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GSK3p but not on PLC.
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(Background: Neurotrophins regulate transcription factor NFAT and NFAT-mediated neuronal functions, but the under-
Results: NGF facilitated depolarization-induced NFAT activation in sensory neurons, which depended on PI3K, Akt, and

Conclusion: NGF-dependent facilitation of NFAT activation is mediated by the PI3K-Akt-GSK3p pathway.
Significance: This novel mechanism may represent an important component of NFAT-dependent gene regulation in neurons.
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The Ca®*/calcineurin-dependent transcription factor nuclear
factor of activated T-cells (NFAT) plays an important role in
regulating many neuronal functions, including excitability,
axonal growth, synaptogenesis, and neuronal survival. NFAT
can be activated by action potential firing or depolarization that
leads to Ca®*/calcineurin-dependent dephosphorylation of
NFAT and its translocation to the nucleus. Recent data suggest
that NFAT and NFAT-dependent functions in neurons can also
be potently regulated by NGF and other neurotrophins. How-
ever, the mechanisms of NFAT regulation by neurotrophins are
not well understood. Here, we show that in dorsal root ganglion
sensory neurons, NGF markedly facilitates NFAT-mediated
gene expression induced by mild depolarization. The effects of
NGF were not associated with changes in [Ca®>*], and were inde-
pendent of phospholipase C activity. Instead, the facilitatory
effect of NGF depended on activation of the PI3K/Akt pathway
downstream of the TrkA receptor and on inhibition of glycogen
synthase kinase 33 (GSK3p3), a protein kinase known to phos-
phorylate NFAT and promote its nuclear export. Knockdown or
knockout of NFATc3 eliminated this facilitatory effect. Simul-
taneous monitoring of EGFP-NFATc3 nuclear translocation
and [Ca®*]; changes in dorsal root ganglion neurons indicated
that NGF slowed the rate of NFATc3 nuclear export but did not
affect its nuclear import rate. Collectively, our data suggest that
NGF facilitates depolarization-induced NFAT activation by
stimulating PI3K/Akt signaling, inactivating GSK3p, and
thereby slowing NFATc3 export from the nucleus. We propose

* This work was supported, in whole or in part, by National Institutes of Health
Grants NS072432 and NS087068. This work was also supported by the
Fraternal Order of Eagles Diabetes Research Center.

"To whom correspondence may be addressed: College of Pharmacy, Inje
University, Inje-ro 197, Gimhae, Gyeongnam 621-749, Korea. Tel.: 82-55-
320-3887; Fax: 82-55-320-3940; E-mail: mansu-kim@inje.ac.kr.

2To whom correspondence may be addressed: Dept. of Pharmacology,
University of lowa Carver College of Medicine, 2-450 BSB, 51 Newton Rd.,
lowa City, IA 52242. Tel.: 319-335-9388; Fax: 319-335-8930; E-mail: yuriy-
usachev@uiowa.edu.

SASBMB

NOVEMBER 7,2014+VOLUME 289-NUMBER 45

that NFAT serves as an integrator of neurotrophin action and
depolarization-driven calcium signaling to regulate neuronal
gene expression.

Activity-dependent regulation of gene expression plays a
crucial role in sculpting neural circuits during development and
in controlling neuronal plasticity in adulthood (1, 2). Among
the various Ca®" -dependent transcription factors, nuclear fac-
tor of activated T-cells (NFAT)? has emerged as an important
component of excitation-transcription coupling in neurons
(3—8). Numerous neuronal functions are controlled by NFAT,
including excitability, axonal growth, synaptic plasticity, neu-
ronal development, and survival (4, 6, 8 —13). Moreover, recent
studies have linked aberrant NFAT activation to pain sensitiza-
tion (14—16) and the neurotoxicity associated with Alzheimer
disease, ischemia, and traumatic brain injury (17-20).

