM without penicillin/streptomycin. The 4xCRE reporter consisted of
four CREs inserted in pCIC-CK vector (Stratagene, La Jolla, CA) upstream of the luciferase
reporter gene. In control experiments, empty pCIC-CK plasmid was not stimulated by any of
the agonists used in this study (not shown; and see Kingsbury et al., 2003). Co-transfection
with constitutively active TK Renilla plasmid (Dual-Luciferase Reporter Assay System,
Promega, Madison, WI) served as a control for variability in transfection efficiency and cell
density. Experiments were conducted 24 hr after transfection. Luciferase activity was measured
with a Centro LB 960 microplate luminometer (Berthold Technologies, Oak Ridge, TN). The
ratio of 4xCRE luciferase and Renilla activities was computed for each sample and the mean
of 3 determinations was expressed as a fraction of unstimulated activity. The result for each
experimental condition is reported as mean + sem (n = 3 -5), where n is the number of
independent experiments. Statistical analyses were conducted with ANOVA followed by
Tukey test using InStat (GraphPad, San Diego, CA).

Intracellular cAMP levels were measured by ELISA (Assay Designs, Ann Arbor, MI); cAMP
levels are reported as pmoles/10° cells.

Quantitative real-time PCR (Q-PCR)

Neurons were cultured for 3 —4 days in 35mm culture dishes at a density of 1.2 x 10° cells/
dish and then stimulated for 1, 3 or 24 hours. Total RNA was purified with Rneasy Mini Kit
(Qiagen) including the on-column DNA digestion step. This procedure regularly gave high
purity RNA (260/280 nm absorbance ratio ~ 2.0). cDNA was reverse-transcribed (Transcriptor
Kit, Roche) using random primers. Reactions were run in a LightCycler 480 (Roche) using
SYBR Green | Master Mix (Roche) with the following settings: pre-incubation (5 min @ 95°
C); amplification, 45 cycles (10 sec @ 95°C; 15 sec @ 58°C; 1 min @ 72°C); and a melting
curve (5 sec @ 95°C followed by 1 min ramp from 65°C to 97°C). All samples generated single
melting curve peaks. Primers were used at 0.5 uM concentration and had the following
sequences. GAPDH: 5-TGATGACATCAAGAAGGTGGTGAAG-3 (forward) and 5-
TCCTTGGAGGCCATGTAGGCCAT-3 (reverse), c-fos: 5-
AAGTTGGCACTAGAGACGGACAGA-3 (forward) and 5-
ACTTCGACCATGATGTTCTCGGGT-3 (reverse), BDNF-exon I: 5-
GGACAGCAAAGCCACAATGTTCCA-3 (forward) and 5-
TTGCCTTGTCCGTGGACGTTTACT-3 (reverse) and BDNF-exon 1V: 5-
ACCAGGTGAGAAGAGTGATGACCA-3 (forward) and 5-
GTTGCCTTGTCCGTGGACGTTTA-3 (reverse).

Each sample was run in duplicate and a 3-point (400, 200 and 100 ng) cDNA dilution curve
was constructed. The reaction efficiency was calculated for each treatment condition. RNA for
each target gene was normalized to GAPDH according to the following formula (Pfaffl,
2001):
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where Etarget and Egappr are the reaction efficiencies for the target and GAPDH PCR reaction
respectively; CP is the crossing threshold for each reaction; and control and sample refers to
untreated or treated samples, respectively. This equation takes into account the actual measured
reaction efficiency for each treatment condition, rather than assuming a theoretical efficiency
of 2.0.

Western blot

Neurons grown in polyornithine/laminin-coated 35 mm plastic dishes were stimulated for 3
hours, washed in ice-cold PBS and lysed with Ripa Buffer (Sigma-Aldrich) supplemented with
protease (Roche Applied Science, Indianapolis, IN) and phosphatase (Pierce, Rockford, IL)
inhibitors. Samples were run in duplicate on pre-cast 4-12% Bis-Tris gels (Invitrogen) and
transferred to PVDF membranes. Blots were blocked for 1 hour with tris-buffered saline
containing 0.01% Tween-20, 5% powered milk and 5% bovine albumin (Sigma-Aldrich).
Membranes were incubated overnight at 4°C with antibody to phospho-S133-CREB (Cell
Signaling, Danvers, MA) diluted 1:1000 and incubated with secondary horse radish
peroxidase-linked antibodies (GE Healthcare, Piscataway, NJ) at room temperature for 1 hr.
Bands were visualized by enhanced chemiluminescence (Millipore, Billerica, MA) and images
were acquired and analyzed on an Image Station 2000R (Kodak-Carestream Health, Rochester,
NY). Uniform loading was verified by stripping and reprobing with antibodies to total CREB
(1:1000; Cell Signaling).

