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itogen-activated protein kinase

(MAPK) signaling influences a
variety of neuronal properties, including
structural characteristics such as spine
density, and physiological features like
long-term potentiation. Spatiotemporal
control of MAPK signaling is crucial to
generate specific changes in neuronal
physiology. However, while many stud-
ies have concentrated on the activation
of MAPK signaling by trophic factors
such as BDNF and neuronal activity, the
mechanisms that lead to its termination
have not been well described. Two recent
reports begin to address this question
by focusing on the role of the MAPK
phosphatase, MKP-1, in neuronal func-
tion. The first study provides a cellular
mechanism underlying MKP-1 action in
the brain.! The second study describes
potential roles of MKP-1 during stress
and major depression.”

Although the role of MAPK phospha-
tase, MKP-1, in immune responses and
cancer is well documented,** its func-
tion in the nervous system has remained
largely unknown. MKP-1 is a phosphatase
that belongs to the dual specificity phos-
phatase (DUSP) family. DUSPs are con-
served across species from yeast to plants
to humans. A unique feature of DUSPs is
to dephosphorylate both the tyrosine and
threonine residues within a conserved TxY
motif,* a consensus sequence found in the
catalytic core of MAPKSs. Phosphorylation
of the TxY motif at both residues is
required for full MAPK activity.* MAPKSs
integrate extracellular signals (e.g., neuro-
trophins, morphogens, neurotransmitters)
to initiate intracellular programs involved
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in cell differentiation, survival, apoptosis
and synaptic plasticity.® The strength of
MAPK signaling frequently determines
distinctive outcomes through the dura-
tion of its activities.”® Of the many MAPK
members, MKP-1 tends to dephosphory-
late and inactivate specific members, with
a preference for p38 and JNK and, to a
lesser extent, Erk1/2.°

Expression of mkp-1 is driven by neural
activity in the primary sensory areas of the
brain and is frequently observed with the
neurotrophin BDNFE."*!"" Visual stimuli,
songs and motor tasks robustly increase
MKP-1 transcripts in visual, auditory and

somatosensory neurons, respeCtiVCly,10’12'13

Conditional loss of BDNF in the prefron-
tal cortex resulted in a dramatic decrease
in mkp-1 transcripts,”® suggesting that
BDNF can regulate the levels of MKP-1
gene products. Consistent with several in
vivo observations, we found that MKP-1
protein is expressed at very low levels in
cultured developing inhibitory and excit-
atory neurons, but is highly induced after
BDNF treatment and neuronal activity.'
Like other immediate early genes, mkp-1
expression is labile, with low baseline lev-
els, rapid induction and turnover that is
responsive to different cellular signals.”
Indeed, turnover of MKP-1 protein is
extremely rapid (Fig. 1A and right), but
is delayed by BDNF signaling (Fig. 1A
and left),! via a sophisticated phosphory-
lation/ubiquitination regulatory system
(Fig. 1B).

One consequence of transient ecto-
pic expression of MKP-1 in the develop-
ing cortex is aberrant axon branching.
In contrast, loss of MKP-1 resulted in an
inability of BDNF and neuronal activity
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Figure 1. Control of MKP-1 levels. (A) Baseline expression of MKP-1 is low, but highly inducible

by sensory stimuli, neuronal activity and trophic factors such as BDNF. Once expressed, MKP-1 is
unstable with a turnover <1 h. When phosphorylated by neuronal activity or BDNF, MKP-1 stability
extends to >8 h." As a consequence, MAPK signaling is shaped accordingly to MKP-1 levels. (B) The
mechanisms that regulate MKP-1 levels involve protein kinases and ubiquitin ligases. Abnormal
expression of MKP-1 is a hallmark of several disorders, such as stress and depression.?

to produce new axon branches.! Hence,
regulation of MKP-1 levels by trophic
factors and neuronal stimuli can result
in changes in axon arborization. BDNF
is well known for its effects upon axon

outgrowth and branching.'® Indeed,
BDNF signaling from the distal axon can
induce MKP-1 activity in the cell body
and the axon. The regulation of MKP-1
expression by BDNF provides a significant

mechanism to account for how neuronal
networks may be refined in an activity-
dependent manner.