NFAT activation is regulated by reversible phosphorylation
(21, 22). Ca>* entering neurons via voltage- or ligand-gated
Ca*>" channels activates the Ca®>*- and calmodulin-dependent
protein phosphatase calcineurin (CaN), which induces CaN-
mediated dephosphorylation of NFAT at multiple serine resi-
dues within its regulatory domain (21-24). This, in turn,
unmasks the nuclear localization signal of NFAT and facilitates
its import to the nucleus, enabling it to initiate transcription
(21, 22). Several protein kinases, such as glycogen synthase kinase
3B (GSK3p), casein kinase 1, and dual specificity tyrosine phos-

3The abbreviations used are: NFAT, nuclear factor of activated T-cells;
ANOVA, analysis of variance; BDNF, brain-derived neurotrophic factor;
CaN, calcineurin; DRG, dorsal root ganglion/ganglia; EGFP, enhanced GFP;
GSK3B, glycogen synthase kinase 38; IP;, inositol 1,4,5-trisphosphate;
mTOR, mammalian target of rapamycin; NFAT-luc, NFAT luciferase report-
er; PLC, phospholipase C; TK-lug, R. reniformis luciferase reporter controlled
by HSV-TK promoter; caPI3K, constitutively active PI3Ka; CAPS, 3-(cyclo-
hexylamino)propanesulfonic acid; K*10,K*15,K*20,and K*90, 10, 15, 20,
and 90 mm KCl, respectively.
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phorylation-regulated kinase 1, phosphorylate nuclear NFAT,
which facilitates its binding by the nuclear exportin Crm1 and,
consequently, its deactivation and nuclear export (3, 10, 22, 23,
25-27). Thus, NFAT-mediated transcriptional responses are
determined by the balance between the activities of the Ca**/
CaN pathways driving nuclear import of NFAT and the NFAT
kinases stimulating NFAT export from the nucleus.

Recent studies have demonstrated that not only electrical
activity and intracellular Ca®>", but also neurotrophins, in par-
ticular nerve growth factor (NGF), potently regulate NFAT
function in neurons (4, 15, 28). For example, NGF and brain-
derived neurotrophic factor (BDNF) stimulate NFAT-depen-
dent expression of inositol 1,4,5-trisphosphate receptor 1,
BDNF, cyclooxygenase-2, and plasminogen activation inhibi-
tor-1 in peripheral and central neurons (15, 28, 29). BDNF-de-
pendent survival of adult hippocampal neurons and the forma-
tion of spatial memory have also been reported to require
NFAT activation (13). Furthermore, NFAT is essential for
NGF-dependent axonal growth, and deletion of NFAT iso-
forms NFATc2, NFATc3, and NFATc4 disrupts neurite out-
growth (4). Despite the growing evidence that NFAT proteins
are important effectors of neurotrophin signaling, the mecha-
nisms of NFAT regulation by neurotrophins are not well under-
stood. It is also unclear whether and how electrical activity and
neurotrophin signaling interact to regulate NFAT activity.

Here, by using genetic and pharmacological tools, we dem-
onstrate that NGF facilitates depolarization-induced activation
of NFAT in dorsal root ganglion (DRG) sensory neurons.
Although Ca®>™ is a critical regulator of NFAT, NGF had no
significant effect on the intracellular Ca®>" concentration
([Ca®*],) in DRG neurons, and the potentiating actions of NGF
were independent of phospholipase C (PLC) activity. Instead,
the NGF potentiation of NFAT activation required the PI3K-
Akt signaling pathway and inhibition of the NFAT kinase,
GSK3p. Furthermore, the silencing or deletion of specifically
the NFATc3 isoform abolished the potentiating effect of NGF
on NFAT-mediated transcription, implicating NFATc3 as a key
NGF effector in sensory neurons.

