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Abstract

Neuroplasticity serves an important role for normal striatal function and in disease states. One
route to neuroplasticity involves activation of the transcription factor cyclic 3’,5’-adenosine
monophosphate (cyclic AMP) response element binding protein (CREB) by phosphorylation of
the amino acid 133Ser. Dopamine and glutamate, the two predominant neurotransmitters in the
striatum, induce CREB phosphorylation in primary cultures of rat striatum through cyclic AMP
and Ca?* pathways. Here we present the role of N-methyl-D-aspartate receptors and Ca2* in cyclic
AMP-mediated CREB phosphorylation.
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Introduction

Neuroplasticity is the term used to define the adaptability of the brain and its cellular
components to changing requirements. The central mechanism of neuroplasticity is the
modification of efficacy and number of synapses during development and throughout life,
thus modeling the brain and adjusting its functions. Neuroplasticity requires intraneuronal
processes to both change cellular properties due to arising demands and to store information
about the modified properties. Control of protein synthesis accomplishes these requirements
[1-4]. Stimulus-dependent protein modification, in particular cyclic 3’,5’-adenosine
monophosphate (cyclic AMP)- and Ca*-mediated phosphorylation, confers neuroplasticity
by changing protein function, RNA and protein synthesis, and neuronal protein composition
[5-7].
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The short review and the data presented here examine the effect of Ca2*- and cyclic AMP-
mediated second messenger pathways on the phosphorylation and activation of the
transcription factor cyclic AMP response element binding protein (CREB) in the striatum.

Role of Neuroplasticity in the Striatum

The striatum (caudate, putamen and nucleus accumbens) plays a central role in movement. It
has been implicated in movement disorders like Parkinson’s disease and Huntington’s
disease [8-10]. In the early stages of Parkinson’s disease, neuroplasticity enables the
striatum to compensate for the loss of dopamine to the extent that clinical symptoms only
become apparent after a significant loss of dopamine has occurred [11-14].

The striatum also plays a critical role in more complex processes, e.g. in behavioral changes
due to drug abuse [15, 16] and schizophrenia [17-20]; more recently, the striatum has been
implicated in certain forms of memory [21]. Neuroplasticity not only affects normal and
abnormal striatal function, but it influences therapeutic drug treatments and must be
considered in treatment strategies. It plays a role in the benficial effects of therapeutical
drugs, and it is responsible for deleterious side effects. For example, in pharmacologic
interventions such as haloperidol treatment of schizophrenia, the beneficial effects take time
to develop [22], as do unwanted side effects, e.g. tardive dyskinesia [23]. The late onset of
both responses is suggestive of neuroplasticity.

The use of drugs like cocaine or amphetamine causes long-term neuronal modifications [15,
16, 24]. Addiction and tolerance, manifestations of neuroplasticity, reinforce drug-seeking
behavior. After cessation of drug use, withdrawal effects like dysphoria, anhedonia, and
drug craving are further evidence for the neuronal adaptation to drug abuse. Many of these
neuronal modifications hamper successful treatment, and some will prevail for prolonged
periods of time [16].

The examination of the mechanisms of striatal neuroplasticity is vital to our understanding
of striatal function and malfunction, and for treatments of disorders of the striatum.

Mechanisms of Neuroplasticity in the Striatum

The two major neurotransmitters in the striatum are dopamine, in afferents from the
substantia nigra, and glutamate, in cortical afferents [25]. The majority of striatal neurons
are medium-sized, spiny [26, 27], and synthesize the inhibitory neurotransmitter y-
aminobutyric acid (GABA) [25]. Most GABA-ergic neurons synapse with nigrostriatal and
corticostriatal neurons [25], but differ in their expression of neuromodulators, receptors, and
Ca?*-binding proteins [25, 28]. The GABA-ergic neurons of the striatum express receptors
of the dopamine receptor family, which consists of five members (D1-Ds) [29]. All
dopamine receptors described to date are coupled to G proteins [30] and are subdivided into
D1-like receptors (D1 and Ds receptors) and D,-like receptors (D5, D3, and D4 receptors)
[29, 30]. D1 and D5 receptors dominate in the striatum [31] and are expressed mostly on
separate neuronal populations [32-35]. Activation of D4 receptors raises cyclic AMP levels
[36]. This increase in cyclic AMP levels leads to activation of protein kinase A (PKA),
which affects the phosphorylation states of other proteins, notably dopamine and cyclic
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AMP-regulated phospho-protein (DARPP-32), which is selectively enriched in GABA-ergic
striatal neurons [37, 38].

