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Synaptic plasticity of excitatory synapses is thought to be a cellular basis of
memory formation. A well-studied form of synaptic plasticity is long-term potentiation
(LTP), a long-lasting enhancement in synaptic currents accompanied by a persistent
enlargement of dendritic spines (structural LTP: sLTP). It has been known that the
stimulus threshold for LTP induction changes depending on neuronal activity, which is
termed metaplasticity. For example, prolonged neuronal activation raises the LTP
threshold and prevents excessive LTP expressions, regulating the homeostasis of
neuronal excitability. However, molecular mechanisms for metaplasticity remain poorly
understood. In this study, | investigated metaplastic regulations of sLTP inductions at
dendritic spines of hippocampal neurons after chronic neuronal excitation.

To label chronically-excited neurons, | transfected CA1 pyramidal neurons in
cultured mouse hippocampal slices with a destabilized yellow fluorescent protein,
d2Achilles, under the control of a synthetic activity-dependent promoter, ESARE,
through adeno-associated virus (AAV) vectors. To excite neurons chronically, | applied
a GABAA receptor antagonist, bicuculline, into cultured slices for 24 hours. Then,
chronically-excited neurons were labeled by activity-dependent d2Ahilles expressions.
To induce sLTP, | applied two-photon glutamate uncaging at single spines at 720 nm
and monitored the changes of spine volume under a two-photon microscope at 920 nm.

As control experiments, non-treated neurons were labeled using AAV-CaMKI110.4-DI10-



Achilles with a low concentration of AAV-hSyn-Cre for sparse expressions of Achilles.
In the non-treated neurons, glutamate uncaging induced persistent spine enlargement
but not in the bicuculline-treated neurons. | confirmed that an application of another
GABAA receptor antagonist, gabazine, also impaired spine enlargement. These results
indicate that glutamate uncaging-induced sLTP is suppressed in chronically-excited
neurons.

To investigate molecular mechanisms for sSLTP suppression, | focused on protein
synthesis because neuronal activation enhances numerous protein syntheses that
regulate synaptic functions. | applied a protein synthesis inhibitor, anisomycin, along
with bicuculline and examined whether sLTP suppression requires protein synthesis. As
a result, the protein synthesis inhibition partially reversed glutamate uncaging-induced
SLTP, which suggests that the mechanisms of sLTP suppression partially depend on
protein synthesis.

Next, | focused on the signaling cascade for SLTP induction. Glutamate
stimulation triggers Ca?* influx into the spines through N-methyl-D-aspartate-type
glutamate receptors (NMDARS), leading to activations of signaling molecules for sLTP.
To test the impact of chronic neuronal excitation on Ca?* influx into spines, | transfected
a genetically-encoded calcium indicator, GCaMP6f, by a gene gun and measured
glutamate uncaging-evoked Ca2* influx in single spines. | found that the Ca?* influx
was decreased in the bicuculline-treated neurons compared with the control. To examine
Ca?* sources that contribute to this Ca?* reduction, | measured Ca®* influx in the
presence of various inhibitors for Ca2* sources. A series of experiments revealed that
GIuN2B subunit-containing NMDAR-mediated Ca?* influx was inhibited after the
bicuculline treatment. | also found that the Ca®* reduction was independent of protein
synthesis. These results suggest that the protein synthesis-independent inhibition of
GluN2B-mediated Ca?* influx would play a role in SLTP suppression.

Ca?" influx activates Ca?*/CaM-dependent kinase Il (CaMKI1) signaling, which



is a necessary process for sLTP. Thus, | examined inhibitions of the CaMKII signaling
after the bicuculline treatment. To this end, | applied sLTP induction by directly
activating the CaMKII signaling using a genetically-encoded photo-activatable CaMKI|I
(pa)CaMKII. I transfected the paCaMKII gene through AAV and applied two-photon
excitation of paCaMKII in single spines at 820 nm. paCaMKII uncaging successfully
induced SLTP in the non-treated neurons but not in the bicuculline-treated neurons. To
exclude the possibility that paCaMKII expression and function were altered after the
bicuculline treatment, | performed a biochemical assay in the dissociated culture of
hippocampal neurons expressing paCaMKII. The expression level and light-dependent
activity of paCaMKIIl were unaffected by the bicuculline treatment. These results
demonstrate that the CaMKII downstream signaling for sLTP is inhibited in chronically-
excited neurons.

Finally, 1 examined the effect of protein synthesis on the CaMKII downstream
inhibition. 1 found that protein synthesis inhibition by anisomycin during the
bicuculline treatment completely recovered paCaMKII-induced sLTP, indicating that
the inhibition of the CaMKII downstream signaling requires protein synthesis. The
difference in protein synthesis dependency between the CaMKII downstream inhibition
and the Ca?* reduction implies that these two inhibitions in the signaling for sLTP are
independent mechanisms for SLTP suppression.

In conclusion, this study demonstrates that the two inhibitory mechanisms (i.e.,
the inhibitions of Ca?* influx and CaMKII downstream) in the signaling for sLTP
suppress sLTP induction in chronically-excited neurons. This metaplastic regulation
prevents runaway SLTP expressions and maintains neuronal excitability within proper

levels.
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