EXPERIMENTAL PROCEDURES

DRG Cell Cultures and Transfection—Cultured DRG neu-
rons were prepared as described previously (7, 30). Briefly, new-
born (postnatal day 1-2) Sprague-Dawley rats or adult (2—4-
month-old) wild-type and NFATc3 knock-out mice (BALB/c
background) were sacrificed, and DRG were isolated from cer-
vical, thoracic, and lumbar segments. Suspensions of DRG
neurons were plated onto 25-mm glass coverslips precoated
with poly-L-ornithine and laminin. Approximately 30 min after
the cells were plated, Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 5% heat-inactivated horse serum,
5% fetal bovine serum, and penicillin (100 units/ml)/streptomy-
cin (100 g/ml) was added to the plates (hereafter referred to as
complete DMEM). The DRG neurons were maintained in cul-
ture in a 10% CO, incubator at 37 °C and were used within 2-3
days. All surgical protocols were approved by the University of
Iowa Institutional Animal Care and Use Committee. Rats were
purchased from Charles River Laboratories (Wilmington, MA),
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and NFATc3 knock-out mice were generously provided by Dr.
Santana (University of Washington, Seattle, WA) (31, 32).

Prior to plating, DRG neurons were transfected using the
Amaxa nucleofection system (Program G-013; Lonza, Switzer-
land) as described previously (7, 30, 33). Typically, five rat pups
or three mice were required to obtain a sufficient number of
cells for performing a single transfection. EGFP-NFATc3 was
generated by ligating NFATc3 (gift of Dr. Iino, Tokyo Metro-
politan Institute of Medical Science) (34) into pEGFP-C1
(Clontech). A constitutively active form of the catalytic subunit
PI3Ke (caPI3K; p110 mutant (35)) was a gift from Dr. Steven
Green (University of Iowa). The shRNA constructs targeting
NFATc3, NFATc4, and GSK3pB were kindly provided by Dr.
Michal Hetman (University of Kentucky) (12). We previously
validated all of these constructs (33). A constitutively active
form of GSK3B (GSK3pB S9A) (36) was purchased from Add-
gene (plasmid 14754; Cambridge, MA).