The GABA-ergic neurons of the striatum also express members of the glutamate receptor
family [39-41], including N-methyl-D-aspartate (NMDA) receptors [40, 42]. An important
property of NMDA channels is the mediation of Ca2* influx upon stimulation [43, 44]
which contributes to memory-related processes, e.g. long-term potentiation and synaptic
plasticity [45-47]. Ca2* asserts this influence through second messenger pathways. Ca2*
entering through NMDA receptors stimulates kinases and phosphatases which affect protein
phosphorylation, e.g. the kinases CaZ*/calmodulin (CaM) kinase [48, 49] and protein kinase
C (PKC) [50, 51] and the protein phosphatase calcineurin (protein phosphatase 2B) [52, 53].
These kinases and phosphatases form elements of a cascade capable to induce widespread
changes in neurons.

DARPP-32 phosphorylation is a convergence point of NMDA and D, receptor pathways.
Upon phosphorylation by PKA [54], DARPP-32 inhibits protein phosphatases 1 (PP1) and
2A (PP2A) [55]. Calcineurin, a phosphatase activated by NMDA receptors,
dephosphorylates DARPP-32 and disables its function as a PP1/PP2A inhibitor (fig. 1) [52,
56].

Thus, in response to increased synaptic levels of dopamine and glutamate, the GABA-ergic
neurons activate specific second messenger pathways that lead to changes in protein
phosphorylation. Altered protein phosphorylation can influence gene expression and protein
synthesis via transcription factors. The transcription factor CREB is activated through
phosphorylation [57] and is an important regulator of gene expression in the striatum.

CREB Phosphorylation as a Model of Striatal Neuroplasticity

CREB is a transcription factor constitutively bound to specific DNA enhancer elements [58].
Phosphorylation of the amino acid 133Ser [59, 60] enables CREB to associate with CREB
binding protein and to recruit RNA polymerase Il to the promoter [61-64]. PP1 and PP2A
deactivate CREB by dephosphorylation of 133Ser (fig. 1) [65-67].

CREB activates immediate early genes as well as neuromodulator genes located in striatal
neurons, e.g. ¢-fos, proenkephalin, somatostatin and prodynorphin [57, 68—74]. Gene
regulation by CREB phosphorylation provides a mechanism for neuroplasticity [75-77]. Not
surprisingly, CREB has been linked to memory formation in mollusks, fruit flies, and
mammals [60, 78-81], and has been associated with long-term potentiation [82].

Cyclic AMP and Ca2* pathways can induce phosphorylation of 133Ser-CREB [59, 60, 76].
Experiments with cell cultures have demonstrated that the catalytic subunit of PKA can
separate from the regulatory subunit and translocate to the nucleus to phosphorylate nuclear
proteins [83, 84]. Since 133Ser can be phosphorylated by PKA in vitro [60, 83, 85], it is
likely that PKA causes CREB phosphorylation in the striatum in response to D1 receptor
stimulation. In the NMDA pathway, Ca%* entering through NMDA receptors binds CaM,
which translocates to the nucleus and activates CaM kinase [86]. Thus dopamine released
from nigrostriatal terminals and glutamate released from corticostriatal terminals could
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potentially independently have identical effects on gene expression of GABA-ergic striatal
neurons. However, data obtained in vivo [71], in primary striatal culture [73], and in
organotypcial culture [87] suggest that dopamine-mediated phosphorylation of CREB in the
striatum is dependent on a factor supplied by the NMDA receptor cascade.

Interaction of Dopamine and Glutamate/NMDA Receptors in the Striatum in the Control of
CREB Phosphorylation and Gene Expression

CREB phosphorylation presents an ideal mechanism to examine Dy and NMDA receptor-
induced striatal synaptic plasticity: it integrates cyclic AMP and Ca2* stimuli into long-term
adaptive changes. The examination of the role of various phosphatases and kinases in
dopamine/cyclic AMP- and glutamate/NMDA-mediated CREB phosphorylation is vital to
our understanding of striatal neuroplasticity.