In cortical neurons, MKP-1 deac-
tivates JNK, a MAP kinase member
that is constitutively active in axons.
Dephosphorylation of JNK by MKP-1
perturbed axon growth, whereas constitu-
tive JNK activity could overcome axonal
defects caused by prolonged expression of
MKP-1. What is the consequence of an
axonal loss of JNK activity? One effect is
a decrease in microtubule stability that is
promoted by post-translational modifica-
tions of proteins, such as tubulin.” Our
study indicates that by deactivating JNK,
MKP-1 decreases the phosphorylation of
key axonal JNK substrates (e.g., stathmins,
tau, neurofilaments), leading to microtu-
bule destabilization."'® The longer MKP-1
is expressed, the stronger the JNK dephos-
phorylation and microtubule destabiliza-
tion, translating in axonal shape changes
from enhanced branching to degeneration
of the axon (Fig. 2A and B).

The tight control of MKP-1 protein
turnover by phosphorylation and ubig-
uitination provides a useful mechanis-
tic framework to study the regulation
of intracellular signaling events by syn-
aptic activity. Indeed, Erk1/2, which is
activated by focal BDNF signaling, is a
kinase for and a non-preferred substrate
of MKP-1. Inhibition of Erk1/2 acceler-
ates the turnover of MKP-1 by preventing
its phosphorylation at defined residues at
the C-terminus.! With low basal expres-
sion, high inducibility, rapid turnover and
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Figure 2. Titration of MKP-1 levels determines the physiological outcome. (A) Scheme summarizing the effects of MKP-1 on morphological plastic-

ity. Loss of mkp-1 prevents activity-dependent and BDNF-induced morphological plasticity of the axon compared to wildtype controls. However,
neuronal morphology is indistinguishable between the two genotypes under baseline conditions. Transient induction of MKP-1 mirrors the effects of
BDNF and neuronal activity on axon branching, whereas prolonged expression prevents axon growth. (B) Ectopic expression of MKP-1 disrupts axonal
growth at any stage of development. Length of the longest neurite per cell (mean + SEM). Numbers in bars indicate the number of cells analyzed.
**¥p < 0.01, t test, n= 3 independent experiments. n.s., not significant.
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the opportunity for stabilization, MKP-1
displays the necessary attributes to con-
trol MAPK signaling and cytoskeletal
remodelling temporally at defined cellu-
lar locations. As the strength of MAPK
signaling determines the duration of bio-
logical responses and many physiological
outcomes, spatio-temporal titration of
MKP-1 plays a pivotal regulatory role. It
is tempting to speculate that stabilization
of MKP-1 protein levels by BDNF/Erk1/2
signaling may instruct and determine pre-
cise axonal branching and connectivity.

If ticration of MKP-1 levels is impor-
tant for neuronal signal transduction,
what may result from the deregulation of
its expression during higher order behav-
iors? Enhanced expression of MKDP-1
has recently been reported in postmor-
tem hippocampal tissues from individu-
als with major depression.? Induction of
mkp-1 in the hippocampus also occurs in
animal models following chronic severe
stress or seizures.”” Whether upregula-
tion of MKP-1 is a cause or consequence
of these conditions is presently unknown.
However, experimental elevation of
MKP-1 levels in the hippocampus pro-
duced depressive-like effects in absence of
stress.” At the cellular level, neither over-
expression nor genetic ablation of MKP-1
affected neuronal survival, but potentially
could impair cell differentiation. Indeed,
we found that prolonged ectopic expression
of MKP-1 impedes axonal growth at many
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stages of neuronal development (Fig. 2B).
If the chronic misexpression of MKP-1
contributes to the gradual development of
depression, then restoring baseline MKP-1
levels may prove beneficial. Two lines of
evidence support this idea. First, the per-
sistent overexpression of MKP-1 induced
by chronic stress is reversed by antidepres-
sant treatment.” Second, mkp-1 knock out
mice are resilient to severe stressful expe-
riences compared to wildtype littermates.
Therefore, if the molecular mechanisms
that disrupt expression of mkp-1 are causal
to mood disorders, transient antagonism
of MKP-1 phosphatase activity may repre-
sent therapeutic value.
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