NFAT Reporter Assays—NFAT reporter expression was
assessed using a Dual-Luciferase assay as described previously
(7, 33). In brief, DRG neurons were co-transfected with the
NFAT-luciferase (NFAT-luc) reporter plasmid (which encodes
firefly luciferase under the control of three copies of the NFAT-
binding motif; pPNFAT-TA-luciferase; Clontech) and the Renilla
reniformis luciferase (TK-luc) reporter (which encodes Renilla
luciferase under the control of constitutively active HSV-TK
promoter; pRL-TK; Promega, Madison, WI). In some experi-
ments, the investigated signaling pathways were modulated by
co-transfecting GSK3f S9A or caPI3K with the luciferase
reporter constructs. Initially, transfected cells were cultured in
complete DMEM containing 25 ng/ml NGF (50 ng/ml in the
case of mouse DRG cultures). Approximately 20 h later, the
culture medium was replaced with fresh complete DMEM sup-
plemented with B27 (Invitrogen) and ITS-A (Invitrogen) but
devoid of NGF. Twenty-four hours later, the cultured DRG
neurons were stimulated with 20 mmM KCI medium (15 mm KCl
for mouse cultures), which was prepared by mixing complete
DMEM with 150 mm KCI stock solution. The L-type Ca>"
channel agonist BayK8644 (1 um) was added to the 20 mm (15
mm) KCl medium to stabilize [Ca®"], at the elevated levels for
the duration of stimulation (7). In some cultured DRG plates,
the KCl medium was supplemented with 25 ng/ml NGF (50
ng/ml for mouse DRG cultures). The cultured DRG neurons
were stimulated with 20 mm (15 mm) KCI medium for either 6
or 12 h. In the case of the 6-h KCl stimulation protocol, cells
were cultured in complete DMEM supplemented with B27 and
ITS-A for an additional 6 h in the presence or absence of 25
ng/mlNGF (50 ng/ml NGF for mouse DRG cultures). All chem-
ical inhibitors were applied at least 30 min prior to stimulation
with 20 mm KCL Twelve hours after the beginning of KCl stim-
ulation, cells were lysed, and Dual-Luciferase assays were per-
formed according to the manufacturer’s protocol (DLR™
Assay System, Promega) using a Sirius luminometer (Berthold,
Spain). NFAT-mediated transcription was quantified by nor-
malizing the expression of NFAT-luciferase to that of constitu-
tively active TK-luc (NFAT-luc/TK-luc). This approach mini-
mizes variations in transfection efficiency and neuronal
viability among various DRG cultures and culture conditions
used in this study.
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Western Blotting—Control and NGF-treated (25 ng/ml) DRG
cultures were lysed in the presence of protease inhibitors
(Halt™ protease inhibitor mixture kit, Pierce) and phospha-
tase inhibitors (Halt™ phosphatase inhibitor mixture, Pierce).
Loading volumes for SDS-polyacrylamide gels were calculated
based on BCA assays (Thermo Scientific, Rockford, IL) mea-
suring the protein concentration in lysate. Lysates were mixed
with SDS-PAGE sample buffer and boiled at 90 °C for 10 min to
completely denature the proteins. Samples were loaded onto
8-20% gradient SDS-polyacrylamide gels (Bio-Rad) and run at
constant voltage (100 V) for 2-3 h in a chamber that contained
running buffer (3.0 g of Tris-HCI, 14.3 g of glycine, and 1 g of
SDS dissolved in 1000 ml of H,O). Proteins in SDS-polyacryl-
amide gels were transferred to PVDF membranes (Millipore,
Billerica, MA) using transfer buffer (1.5 g of Tris-HCl, 7.2 g of
glycine, and 150 ml of MeOH dissolved in 1000 ml of H,O).
Then the membrane was incubated with a blocking solution
composed of 5% skim milk in TBS (20 mm Tris-HCl, pH 7.5, and
150 mm NaCl) for 1 h and then washed briefly with TBS prior
to incubation with rabbit polyclonal anti-Ser(P)-9 GSK3p
(1:10,000; catalog no. ab30619, Abcam, Cambridge, MA) dis-
solved in 5% skim milk in TBS-T (0.05% Tween 20 in TBS) for
2 h. The membrane was then washed with TBS-T and incu-
bated with HRP-conjugated bovine anti-rabbit IgG (1:5000)
dissolved in TBS-T for 1 h and then thoroughly washed with
TBS-T. Phosphorylated GSK3p (Ser(P)-9 GSK3p) was visual-
ized using the ECL Plus detection kit (GE Healthcare). Total
GSK3p was measured using the same membrane, following a
30-min incubation in stripping buffer (0.7% B-mercaptoetha-
nol, 2% SDS, and 62.7 mm Tris-HCI, pH 6.8) at 50 °C, two
washes with TBS-T, confirmation that there was no residual
signal from Ser(P)-9 GSK3p antibody, and immunoblotting
using the steps described above but using rabbit monoclonal
anti-GSK3 (1:5000 —20,000, catalog no. 27C10, Cell Signaling,
Danvers, MA) as the primary antibody. Similar procedures
were used for Western blotting of tropomyosin-related kinase
A (TrkA) and Tyr-490-phosphorylated TrkA, except for the
following modifications. After running SDS-PAGE, proteins
were transferred onto nitro-pure supported nitrocellulose
membrane (Fisher) using CAPS buffer. The membranes were
blocked with 5% BSA in TBS-T for 1 h. Total TrkA and phos-
pho-TrkA (Tyr-490) were detected using anti-TrkA (1:500; cat-
alog no. sc-118, Santa Cruz Biotechnology, Inc.) and anti-phos-
pho-TrkA (Tyr-490) (1:500; catalog no. 9141, Cell Signaling)
antibodies, respectively.

