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Neuritin is an important neurotrophin that regulates neural
development, synaptic plasticity, and neuronal survival. Eluci-
dating the downstream molecular signaling is important for
potential therapeutic applications of neuritin in neuronal dys-
functions. We previously showed that neuritin up-regulates
transient potassium outward current (IA) subunit Kv4.2 expres-
sion and increases IA densities, in part by activating the insulin
receptor signaling pathway. Molecular mechanisms of neuritin-
induced Kv4.2 expression remain elusive. Here, we report that
the Ca2�/calcineurin (CaN)/nuclear factor of activated T-cells
(NFAT) c4 axis is required for neuritin-induced Kv4.2 transcrip-
tional expression and potentiation of IA densities in cerebellum
granule neurons. We found that neuritin elevates intracellular
Ca2� and increases Kv4.2 expression and IA densities; this effect
was sensitive to CaN inhibition and was eliminated in Nfatc4�/�

mice but not in Nfatc2�/� mice. Stimulation with neuritin sig-
nificantly increased nuclear accumulation of NFATc4 in cere-
bellum granule cells and HeLa cells, which expressed IR. Fur-
thermore, NFATc4 was recruited to the Kv4.2 gene promoter
loci detected by luciferase reporter and chromatin immunopre-
cipitation assays. More importantly, data obtained from cortical
neurons following adeno-associated virus-mediated overex-
pression of neuritin indicated that reduced neuronal excitability
and increased formation of dendritic spines were abrogated in
the Nfatc4�/� mice. Together, these data demonstrate an indis-
pensable role for the CaN/NFATc4 signaling pathway in neuri-
tin-regulated neuronal functions.

Neuritin (also known as candidate plasticity gene 15, cpg15)
is an important neurotrophin expressed during the develop-
ment of the nervous system (1). Previous studies showed that
neuritin regulates neural development, synaptic plasticity, and

neuronal survival (2, 3). Furthermore, neuritin modulates cer-
ebral ischemia, depression, schizophrenia, and cognitive func-
tion (4). Thus, further understanding of neuritin molecular
signaling pathways is important for potential therapeutic appli-
cations of neuritin in neuronal dysfunctions. We recently
reported that neuritin activates the MEK-ERK and the Akt
mammalian target of rapamycin (mTOR)4 pathways in rat cer-
ebellum granule neurons (CGNs) via the insulin receptor (IR)
(5). Activation of the IR by neuritin potentiates the expression
of the Kv4.2 subunit of transient potassium outward current
(IA) channels at both transcriptional and translational levels.
However, the molecular mechanism underlying transcriptional
induction of Kv4.2 by neuritin is unknown.

Voltage-gated IA channels play a critical role in dampening
neuronal excitability and action potential (AP) firing frequency
in a wide variety of neurons. In CGNs and hippocampal and
cortical neurons, IA channels are encoded by pore-forming
�-subunits of the Kv4 subfamily (6 – 8). In particular, the
expression of Kv4.2 and its subsequent post-translational reg-
ulation are intimately coupled with neuronal excitability (9, 10).
Although calcium-activated calcineurin (CaN) increases Kv4.2
transcription in cardiomyocytes (11), it is unclear whether neu-
ronal induction of Kv4.2 expression by neuritin underlies calci-
um-activated CaN.

Transcription factor nuclear factor of activated T-cells
(NFAT), consisting of NFATc1– 4, is the key downstream effec-
tor of CaN signaling (12, 13). Upon increases in intracellular
calcium, NFATcs are dephosphorylated by CaN, thereby pro-
moting translocation of the transcription factor from the cyto-
sol into the nucleus. Once in the nucleus, NFATcs require the
cooperative binding of a phosphorylated nuclear partner to ini-
tiate transcription (14, 15). Previous studies demonstrated that
among the members of NFATc family, NFATc4 plays an
important role in neural development, axon growth, and neu-
ronal survival (16 –18). In particular, NFATc4 is associated
with neurotrophins (e.g. brain-derived neurotrophic factor)
and depolarization-induced nuclear accumulation of neuronal
NFAT (18, 19). Furthermore, in hippocampal neurons NFATc4
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modulates expression of �-aminobutyric acid A receptor sub-
units (GABRA2 and GABRA4) by direct transcriptional co-reg-
ulation via binding to specific responsive elements in their pro-
moters (20). Thus, induction of Kv4.2 expression and increases
in IA current density by neuritin should also be possible through
the calcium/CaN/NFATc4 pathway.

The goal of this report was to investigate the effect of the
calcium/CaN/NFATc4 pathway on neuritin-induced Kv4.2
expression and IA current density in mice CGNs. To test our
hypothesis, Nfatc2�/� and Nfatc4�/� double knock-out (DKO)
mice were used in this study. In addition, the subsequent effect
of neuritin-induced Kv4.2 expression on cortical neuronal
excitability was also explored with adeno-associated virus
(AAV)-mediated overexpression of neuritin in Nfatc4�/� mice.
Our study, for the first time, reveals a calcium/CaN/NFATc4
signaling pathway in neuritin-mediated up-regulation of neu-
ronal Kv4.2 expression and examines its role in modulating
neuronal excitability in mouse.

Results

Neuritin Increases IA Densities and Kv4.2 Expression via the
Ca2�/CaN Pathway—To examine whether the Ca2�/CaN/
NFATc4 pathway plays a role in neuritin-induced IA densities,
we first employed cyclosporin A (CsA) and FK520 to inhibit
CaN, and CsA and FK520 were applied for 2 h prior to initiating
treatment with neuritin and then remained in the culture dur-
ing the entire duration (24 h) of neuritin treatment. IA was
evoked by 200 ms of depolarization to �40 mV from a holding
potential of �100 mV in the presence of 20 mM triethanol-
amine, which suppresses IK and permits better resolution of IA.
The IA densities after incubation with 150 ng/ml neuritin for
24 h were significantly increased by 22.42 � 1.39% (n � 43, p �
0.01) compared with the control group, whereas in the presence
of 5 �M CsA or 0.2 �M FK520 (21), the neuritin-induced
increase in IA density was reduced to �8.37 � 2.47% (n � 31)
and 5.78 � 5.63% (n � 37) for CsA and FK520, respectively (Fig.
1A). There was no significant difference compared with the
corresponding control.

Inhibition of CaN with CsA and FK520 also abrogated the
neuritin-induced increase in Kv4.2 mRNA and protein expres-
sion measured by RT-PCR and Western blotting, respectively
(Fig. 1, B and C). CsA at 5 �M or FK520 at 0.2 �M significantly
reduced the induction of Kv4.2 mRNA from 31.54 � 1.71% (n �
5) for neuritin alone to 5.94 � 3.47% (n � 5) and 1.87 � 3.28%
(n � 5) for CsA and FK520, respectively (Fig. 1C). The induc-
tion in Kv4.2 protein was also significantly reduced from
38.40 � 3.30% (n � 10) for neuritin alone to �6.07 � 2.84%
(n � 10) using CsA and to �4.45 � 2.79% (n � 10) using FK520
(Fig. 1B). These data indicate that CaN contributes to neuritin
induction of Kv4.2 expression and its subsequent potentiation
of IA densities. By using the one-way ANOVA analysis, the data
presented in Fig. 1C showed there was significant difference
between control and CsA, but there was no significant differ-
ence between CsA and CsA with neuritin. Moreover, there was
no significant difference between control and FK520. These
phenomena suggested that CsA may affect the transcriptional
expression of Kv4.2 under basal conditions by no calcineurin-
dependent pathway.

