Developmental switch in the kinase dependency of
long-term potentiation depends on expression of
GluA4 subunit-containing AMPA receptors
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Results
Activation of Postsynaptic PKA Leads to a Large Increase In Excitatory
Synaptic Transmission at Immature Synapses That Is Dependent on
C-Terminal Protein Interactions of GluA4. To study the mechanisms
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ctivity-dependent plasticity at immature glutamatergic synapses is thought to underlie fine tuning of the synaptic circuitry and optimize the network for its adult functions. The
synaptic mechanisms of plasticity at immature contacts differ
from those in the adult because of developmental alterations in
the expression of several molecules that are critical in mediating
and modulating synaptic transmission. For example, in area CA1
of the hippocampus, the signaling cascades necessary for longterm potentiation (LTP) are altered during the first weeks of
postnatal life, corresponding to the time of formation and maturation of glutamatergic synapses. In the neonate, LTP is dependent mainly on the activation of PKA, but later in development
LTP requires the activation of Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) together with other kinases (1, 2). In
parallel, expression of the AMPA-receptor subunit GluA4 in the
hippocampal pyramidal neurons is strongly down-regulated and
replaced by other subunits, including GluA1 (3, 4).
Both GluA4 and GluA1 and a splice variant of GluA2,
GluA2 L, contain a long intracellular C-terminal domain (CTD)
that is thought to be involved in activity-depe ndent synaptic
incorporation of AMPA receptors (5 8, but also see ref. 9).
Spontaneous synaptic activity and consequent activity-dependent
PKA phosphorylation is sufficient to drive recombinant GluA4,
but not GluA1, into synapses (4, 10), suggesting that the switch in
the subunit composition of AMPA receptors may explain some
of the developmental changes in the mechanisms of LTP. However, the exact role of the developmentally restricted expression of
GluA4 in synaptic transmission and plasticity remains unknown.
Here we show that GluA4 expression is sufficient to alter the
signaling mechanisms underlying LTP and to confer PKAdependent postsynaptic potentiation. Thus, the expression of
GluA4 can explain fully the dev elopmental switch in the LTP
kinase dependency in CA1 pyramidal neurons.

regulating functional AMPA receptors at immature synapses,
GST-fusion proteins corresponding to the CTD sequence of
GluA4, GluA1, and GluA2 L were applied to immature [postnatal day 4 (P4) P6] CA1 pyramidal neurons via a patch electrode while their effects on excitatory postsynaptic currents
(EPSCs) were monitored. Loading the cells with the recombinant proteins is expected to scavenge proteins interacting with
the corresponding endogenous proteins and thereby perturb any
physiological processes dependent on these interactions (e.g.,
ref. 11). None of the proteins with the long CTD significantly
affected EPSC amplitude within 30 min of recording, but the
GST-fusion protein containing the GluA2 short CTD, which was
used as a positive control, caused a rundown of transmission (to
64 – 7% of baseline, n = 5) (Fig. S1), as shown previously (12
14). This result indicates that dynamic protein interactions with
long C-terminal tails of AMPA receptors are not involved in
regulation of low-frequency transmission at immature synapses.
Proteins interacting with CTDs might selectively regulate the
mobilization of AMPA receptors in response to activity (for review, see ref. 8). Therefore, we next studied the effect of forskolin,
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