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Overexpression of neuronal K + -Cl- co-transporter enhances dendritic spine plasticit y
and motor learning

The neuron-selective isoform of the K + -Cl - cotransporter KCC2 plays an important
role in regulating intracellular chloride concentration. In most adult neurons KCC2
simultaneously exports K + and Cl- and thereby maintains a low intracellular Cl - that
facilitates subsequent gamma-amino butyric acid receptor (GABA A Rs) mediated Cl influx, hyperpolarization and neuronal inhibition. Indeed, GABAergic inhibit ion can
be diminished when KCC2 is absent or has reduced function, such as occurs during
neuronal development and/or after injury. Given this role in influencing GABA
funct ion, there has been extensive investigation into the contributions that KCC2 may
play in neuronal circuit development and in the pathogenesis of different diseases, and
into the mechanisms which regulate KCC2 expression and transport function.
However, KCC2 has also been reported to have additional morphogenic effects on
neuronal circuits independent of its Cl - transport function. In neuronal cultures from
KCC2 knockout mice, dendritic spines exhibited a more immature filopodia -like
phenotype, and the number of immunohistochemically and funct ionally identified
excitatory synapses was markedly decreased. Remarkably, this immature spine
phenotype was rescued by overexpression of transport -deficient KCC2 mutant
constructs. Furthermore, in utero overexpression of KCC2, or a transport-defective
mutant KCC2, resulted in an increase in the densit y of mature dendritic spines in the
somatosensory cortex (Layer II/III) that was sustained for at least until 90 days after
birth. Pertinently, KCC2 appears to form a complex with the actin-associated proteins

4.1N and βPIX, and can interact with the kinase and cofilin signaling pathways
associated with spine development and stabilization. Thus it would appear that KCC2
supports the development of excitatory synapses by enhancing sp inogenesis and/or
maturation. Such a role is consistent with the upregulation of KCC2 expression in
development coinciding with the start of spinogenesis, and may (at least partly)
explain the presence of KCC2 on dendritic spines at glutamatergic synapses.
Maintenance of dendritic spines in the adult nervous system is also highly dynamic,
underpinned by numerous molecular mechanisms, and facilitates the functional and
structural plast icit y required for memory and behavioral adaptations in response to
training. More specifically, in vivo experiments have demonstrated a strong correlation
between the rate of newly-formed dendritic spines in the motor cortex and the extent
and rate at which mice can improve specific motor behaviors during learning. In
addit ion, long-term potentiation (LTP) of synaptic transmission is associated with the
appearance of new dendritic spines and an increase in the volume of dendritic spine
heads, while long-term depression (LTD) is correlated with dendritic spine shrinkage
and removal. Together this suggests an activity-dependent modulation of dendritic
spine appearance, growth and stabilit y during learning. Recent evidence suggests that
KCC2 can directly contribute to aspects of dendritic spine plast icity. Suppression of
KCC2 expression in juvenile rats and in cultured neurons prevented the induction of
LTP and the associated increases in dendritic spine volume and AMPA receptor
insertion, point ing to a possible link between KCC2 and learning induced synaptic
plasticity in adult neuronal circuits.
Here, I examined the effects of KCC2 expression on synaptic plast icit y in the motor
cortex and motor learning in vivo. I used a genetically modified mouse that
overexpression of KCC2 under the control of Ca 2+ /calmodulin-dependent protein
kinase II (CaMKII) promoter by combining KCC2-tetO knock-in mouse and CaMKII
-tTA mouse (KCC2 overexpressing mice). Firstly, in order to confirm the

overexpression of KCC2 in these mice, I examined the expression of KCC2 protein
using western blotting and immunohistochemistry. At 7 days after stopping the oral
administration of the tetracycline derivative, doxycycline (Dox), relative value of total
KCC2 was significant ly increased in the cerebral cortex. Next, I evaluated the anxiety
and the behavioral activit y with open field test and elevated plus maze test. There was
no significant difference both in the anxiety and the activit y behavior between KCC2
overexpressing and WT mice. On the other hand, the rotarod training test, which is
emplo yed to assess motor coordination and learning, KCC2 overexpressing mice
showed a significantly greater motor learning compared to WT mice. In vivo imaging
with two-photon laser microscopy revealed that the format ion rate of dendritic spines
of layer V pyramidal neurons gradually increased in KCC2 overexpressing and WT
mice with training. Spine formation rate of KCC2 overexpressing mice, but not the WT
mice, after the first training significant ly increased compared with that before training.
Corresponding with the increased spine formation in KCC2 overexpressing mice, the
spine turnover rate (an average of eliminat ion and format ion) after 1 day of training
was also significantly increased in KCC2 overexpressing mice, but not in WT mice.
Hence my data supports the growing appreciation of the transport-independent role of
KCC2 in dendritic spine development/maturation/ maintenance, suggesting a putative
role in enhancing synaptic plasticit y and performance during learning in vivo.