In vivo rat experiments in our lab with the indirect Dq receptor agonists amphetamine and
cocaine show an induction of ¢c-fos mRNA in the striatum 15 min after drug administration
(unpubl. data). This induction is prevented by pretreatment with a noncompetitive NMDA
receptor antagonist, MK801, indicating a dependence on NMDA receptors [73, 88, 89].
Since several mechanisms could explain how dopamine and glutamate may interact
extrastriatally through neuronal circuits as well as intra-striatally, work in our lab has
focused on their intraneuronal interaction. In primary striatal cultures, which lack the
circuitry found in vivo, we corroborated the inhibition of dopamine-mediated c-fos
expression by NMDA antagonists [73], demonstrating an intraneuronal interaction of the
two neurotransmitter systems. In addition, we found dopamine-mediated c-fos expression is
dependent on extracellular Ca2* in the cultures [73]. In the present paper, we use primary
cultures of the rat striatum to study the alliance of glutamate/NMDA and dopamine
receptors in the mediation of CREB phosphorylation.

Materials and Methods

Materials

Dopamine, the D4 receptor agonist () SKF82958 hydrobromide ((z)-chloro-APB
hydrobromide [90]), and the NMDA receptor antagonist (+)-MK801 hydrogen maleate
(MK801) [91] were obtained from RBI (Natick, Mass.). The adenylyl cyclase-activating
drug forskolin [92] was obtained from Sigma (St. Louis, Mo.). NMDAR1 antibody

and 133Ser-phospho-CREB antibody [85] were purchased from UBI (Lake Placid, N.Y.); a-
phospho-Ser 897 NMDAR1 (phospho-NMDARZ1) antibody was a gift from Dr. Richard L.
Huganir [93].

Rat Primary Striatal Cultures

Striata were dissected under a stereomicroscope from 18-day-old Sprague-Dawley rat
fetuses. Tissue was resuspended in 2 ml of defined medium to prevent glial growth (50%
DMEM/F12 and 50% DMEM, Gibco, Gaithersburg, Md.) with the following supplements
per liter of medium: 4 g dextrose, 20 ml B27, 10 ml penicillin/streptomycin liquid (Gibco),
25 ml 1 MHepes. The tissue was mechanically dissociated with a fire-narrowed Pasteur
pipette, the cells were resuspended to 10° cells/ml, and plated in 6-well plates (Costar,
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Cambridge, Mass.) at 2 x 10° cells/well. Plates were pretreated with two ml of 1:500 diluted
solution of polyethylenimine in 50 mAM sodium borate pH 7.4 for 24 h, washed twice with
water, left with serum-containing medium for at least 4 h and aspirated just prior to plating.
All experiments were performed with cells 6-8 days in culture in duplicates and repeated at
least once in an independent dissection. As determined by HPLC analysis, glutamate levels
in the medium on the day of the experiments ranged from 1 to 5 pM. Neuron- to-astroglia
ratio was below 25:1, as established by immunocytochemical staining with the glial
fibrillary acid protein (Dako, Carpenteria, Calif.), and counterstaining with 1% cresyl violet.

For immunoblots, cultures were treated with forskolin, dopamine, or SKF82958 for 15 min.
MK®801 was preincubated for 20 min. After treatments, media was aspirated and plates
quick-frozen on liquid nitrogen and stored at -80° C.

Immunoblots

Primary rat striatal cultures were harvested in boiling sample buffer (62.5 mA Tris-HCI, pH
6.8, 20% glycerol, 2% SDS, 5% B-mercaptoethanol, 0.025% bromphenol blue). Cell lysates
were sonicated and centrifuged for 10 min. Equal volumes of the lysates were loaded on a
12% polyacrylamide gel for phospho CREB immunoblots and an 8% gel for NMDAR1 and
phospho-NMDAR1 immunoblots. Protein was transferred to PVVDF membrane (Immobilon-
P, 0.45 mm; Millipore, Bedford, Mass.) and blocked in blocking buffer (5% nonfat dry milk
in phosphate-buffered saline, 0.1% Tween 20) for 1 h. The blots were incubated in primary
antibody (1:1,000 anti-133Ser-phospho-CREB; 1 mg/ml anti-phospho-NMDARZ1; 1:200 anti-
NMDARZ1) for 2 h followed by 3 washes for 15 min in blocking buffer. This was followed
by a 1-hour incubation in goat antirabbit horseradish peroxidase-linked 1gG (Vector
Laboratories, Burlin-game, Calif.) at a concentration of 1:3,000 dilution for 133Ser-phos-
pho-CREB and 1:10,000 dilution for NMDAR1 and phospho-NMDAR1. Blots were washed
3 times for 10 min in phosphate-buffered saline, 0.1% Tween 20, developed with the
Renaissance detection system (NEN, Wilmington, Del.), and exposed to an autoradiographic
film. Kaleidoscope-prestained standards (Bio-Rad, Hercules, Calif.) were used for protein
size determination. Phospho CREB bands were detected just above the 43-kD standard, and
NMDAR1 and phospho-NMDAR1 bands ran just above the 118-kD standard. Size markers
and NMDARLU antibodies (indiscriminate to the state of phosphorylation) were used to
control for the authenticity of the NMDARZ1 protein band detected with the phospho-
NMDAR1 antibody.