Glutamate and aspartate scavenging systems

To degrade glutamate in the extracellular space, cultures were incubated with 5 units/ml
glutamate-pyruvate transaminase (GPT) and 5 mM pyruvate for 20 min prior to stimulation
with forskolin. To degrade both L-aspartate and glutamate, cultures were incubated with 5
units/ml glutamate-pyruvate transaminase (GPT), 10 mM pyruvate, 5 units/ml glutamate-
oxaloacetate transaminase (GOT) and 3 mM a-ketoglutarate for 20 min prior to stimulation
with forskolin. Omission of GPT and GOT served as controls.

Excitatory amino acid analysis

At 4 div, medium (500 pl) from neurons in 24 well plates was removed and replaced by 200
ul of fresh medium; cells were stimulated by addition of forskolin 4 hrs later. HPLC was used
to quantify aspartate and glutamate in 250 pl of the combined culture medium from two
duplicate wells. Samples were acidified with 0.14 M perchloric acid and neutralized with 0.25
M potassium bicarbonate. Samples were reacted with 2 volumes of o-phthaldehyde (OPA) for
2 minutes before injection on to a C18 reverse phase column (Beckman-Coulter, Fullerton,
CA). Derivatized amino acids were detected by fluorescence. The elution was carried out at
0.7 ml/min with a linear gradient mixing 7.5% methanol prepared in 20 mM sodium acetate,
pH 7 (solution A) with 30% methanol and 30% acetonitrile prepared in water (solution B).
Over the range encompassing aspartate, the gradient ran for 15 min from 97% A and 3% B to
85% A and 15%B. The column was stripped with 100% B following the elution of aspartate
and glutamate. The positions of aspartate and glutamate on the chromatogram were identified
by running standards and confirmed by spiking experimental samples with these amino acids.

Drugs and reagents

Forskolin, 8-Br-cAMP, NMDA, DL-AP5, ifenprodil, SKF38393, SCH23390, pyruvate,
glutamate-pyruvate transaminase (from porcine heart), glutamate-oxaloacetate transaminase
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type I (from porcine heart), L-glutamate, L-aspartate, OPA and a-ketoglutarate were obtained
from Sigma-Aldrich (St. Louis, MO); H89, dideoxy-forskolin, and Bapta-AM from EMD-
Calbiochem (San Diego, CA); Bapta-free acid from Invitrogen (Carlshad, CA); TBOA and
trans-PDC from Tocris-Cookson (Ellisville, MO) and EGTA-AM from AnaSpec (San Jose,
CA). Antagonists were added 30 minutes before stimulation except for Bapta-AM and EGTA-
AM which were added 60 before stimulation.

Stimulation of CREB-dependent transcription by cAMP requires Ca2*

Neuron cultures from E15.5 mouse cortex were transfected at 3 days in vitro (3 div) with a
luciferase reporter construct driven by 4 tandem CREs (4XCRE). The next day, the cells were
incubated with the AC activator, forskolin, and harvested after 5 hours for measurement of
luciferase activity. A maximally-effective concentration of forskolin (10 uM) induced a 16-
fold stimulation of 4xCRE luciferase reporter activity (Fig. 1a), whereas the inactive derivative,
dideoxy-forskolin, had no effect, even at 30 uM (Supplemental Fig. S1). Stimulation by cAMP
was found to require Ca2*. Preincubation of the cultures with either 10 uM 1,2-bis(o-
aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid-acetoxymethyl ester (Bapta-AM) to chelate
intracellular Ca*, or 3 mM Bapta-free acid (FA) to chelate extracellular Ca*, completely
inhibited 4xCRE stimulation by forskolin (Fig. 1a). Stimulation by forskolin was also inhibited
by the cAMP-dependent protein kinase (PKA) antagonist, H89 (10 uM; Supplemental Fig.
S1). The membrane-permeant cAMP analog, 8-Br-cAMP, also stimulated 4xCRE luciferase
expression and, as with forskolin, stimulation was blocked by chelation of intracellular (Bapta-
AM) or extracellular (Bapta-FA) Ca?* (Fig. 1a). Since 8-Br-cAMP acts independently of
adenylyl cyclase, Ca?* is required for a signaling step downstream from cAMP.

Ca?* is not required for stimulation of cAMP production by forskolin

The Ca2*-dependence of both 8-Br-cAMP- and forskolin-induced CREB-dependent gene
transcription suggests that forskolin is not activating a Ca2*-dependent AC. In order to
determine if Ca2* is required for forskolin to stimulate cAMP production, we examined the
effect of a Ca2* chelator on forskolin-induced cAMP production in neuron cultures. A
maximally-effective concentration of forskolin (10 uM) increased the level of cAMP by 12-
fold as measured by ELISA (Fig. 1b). Despite the CaZ* requirement for cAMP to stimulate
4xCRE expression (Fig. 1a), the forskolin-induced rise in cAMP was unaffected by
preincubation with 10 M Bapta-AM, indicating that forskolin is not activating a Ca2*-
dependent AC.