Increases in intracellular Ca2� concentration and CaM activ-
ity is a prerequisite for CaN activation. Thus, we examined the
intracellular Ca2� ([Ca2�]i) level in CGNs following neuritin
stimulation using the Ca2�-sensitive fluorescent dye fura-2
acetoxymethyl (AM). In vitro calcium imaging showed that
neuritin increased the [Ca2�]i level in mouse CGNs at both
basal and high K� conditions (Fig. 1D). Under basal conditions,
neuritin induced an increase in the Ca2� concentration from
79.19 � 1.32 nM (n � 34) to 108.40 � 1.23 nM (n � 59, p �
0.001). Using a high K� solution (27 mM KCl) to depolarize
neurons and activate voltage-gated Ca2� channels caused a
rapid elevation in [Ca2�]i. Following incubation of CGNs with
neuritin for 15 min, depolarization with high K� induced an
increase in the Ca2� concentration that was enhanced from
115.70 � 3.72 nM (n � 32) to 172.60 � 1.85 nM (n � 71, p �
0.001). Similar to CaN inhibition, blocking CaM function using
calmidazolium chloride (CMZ) also abrogated the induction of
IA densities, Kv4.2 mRNA, and protein expression by neuritin
(Fig. 1, A–C). IA densities, Kv4.2 mRNA levels, and protein
expression induced by neuritin were reduced from 22.42 �
1.39% (n � 43), 31.54 � 1.71% (n � 5) and 38.40 � 3.30% (n �
8), respectively, to 0.32 � 2.34% (n � 42), �7.18 � 3.19% (n �
5), and �9.59 � 5.27% (n � 8), respectively, in the presence of
CMZ. Together, these data suggest that neuritin stimulation
increases intracellular Ca2� levels in CGNs, which activate CaN
for the induction of Kv4.2 transcription and IA densities.

Neuritin-induced Kv4.2 Expression and IA Densities Require
NFATc4 —Members of the transcription factor NFATc family,
consisting of NFATc1– 4, are the key downstream effectors in
the Ca2�/CaN pathway (22). Because it is the NFAT isoforms
NFATc1/c2 and NFATc4 that regulate the transcription of
M-type (Kv7) K� channels, as well as GABRA2 and GABRA4
subunit expression in neurons (20, 23), we first examined the
effect of neuritin on Kv4.2 expression in CGNs isolated from
Nfatc2�/�, Nfatc4�/�, and combined Nfatc2�/� and
Nfatc4�/� DKO mice. We observed a similar induction of
Kv4.2 by neuritin in Nfatc2�/� and wild type CGNs. The
expression of Kv4.2 protein stimulated with neuritin in
Nfatc2�/� and wild type CGNs was significantly increased by
39.40 � 5.70% (n � 3, p � 0.05) and 22.60 � 5.12% (n � 5, p �
0.05), respectively, compared with the control group (Fig. 2A).
By contrast, induction of Kv4.2 by neuritin was abolished in
CGNs isolated from Nfatc4�/� or DKO mice (Fig. 2A). The
expression of Kv4.2 protein in CGNs isolated from Nfatc4�/�

or DKO mice was changed by only �7.05 � 5.56% (n � 3) and
�3.83 � 4.56% (n � 3), respectively, with no significant differ-
ence compared with control. Based on these data, we thus
exploited Nfatc4�/� mice to directly examine whether
NFATc4 was required for the neuritin-induced increase in
Kv4.2 expression and IA densities.

Correspondingly, IA densities recorded by patch clamp and
Kv4.2 mRNA levels measured by quantitative RT-PCR were not
induced by neuritin in Nfatc4�/� mouse CGNs (Fig. 2, B and C).
In Nfatc4�/� mice, CGN IA densities and Kv4.2 mRNA levels
after treatment with neuritin were changed minimally by
�11.97 � 7.13% (n � 26) and 7.14 � 3.07% (n � 3), respectively.
These data indicate that NFATc4 is required for the induction
of Kv4.2 expression and increases in IA densities by neuritin.
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We simultaneously confirmed the lack of NFATc4 expression
in the cerebellum and PFC of Nfatc4�/� mice by Western blot-
ting. The results indicated that neither cerebellum nor PFC
neurons in Nfatc4�/� mice expressed NFATc4 (Fig. 2D).

Neuritin Induces Dephosphorylation and Nuclear Accumula-
tion of NFATc4 to Control Kv4.2 Transcription—CaN dephos-
phorylates key Ser residues in the NFAT homology domain of
NFATc4, including Ser168 and Ser170, and facilitates nuclear
accumulation of NFATc4 (21). Thus, we examined the phos-

phorylation status and nuclear localization of NFATc4 upon
neuritin stimulation in mice CGNs. After pretreatment of
CGNs with neuritin for 20 min, phosphorylation on Ser168 and
Ser170 of NFATc4 was significantly reduced by 22.12 � 8.42%
(n � 3, p � 0.05) compared with control cells (Fig. 3A). Mean-
while, either CaN inhibition or blocking neuritin signaling via
the IR inhibitor hydroxy-2-naphthalenylmethyl phosphonic
acid (HNMPA) (24, 25) abolished dephosphorylation of
NFATc4 induced by neuritin. In the presence of 5 �M CsA or

FIGURE 1. Neuritin increases IA densities and Kv4.2 expression via the Ca2�/CaN pathway. A, effects of CaN inhibitor CsA, FK520, or CaM blocker CMZ on
neuritin-induced IA densities in mouse CGNs. IA was evoked by 200 ms of depolarization to �40 mV from a holding potential of �100 mV. CsA, FK520, and CMZ
were applied for 2 h prior to initiating treatment with neuritin and then remained in the culture during the entire duration (24 h) of treatment with neuritin (150
ng/ml). B, effects of CsA, FK520, or CMZ on neuritin-induced expression of Kv4.2 protein examined by Western blotting. C, effects of CsA, FK520, or CMZ on
neuritin-induced expression of Kv4.2 mRNA level as measured by quantitative RT-PCR. The data were obtained from five independent experiments. D, effect
of neuritin on intracellular Ca2� levels was imaged, and statistical analysis was performed before (basal) and after 27 mM KCl depolarization (high K�). Changes
in the fura-2 fluorescence excitation ratios with increasing [Ca2�] are depicted from purple to red. Scale bar, 30 �m. ***, p � 0.001 for two groups connected with
a straight line by unpaired t test or one-way ANOVA followed by Fisher’s post hoc test.
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100 �M HNMPA, phosphorylation on Ser168 and Ser170 of
NFATc4 compared with controls was not significantly reduced
by only 1.88 � 5.00% (n � 3) and �4.80 � 4.46% (n � 3),
respectively (Fig. 3A). These data indicate that activation of
CaN by neuritin promotes dephosphorylation of NFATc4.

Next, we examined the localization of NFATc4 in HeLa cells
by confocal microscopy because they express IR activated by
neuritin (5) and have a larger cell body. As expected, NFATc4
was mainly detected in the cytoplasm at the resting state. Stim-
ulation with neuritin for 20 min significantly increased nuclear
accumulation of NFATc4, which was blocked by CsA and
HNMPA (Fig. 3B). Static analysis indicated that the percentage
of NFATc4 translocation in HeLa cells was significantly
increased by 1125.99 � 1.43% (n � 12, p � 0.001) following
neuritin stimulation (Fig. 3C). In the presence of 5 �M CsA or
100 �M HNMPA, the percentage of NFATc4 nuclear translo-
cation stimulated by neuritin was reduced to 13.07 � 11.24%
(n � 8) and 13.47 � 16.62% (n � 9), respectively, which were
not significantly different from the percentage of translocation
when neuritin was applied alone.

Nuclear and cytoplasmic protein extraction and Western
blotting analysis in mice CGNs also indicated that nuclear
NFATc4 was increased significantly by 35.89 � 6.33% (n � 4,
p � 0.01), and cytoplasmic NFATc4 was decreased by 27.59 �
4.40% (n � 4, p � 0.01) following neuritin stimulation, whereas
this effect was blocked by CsA and HNMPA (Fig. 3, D and E). In
the presence of 5 �M CsA or 100 �M HNMPA, the percentage of
NFATc4 translocation to nuclear stimulated by neuritin was
reduced to �3.08 � 5.68% (n � 4) or �11.8 � 6.86% (n � 4),
respectively. On the other hand, neuritin-induced decrease of
cytoplasmid NFATc4 was reduced to 2.74 � 5.73% (n � 4) or
�1.43 � 4.68% (n � 4), respectively, and this is not significantly
different from the cells treated with neuritin alone. Together,
these data indicate that neuritin activates and translocates
NFATc4 into neuronal nuclei.

A study showed that NFAT plays an important role in elec-
troexcitability in the heart by regulating Kv4.2 transcription in
cardiomyocytes (11). Indeed, specific upstream NFAT enhanc-
ers were identified in the Kv4.2 gene promoter. Thus, we exam-
ined the effect of neuritin on the Kv4.2 gene promoter using
luciferase reporter assays. Administration of neuritin signifi-
cantly increased luciferase expression driven by the mouse
Kv4.2 promoter by 79.45 � 5.60% (n � 8; p � 0.001; Fig. 4A).
Induction of Kv4.2 promoter activity by neuritin, however, was
abrogated by 5 �M CsA or 100 �M HNMPA, reducing expres-
sion to 15.90 � 3.61% (n � 6) and �3.57 � 1.61% (n � 6),
respectively, which were not significantly different from corre-
sponding controls. In addition, deletional mutagenesis of the
NFAT enhancer to �1513 bp on the Kv4.2 promoter (promoter
�) also abolished neuritin-induced Kv4.2 promoter activity
(Fig. 4A). These data indicate that neuritin-induced Kv4.2 tran-
scription is NFAT-dependent.