Cyclic AMP levels were determined with the cyclic AMP [3H] assay system from
Amersham (Arlington Heights, II.). Levels of cyclic AMP were determined per well of 6-
well tissue culture plates (approximately 2 x 108 cells), for at least 3 wells per treatment
condition, all analyzed in duplicate.

Statistical Analyses

Autoradiographic films were scanned with a Hewlett Packard Scan Jet. Due to the narrow
range of film (approximately one order of magnitude), the data obtained are
semiquantitative. Data from cyclic AMP tests and from autoradiographs were analyzed with
one-way ANOVAs. The Tukey-Kramer HSD (honestly significant difference) test was used
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to analyze differences between the groups, while Dunnett’s test was used for comparisons of
treatment groups with controls. The JMP computer program (SAS Institute, Cary, N.C.) was
used for data analysis.

Treatment of cultures with the cyclic AMP-inducing drug, forskolin (20 uM), caused rapid
phosphorylation of CREB, as shown in an immunoblot with a 133Ser-phos-pho-CREB
antiserum (fig. 2). Phosphorylation of 133Ser-CREB was already apparent at 5 min, peaked
at 15 min, and returned to basal levels after 10 h (fig. 2). The maximum level of induction
was 8-fold. No significant changes in CREB protein levels were observed. Cells for all
subsequent experiments were harvested 15 min after exposure to agonists. Inhibitors were
added between 15 and 30 min before the addition of agonists, with the particular times
indicated in the figures.

Dopamine and the full Dy agonist SKF82958 [90] induced significantly 133Ser-CREB
phosphorylation in primary striatal cultures (fig. 3, table 1). MK801 pretreatment reduced
basal levels of CREB phosphorylation and blocked D4 receptor-mediated CREB
phosphorylation (fig. 3, table 1). CREB phosphorylation stimulated by low concentrations of
forskolin (2.5 or 5 pM) was at least partly blocked by MK801 pretreatment (fig. 4, table 2).
However, CREB phosphorylation induced by high levels of forskolin (20 p/M) was not
blocked by MK801 pretreatment (fig. 5, table 3). In fact, a significant enhancement of
forskolin-mediated CREB phosphorylation was observed when pretreated with MK801. The
effectiveness of MK801 as NMDA antagonist was verified in this experiment by the
MK801-mediated block of glutamate-induced CREB phosphorylation (fig. 5, table 3).

Since D, receptor-mediated CREB phosphorylation is dependent on cyclic AMP induction,
we examined the effect of NMDA receptor antagonists on adenylyl cyclase activity.
Analysis of cyclic AMP levels showed a dose-dependent increase of cyclic AMP levels after
forskolin treatment (fig. 6a,b). MK801 enhanced forskolin-induced cyclic AMP levels at all
forskolin concentrations examined (fig. 6a,b). This effect was also observed in the presence
of a competitive NMDA antagonist, AP5 (fig. 6¢). Glutamate (fig. 6d) and NMDA (500 uM.
data not shown) decreased cyclic AMP levels.

In the final set of experiments, we examined how dopamine and elevation of cyclic AMP
recruit NMDA receptors. NMDA receptor subunits can be phosphorylated by protein
kinases, an event that modulates their function [93, 94]. We therefore examined the
possibility of striatal NMDA receptor phosphorylation by forskolin-stimulated PKA.