Stimulation of CREB-dependent transcription by forskolin requires an increase in Ca?*
within a microdomain

We did not observe an increase in intracellular neuronal Ca2* in response to forskolin as
measured by Ca2* imaging (data not shown), raising the possibility that spatially-restricted
rather than global Ca2* increases mediate the effects of forskolin on CREB-dependent gene
transcription. To investigate this possibility, we compared the effects of Bapta-AM and EGTA-
AM on cAMP-induced CREB-dependent transcription. The on-rate for Ca2* binding to Bapta
is fast compared to the rate of intracellular Ca2* diffusion and intracellular Bapta quickly
buffers increases in intracellular CaZ*. In contrast, the on-rate for CaZ* binding to EGTA is
slow. Consequently, unlike Bapta, EGTA will not buffer Ca2* fast enough to prevent activation
of Ca2*-dependent processes within the microdomain in the vicinity of Ca?* entry (Deisseroth
etal., 1996; Naraghi and Neher, 1997; Hardingham et al., 2001; Augustine et al., 2003). When
EGTA-AM was substituted for Bapta-AM, stimulation of transcription by forskolin was only
reduced by about 30% in contrast to 95% inhibition by Bapta (Fig. 2), suggesting that increased
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Ca?* within such microdomains mediates the stimulation of CREB-dependent gene
transcription by cAMP.

Stimulation of transcription by cAMP requires activation of both NR2B-containing N-methyl-
D-aspartate (NMDA) receptors and L-type, voltage-gated Ca2* channels

Since the results in Figure 1a suggested that 4xCRE activation by cCAMP requires CaZ* influx,
we examined the effects of inhibitors of the two principal Ca2* entry pathways in neurons, the
NMDA class of ionotropic glutamate receptors (NMDARs) and voltage-gated Ca2* channels
(Cays). AP5, an antagonist of all subtypes of NMDARSs; ifenprodil, a selective inhibitor of
NMDARSs containing NR2B subunits; as well as nifedipine and verapamil, inhibitors of L-type
Cays, each blocked cAMP-stimulated CRE-luciferase expression by at least 90% (Fig. 3a,b).
NMDA, which directly activates NMDARs, also stimulated 4xCRE luciferase activity; this
stimulation was blocked by AP5 and ifenprodil, but not by nifedipine (Fig. 3c). Thus, while
Ca?* entering through both NMDARs and Cays is necessary for cCAMP to stimulate 4XCRE
transcription (Fig. 3a,b), 4xCRE transcription induced by strong stimulation of NMDARs (Fig.
3c) does not require Cays.

cAMP-induced CREB phosphorylation is not sufficient for transcription

Activation of CRE-dependent gene expression by either cAMP or Ca?* requires
phosphorylation of CREB at serine-133 (Dash et al., 1991; Lonze and Ginty, 2002). Western
blot analysis with antibodies specific for phosphorylated CREB serine-133 revealed that
forskolin stimulation of CREB phosphorylation was not affected by Bapta-AM or ifenprodil
(Fig. 4), both of which blocked forskolin-stimulated 4xXCRE transcription (Figs. 1a and 3a).
Forskolin-induced CREB phosphorylation was inhibited by the PKA antagonist, H89 (data not
shown). Thus, unlike CREB-dependent gene transcription, stimulation of CREB
phosphorylation by cAMP is Ca2* independent and does not require NMDARS. These data
suggest that an additional, Ca2*-dependent step, mediated by NMDAR activation, is required
for cCAMP to stimulate 4xCRE transcription.

DA-induced CREB-dependent gene transcription is mediated by NMDARSs

DA is a major endogenous neurotransmitter in the cortex as well as in the hippocampus and
striatum (Goldman-Rakic et al., 2000). DA acting at the D1/D5 class of DA receptors, which
are positively coupled to adenylyl cyclase, stimulates cAMP production. Application of 100
uM DA to cortical neurons stimulated CREB-dependent gene transcription and this effect was
potentiated by the cyclic nucleotide phosphodiesterase inhibitor, rolipram (Fig. 5a).
Isoproterenol, an agonist of B-adrenergic receptors, which are also positively linked to AC in
some neurons, did not stimulate CREB-dependent gene transcription in either the absence or
presence of rolipram (Fig. 5a). Stimulation by DA+rolipram was fully blocked by Bapta-AM
(10 uM), AP5 (100 puM), ifenprodil (10 pM), verapamil (100 uM), as well as by the D1 DA
receptor antagonist, SCH23390 (30 uM) (Fig. 5b). Thus, like forskolin and 8-Br-cAMP (Fig.
3a,b), the endogenous transmitter, DA, which acts via cCAMP, does not activate CREB-
dependent gene transcription when NR2B-containing NMDARSs or L-type Cays are blocked.