We further ascertained recruitment of NFATc4 to the Kv4.2
gene loci by ChIP assays (Fig. 4B). Kv4.2 promoter DNA encod-
ing the NFAT enhancers was detected in NFATc4 precipitates,
whereas neither downstream NFAT enhancers nor the 5�-un-
translated region of the Kv4.2 gene was detected. Together,
these data confirm that neuritin regulates Kv4.2 gene transcrip-
tion via the CaN/NFATc4 pathway.

Requirement of NFATc4 in Neuritin-mediated Neuronal
Excitability and Formation of Dendritic Spines—The Kv4 sub-
family encodes critical regulatory components of voltage-gated
IA channels, which dampen neuronal excitability and action
potential firing frequency (26). Induction of Kv4.2 expression
and IA densities in rodent CGNs indicate that neuritin may alter
neuronal excitability in vivo. Given that neuritin activates the
CaN/NFATc4 pathway, we hypothesized that Nfatc4�/� mice
might exhibit defects in neuronal excitability upon neuritin
stimulation.

FIGURE 2. Neuritin-induced Kv4.2 expression and IA densities require NFATc4. A, effect of neuritin on Kv4.2 protein expression in CGNs isolated from wild
type mice (C57BL/6), Nfatc2�/�, Nfatc4�/�, and the combined Nfatc2�/� and Nfatc4�/� DKO mice measured by Western blotting. B, induction of IA densities
recording from C57BL/6 and Nfatc4�/� mouse CGNs after neuritin stimulation. C, induction of Kv4.2 mRNA level measured by quantitative RT-PCR from
C57BL/6 and Nfatc4�/� mouse CGNs after neuritin stimulation. The data were obtained from three independent experiments. D, representative sample
showing Western blotting-detected expression of NFATc4 protein in mouse cerebellum and PFC from C57BL/6 and Nfatc4�/� mice. *, p � 0.05; **, p � 0.01; and
***, p � 0.001 for two groups connected with a straight line by one-way ANOVA followed by Fisher’s post hoc test.
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To test this hypothesis, we first ascertained whether neu-
ritin induces similar potentiation of IA densities and induc-
tion of Kv4.2 expression in cortical neurons as in CGNs.
Both IA densities and Kv4.2 protein expression in cortical
neurons were significantly increased by 23.34 � 3.28% (n �
47, p � 0.05) and 24.94 � 7.27% (n � 3, p � 0.05), respec-

tively, after incubation of cortical neurons with 150 ng/ml
neuritin for 24 h (Fig. 5, A and B). Next, we employed AAV9-
mediated transduction to express exogenous neuritin fol-
lowing injection into the prefrontal cortex (PFC) (0.2
�l/mouse). Western blotting analysis indicated that expres-
sion of neuritin was increased by 117 � 3.89% (n � 3, p �

FIGURE 3. Neuritin induces dephosphorylation and nuclear accumulation of NFATc4. A, the levels of NFATc4 Ser168 and Ser170 phosphorylation (p-NFATc4)
after neuritin treatment for 20 min in mice CGNs were examined by Western blotting. B and C, representative recording sample and statistical analysis showing
effect of neuritin on nuclear accumulation of NFATc4 was examined by confocal microscopy in HeLa cells, which expressed IR activated by neuritin. The effects
of CaN inhibitor CsA and IR inhibitor HNMPA are also shown. The percentage of nuclear NFATc4 in 100 cells was counted and presented. D, effect of neuritin on
nuclear NFATc4 protein in mice CGNs by Western blotting analysis. E, effect of neuritin on cytoplasmic NFATc4 protein in mice CGNs by Western blotting
analysis. *, p � 0.05; and ***, p � 0.001 for two groups connected with a straight line by one-way ANOVA followed by Fisher’s post hoc test.

Neuronal Excitability via Neuritin/NFATc4/Kv4.2 Axis
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0.05) after viral expression of exogenous neuritin in the PFC
for 2 weeks (Fig. 5C).

We then measured the AP from layer II–III of pyramidal
neurons in mouse PFC. Overexpression of neuritin significantly
decreased AP firing frequency by 57.17 � 6.22% (n � 45, p �
0.001; Fig. 6A), whereas the latency of the first AP, the injected
current to evoke the first AP, and the interevent interval
increased significantly by 182.38 � 22.62% (n � 86, p � 0.01),
47.94 � 4.24% (n � 87, p � 0.05), and 89.34 � 5.24% (n � 45,
p � 0.001), respectively, in native control mice (Fig. 6, B–D).
Changes in neuronal excitability following neuritin overexpres-
sion, however, were abrogated in the Nfatc4�/� mice. The AP

firing frequency, the latency of the first AP, the injected current
to evoke the first AP, and the interevent interval did not differ
significantly in Nfatc4�/� mice with and without neuritin over-
expression (Fig. 6, A–D). These data indicate that neuritin
modulation of neuronal excitability in the mouse PFC is
NFATc4-dependent.

We also examined whether the increased formation of den-
dritic spines by neuritin reported previously (27) requires
NFATc4 using Golgi staining. Notably, Kv4.2 channels are
mainly localized at dendritic spines, and dendritic spine densi-
ties are associated with synaptic excitability (28, 29). Our results
confirmed that spine density was significantly increased by

FIGURE 4. Effect of neuritin on the Kv4.2 gene promoter. A, effect of neuritin on the Kv4.2 gene promoter (�2181 to �191 bp) was determined by luciferase
reporter assays. The effect of deleting NFAT binding sites to �1513 bp (promoter �) is shown. B, recruitment of NFATc4 to the Kv4.2 gene promoter was
examined by chromatin immunoprecipitations. Primers for PCR amplification (pairs 1, 2, and 3) are illustrated. ***, p � 0.001 for two groups connected with a
straight line by one-way ANOVA followed by Fisher’s post hoc test.

FIGURE 5. Neuritin has the same effect on IA densities and Kv4.2 protein expression in cortical neuron. A, induction of IA densities by current recording in
C57BL/6 mouse cortical neurons upon neuritin stimulation. The upper panel shows a representative sample, and statistical analysis is shown in the lower panel.
***, p � 0.001 compared with corresponding control by unpaired t test. B, Kv4.2 protein expression by Western blotting in C57BL/6 mouse cortical neurons
upon neuritin stimulation. *, p � 0.05 compared with value 1 as the hypothetical mean by one-sample t test. The upper panel shows a representative sample,
and statistical analysis is shown in the lower panel. C, expression level of neuritin after AAV-control and AAV-neuritin virus injected bilaterally into the PFC for
2 weeks was determined by Western blotting. ***, p � 0.001 compared with value 1 as the hypothetical mean by one-sample t test.
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120.84 � 9.73% (n � 37, p � 0.001) in native control mice upon
neuritin expression (Fig. 7, A and B). Cumulative frequency
distributions also showed significantly increased spine lengths
after neuritin treatment (n � 37, p � 0.001) analyzed using a
one-way Kruskal-Wallis test. The median and quartiles in the
control group and the neuritin-treated group were 0.992 (0.784,
0.998) and 0.957 (0.559, 0.996), respectively (Fig. 7C). However,
the effect of neuritin overexpression on the increase in spine
density and its length was abrogated in the Nfatc4�/� mice (Fig.
7, A–C), in which the median and quartiles of Nfatc4�/� mice
treated with neuritin were 1.00 (0.939, 1.00). In addition, the
effect of neuritin on the number of neurite branches and
lengths of the first order and second order apical dendrites in
native control and Nfatc4�/� mice was analyzed with Sholl and
two-way ANOVA analysis. Neuritin increased the number of
neurite branches neither in the control mice nor in Nfatc4�/�

mice (Fig. 7D), and the dendrite lengths of the first order and
second order were not significantly different between the four

groups (Fig. 7, E and F). Taken together, these data indicate that
neuritin signals through the Ca2�/CaN/NFATc4 pathway and
modulates neuronal excitability and formation of dendritic
spines in vivo.