[Ca®" ], Imaging and EGFP-NFATc3 Nuclear Export/Import
Assays—Cultured rat DRG neurons were prepared and treated
as described under “NFAT Reporter Assays” with the exception
that cells were transfected with EGFP-NFATc3. The [Ca®"],
changes and EGFP-NFATc3 movement were simultaneously
recorded as described previously (7, 33). In brief, DRG neurons
were loaded with the ratiometric Ca®" indicator dye Fura-
2/AM (2 pum) for 30 min. The cells were then placed in a flow-
through perfusion chamber that was mounted on an inverted
IX-71 microscope (Olympus, Japan) and perfused with stan-
dard extracellular HEPES buffered Hanks’ salt solution (HH
buffer) composed of 140 mm NaCl, 5 mm KCl, 1.3 mm CaCl,, 0.4
mM MgSO,, 0.5 mm MgCl,, 0.4 mm KH,PO,, 0.6 mMm NaHPO,,
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3 mMm NaHCO,, 10 mm glucose, 10 mm HEPES, pH 7.4, with
NaOH (310 mosm/kg with sucrose). For the nuclear export
assay, the cells were perfused with 15 mm KCl medium (mixture
of HH buffer and 150 mMm KCl stock solution with added 1 pum
BayK8644) for 40— 60 min to allow EGFP-NFATc3 to translo-
cate into the nucleus, and then cells were returned to HH
buffer. [Ca®>"], changes and EGFP-NFATc3 movement were
continuously recorded by alternately exciting fluorescence at
340 nm (12-nm bandpass), 380 nm (12-nm bandpass), and 475
nm (12-nm bandpass) using a Polychrome IV monochromator
(TILL Photonics, Munich, Germany) and focusing on the cells
via a X40 oil immersion objective (numerical aperture = 1.35,
Olympus). Fluorescence emission was collected at 530 nm
(50-nm bandpass) using an IMAGO charge-coupled device
camera (640 X 480 pixels; TILL Photonics). A 2 X 2 binning
was used for acquisition (1 pixel ~500 nm). Series of 340, 380,
and 475 nm images were acquired at 0.05 Hz. [Ca®"] was cal-
culated by converting the fluorescence ratio (R = Fy,0/Fsg)
using the formula, [Ca®>"] = K,8(R — R,,;,)/(R... — R). A dis-
sociation constant (K ;) value of 275 nm was used, as provided by
Shuttleworth and Thompson (37). R,,;., R0 and B were cal-
culated by applying 10 um ionomycin in either Ca** -free buffer
(1 mM EGTA) or HH buffer (1.3 mm Ca®*) and were found to be
as follows: R, = 0.22, R, = 2.75,and B = 5.9. [Ca>"], data
were analyzed using TILLvisION version 4.0.12 software (TILL
Photonics). Background-corrected nuclear EGEP fluorescence
was plotted as a function of time, and the trace was fitted with a
monoexponential decay function using pCLAMP version 9.0
software (Axon Instruments, Sunnyvale, CA); the time constant
(7) was used for quantifying nuclear export of EGFP-NFATc3.
For the EGFP-NFATc3 nuclear import assay, cells were stimu-
lated with 10 mm KCI + 1 um BayK8644 for 15-30 min, with
[Ca®>*], and nuclear EGFP fluorescence recorded simultane-
ously. Nuclear import of NFATc3 was quantified by calculating
the average rate (slope) of EGFP-NFATc3 translocation into
the nucleus during the first 5 min of translocation.

For the experiments shown in Figs. 2 (A and B) and 3,
untransfected cultured rat DRG neurons were prepared,
treated, and loaded with Fura-2/AM as described above. Fluo-
rescent images (A, = 340 and 380 nm) were collected at 0.05 or
0.5 Hz using a X20 objective (numerical aperture = 0.75, Olym-
pus, Japan) and a 2 X 2 binning set for an IMAGO charge-
coupled device camera at room temperature. For the experi-
ments shown in Fig. 2C, the cells were stimulated with 20 mm
KCl for 6 h in a 10% CO, incubator at 37 °C, loaded with Fura-
2/AM, and placed in a temperature-controlled flow-through
chamber (T = 37 °C). Experimentally determined calibration
constants for X20 objective were R ;, = 0.21, R, .. = 3.45, and
B = 6.97, which were used for the conversion to [Ca*"],. The
dissociation constants (K,) of Fura-2 used for the conversion
were 275 nM (experiments performed at room temperature)
and 225 nMm (experiments performed at 37 °C) (37).