Stimulation of endogenous BDNF and c-fos transcription by cAMP and DA agonists is also
mediated by NR2B-containing NMDARs

To determine if cAMP activation of endogenous CREB-dependent gene transcription also
requires NMDARs, we examined the effect of forskolin and the D1/D5 DA receptor agonist,
SKF38393 (Johnson et al., 1992), on levels of mMRNAs encoding the endogenous CRE-
containing genes, c-fos and BDNF (exons | and 1V). Ca2*- and cAMP-dependent BDNF
transcription is mediated by CREs in exons | and 1V (West et al., 2002; Tabuchi et al., 2002).
We found that, while forskolin strongly stimulated c-fos mMRNA expression within 1 hr and
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BDNF exon I expression was maximal by 3 hrs, exon IV expression was not substantially
increased until 24 hr (Supplemental Figure S2). At 24 hr, stimulation of mMRNA encoding c-
fos and both BDNF isoforms by forskolin and SKF38393 was inhibited by ifenprodil (Fig. 6).
Thus, our finding that stimulation of CRE-dependent gene transcription by DA via cAMP
requires activation of NR2B-containing NMDARS is not limited to the 4xCRE reporter and
may reflect a common regulatory mechanism of CREB-dependent genes in these neurons.

An excitatory amino acid (EAA) mediates stimulation of CREB-dependent transcription by

CAMP

The block of cAMP-induced, CREB-dependent gene transcription by AP5 and ifenprodil led
us to hypothesize that cAMP induces an increase in the extracellular level of an activator of
the NMDAR, viz.,an EAA secreted by the neurons themselves. Stimulation of neurotransmitter
release by CAMP is consistent with several reports in the literature (Chavez-Noriega and
Stevens, 1994; Trudeau et al., 1996; Lu et al., 2004; Seino and Shibasaki, 2005; Woodhall et
al., 2007). In order to test this hypothesis, we preincubated the neurons with the EAA uptake
inhibitor, DL-threo-B-benzyloxyaspartate (TBOA), which would be predicted to potentiate the
effects of cAMP. 10 uM TBOA alone had a negligible effect on 4xCRE transcription but
potentiated the effects of forskolin and 8-Br-cAMP (Fig. 7). Similar potentiation of the effects
of forskolin was obtained with a structurally different EAA uptake inhibitor, L-trans-
pyrrolidine-2,4-dicarboxylate (trans-PDC; Supplemental Fig. S3). These results suggested that
extracellular glutamate or aspartate mediates the stimulation of CREB-dependent gene
transcription by cAMP.

Aspartate mediates stimulation of CREB-dependent transcription by cAMP

If glutamate were the mediator of cCAMP-induced CREB-dependent gene transcription, the
response should be blocked by an enzymatic glutamate scavenging system (glutamate-pyruvate
transaminase, GPT; c.f., O’Brien and Fischback, 1986; Matthews et al., 2003). In control
experiments, the combination of pyruvate plus GPT reduced added glutamate to undetectable
levels and completely inhibited stimulation of 4xCRE by added glutamate, demonstrating the
efficacy of this scavenging system (Supplemental Fig. S4). However, this glutamate scavenger
system had no effect on stimulation by forskolin (Fig. 8a). This raised the possibility that
aspartate (Fleck et al., 1993; Bradford and Nadler, 2004) rather than glutamate mediates the
effects of CAMP in these neurons. To investigate the possible role of aspartate in mediating
the stimulation of CRE-dependent transcription by cAMP, we developed a novel aspartate
+glutamate scavenging system by adding a-ketoglutarate (a-keto) and glutamate oxaloacetate
transaminase (GOT) to the glutamate scavenging system. GOT converts a-keto and L- (but not
D-) aspartate to glutamate and oxaloacetate. Thus, both glutamate and L-aspartate are degraded
in the presence of GOT, a-keto, GPT and pyruvate. This combination scavenging system
completely inhibited stimulation of CREB-dependent gene transcription by forskolin (Fig. 8b),
in contrast to the glutamate-only scavenging system, which had no effect (Fig. 8a). Thus,
extracellular L-aspartate, but not glutamate, mediates the effect of cCAMP on CREB-dependent
gene transcription. Because aspartate specifically activates NMDARs, whereas glutamate
activates mGIluRs and AMPARSs as well as NMDARs (Curras and Dingeldine, 1992; Frauli et
al., 2006), increased cAMP will initiate selective activation of NMDARSs on the target cells.