Discussion

Although neuritin, as a new neurotrophic factor, was known
to play multiple roles in the process of neural development and
synaptic plasticity, little is known about the receptor binding
neuritin and its downstream signaling effectors. Our previous
study indicated that neuritin specifically increased the densities
of IA in rat CGNs by increasing mRNA and protein expression
of Kv4.2 via the IR pathway (5). In this report, we further
revealed the mechanism by which the Ca2�/CaM/CaN/
NFATc4-dependent pathway mediated transcriptional up-reg-
ulation of Kv4.2 expression induced by neuritin.

Elevations in [Ca2�]i led to activation of the Ca2�/CaM-de-
pendent protein phosphatase CaN, which then dephosphory-

FIGURE 6. Requirement of NFATc4 in neuritin-mediated neuronal excitability in PFC neurons of mice. A, effect of AAV-mediated neuritin expression on
AP firing frequency in C57BL/6 and Nfatc4�/� mouse cortical neurons. B, effect of AAV-mediated neuritin expression on the latency of the first AP in C57BL/6
and Nfatc4�/� mouse cortical neurons. C and D, effect of AAV-mediated neuritin expression on injected current to evoke the first AP and interevent interval in
C57BL/6 and Nfatc4�/� mouse cortical neurons. ***, p � 0.01 for two groups connected with a straight line by one-way ANOVA followed by Fisher’s post hoc
test.
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lates NFAT (12, 13). Although CaN increases Kv4.2 transcrip-
tion in cardiomyocytes (11), whether neuronal induction of
Kv4.2 expression by neuritin also underlies calcium-activated
CaN remains elusive. Here, we show that an increase in intra-
cellular Ca2� levels by neuritin potentiates the transcription of
Kv4.2 via the Ca2�/CaN-dependent pathway. Moreover, neu-
ritin not only elicited a rise in basal [Ca2�]i but also increased
high K�-induced rises in [Ca2�]i. Elevated KCl increases
[Ca2�]i levels in mouse CGNs via L-type voltage-gated Ca2�

channels (30), and the increase in basal [Ca2�]i was known to
depend on calcium release from intracellular calcium stores
(31). Previous studies in dorsal root ganglion sensory neurons
indicated that CaN/NFAT signals can be triggered by multiple
Ca2� mechanisms, including the influx of Ca2� from voltage-
gated Ca2� channels opened by high K� stimulation, trains of
action potentials or opening of TRPV channels to depolariza-
tion (32), and inositol 1,4,5-trisphosphate-mediated Ca2�

release (33). We thus surmised that either Ca2� influx through
Ca2� channels or release from intracellular stores may be
involved because neuritin is triggered downstream of the CaM/
CaN/NFATc4 pathway. The precise mechanism for the eleva-
tion of intracellular Ca2� concentration by neuritin, however,
needs further exploration.

Among the different NFAT isoforms, NFATc4 was previ-
ously implicated in neuronal development and function,
including axonogenesis and survival, neurotrophin signaling,
and memory formation in mice (18, 21, 34, 35). Although our
study only excluded the role of NFATc2, which was previously
reported to be involved in the transcriptional regulation of K�

channels in neurons (23), and did not detect an effect of

NFATc1 or NFATc3 on neuritin-induced Kv4.2 expression,
our data obtained from Nfatc4�/� mice nonetheless suggested
that the NFATc4 isoform is essential for neuritin signaling in
the induction of neuronal Kv4.2 expression. This result is in line
with the study of Ding et al. (36), in which numerous NFATc4
neuronal targets were identified and NFATc4 was implicated as
an important direct regulator of gene expression in CGNs.
However, despite similar transcriptional regulation of Kv4.2,
NFATc associated with the increase of Kv4.2 promoter activity
appears to act differently. Here, the neuritin/Ca2�/CaN path-
way translocated NFATc4 subtypes to increase Kv4.2 promoter
activity in CGNs, but Kv4.2 transcription in neonatal rat ven-
tricular myocytes was associated with NFATc3 activation when
CaN was overexpressed in those cells (11). This possibly
occurred because distinct NFATc subtypes are activated in dif-
ferent cell types. However, in adult mouse ventricular myo-
cytes, activation of CaN/NFATc3 after myocardial infarction or
chronic �-adrenergic stimulation reduced Kv4.2 expression
(37, 38). These contrasting effects of NFATc3 on Kv4.2 expres-
sion in neonatal rat ventricular myocytes and adult mouse ven-
tricular myocytes suggested that even in the same heart organ,
the transcriptional function of NFATc3 may vary among ani-
mal species or with developmental status. Whether this phe-
nomenon also occurs in NFATc4 and the nervous system will
require further study.

IA channels, which are regulated by the Kv4 family, were
previously implicated in the control of neuron excitability (39).
Recent investigation has indicated that the IA channels of
mature cortical neurons were encoded by Kv4.2, Kv4.3, and
Kv1.4, which differentially regulate intrinsic excitability (39).

FIGURE 7. Requirement of NFATc4 in neuritin-mediated formation of dendritic spines in PFC neurons. A and B, representative images and statistical
analyses of the effect of neuritin on PFC neuron spine density in C57BL/6 and Nfatc4�/�mice. Identification of neurons was performed using Golgi staining. C,
effect of neuritin on spine length of PFC neurons in C57BL/6 or Nfatc4�/�mice. Cumulative frequency distributions of spine length were analyzed using a
one-way Kruskal-Wallis test followed by Kolmogorov-Smirnov test. The median and quartiles of the control group and neuritin-treated group were compared.
D, Sholl analysis of the branch intersection numbers. E and F, effect of neuritin on first and second order dendrite length of PFC neurons in C57BL/6 or Nfatc4�/�

mice. ***, p � 0.001 compared with corresponding control by one-way ANOVA followed by Fisher’s post hoc test.
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Up-regulation of Kv4.2 expression and IA density by neuritin
was also observed in cultured cortical neurons of mice, suggest-
ing that the effect of neuritin on IA channels is not specific to
CGNs and may be universal in brain neurons, at least in cortical
neurons. Here, we utilized cortical neurons in acute slices,
which are more likely to elicit action potentials by experimental
injection of current. NFATc4 staining has been previously
observed in cortical neurons (40), showing a role for CaN/
NFATc4-dependent up-regulation of IA channels in modulat-
ing neuronal excitability in mice. In our study, overexpression
of neuritin by AAV-mediated gene infection decreased AP fir-
ing frequency in cortical neuron, but this effect could not be
reproduced in cortical neurons from NFAT4�/� mice. Our
findings thus demonstrate a role for NFATc4 in the regulation
of neuronal excitability and provide insights into the molecular
and transcription-dependent regulation of neural excitability in
cortical neurons of mice. Because the latency of the first AP
increased in NFAT4c-deficient mice, it is likely that NFATc4
also affects protein expression of another ion channel, which is
associated with latency in native control mice.

Neuritin was first discovered because of its role promoting
dendrite/synapse formation (2, 3). In a chronic unpredictable
stress model, re-expression of neuritin was sufficient to reduce
depression symptoms, in part by increasing dendritic spine
density (41). We recently reported that overexpression of hip-
pocampal neuritin using an AAV vector significantly increased
the neuritin level and dendritic spine density and reversed def-
icits in murine novel object associative recognition memory
caused by exposure to extremely low frequency (50 Hz) electro-
magnetic fields (42). The current study showed that neuritin-
potentiated spine density and increased dendritic length were
regulated by NFATc4. Thus, the neuritin/Ca2�/CaN/NFATc4
signaling pathway may potentially act throughout the nervous
system to limit overexcitability associated with disease states
such as epilepsy and mental dysfunctions and may be a poten-
tial therapeutic target for disorders associated with deficits in
recognition memory. Further studies will be required to exam-
ine this hypothesis.