Analysis of EGFP-NFATc3 Nuclear Translocation—Cultured
rat DRG neurons were prepared, treated, and stimulated as
described under “NFAT Reporter Assays” with the exception
that they were transfected with EGFP-NFATc3. DRG neurons
were stimulated with 20 mm KCI for various times (0 min, 20
min, 1 h, 3 h, and 6 h), fixed with 4% paraformaldehyde in

max:
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phosphate-buffered saline (PBS) for 15 min, and then washed
three times with PBS. They were counterstained with DAPI
(Invitrogen) to mark the nucleus and mounted on glass slides
using Fluoromount-G (Southern Biotechnology Associates,
Birmingham, AL). The distribution of EGFP-NFATc3 was ana-
lyzed using a X60 oil immersion objective (numerical aper-
ture = 1.4) on an Olympus BX61 microscope equipped with the
Fluoview 300 laser-scanning confocal imaging system as
described previously (33). Data were acquired and analyzed by a
blinded experimenter using the Fluoview software (Olympus).
Average EGFP fluorescence intensity values were obtained for
regions of interest in both the nucleus (overlap with DAPI
staining) and the cytosol. Background fluorescence was cor-
rected for using a region of interest devoid of cells.

Reagents—The TrkA inhibitor GSK-Trk (catalog no. 648450),
K252A, Akt inhibitor IV (catalog no. 124011), wortmannin, and
LY294002 were obtained from Calbiochem/EMD Millipore.
U73122 was purchased from R&D Systems/Tocris (Minneapo-
lis, MN). Purified mouse nerve growth factor 2.5s was from
AbD Serotec (Raleigh, NC). Pronase E and collagenase A were
from Roche Applied Science. All other reagents were pur-
chased from Sigma.

Statistical Analysis—Data were analyzed by using Student’s ¢
test for comparing two groups and by using one-way analysis of
variance (ANOVA) for comparing more than two groups, fol-
lowed by Bonferroni’s post hoc test. The Kruskal-Wallis test
was used to compare kinetics of NFAT nuclear export (Fig. 7).
The statistical tests were performed using GraphPad Prism ver-
sion 5.0 software (San Diego, CA). All data are expressed as
mean * S.E.

RESULTS

NGF Facilitates Depolarization-induced NFAT-dependent
Gene Expression in DRG Neurons—NGF regulates NFAT activ-
ity in neurons, which is essential for axonal growth, neuronal
survival, and pain signaling (4, 15). However, the mechanisms
underlying the NGF-dependent regulation of NFAT are not
well understood. To address this question, we examined the
effects of NGF on NFAT-mediated transcription in DRG neu-
rons using an NFAT-luciferase expression reporter (Dual-Lu-
ciferase assay) as described previously (7, 33) (also see “Experi-
mental Procedures”). For this assay, the NFAT-mediated
expression of firefly luciferase (NFAT-luc) was normalized to
the expression of Renilla luciferase driven by the constitutively
active TK-HSV promoter (TK-luc) and quantified as NFAT-
luc/TK-luc. The experimental timeline is shown in Fig. 1A.
DRG cultures were initially maintained in the presence of 25
ng/ml NGF to maximize transfection efficiency and cell viabil-
ity. Prior to the beginning of the experiment (¢t = 0 h; timeline in
Fig. 1A4), the DRG cultures were deprived of NGF for 24 h. In the
absence of depolarization, a 12-h treatment with either 25 or
100 ng/ml NGF did not affect the NFAT-dependent luciferase
expression in DRG neurons (Fig. 1, B and C). However, mild
depolarization using 20 mm KCl (K*20) increased NFAT-de-
pendent luciferase expression, and this effect of depolarization
was strongly potentiated by the addition of 25 ng/ml of NGF
(Fig. 1B). We also found that the effect of NGF was somewhat
stronger for a 6-h K20 stimulation (2.9 = 0.3-fold increase in
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FIGURE 1. NGF facilitates depolarization-induced NFAT-dependent tran-
scription in DRG neurons. A, timeline describing the experimental protocols.
NFAT-luc (NFAT reporter; firefly luciferase) and TK-luc (constitutively active
Renilla luciferase reporter) constructs were co-transfected into cultured DRG
neurons. Cultures were deprived of NGF for 24 h prior to initiation of treat-
ments (t = 0 h). Cultures were left untreated or were treated with NGF (white
bar) in the absence or presence of K" 20 applied either for 6 h (gray bar) or 12 h
(black bar) to induce depolarization. The K* 20 solution was supplemented
with the L-type Ca®* channel agonist BayK8644 (1 um) to stabilize [Ca®*];
elevation for the duration of treatments (6 and 12 h, respectively) (7). Cells
were lysed 12 h after the beginning of stimulation, and NFAT-dependent
transcription was quantified by Dual-Luciferase assay (NFAT-luc/TK-luc) as
described previously (7, 33) (also see “Experimental Procedures”). B, quantifi-
cation of the effects of NGF on NFAT-dependent transcription in DRG neurons
induced by K*20 stimulation for 6 or 12 h compared with that in unstimulated
cells (rest). Treatment with 25 ng/ml NGF (black bars) significantly increased
K*20-induced NFAT-luciferase expression compared with that in untreated
cells (white bars). ***, p < 0.001; one-way ANOVA with Bonferroni’s post hoc
test (n = 9-42 experiments). C, quantification of the effects of NGF at various
concentrations (0, 25 and 100 ng/ml) on NFAT-dependent transcription in the
absence (left) or presence (right) of K" 20 (6-h stimulation). ***,p < 0.001; N.S.,
not significant; one-way ANOVA with Bonferroni’s post hoc test (n = 6-42
experiments). All data are presented as mean * S.E. (error bars).