cAMP-induces release of aspartate in cortical neuron cultures

The inhibition of cAMP-induced CREB-dependent gene transcription by the aspartate

+glutamate scavenger system suggested that CAMP induces release of aspartate. Using high-
resolution HPLC, we directly demonstrated that treatment with forskolin for 30 min induced
a significant increase in aspartate levels in the medium (Fig. 9). In contrast, glutamate levels
in the medium were unchanged in the same cultures. This finding also suggests that aspartate
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and glutamate release are independently regulated and that aspartate is not simply co-released
with glutamate. It should be noted that the 50% increase in aspartate measured after dilution

into the bulk medium is likely to be an underestimate of the local increase in aspartate levels
in the vicinity of the NMDARs following stimulation by forskolin.

DISCUSSION

Transcriptional response to cAMP is mediated by aspartate and activation of NMDARs

As summarized in Figure 10, we postulate that stimulation of CREB-dependent transcription
by cAMP occurs in two sequential steps, viz., CAMP induces release of aspartate (Fig. 10, left,
dashed arrows), followed by activation of NR2B-containing NMDARs by the aspartate
released in response to cAMP. We refer to this as the cAMP/aspartate/NMDAR signaling
pathway. All of the experiments reported here were conducted in neuron cultures at 4-5 DIV,
prior to the onset of synaptogenesis. Since aspartate release (Fig. 9) and activation of NMDARs
(Figs. 3, 5b) are not synaptic events, we refer to this as an autocrine mechanism (or a paracrine
mechanism if the aspartate acts on neighboring neurons).

Our hypothesis is based on several lines of evidence. First, the effects of cCAMP and DA on
both 4xCRE (Fig. 3a,b; Fig. 5) and c-fos and BDNF mRNA expression (Fig. 6) are blocked by
NMDAR antagonists. Second, two structurally-distinct inhibitors of neuronal EAA uptake,
TBOA (Fig. 7) and trans-PDC (Supplemental Fig. S3), potentiated the stimulation of gene
transcription by cAMP. Third, the aspartate+glutamate-, but not the glutamate-only-,
scavenging system abolished stimulation of CREB-dependent gene transcription by forskolin
(Fig. 8); the aspartate-scavenging enzyme, GOT, degrades L- but not D-aspartate
demonstrating that L-aspartate is the active extracellular signal in this signaling pathway.
Finally, forskolin was found to induce release of aspartate but not glutamate (Fig. 9). Taken
together, these results lead to the conclusion that cCAMP-induced release of aspartate and the
resulting activation of NR2B-containing NMDARSs mediate the effects of CAMP. Other studies
have reported that cAMP-induced phosphorylation of NMDARs mediated by PKA enhances
permeability of the NMDARSs to Ca* (Dudman et al., 2003; Skeberdis et al., 2006). Our results
are notincompatible with this mechanism, which may act in parallel with the autocrine pathway
described here to potentiate the effects of CAMP and DA on CREB-dependent transcription.

Figure 10 depicts CAMP-induced aspartate release from neurons acting by an autocrine (or
paracrine) mechanism; other mechanisms were also considered. For example, cAMP-induced
release of aspartate from a few contaminating astrocytes in the neuron cultures might have
contributed to our results. Astrocytes have been reported to release glutamate which activates
nearby neurons (Parpura and Haydon, 2000), but only D-aspartate has been reported to be
released from astrocytes (Rutledge and Kimmelberg, 1996). Moreover, astrocytes, themselves,
are not wholly responsible for our results because cCAMP-stimulated CREB-dependent gene
transcription in purified astrocyte cultures is insensitive to NMDAR antagonists (Supplemental
Fig. S5). Alternatively, cAMP might specifically inhibit aspartate uptake; however, such an
effect of CAMP has not previously been reported. Moreover, aspartate and glutamate are
accumulated by the same membrane transporters and forskolin increases aspartate but not
glutamate in the medium (Fig. 9). This result argues against inhibition of uptake by cAMP.

