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Changes in NMDA receptor-induced cyclic nucleotide
synthesis regulate the age-dependent increase in PDE4A
expression in primary cortical cultures
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NMDA receptor-induced cAMP and cGMP are selectively hydrolyzed by PDE4 and PDE2,
respectively, in rat primary cerebral cortical and hippocampal cultures. Because cAMP levels
regulate the expression of PDE4 in rat primary cortical cultures, we examined themanner in
which NMDA receptor activity regulates the age-dependent increase in the expression of
PDE4A observed in vivo and in vitro. Inhibiting the activity of NR2B subunit with ifenprodil
blocked NMDA receptor-induced cGMP synthesis and increased NMDA receptor-induced
cAMP levels in a manner that reduced PDE4 activity. Therefore, NR1/NR2B receptor-induced
cGMP signaling is involved in an acute cross-talk regulation of NR1/NR2A receptor-induced
cAMP levels, mediated by PDE4. Chronic inhibition of NMDA receptor activity with MK-801
reduced PDE4A1 and PDE4A5 expression and activity in a time-dependent manner; this
effect was reversed by adding the PKA activator dbr-cAMP. Inhibiting GABA receptors with
bicuculline increased NMDA receptor-induced cAMP synthesis and PDE4A expression in
cultures treated between DIV 16 and DIV 21 but not in cultures treated between DIV 8 and
DIV 13. This effect was due to a high tone of NMDA receptor-induced cGMP in younger
cultures, which negatively regulated the expression of PDE4A by a PKG-mediated process.
The present results are consistent with behavioral data showing that both PDE4 and PDE2
are involved in NMDA receptor-mediated memory processes.
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1. Introduction

Learning and memory are regulated by changes in neuronal
activity that take place in the cerebral cortex andhippocampus
(Flexner et al., 1964; Heilbrun, 1960; Scoville et al., 1957;
Thompson et al., 1961). Excitatory neurotransmission in the
central nervous system that is mediated by NMDA type gluta-
matergic receptors are of particular importance in these pro-
cesses (Collingridge, 1987; Kauer et al., 1988; Michaelis, 1998;
Ozawa et al., 1998; Vianna et al., 2000). Rats treated with the
selective NMDA receptor antagonist MK-801 exhibit memory
deficits that are reversed by inhibiting phosphodiesterase-4
(PDE4)with rolipram (Zhang et al., 2000) or phosphodiesterase-
2 (PDE2) with Bay 60-7550 (Boess et al., 2004), suggesting a
functional role for PDE4 and PDE2 in NMDA receptor-mediated
learning and memory processes. Consistent with these
behavioral data, it has been found that PDE4 and PDE2mediate
the hydrolysis of NMDA receptor-induced cAMP and cGMP,
respectively, in rat primary cerebral cortical and hippocampal
cultures (Suvarna and O'Donnell, 2002). Pharmacological
characterization did not suggest the involvement of any of
the other PDE families in hydrolyzing NMDA receptor-induced
cAMP and cGMP (Suvarna and O'Donnell, 2002).

The PDE4 family is comprised of four genes designated
PDE4A, B, C, and D, ofwhich only PDE4A, B, and D are expressed
appreciably in the cerebral cortex and hippocampus (Cherry
and Davis, 1999). The expression of PDE4A in cerebral cortical
neurons increases in an age-dependent manner, with early
detection at day in vitro (DIV) 10, which increases gradually to
DIV 21 (Ye et al., 2001). Treating primary cortical neuronal cul-
tures with the voltage-gated sodium channel blocker tetrodo-
toxin reduces the expression of PDE4A, indicating that the
expression of this subtype is activity-dependent (Ye et al., 2001).
Because the majority of excitatory signaling occurs at gluta-
matergic synapses (for review, seeMichaelis, 1998; Ozawa et al.,
1998) and because tetrodotoxin reduced PDE4A expression, we
speculated that glutamatergic activity played a role in regulat-
ing the age-dependent increase in cortical PDE4A expression.

The PDE4 promoter contains CRE sequences that bind the
cAMP-responsive element-binding protein (CREB) and
increases the transcription of the enzyme (D'Sa et al., 2002;
Le Jeune et al., 2002; Rena et al., 2001). Because NMDA receptor
activity increases cyclic nucleotide synthesis, cyclic nucleo-
tide-dependent protein kinase activity, and activates CREB
(Chetkovich and Sweatt, 1993; Fedele and Raiteri, 1999; Nicoll
and Malenka, 1999; Schwartz and Greenberg, 1987; Suvarna
and O'Donnell, 2002; Roberson and Sweatt, 1996; Vianna et al.,
2000), which increases the transcription of PDE4 (D'Sa et al.,
2002; Houslay et al., 1998; Le Jeune et al., 2002; Rena et al., 2001),
we investigated the effect of chronic NMDA receptor inhibition
on the expression of PDE4 subtypes in maturing rat primary
cortical cultures between DIV 8 and DIV 21.

2. Results

2.1. Effect of NMDA receptor activity and PDE activity on cAMP
and cGMP levels in maturing primary cortical neuronal cultures

Acutely treating primary cortical neuronal cultures with
NMDA (30 μM; 15 min) increased cGMP in DIV 8, 13, and 21

cultures (Fig. 1A, 744±55, 332±50, and 255±32% of control,
respectively). The effect of acute NMDA treatment on cGMP
was age-dependent with younger cultures exhibiting a greater
cGMP response to NMDA treatment than older cultures.
However, increasing endogenous glutamate release by inhi-
biting GABAA receptor activity with acute bicuculline (Bic;
30 μM, 15 min) did not increase cGMP signaling in primary
cortical cultures. Selectively inhibiting PDE2-hydrolytic acti-
vity with EHNA (20 μM; 25 min) significantly increased cGMP
levels at DIV 8, 13, and 21 (Fig. 1A, 820±55, 388±44, and 242±
32% of control, respectively) without affecting cAMP levels in
these cultures. EHNA accentuated the effect of NMDAon cGMP
in DIV 8, 13, and 21 cultures (Fig. 1A, 5651±343, 2035±154, and
1152±140% of control, respectively).

Acute treatment with NMDA (30 μM), bicuculline (30 μM), or
rolipram (Rol) alone had no effect on cAMP levels in DIV 8, 13,
and 21 cultures (Fig. 1B). However, NMDA or bicuculline in the
presence of rolipram (20 μM; 25 min) increased cAMP levels

Fig. 1 – Effect of acute NMDA receptor activation and PDE
inhibition on cAMP and cGMP levels. Primary cortical
neuronal cultures were acutely treated at DIV 8, 13, or 21 with
the PDE2 inhibitor EHNA (20 μM; 25 min), the PDE4 inhibitor
rolipram (Rol; 20 μM; 25 min), the GABAA receptor antagonist
bicuculline (Bic; 30 μM; 15 min), NMDA (30 μM; 15 min), or a
combination of these drugs. Cyclic GMP (A) and cAMP
(B) levels were determined by RIA. The dotted line represents
basal control levels. Values shown aremeans±S.E. expressed
as a percentage of control samples from four independent
experiments. **p<0.01 and ***p<0.001 vs. control; ++p<0.01
and +++p<0.001 vs. DIV 8 from the same group.
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