The pentameric NMDA receptor channel is assembled from receptor subunits of two classes,
NMDAR1, and NMDAR2A-D [44]. Each NMDA receptor consists of three NMDAR1
subunits and any two subunits of the NMDAR2 family [95]. The NMDARL1 subtype is a
required component of the NMDA receptor [44], and was tested for phosphorylation. An
immunoblot with an antibody against phosphorylated NMDARZ1 receptor [93] showed that
treatment of the cultures with 2.5 or 5 pM forskolin led to potent phosphorylation within 20
min (fig. 7). Phosphorylation of NMDAR1 receptors was independent of the NMDA second
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messenger pathway, since the NMDA antagonist MK801 did not block the phosphorylation
(fig. 7). Maximal phosphorylation of the receptor was achieved at the lowest concentration
of forskolin (2.5 uM) and was not augmented by concentrations of up to 50 uM forskolin
(table 4).
Discussion

The two predominant neurotransmitters in the striatum, dopamine and glutamate, induce
CREB phosphorylation in rat primary striatal cultures. We found various levels of
interaction between dopamine and NMDA pathways which are relevant for CREB
phosphorylation: first, an inhibitory effect of NMDA receptor stimulation on forskolin-
activated cyclic AMP levels, second, a recruitment of the NMDA pathway for 133Ser-CREB
phosphorylation by PKA, and third, we found indirect evidence for a regulation of the
CREB phosphatase PP1/2A through the phosphorylation/dephosphorylation of DARPP-32
by Ca2* and cyclic AMP pathways [52, 55, 56].

Mechanism of CREB Phosphorylation after Treatment with Dopamine and Low
Concentrations of Forskolin

Functional NMDA receptors are critical for glutamate, dopamine, and low forskolin-
mediated CREB phosphorylation. Though NMDA receptor antagonists enhance the
forskolin-induced increase in cyclic AMP levels, they block dopamine/low forskolin-
induced 133Ser-CREB phosphorylation. The enhancement of cyclic AMP levels indicates a
negative regulation of cyclic AMP synthesis by the NMDA/Ca%* pathway, which is
supported by a reduction of stimulated cyclic AMP levels by glutamate and NMDA. The
data are in accordance with studies showing that the predominant adenylyl cyclases in the
striatum, type V and X, are inhibited by Ca2* [96, 97]. Moreover, phosphodiesterase, the
enzyme which metabolizes cyclic AMP, is stimulated by CaZ* pathways [98]. Since NMDA
receptors have opposite effects on cyclic AMP synthesis and CREB phosphorylation,
facilitation of CREB phosphorylation by NMDA receptors must occur downstream of cyclic
AMP induction.

PKA is activated by cyclic AMP [99], and NMDA antagonists increase low forskolin-
stimulated cyclic AMP levels. Why then does PKA not phosphorylate CREB in the presence
of NMDA antagonists? This question may be answered by a study of the spatiotemporal
distribution of cyclic AMP in neurons, which concluded that cyclic AMP is produced
primarily in fine neurites [100]. PKA activation after dopamine or low forskolin stimulation
may be limited to the synaptic neuropil and may not reach the cell soma and the nucleus
(fig. 8a) [100]. The target for PKA phosphorylation must therefore be close to the
postsynaptic membrane. Our data on NMDAR1 phosphorylation by PKA elucidate a
possible mechanism: PKA phosphorylates NMDARZ1 receptors and alters NMDA activity
[101], possibly by removing the Mg?* block [102]. Phospho-NMDA receptors activate Ca2*
influx, CaM, and a ‘CREB kinase’. The CREB kinase, most likely CaM kinase 1V [75, 86],
phosphorylates CREB (fig. 8b). Inhibition of NMDA receptors interrupts this pathway and
prevents CREB phosphorylation by dopamine or low forskolin. Though further experiments

Dev Neurosci. Author manuscript; available in PMC 2014 October 22.



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

1duosnuely Joyny vd-HIN

Rajadhyaksha et al.

Page 8

are needed to prove this hypothesis conclusively, it should be noted that a similar
mechanism has been described for NMDAR1 phosphorylation by PKC [102, 103].

Activation of PKA in the synaptic neuropil not only promotes phosphorylation of NMDA
receptor proteins, but also of DARPP-32 (fig. 8b). Calcineurin, activated by NMDA
receptors, dephosphorylates DARPP-32, which releases PP1/2A (fig. 1) [52, 56]. Thus,
dopamine/low forskolin, through the PKA and the NMDA second messenger pathway, have
a contradictory influence on DARPP-32 phosphorylation, the inhibition of PP1/2A, and the
dephosphorylation of CREB (fig. 1). Since the net effect of dopamine/low forskolin
administration is an increase in CREB phosphorylation, the dominant component
contributed by the NMDA pathway is the kinase activity (fig. 8b).