We propose that the aspartate-stimulated influx of Ca?* through NMDARs (Fig. 10, right, solid
arrows) is necessary for CAMP to activate gene transcription, even though cAMP can induce
CREB phosphorylation in both the presence and absence of NMDAR antagonists (Fig. 4; Fig.
10, dotted arrow). Since stimulation of CREB-dependent gene transcription requires activation
of both CREB and a co-activator, Ca2* entering through NMDARs appears to be required for
co-activator activation (Impey et al., 2002).
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Ca?* microdomains in the cAMP/aspartate/NMDAR signaling pathway

Our results indicate that Ca2* entering through NMDARSs is a necessary effector for CAMP-
stimulated transcription (Fig. 3a,b; Fig. 10, right, solid arrows). However, we did not observe
a global increase in neuronal cytoplasmic Ca2* in response to forskolin as measured by Ca2*
imaging (data not shown). Unlike Bapta-AM, EGTA-AM had only a small inhibitory effect
on cAMP-induced CREB-dependent gene transcription (Fig. 2), suggesting that the relevant
increases in [Ca2*] occur within distinct microdomains near the site of Ca2* entry (Deisseroth
et al., 1996; Naraghi and Neher, 1997; Hardingham et al., 2001; Augustine et al., 2003) rather
than throughout the cytoplasm.

Role of Ca?* channels in the cAMP/aspartate/NMDAR signaling pathway

L-type Ca, antagonists blocked stimulation of CREB-dependent gene transcription by cCAMP
(Fig. 3) and D1 DA receptor activation (Fig. 5b), consistent with reports that Ca,s are necessary
for glutamate-induced c-fos expression in striatal neurons (Rajadhyaksha et al., 1999) and
forskolin-induced proenkephalin gene expression in rat striatal neurons (Konradi et al.,
2003). However, block of Cays did not affect forskolin-induced aspartate release (Fig. S6a),
suggesting that the Ca%* entry through Cays required for CREB-dependent gene transcription
is not necessary for forskolin-induced aspartate release. In addition, block of Ca,s did not affect
stimulation of 4XxCRE expression by submaximal concentrations of aspartate (Fig. S6b),
suggesting that opening of Ca,s induced by NMDAR activation is not likely to mediate the
response to CAMP. These results might be reconciled if a low, constitutive rate of Ca2* entry
through Ca,s were to play a permissive role by maintaining the resting Ca2* concentration
within the relevant microdomain close to the threshold for cAMP-induced transcription.
Although channels with such properties have not been reported in neurons, a neuronal L-type
Ca?* channel isoform (Ca,1.2) that is constitutively active at the resting potential has been
described in arterial myocytes (Navedo et al., 2005).

Glutamate receptor-specificity of cAMP-induced aspartate release

The involvement of aspartate as an extracellular messenger in the cCAMP/aspartate/NMDAR
pathway has potentially interesting implications regarding the specificity of the response
because, unlike glutamate, aspartate does not activate either AMPA receptors (Curras and
Dingeldine, 1992) or mGIluRs (Frauli et al., 2006). If glutamate were the messenger, an increase
in cAMP could indiscriminately lead to activation of all ionotropic and metabotropic glutamate
receptor subtypes. The central role of extracellular aspartate release in this pathway also raises
the interesting possibility of a paracrine signaling mechanism in which an increase in cAMP
in one neuron may selectively signal to unstimulated neighboring neurons via NMDARs in the
target cells.

DA or cAMP regulation of neuronal development mediated by NMDAR activation

DA, cAMP and NMDARs have separately been implicated in the development of synapses
and neuronal circuits (Schmidt et al., 1998; Gomperts et al., 2000; Cai et al., 2001; Shi et al.,
2001; Tominaga-Yoshino et al., 2002; Ji et al., 2005; Ultanir et al., 2007; Adesnik et al.,
2008). The autocrine signaling mechanism described in this report, in which the regulation of
CREB-dependent gene transcription by cAMP is mediated by aspartate activation of
NMDARs, may function in developing neural networks to enable cAMP to modulate
synaptogenesis and growth of dendrites and axons prior to the formation of functional synapses.
It will also be important to determine the extent to which this mechanism persists in the adult
nervous system and contributes to the modulation of synaptic plasticity and cognitive function
by DA and cAMP.
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DA- or cAMP-induced plasticity mediated by NMDAR activation

Many studies have reported that DA or cAMP signaling promotes protein synthesis-dependent
LTP and enhances cognitive function in the mature brain (e.g., Frey et al., 1993; Tong et al.,
1996; Nguyen and Kandel, 1996; Goldman-Rakic et al., 2000; Nguyen and Woo, 2003; Nie et
al., 2007; Isiegas et al., 2008); however, the intracellular signaling cascades that mediate the
modulation of synaptic plasticity by cAMP are not well understood. The results reported in
this communication suggest that at least some effects of DA and/or cAMP on synaptic plasticity
may be mediated by the cAMP/aspartate/NMDAR signaling pathway. Indeed, several reports
have described cAMP- or DA-induced changes in plasticity that were blocked by NMDAR
antagonists, raising the possibility that the effects of cCAMP are mediated by the signaling
pathway described here. Otmakhov et al. (2004) reported that the induction of “chemical LTP”
by cAMP in hippocampal CA1 pyramidal neurons is mediated by activation of NMDARS.
Aurgilli et al. (2008) found that cocaine-induced plasticity in the ventral tegmental area, which
is mediated by activation of AC-coupled D5 DA receptors, requires protein synthesis and is
prevented by NMDAR antagonists. Zhang et al. (2009) recently reported that D1/D5 receptor
activation modulates spike-timing-dependent plasticity in hippocampal neurons via an
NMDAR-dependent pathway. The aspartate+glutamate scavenging system (Fig. 8b) may be
useful for determining whether the cAMP/aspartate/NMDAR pathway described here
contributes to these DA-, cAMP- and NMDAR-dependent forms of synaptic plasticity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