We previously reported that neuritin-up-regulated Kv4.2
expression was associated with the activation of both MEK-
ERK and Akt-mTOR pathways in rat CGNs via the IR (5). A
recent observation by Ulrich et al. (19) demonstrated that inhi-
bition of p38 or mTOR kinases had no significant effect on
translocation of NFATc4 in dorsal root ganglion neurons,
which may be due to the fact that the Akt-mTOR pathway is
more specific to translational processes during protein synthe-
sis (43). This study further suggested that there was cross-talk
between CaN and ERK in the CaN-NFATc4 pathway even
though it was the Akt-mTOR pathway that was involved in
neuritin-induced Kv4.2 expression (5). Our data are consistent
with the observation of Ulrich et al. (19) that inhibition of p38
or mTOR kinases had no significant effect on translocation of
NFATc4 in dorsal root ganglion neurons. Studies by Yang et al.
(44) and Chandrasekar et al. (45) have shown that activation of
ERK resulted in phosphorylation of Ser676 in NFATc4, which
led to greater DNA binding of NFATc4 and provides an addi-
tional mechanism for the modulation of NFATc4 transcrip-
tional activity. Thus, it is possible that neuritin activates the

CaM-CaN pathway, which dephosphorylates NFATc4 at Ser168

and Ser170 and facilitates NFATc4 translocation into the
nucleus. Meanwhile, neuritin also activates the Ras/Raf/ERK
pathway, which phosphorylates NFATc4 at Ser676 and
increases the DNA binding of NFATc4. These two signal path-
ways may thus work together to provide optimal conditions for
NFATc4 to modulate transcription of the Kv4.2 gene. Further
research will be needed to establish the existence of cross-talk
between CaN and ERK. Fig. 8 is proposed as a model depicting
the mechanisms likely involved in the transcriptional modula-
tion of Kv4.2 expression by the CaN/NFATc4 signaling path-
way in cerebellar GCs.

In conclusion, we demonstrate here that neuritin activates
the CaM-CaN-NFATc4 pathway to increase the transcription
of Kv4.2 and IA densities in mouse CGNs. This follows our
previous finding that neuritin up-regulated Kv4.2 by activation
of the IR and suggests a mechanism underlying the connection
between Ca2�/CaN/NFATc4-dependent regulation of K�

channel transcription and neuronal excitability induced by
neuritin. In addition, these studies indicated for the first time
that the increase in spine density and dendritic length by neu-
ritin in cortical neurons was also associated with the Ca2�/
CaN/NFATc4 signaling pathway. Further research will be
required to demonstrate the relationship between neuritin-in-
duced up-regulation of Kv4.2 expression and morphological
changes in neurons.

Experimental Procedures

Chemicals—Recombinant human neuritin was purchased
from Pepro Tech (Rocky Hill, NJ). Poly-L-lysine, triethanol-
amine, tetrodotoxin, CsA, ascomycin (FK520), and CMZ were
obtained from Sigma. FBS, DMEM, and antibiotic-antimycotic
solution were purchased from Invitrogen, Thermo Fisher Sci-
entific. HNMPA was purchased from Santa Cruz Biotechnol-
ogy (Dallas, TX).

Cell Culture—CGNs were derived from cerebella of 7-day-
old C57BL/6 mouse pups (SLC Co., Ltd., Shanghai, China) as
described previously (46). Isolated cells were seeded in 35-mm

FIGURE 8. Schematic illustration depicting Ca2�/CaN-dependent NFATc4
activity on the modulation of neuritin-induced Kv4.2 expression and the
subsequent increase in IA channel density.
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Petri dishes (Shenyou, Shanghai, China) coated with poly-L-
lysine (10 �g/ml) or on coverslips in Petri dishes coated with
poly-L-lysine (50 �g/ml) at a density of 105 cells/cm2. Cultured
cells were incubated at 37 °C under 5% CO2 in DMEM supple-
mented with 10% FBS, insulin (5 �g/ml), KCl (5 mM), and 1%
antibiotic-antimycotic solution. Cytosine �-D-arabinofurano-
side (5 �M) was added to the culture medium 24 h after seeding
to inhibit the proliferation of non-neuronal cells. The cells were
used for experiments after 2–3 days in culture unless otherwise
indicated. HeLa cells were maintained as a monolayer in high
glucose DMEM, supplemented with 10% FBS and 1% antibiot-
ic-antimycotic solution.

Patch Clamp Recordings—Whole cell currents of CGNs were
recorded at room temperature using a conventional patch
clamping technique (5). Prior to IA current recording, the cul-
ture medium was replaced with a bath solution containing 125
mM NaCl, 2.5 mM KCl, 10 mM HEPES (pH 7.4), 1 mM MgCl2,
0.001 mM tetrodotoxin, 20 mM triethanolamine, and 10 mM

glucose. Soft glass recording pipettes were filled with an inter-
nal solution containing 135 mM K�-gluconate, 10 mM KCl, 10
mM HEPES (pH 7.3), 1 mM CaCl2, 1 mM MgCl2, 10 mM EGTA,
1 mM ATP, and 0.1 mM GTP. The pipette resistance was 4 – 6
M	 after filling with internal solution.

Coronal brain slices (200 �m) containing PFC were prepared
using standard methods (47). The slices were transferred to a
submerged recovery chamber containing oxygenated (95% O2
and 5% CO2) artificial cerebral spinal fluid containing 125.0 mM

NaCl, l 2.5 mM KC, 2.5 mM CaCl2, 1.5 mM MgSO4, 26.2 mM

NaHCO3, 1.0 mM NaH2PO4, and 11.0 mM glucose at room tem-
perature for at least 1 h. Layers II/III of medial pyramidal neu-
rons in the PFC were visualized using infrared differential inter-
ference contrast video microscopy with a 40
 water immersion
objective, and images were captured with a charge-coupled
device camera. Patch pipettes (5– 8 M	) were filled with 150.0
mM K�-gluconate, 0.4 mM EGTA, 8.0 mM NaCl, 2.0 mM ATP,
0.1 mM GTP-NH3, and 10.0 mM HEPES (pH 7.3–7.4) at 280 � 5
mOsm for the recording.

Western Blotting Analysis—Mice were anesthetized with
pentobarbital sodium (50 mg/kg) and decapitated. The brains
were removed immediately. Coronal sections (200 �m) were
made at the level of the prefrontal cortex by vibratome (DTK-
1000; DSK, Kyoto, Japan). The prefrontal region was then sub-
dissected with a dissecting microscope. After subdissection, the
prefrontal tissues were moved into ice-cold Eppendorf tubes
and homogenized with a grinding rod on ice.

The homogenized tissue or cultured cells were lysed in
HEPES-Nonidet P-40 lysis buffer (20 mM HEPES, 150 mM NaCl,
0.5% Nonidet P-40, 10% glycerol, 2 mM EDTA, 100 �M Na3VO4,
50 mM NaF, pH 7.5, and 1% protease inhibitor mixture) on ice
for 30 min. After centrifugation at 13,800 
 g for 15 min, the
supernatant was mixed with 2
 SDS loading buffer and boiled
for 5 min. A nuclear and cytoplasmic protein extraction kit
(Beyotime, Haimen, China) was used for nuclear and cytoplas-
mic protein extraction following the instructions of the kit as
previously described (48). Before loading, the concentration of
total protein in each group was determined using a microplate
photospectrometer (multi SKAN MK3; Thermo Fisher Scien-
tific). Proteins were loaded based on the concentrations of total

protein to assure equal quantities per lane. Proteins were sepa-
rated on a 10% SDS-polyacrylamide gel and transferred to
PVDF membranes (Millipore, Billerica, MA). The membranes
were blocked with 10% nonfat milk and incubated at 4 °C over-
night with one of the following antibodies: mouse monoclonal
antibody against Kv4.2 (1:2000, catalog no. 75-016; University
of California, Davis, CA), rabbit polyclonal antibody against
phosphorylated NFATc4 (49, 50), or total NFATc4 (1:1000, cat-
alog nos. sc-32630 and sc-13036, respectively; Santa Cruz Bio-
technology), goat polyclonal antibody against neuritin (1:500,
catalog no. AF283; R&D Systems, Minneapolis, MN), goat poly-
clonal antibody against Lamin B (1:1000, catalog no. sc-6217;
Santa Cruz Biotechnology), or mouse monoclonal antibody
against GAPDH (1:10,000, catalog no. KC-5G4; Kang Chen
Bio-Tech, Shanghai, China). After washing in TBS with 0.3%
Tween three times for 45 min, the membranes were incubated
with HRP-conjugated anti-mouse or anti-rabbit IgG (1:10,000,
catalog nos. KC-MM-035 and KC-RB-035, respectively; Kang
Chen Bio-Tech), or anti-goat IgG (1:1000, catalog no. A0181;
Beyotime) for 2 h at room temperature. Chemiluminescent sig-
nals were generated using a Super Signal West Pico trial kit
(Pierce Protein Biology, Thermo Fisher Scientific) and detected
using the ChemiDoc XRS System (Bio-Rad). Image Lab soft-
ware (Bio-Rad) was used for background subtraction and for
quantification of immunoblotting data. The quantitative lin-
earity of all Western blots was confirmed in separate
experiments.