Mechanism of CREB Phosphorylation after Treatment with High Concentration of

Forskolin

Experiments with the adenylyl cyclase-activating drug forskolin demonstrate the complexity
of the interaction of the cyclic AMP and the NMDA pathway. With a different extent of
cyclic AMP stimulation, the dominance of different kinases and phosphatases in the
pathway changes. Moderate induction of cyclic AMP, as mediated by dopamine or low
concentrations of forskolin, requires functional NMDA receptors to produce CREB
phosphorylation. High levels of forskolin induce 133Ser-CREB phosphorylation
independently of NMDA receptors that is not blocked by NMDA antagonists. This again
can be explained by the spatiotemporal distribution of stimulated PKA [100]. High
concentrations of forskolin cause widespread PKA activation, which directly mediates
phosphorylation of CREB, independent of NMDA-activated kinases (fig. 8a,c). Stimulation
with high amounts of forskolin also causes NMDARZ receptor phosphorylation and, in
addition to the cyclic AMP pathway, supports the NMDA-mediated kinase and phosphatase
pathway (fig. 8c). Because high doses of forskolin directly phosphorylate 133Ser-CREB, the
discernible factor contributed by the NMDA pathway is the phosphatase calcineurin, which
supports PP1/2A activity via the DARPP-32 pathway [52, 56]. While CaM kinase IV does
not further enhance PKA-mediated CREB phosphorylation, calcineurin, counteracting PKA-
mediated DARPP-32 phosphorylation, supports the CREB dephosphorylation pathway (fig.
8c). Inhibition of NMDA receptors decreases calcineurin and PP1/2A activity [104]. In
addition, NMDA antagonists significantly enhance forskolin-stimulated cyclic AMP levels,
which, via increased PKA activity, could augment CREB phosphorylation. Thus, inhibition
of the NMDA receptor not only fails to block high forskolin-mediated CREB
phosphorylation, but actually increases total amount of 133Ser-phospho-CREB.

Role of NMDA Receptors in Dopamine-Mediated CREB Phosphorylation

The mechanism of dopamine-mediated CREB phosphorylation is comparable to the
mechanism used by low forskolin, indicating that under conditions of physiologic
stimulation, dopamine modulates CREB phosphorylation predominantly via NMDA
receptors. The role of NMDA receptors in dopamine and low forskolin-mediated CREB
phosphorylation confirms the prominent position of NMDA receptors in synaptic plasticity
[48, 51, 105-107]. However, the potency and stimulus duration of cyclic AMP activation
determines the extent of the dependence on NMDA receptors, e.g. increasing cyclic AMP
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mulation is decreasingly dependent on NMDA receptors. Higher amounts of cyclic AMP
n diffuse retrogradely to the nucleus [100], stimulate PKA and phosphorylate 133Ser-

CREB. Thus, while there is ample cross talk between Ca?* and PKA pathways, PKA can
mediate synaptic plasticity independently of NMDA receptors [4, 99, 108-110].
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Role of dopamine/cyclic AMP and NMDA/Ca?" in the activation of protein phosphatases
and dephosphorylation of 133Ser-CREB in the striatum. The level of CREB phosphorylation

is determined by the relative activity of kinases and phosphatases. The phosphatases
responsible for dephosphorylation of 133Ser-CREB are PP1 and PP2A [65, 66]. The

DARPP-32 pathway is involved in the regulation of PP1/2A in the striatum [55]. DARPP-32
is a neuronal phosphoprotein which upon phosphorylation on 34Thr [54, 111, 112], becomes
a very potent PP1/2A inhibitor [55]. Dopamine-activated PKA phosphorylates DARPP-32
on 34Thr. Therefore, dopamine and cyclic AMP activation promotes CREB phosphorylation
via inhibition of phosphatase activity. Stimulation of NMDA receptors induces the calcium-
dependent phosphatase calcineurin, the dephosphorylation of DARPP-32 on 34Thr, the
disinhibition of PP1/2A [52, 56, 111] and the dephosphorylation of CREB [66]. Insert: CaM
kinase 1V activated by NMDA receptors [75, 113], and PKA activated by D4 receptors [30,
57, 60, 114] are involved in the phosphorylation of CREB on 133Ser.

Dev Neurosci. Author manuscript; available in PMC 2014 October 22.