(a) Induction of CREB-dependent gene expression by cAMP requires Ca2*. Stimulation of
4XCRE luciferase activity by forskolin (10 pM) or 8-Br-cAMP (3 mM) was abolished by adding
3 mM Bapta-free acid (Bapta-FA) or by pre-treating with Bapta-AM (10 uM). EGTA (3 mM)
also blocked stimulation of 4xCRE by cAMP (data not shown). In most experiments, Bapta-
FA was used instead of EGTA to chelate extracellular Ca2* in order to avoid acidification,
which occurs when 3 mM EGTA is added to Ca2*-containing medium. *** significantly
different from forskolin or 8-Br-cAMP alone (p<0.001). (b) Ca2* is not required for stimulation
of cCAMP production by forskolin. The forskolin-induced increase in cCAMP levels, determined
by ELISA, was blocked by the PKA antagonist, H89 (10 uM, data not shown) but was not
affected by pretreatment with Bapta-AM (10 uM). ns, not significantly different from forskolin
alone.
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Fig. 2.

Stimulation of CREB-dependent transcription by forskolin requires an increase in [Ca2*]
within a microdomain. One day after transfecting with 4xCRE reporter plasmid, cultures were
preincubated with Bapta-AM or EGTA-AM (10 uM) for 1 hr and then stimulated by addition
of 10 uM forskolin. Cells were harvested 5 hr later for luciferase assays. Bapta completely
inhibited forskolin-induced 4xCRE expression, whereas EGTA only inhibited by about 30%.
*** significantly different from forskolin+Bapta-AM (p<0.001); ns, not significantly different
from untreated.

J Neurosci. Author manuscript; available in PMC 2010 April 7.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Almeida et al.

Relative 4xCRE Luciferase Activity

-
(=2]
1

Page 17

14 - 18 1 T ns
12 1
12 1 16 T
14 10
10 |
12 8 -
8 10 1
6 -
6 - 81
6 i
4 o . "
ny — g 47 i NN Kk -
2 kk 2 . ek E 2 Fedek %ﬁ
- SNE 1l 7z~ Al N B
O & o N > @ L Q X & R @ S o o R v @
@5@ ‘5}9\\ x 3 & &L & éo'f'\' 0?3& s (\Q@ @Qw& & \@'D@ \§‘° x?? © Q'@' Q@g @&Q\
N & &@ .
S <° x\@‘ er« x\S{& S %9 X\Ke R e . ‘\{\ K «@ g &F x‘bo . &
<—— + Forskolin ——> <—+ 8-Br-cAMP——> <—— +NMDA —M8M8M88>

Fig. 3.

Stimulation of CREB-dependent gene transcription requires activation of NR2B-containing
NMDARs and L-type Ca,s. Induction of 4xCRE transcription by 10 uM forskolin (a) or 3mM
8-Br-cAMP (b) was blocked by the NMDAR antagonists AP5 (100 uM) or ifenprodil (10
uM) and by the L-type Ca,, antagonists verapamil (100 uM) or nifedipine (100 uM). (c)
Activation of NMDARs with NMDA (30 uM + 10 uM glycine) induced 4xCRE transcription
that was sensitive to AP5 (100 uM) or ifenprodil (10 uM), but not to Ca,, antagonists. Similarly,
NMDA-stimulated 4xCRE expression was blocked by Bapta-free acid (Bapta-FA; 3 mM) or
by pre-treating neurons with 10 uM Bapta-AM. The L-type Ca, antagonist, nifedipine (100
M), did not reduce NMDA-stimulated 4xCRE transcription. ***, p< 0.001 from agonist-
induced response; ns = not significantly different from NMDA alone.
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Fig. 4.

Phosphorylation of CREB at serine-133 is not sufficient for 4xCRE transcription. (a)
Immunoblots were probed for phospho-CREB (top) and then stripped and re-probed for total
CREB (bottom) to control for sample variability. Forskolin (F, 10 uM) stimulated CREB
phosphorylation when compared with untreated (U) cells. CREB phosphorylation induced by
forskolin was insensitive to addition of ifenprodil (F+1) or Bapta-AM (F+B). The effects of
forskolin were abolished by incubation with 10 uM of the PKA inhibitor, H89 (data not shown).
(b) Quantification of CREB phosphorylation (P-CREB/CREB) from 4 experiments.
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Fig. 5.