Quantitative RT-PCR—As previously described (5), TIAN-
GEN reagent (TIANGEN Biotech, Beijing, China) was used to
extract total RNA from homogenized tissue or cultured cells,
following the manufacturer’s instructions. The reaction solu-
tion consisted of 2.0 �l of diluted RT-PCR product, a 0.2 �M

concentration of each paired primer, and power SYBR Green
PCR master mix (Toyobo, Osaka, Japan). The Kv4.2 primer
sequence was 5�-TGTCAGGAAGTCATAGAGGCAGCGTG-
3� (forward) and 5�-GGGGTGGTTACTGGAGGTGTTGG-
AAT-3� (reverse). The sequence of housekeeping gene cyclophi-
lin D, used as a control to exclude sampling errors, was
5�-GGACGTCTGTCTTCGAGTCC-3� (forward) and 5�-AACA-
GACCGTGGAGATTTGG-3� (reverse). The annealing tem-
perature was set at 58 °C for Kv4.2 and 61 °C for cyclophilin D,
with 38 amplification cycles for each product. The absolute
mRNA levels in each sample were calculated according to a
standard curve set up using serial dilutions of known amounts
of specific templates against corresponding cycle threshold (Ct)
values. The normalized ratio of Kv4.2 to cyclophilin D in each
group was presented. The specificity of the primers was verified
by both gel electrophoresis and sequencing of the PCR
products.

Measurement of Intracellular Ca2� Levels in CGNs—Intra-
cellular Ca2� levels were measured by using single cell fura-2
acetoxymethyl (AM) as described by Grynkiewicz et al. (51).
Briefly, the CGNs were loaded with fura-2 AM (Invitrogen) and
0.02% pluronic F127 (Invitrogen) in Hanks’ balanced salt solu-
tion (composition: 126.0 mM NaCl, 2.5 mM KCl, 2.0 mM MgSO4,
2.0 mM CaCl2, 10.0 mM D-glucose, and 10.0 mM HEPES, pH 7.4)
at 37 °C for 45 min in darkness. CGNs were then rinsed three
times in fura-2 AM-free Hanks’ balanced salt solution at room
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temperature. The coverslip was mounted on an open slide
chamber (containing 1 ml of fura-2 AM-free Hanks’ balanced
salt solution), and the chamber was put on an inverted Epi-fluo-
rescence microscope (Nikon, Tokyo, Japan). The excitation
wavelengths for fura-2 AM were 340/380 nm with emission at
505 nm. Baseline [Ca2�]i was determined for 60 s prior to the
addition of K� solution (27 mM KCl). The data were collected at
4-s intervals throughout the experiment. Quantification of the
fluorescence intensity was performed using MetaFluor soft-
ware (Universal Imaging Corporation, Milwaukee, WI).

Calibration of calcium imaging was done in vitro using a cal-
cium calibration buffer kit (Invitrogen). The calibration results
were plotted by double-log of the equation [Ca2�]free � Kd 

[R � Rmin]/[Rmax � R] 
 Fmax

380 / Fmin
380 , where R indicates the ratio

of 505-nm emission intensity with excitation at 340 –505-nm
emission intensity with excitation at 380 nm; Rmin indicates the
same ratio at zero-free Ca2�; Rmax indicates the ratio at satu-
rating Ca2�; Fmax

380 is the fluorescence intensity with excitation at
380 nm for zero-free Ca2�; and Fmin

380 is the fluorescence inten-
sity at saturating free Ca2�. After linear fit, Kd was acquired
from the resulting straight line, and the Ca2� concentration
corresponding to R was calculated by the equation.

Immunocytochemistry—Cultured cells were fixed in fresh 4%
paraformaldehyde in 0.1 M PBS for 15 min. Fixed cells were
washed twice in ice-cold PBS and permeabilized with 0.25%
Triton X-100 for 10 min. The cells were then washed three
times in PBS for 5 min each and blocked in 1% BSA for 30 min.
The labeling experiments were performed by incubating cells
with antibody against NFATc4 (1:100, catalog no. 2183; Cell
Signaling Technology, Danvers, MA) or actin (1:100, catalog
no. AA128; Beyotime) at 4 °C overnight. After vigorous wash-
ing in PBS, the cells were incubated with the corresponding
FITC-conjugated goat anti-rabbit IgG (1:200, catalog no.
A0562; Beyotime) or Cy3-conjugated goat anti-mouse IgG
(1:200, catalog no. A0521; Beyotime) for 1 h at room tempera-
ture. Fluorescence-labeled cells were visualized with a SP2 con-
focal laser scanning microscope (Leica, Mannheim, Germany)
using a 40
 objective lens.

Transfection and Luciferase Reporter Assays—Mouse Kv4.2
promoter (�2181 to �191 bp) and promoter � (�1513 to �191
bp) were subcloned into pGL3-Basic luciferase reporter plas-
mid. HeLa cells were co-transfected with Kv4.2 promoter and
�-gal reporter plasmids. Luciferase activity prepared from
transfected cell lysates was determined using a luciferase assay
system (Promega, Madison, WI). Luciferase activity was pre-
sented as the ratio of luciferase to �-gal activity.

Chromatin Immunoprecipitation—ChIP was conducted
according to the manufacturer’s instructions (Beyotime).
Sheared chromatin DNA was immunoprecipitated with the
NFATc4 antibody or normal IgG. The antibody-protein-DNA
complex was precipitated with protein A�G-agarose and col-
lected for reverse cross-linking after washing. The DNA recov-
ered was subjected to PCR amplification using primers as
indicated.

Animals and AAV-mediated Injection—All experiments
were conducted in strict accordance with the recommenda-
tions presented in the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health). The protocol was

approved by the Committee on the Ethics of Animal Experi-
ments of Fudan University (permit 20090614-001). Previously
described Nfatc2�/� and Nfatc4�/� mice (52) were mated with
C57BL/6 mice to obtain heterozygous Nfatc2�/� and
Nfatc4�/� mice. After more than 10 generations of mating with
C57BL/6 mice, back-crossed Nfatc2�/� and Nfatc4�/� mice
were used to produce Nfatc2�/� and Nfatc4�/� mice. Three-
week-old C57BL/6 or Nfatc4�/� mice were injected with either
AAV-control or AAV-neuritin virus (42). Virus particles (0.2
�l) were injected bilaterally into the PFC at a depth of 1 mm,
0.5–1 mm left and right of the brain raphe, and 2 mm before the
bregma point. The mice were sacrificed 2 weeks after injection
to prepare coronal brain slices (200 �m) containing PFC for
Western blotting, patch clamp recording (47), or Golgi
staining.

Dendritic Measurement—Identification of neurons was per-
formed as described previously using Golgi staining (53). A
homogenous neuronal population was selected for dendritic
spine measurement based on the following criteria: (i) the cell
body and dendrites were completely impregnated; (ii) the
selected neurons were separated from the surrounding neu-
rons; and (iii) all of the dendrites were visible within the plane of
focus. Morphology and dendrite length of the selected cells
were reconstructed using Neurolucida v9.0 software (MBF Bio-
science, Williston, FL). Dendritic spines were counted on 20
�m of second order apical dendrites of pyramidal neurons in
the PFC. Spine density was expressed as the average number of
spines per micron of dendrite length. Sholl analysis was con-
ducted to acquire branch intersections and lengths of the first
order and second order apical dendrites (54).

Data Acquisition—The results were analyzed using Student’s
t test for comparison of two samples or between one sample and
the hypothetical mean and one-way ANOVA with Fisher’s post
hoc test for comparisons between multiple groups. Cumulative
frequency distributions of spine length were analyzed using a
one-way Kruskal-Wallis test followed by the Kolmogorov-
Smirnov test for post hoc comparisons. Intersection numbers
were analyzed by two-way ANOVA with distance from soma
and group as two factors. Fisher’s post hoc test was used for
mean comparison. The data were presented as individual data
points using a scatter plot with n as the number of neurons for
electrophysiological recordings, the number of imaging exper-
iments, or the number of replicates for molecular biology
experiments. For electrophysiological experiments, data were
collected from at least four different batches of neurons pre-
pared at different dates, thereby minimizing bias resulting from
culture conditions. A p value of �0.05 was considered statisti-
cally significant.