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

1duosnuely Joyny vd-HIN

Rajadhyaksha et al.

Page 16

SR &\Q,Q R
O RN e o P
CREB [ #hs Sl S ol 4 s s oo e e 043

Fig. 2.
Time course of CREB phosphorylation after stimulation with forskolin in primary striatal

cultures. Primary striatal cultures were treated with forskolin (20 pM) for the times
indicated, medium was removed and cells were frozen in liquid nitrogen until the day of the
experiment. The immunoblot was developed with 133Ser-phos-pho-CREB antibody (upper
blot), and reprobed with CREB antiserum (lower blot). The specific bands ran slightly above
the 43-kD marker. No significant difference of 133Ser-phospho-CREB induction was
observed between 5 min and 3 h. No significant differences of CREB levels were observed
at any time points (n = 2).
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Dopamine and SKF82958-mediated 133Ser-CREB phosphorylation is inhibited by the
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NMDA antagonist MK801. MK801 (1 uM) was added 30 min before dopamine (50 uM) or
SKF82958 (50 uM). Both dopamine and SKF82958 induced 133Ser-CREB phosphorylation.
Pretreatment with MK801 for 30 min prevented the induction of CREB phosphorylation.

See table 1 for statistical analyses.
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Fig. 4.
CREB phosphorylation mediated by low concentrations of forskolin is inhibited by the

NMDA antagonist MK801. Cells exposed to 2.5 or 5 uM forskolin show increased CREB
phosphorylation. This increase is blocked by pretreatment with MK801 (1 pM) for 30 min
(last 4 lanes). See table 2 for statistical analyses.
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Fig. 5.

CREB phosphorylation mediated by high concentrations of forskolin is not inhibited by the
NMDA antagonist MK801. Cells exposed to 20 uM forskolin show increased CREB
phosphorylation, which is further increased after MK801 (1 pM) treatment. Glutamate-
mediated CREB phosphorylation is blocked by MK801. MK801 was added 30 min before
forskolin (20 uM). See table 3 for statistical analyses.
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Fig. 6.

NIE\;/IDA antagonists increase forskolin-activated cyclic AMP levels. a Forskolin 2.5 uMand
forskolin 5 pM increase cyclic AMP levels in a dose-dependent manner. Pretreatment with
MK801 (1 uM) augments forskolin-induced cyclic AMP levels. Analysis done in
quadruplicates. b Forskolin 20 uM-induced cyclic AMP levels are augmented by MK801 (1
uM). Analysis done in pentuplicates. ¢ Forskolin (20 uM)-induced cyclic AMP levels are
augmented by pre-treatment with AP5 (100 uM). Analysis done in quadruplicates. d
Glutamate (25 and 50 uM) decreases cyclic AMP levels induced by forskolin (20 uM).
Analysis done in quadruplicates. MK801, AP5 and glutamate were added 30 min before
forskolin. All data presented as average + SD in % of untreated control. Some error bars are
below the resolution of the graphs. * = Significantly different from control (Dunnett’s
method); #, $ = significant difference between groups (Tukey-Kramer HSD).
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Fig. 7.
Modulation of NMDA receptor phosphorylation by forskolin. Cells treated with forskolin

show phosphorylation of the NMDARL protein, as revealed in an immunoblot with a
phospho-NMDAR1 receptor antibody. MK801 does not block phosphorylation. All nine
samples were run in one gel, transferred, and the membrane was cut before the last three
lanes. The left side was developed with an antibody specific for the phosphorylated form of
the NMDARL1 receptor, the right side was developed with an antibody specific for the
NMDARZ1 receptor. The NMDARL1 receptor runs slightly above the 118-kD marker. The
phospho-NMDAR1 receptor antibody stains 2 bands around 120 kD, the smaller of which is
also detected by the NMDAR1 antiserum and was considered the specific band. See table 4
for statistical analyses.
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Fig. 8.