DA activates CREB-dependent gene transcription. (a) Cortical neurons transfected with
4XCRE luciferase were stimulated at 4 div with 100 uM DA or the B-adrenergic agonist,
isoproterenol, in the absence or presence of 0.1 uM rolipram for 5 hr and then harvested for
luciferase assay. **, significantly different from untreated neurons, p<0.005; ***, significantly
different from DA alone, p<0.001; ns, not significantly different from untreated control; n=3
experiments. (b) Stimulation by 100 uM DA in the presence of 0.1 pM rolipram was blocked
by Bapta-FA (3 mM), AP5 (100 uM), ifenprodil (10 pM), and verapamil (100 pM); this
pharmacological profile is identical to that observed with stimulation by cAMP (Fig. 3a,b).
The D1 DA receptor antagonist, SCH23390 (30 uM), also completely blocked stimulation by
DA+rolipram. *** significantly different from DA+rolipram, p<0.001. Ascorbic acid (100
uM) was included to reduce DA oxidation; control experiments demonstrated that ascorbic
acid did not stimulate 4xCRE expression (data not shown).
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Fig. 6.

Stimulation mRNA levels of CRE-containing genes by cAMP or D1 DA receptor agonist is
mediated by NR2B-containing NMDARs. Cortical neuron cultures were incubated in the
absence or presence of forskolin (10 pM), the D1 agonist, SKF38393 (100 uM) and/or
ifenprodil (10 uM) and cells were harvested for RNA extraction. Following reverse
transcription, levels of c-fos, and exons | and IV of BDNF were determined by Q-PCR. Data
are expressed relative to untreated cultures. ***, significantly different from corresponding
cultures stimulated by forskolin or SKF38393; p<0.001.
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Fig. 7.

EAA uptake inhibition enhances stimulation of CREB-dependent gene transcription by cCAMP.
The EAA uptake inhibitor, TBOA (10 uM), did not, by itself, stimulate 4xCRE transcription,
but potentiated the response induced by forskolin (1 uM) or 8-Br-cAMP (1 mM). ***,
significantly different from forskolin, 8-Br-cAMP or TBOA alone (p<.01).
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L-aspartate+glutamate scavenger inhibits cAMP-induced 4xCRE transcription but glutamate
scavenger does not. (a) Addition of a glutamate-only scavenging system (10 mM pyruvate plus
5 U/ml GPT) did not affect forskolin-induced 4xCRE transcription. (b) Addition of an L-
aspartate+glutamate scavenging system (10 mM pyruvate plus 5 U/ml GPT; 3 mM a-
ketoglutarate plus 5 U/ml GOT) completely inhibited the response to forskolin. ns, not
significantly different from forskolin alone; ***, significantly different from forskolin alone

(p<.001).
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Fig. 9.

CAMP induces aspartate release from cortical neurons. Four hours after medium replacement,
cultures were treated with 100 uM forskolin or vehicle (DMSO) for 30 min. 250 pl of the
combined medium from duplicate cultures was removed and subjected to analysis by HPLC
as described in Materials and Methods. (a) Chromatograms showing aspartate and glutamate
peaks; forskolin induced an increase in medium aspartate without significantly affecting
glutamate. (b) Summary of measurements from 10 pairs of cultures. Bars show means + sem;
***_significantly different from control, p<0.005 by two-tailed t-test. ns, not significantly
different from control.
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Fig. 10.

Model illustrating the signaling pathways mediating stimulation of CREB-dependent gene
transcription by DA and cAMP in mouse cortical neurons prior to synaptogenesis. Like
forskolin, activation of the D1/D5 class of DA receptors (D1/5-AC), which are positively linked
to adenylyl cyclase, induces arise in intracellular cCAMP, leading to release of L-aspartate (left,
dashed arrows). This CAMP can also stimulate CREB phosphorylation via PKA activation
(dotted arrow), but CREB-dependent gene transcription requires activation of ifenprodil-
sensitive, NR2B-containing NMDA receptors by aspartate and CaZ* entry (right, solid arrows).
Direct activation of NMDARs by NMDA may induce transcription independently of cAMP,
because the NMDA-induced rise in Ca2" is sufficient to activate both CREB and a co-activator
(e.g., CBP) via a CaMK. This schema shows aspartate acting via an autocrine mechanism (i.e.,
aspartate acts on the same cell that releases it), however, our data are also consistent with a
paracrine mechanism (if the released aspartate acts on neighboring neurons).
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