Author Contributions—J.-J. Y. and Q.-R. Z. designed, performed,
and analyzed the experiments; D.-D. L. provided technical assistance
and contributed to the preparation of the figures; and C.-W. C. and
Y.-A. M. designed the study and wrote the paper. All authors
reviewed the results and approved the final version of the
manuscript.

Acknowledgment—We thank Dr. Ping-Jie Xiao for packaging the AAV
viruses.

Neuronal Excitability via Neuritin/NFATc4/Kv4.2 Axis

AUGUST 12, 2016 • VOLUME 291 • NUMBER 33 JOURNAL OF BIOLOGICAL CHEMISTRY 17379



References
1. Wibrand, K., Messaoudi, E., Håvik, B., Steenslid, V., Løvlie, R., Steen,

V. M., and Bramham, C. R. (2006) Identification of genes co-upregulated
with Arc during BDNF-induced long-term potentiation in adult rat den-
tate gyrus in vivo. Eur. J. Neurosci. 23, 1501–1511

2. Cantallops, I., Haas, K., and Cline, H. T. (2000) Postsynaptic CPG15 pro-
motes synaptic maturation and presynaptic axon arbor elaboration in
vivo. Nat. Neurosci. 3, 1004 –1011

3. Javaherian, A., and Cline, H. T. (2005) Coordinated motor neuron axon
growth and neuromuscular synaptogenesis are promoted by CPG15 in
vivo. Neuron 45, 505–512

4. Zhou, S., and Zhou, J. (2014) Neuritin, a neurotrophic factor in nervous
system physiology. Curr. Med. Chem. 21, 1212–1219

5. Yao, J. J., Gao, X. F., Chow, C. W., Zhan, X. Q., Hu, C. L., and Mei, Y. A.
(2012) Neuritin activates insulin receptor pathway to up-regulate Kv4.2-
mediated transient outward K� current in rat cerebellar granule neurons.
J. Biol. Chem. 287, 41534 – 41545

6. Andrásfalvy, B. K., Makara, J. K., Johnston, D., and Magee, J. C. (2008)
Altered synaptic and non-synaptic properties of CA1 pyramidal neurons
in Kv4.2 knockout mice. J. Physiol. 586, 3881–3892

7. Nerbonne, J. M., Gerber, B. R., Norris, A., and Burkhalter, A. (2008) Electrical
remodelling maintains firing properties in cortical pyramidal neurons lacking
KCND2-encoded A-type K� currents. J. Physiol. 586, 1565–1579

8. Norris, A. J., and Nerbonne, J. M. (2010) Molecular dissection of I(A) in
cortical pyramidal neurons reveals three distinct components encoded by
Kv4.2, Kv4.3, and Kv1.4 �-subunits. J. Neurosci. 30, 5092–5101

9. Adams, J. P., Anderson, A. E., Varga, A. W., Dineley, K. T., Cook, R. G.,
Pfaffinger, P. J., and Sweatt, J. D. (2000) The A-type potassium channel
Kv4.2 is a substrate for the mitogen-activated protein kinase ERK. J. Neu-
rochem. 75, 2277–2287

10. Anderson, A. E., Adams, J. P., Qian, Y., Cook, R. G., Pfaffinger, P. J., and
Sweatt, J. D. (2000) Kv4.2 phosphorylation by cyclic AMP-dependent pro-
tein kinase. J. Biol. Chem. 275, 5337–5346

11. Gong, N., Bodi, I., Zobel, C., Schwartz, A., Molkentin, J. D., and Backx,
P. H. (2006) Calcineurin increases cardiac transient outward K� currents
via transcriptional up-regulation of Kv4.2 channel subunits. J. Biol. Chem.
281, 38498 –38506

12. Crabtree, G. R., and Olson, E. N. (2002) NFAT signaling: choreographing
the social lives of cells. Cell 109, S67–S79

13. Hogan, P. G., Chen, L., Nardone, J., and Rao, A. (2003) Transcriptional
regulation by calcium, calcineurin, and NFAT. Genes Dev. 17, 2205–2232

14. Beals, C. R., Clipstone, N. A., Ho, S. N., and Crabtree, G. R. (1997) Nuclear
localization of NF-ATc by a calcineurin-dependent, cyclosporin-sensitive
intramolecular interaction. Genes Dev. 11, 824 – 834

15. Rao, A., Luo, C., and Hogan, P. G. (1997) Transcription factors of the
NFAT family: regulation and function. Annu. Rev. Immunol. 15, 707–747

16. Benedito, A. B., Lehtinen, M., Massol, R., Lopes, U. G., Kirchhausen, T.,
Rao, A., and Bonni, A. (2005) The transcription factor NFAT3 mediates
neuronal survival. J. Biol. Chem. 280, 2818 –2825

17. Luoma, J. I., and Zirpel, L. (2008) Deafferentation-induced activation of
NFAT (nuclear factor of activated T-cells) in cochlear nucleus neurons
during a developmental critical period: a role for NFATc4-dependent apo-
ptosis in the CNS. J. Neurosci. 28, 3159 –3169

18. Quadrato, G., Benevento, M., Alber, S., Jacob, C., Floriddia, E. M., Nguyen,
T., Elnaggar, M. Y., Pedroarena, C. M., Molkentin, J. D., and Di Giovanni,
S. (2012) Nuclear factor of activated T cells (NFATc4) is required for
BDNF-dependent survival of adult-born neurons and spatial memory
formation in the hippocampus. Proc. Natl. Acad. Sci. U.S.A. 109,
E1499 –E1508

19. Ulrich, J. D., Kim, M. S., Houlihan, P. R., Shutov, L. P., Mohapatra, D. P.,
Strack, S., and Usachev, Y. M. (2012) Distinct activation properties of the
nuclear factor of activated T-cells (NFAT) isoforms NFATc3 and
NFATc4 in neurons. J. Biol. Chem. 287, 37594 –37609

20. Quadrato, G., Elnaggar, M. Y., Duman, C., Sabino, A., Forsberg, K., and Di
Giovanni, S. (2014) Modulation of GABAA receptor signaling increases
neurogenesis and suppresses anxiety through NFATc4. J. Neurosci. 34,
8630–8645

21. Yang, T. T., Xiong, Q., Enslen, H., Davis, R. J., and Chow, C. W. (2002)
Phosphorylation of NFATc4 by p38 mitogen-activated protein kinases.
Mol. Cell Biol. 22, 3892–3904

22. Nguyen, T., and Di Giovanni, S. (2008) NFAT signaling in neural devel-
opment and axon growth. Int. J. Dev. Neurosci. 26, 141–145

23. Zhang, J., and Shapiro, M. S. (2012) Activity-dependent transcriptional
regulation of M-type (Kv7) K� channels by AKAP79/150-mediated
NFAT actions. Neuron 76, 1133–1146

24. Baltensperger, K., Lewis, R. E., Woon, C. W., Vissavajjhala, P., Ross, A. H.,
and Czech, M. P. (1992) Catalysis of serine and tyrosine autophosphory-
lation by the human insulin receptor. Proc. Natl. Acad. Sci. U.S.A. 89,
7885–7889

25. Jacques, C., Holzenberger, M., Mladenovic, Z., Salvat, C., Pecchi, E., Be-
renbaum, F., and Gosset, M. (2012) Proinflammatory actions of visfatin/
nicotinamide phosphoribosyltransferase (Nampt) involve regulation of
insulin signaling pathway and Nampt enzymatic activity. J. Biol. Chem.
287, 15100 –15108

26. Shibata, R., Nakahira, K., Shibasaki, K., Wakazono, Y., Imoto, K., and Ike-
naka, K. (2000) A-type K� current mediated by the Kv4 channel regulates
the generation of action potential in developing cerebellar granule cells.
J. Neurosci. 20, 4145– 4155

27. Son, H., Banasr, M., Choi, M., Chae, S. Y., Licznerski, P., Lee, B., Voleti, B.,
Li, N., Lepack, A., Fournier, N. M., Lee, K. R., Lee, I. Y., Kim, J., Kim, J. H.,
Kim, Y. H., et al. (2012) Neuritin produces antidepressant actions and
blocks the neuronal and behavioral deficits caused by chronic stress. Proc.
Natl. Acad. Sci. U.S.A. 109, 11378 –11383