C)?clic AMP mediates CREB phosohorylation by two different mechanism. a The
distribution of activated PKA after stimulation with low levels of forskolin or dopamine, and
after high levels of forskolin. b Low levels of forskolin increase local PKA activity which
causes phosphorylation of the NMDARL receptor. Kinases activated intraneuronally by the
NMDA receptor pathway phosphorylate CREB. NMDA receptors also stimulate PP1
activity through the DARPP-32 pathway, but the equilibrium favors kinase activity, as
demonstrated by increased 133Ser-CREB phosphorylation. Therefore, inhibition of NMDA
receptors prevents CREB phosphorylation. The bold arrow points out the predominant
action of the NMDA receptor pathway in the presence of low concentrations of forskolin. ¢
High levels of forskolin stimulate sufficient amounts of PKA to directly

phosphorylate 133Ser-CREB. Kinases activated by NMDA receptors cannot further
contribute to CREB phosphorylation, while the activation of calcineurin and the opposition
to DARPP-32 phosphorylation attenuates CREB phosphorylation. The net effect of the
NMDA receptor pathway is a decrease of high forskolin-stimulated 133Ser-phospho-CREB
levels. Therefore, inhibition of NMDA receptors increases CREB phosphorylation. The bold
arrow points out the predominant action of the NMDA receptor pathway in the presence of
high concentrations of forskolin.
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Table 1
Statistical analysis of CREB phosphorylation mediated by dopamine and SKF82958

Mean+SD n
Control 1001 8
MK801 (1 pM) 0.2+0.2 8
Dopamine (50 pM) 264004+ 8
SKF82958 (50 pM) 374104 8

MK801 (1 pM)/dopamine (50 uM)  0.6+0.5* 8
MK801 (1 pM)/SKF82958 (50 uM)  0.6+0.5* 8

Mean values and standard deviation (SD) of the fold induction of 133ger-crEB phosphorylation, as determined by immunoblots, are shown.
Dopamine and SKF82958 caused significant increases in CREB phosphorylation. MK801 blocked dopamine- and SKF82958-mediated CREB
phosphorylation. Values with the same symbols (+,*) are significantly different (Tukey-Kramer HSD).

aSignificantIy different from control (Dunnett’s method).
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Statistical analysis of CREB phosphorylation mediated by low concentrations of forskolin

Table 2

Control
MK801 (1 uM)
Forskolin (2.5 pM)

Forskolin (5 uM)

MK801 (1 uMy/forskolin (2.5 uM) 2 440580

Mean+SD n
1.0£0.3 4
0.6£0.1 4
3210440 4
3.9+084+ 4

o

MK801 (1 pM)/forskolin (5 pM) 2 4+0.18+ 4

Page 24

Mean values and standard deviation (SD) of the fold induction of 133ger-cREB phosphorylation, as determined by immunablots, are shown.

Forskolin (2.5 and 5 pM) caused significant increases in CREB phosphorylation. MK801 blocked partially forskolin-mediated CREB

phosphorylation. The block of 2.5 pM forskolin by MK801 did not reach significance with the Tukey-Kramer HSD test. Values with the same
symbol (+) are significantly different (Tukey-Kramer HSD).

aSignificantIy different from control (Dunnett’s method).

bp < 0.05 (t-test).
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Table 3

Statistical analysis of CREB phosphorylation mediated by high concentrations of forskolin

Mean+SD n
Control 10:03 5
MK801 (1 pM) 0.4£0.2 5
Forskolin (20 uM) 78094+ O
Glutamate (50 pM) 50£1.02 % 5

MKB801 (1 pM)/forskolin (0 uM) 19 6+154 + 5

MKB801 (1 pM)/glutamate (50 pM) 0.6+0.5* 5

Mean values and standard deviation (SD) of the fold induction of 133ger-crEB phosphorylation, as determined by immunoblots, are shown.
Forskolin and glutamate caused significant increases in CREB phosphorylation. MK801 blocked glutamate-mediated CREB phosphorylation, and
significantly enhanced forskolin (20 pM)-mediated CREB phosphorylation. Values with the same symbols (+,*) are significantly different (Tukey-
Kramer HSD).

aSignificantIy different from control (Dunnett’s method).
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Statistical analysis of NMDA receptor phosphorylation by forskolin

Mean+SD n
Control 1.0£0.15 9
Forskolin (2.5 uM) g5+007a 9
Forskolin (5 uM) 5442244 5
Forskolin (20 M) 7.0+2.994 6
Forskolin (50 M) 5.4+1384 6

Table 4

Page 26

Mean values and standard deviation of the fold induction of the phosphorylation of the NMDAR1 receptor, as determined by immunoblots, are
shown. All concentrations of forskolin examined caused significant increases in NMDAR1 phosphorylation. The maximal levels of NMDAR1

phosphorylation were already observed at the lowest concentrations of forskolin used.

aSignificantIy different from control (Dunnett’s method).
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