28. Petrecca, K., Miller, D. M., and Shrier, A. (2000) Localization and en-
hanced current density of the Kv4.2 potassium channel by interaction
with the actin-binding protein filamin. J. Neurosci. 20, 8736 – 8744

29. Dickstein, D. L., Kabaso, D., Rocher, A. B., Luebke, J. I., Wearne, S. L., and
Hof, P. R. (2007) Changes in the structural complexity of the aged brain.
Aging Cell 6, 275–284

30. Sato, M., Suzuki, K., Yamazaki, H., and Nakanishi, S. (2005) A pivotal role
of calcineurin signaling in development and maturation of postnatal cer-
ebellar granule cells. Proc. Natl. Acad. Sci. U.S.A. 102, 5874 –5879

31. Velázquez-Marrero, C., Ortiz-Miranda, S., Marrero, H. G., Custer,
E. E., Treistman, S. N., and Lemos, J. R. (2014) mu-Opioid inhibition of
Ca2� currents and secretion in isolated terminals of the neurohypoph-
ysis occurs via ryanodine-sensitive Ca2� stores. J. Neurosci. 34,
3733–3742

32. Kim, M. S., and Usachev, Y. M. (2009) Mitochondrial Ca2� cycling facili-
tates activation of the transcription factor NFAT in sensory neurons.
J. Neurosci. 29, 12101–12114

33. Jackson, J. G., Usachev, Y. M., and Thayer, S. A. (2007) Bradykinin-in-
duced nuclear factor of activated T-cells-dependent transcription in rat
dorsal root ganglion neurons. Mol. Pharmacol. 72, 303–310

34. Graef, I. A., Wang, F., Charron, F., Chen, L., Neilson, J., Tessier-Lavigne,
M., and Crabtree, G. R. (2003) Neurotrophins and netrins require cal-
cineurin/NFAT signaling to stimulate outgrowth of embryonic axons.
Cell 113, 657– 670

35. Vashishta, A., Habas, A., Pruunsild, P., Zheng, J. J., Timmusk, T., and
Hetman, M. (2009) Nuclear factor of activated T-cells isoform c4
(NFATc4/NFAT3) as a mediator of antiapoptotic transcription in
NMDA receptor-stimulated cortical neurons. J. Neurosci. 29,
15331–15340

36. Ding, B., Wang, W., Selvakumar, T., Xi, H. S., Zhu, H., Chow, C. W.,
Horton, J. D., Gronostajski, R. M., and Kilpatrick, D. L. (2013) Temporal
regulation of nuclear factor one occupancy by calcineurin/NFAT governs
a voltage-sensitive developmental switch in late maturing neurons. J. Neu-
rosci. 33, 2860 –2872

37. Rossow, C. F., Minami, E., Chase, E. G., Murry, C. E., and Santana, L. F.
(2004) NFATc3-induced reductions in voltage-gated K� currents after
myocardial infarction. Circ. Res. 94, 1340 –1350

38. Rossow, C. F., Dilly, K. W., Yuan, C., Nieves-Cintrón, M., Cabarrus, J. L.,
and Santana, L. F. (2009) NFATc3-dependent loss of Ito gradient across
the left ventricular wall during chronic� adrenergic stimulation. J. Mol.
Cell Cardiol. 46, 249 –256

39. Carrasquillo, Y., Burkhalter, A., and Nerbonne, J. M. (2012) A-type K�

Neuronal Excitability via Neuritin/NFATc4/Kv4.2 Axis

17380 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 33 • AUGUST 12, 2016



channels encoded by Kv4.2, Kv4.3 and Kv1.4 differentially regulate intrin-
sic excitability of cortical pyramidal neurons. J. Physiol. 590, 3877–3890

40. Bradley, D. C., Troyk, P. R., Berg, J. A., Bak, M., Cogan, S., Erickson, R.,
Kufta, C., Mascaro, M., McCreery, D., Schmidt, E. M., Towle, V. L., and
Xu, H. (2005) Visuotopic mapping through a multichannel stimulating
implant in primate V1. J. Neurophysiol. 93, 1659 –1670

41. Buffo, A., Zagrebelsky, M., Huber, A. B., Skerra, A., Schwab, M. E., Strata,
P., and Rossi, F. (2000) Application of neutralizing antibodies against NI-
35/250 myelin-associated neurite growth inhibitory proteins to the adult
rat cerebellum induces sprouting of uninjured purkinje cell axons. J. Neu-
rosci. 20, 2275–2286

42. Zhao, Q. R., Lu, J. M., Yao, J. J., Zhang, Z. Y., Ling, C., and Mei, Y. A. (2015)
Neuritin reverses deficits in murine novel object associative recognition
memory caused by exposure to extremely low-frequency (50 Hz) electro-
magnetic fields. Sci. Rep. 5, 11768

43. Hay, N., and Sonenberg, N. (2004) Upstream and downstream of mTOR.
Genes Dev. 18, 1926 –1945

44. Yang, T. T., Xiong, Q., Graef, I. A., Crabtree, G. R., and Chow, C. W. (2005)
Recruitment of the extracellular signal-regulated kinase/ribosomal S6 ki-
nase signaling pathway to the NFATc4 transcription activation complex.
Mol. Cell Biol. 25, 907–920

45. Chandrasekar, B., Patel, D. N., Mummidi, S., Kim, J. W., Clark, R. A., and
Valente, A. J. (2008) Interleukin-18 suppresses adiponectin expression in
3T3-L1 adipocytes via a novel signal transduction pathway involving
ERK1/2-dependent NFATc4 phosphorylation. J. Biol. Chem. 283, 4200–4209

46. Mei, Y. A., Wu, M. M., Huan, C. L., Sun, J. T., Zhou, H. Q., and Zhang, Z. H.
(2000) 4-Aminopyridine, a specific blocker of K� channels, inhibited in-
ward Na� current in rat cerebellar granule cells. Brain Res. 873, 46 –53

47. Ji, X. H., Cao, X. H., Zhang, C. L., Feng, Z. J., Zhang, X. H., Ma, L., and Li,

B. M. (2008) Pre- and postsynaptic �-adrenergic activation enhances ex-
citatory synaptic transmission in layer V/VI pyramidal neurons of the
medial prefrontal cortex of rats. Cereb. Cortex 18, 1506 –1520

48. Guo, N. N., and Li, B. M. (2007) Cellular and subcellular distributions of
�1- and �2-adrenoceptors in the CA1 and CA3 regions of the rat hip-
pocampus. Neuroscience 146, 298 –305

49. Herum, K. M., Lunde, I. G., Skrbic, B., Florholmen, G., Behmen, D.,
Sjaastad, I., Carlson, C. R., Gomez, M. F., and Christensen, G. (2013) Syn-
decan-4 signaling via NFAT regulates extracellular matrix production and
cardiac myofibroblast differentiation in response to mechanical stress. J.
Mol. Cell Cardiol. 54, 73– 81

50. Lunde, I. G., Kvaløy, H., Austbø, B., Christensen, G., and Carlson, C. R.
(2011) Angiotensin II and norepinephrine activate specific calcineurin-de-
pendent NFAT transcription factor isoforms in cardiomyocytes. J. Appl.
Physiol. 111, 1278 –1289

51. Grynkiewicz, G., Poenie, M., and Tsien, R. Y. (1985) A new generation of
Ca2� indicators with greatly improved fluorescence properties. J. Biol.
Chem. 260, 3440 –3450

52. Graef, I. A., Chen, F., Chen, L., Kuo, A., and Crabtree, G. R. (2001) Signals
transduced by Ca2�/calcineurin and NFATc3/c4 pattern the developing
vasculature. Cell 105, 863– 875

53. Xiong, J., He, C., Li, C., Tan, G., Li, J., Yu, Z., Hu, Z., and Chen, F. (2013)
Changes of dendritic spine density and morphology in the superficial lay-
ers of the medial entorhinal cortex induced by extremely low-frequency
magnetic field exposure. PLoS One 8, e83561

54. O’Neill, K. M., Akum, B. F., Dhawan, S. T., Kwon, M., Langhammer, C. G.,
and Firestein, B. L. (2015) Assessing effects on dendritic arborization using
novel Sholl analyses. Front. Cell Neurosci. 9, 285

Neuronal Excitability via Neuritin/NFATc4/Kv4.2 Axis

AUGUST 12, 2016 • VOLUME 291 • NUMBER 33 JOURNAL OF BIOLOGICAL CHEMISTRY 17381