luciferase expression) than for a 12-h stimulation protocol
(2.4 = 0.3-fold increase). An increase in NGF concentration
from 25 to 100 ng/ml did not significantly change the magni-
tude of the NGF effect (Fig. 1C). Thus, in further experiments
investigating the mechanisms by which NGF regulates NFAT
activity in DRG neurons, we used 6-h K*20 stimulation in com-
bination with the 25 ng/ml NGF treatment protocol. Collec-
tively, the described data suggest that NGF facilitates NFAT-
mediated transcription induced by depolarization in sensory
neurons.

NGF Does Not Affect [Ca®" ], and the Facilitatory Effect of
NGF on NFAT Activation Is Independent of PLC in Sensory
Neurons—Previous studies suggested that another neurotro-
phin, BDNF, activates NFAT in central neurons via TrkB-
dependent stimulation of phospholipase C (PLC), inositol
1,4,5-trisphosphate (IP,;) synthesis, Ca>* mobilization from
intracellular IP,-sensitive Ca*>" stores, and resulting CaN acti-
vation (28). To test the possibility that NGF acts via a similar
signaling pathway in DRG neurons, we first examined the
effects of NGF on [Ca®>*], in DRG neurons. DRG cultures were
deprived of NGF for 24 h prior to recordings. Treatment with
25 ng/ml NGF did not produce any changes in [Ca®>*], in DRG
neurons (Fig. 2, A and B; n = 64). All of the tested neurons
demonstrated a normal [Ca®"], response to depolarization
evoked by 90 mm KClI (K™ 90; Fig. 2, A and B), consistent with
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FIGURE 2. NGF does not affect [Ca®>*]; in DRG neurons. Cultured DRG neu-
rons were prepared using the protocol described in Fig. 1A. A, representative
traces of [Ca?*]; from Fura-2/AM-loaded DRG neurons during treatment with
25 ng/ml NGF (gray bar). Cell viability and responsiveness to depolarization
were confirmed at the end of the experiment by applying 90 mm KCl (30 s) to
the cells. Ca®" imaging was performed at room temperature (n = 64 cells, 4
independent experiments). Each trace represents an individual cell. B, [Ca®*];
in cells is indicated by pseudocolor images taken at rest (left), during the NGF
treatment (middle) and at the peak of K" 90-induced depolarization (right) for
the same experiment as described in A. C, comparison of the effects of pro-
longed (6-h) K20 depolarization on [Ca®*]; in the absence (—NGF; white) or
presence (+NGF; black) of 25 ng/ml NGF. The K* 20 solutions were supple-
mented with 1 um BayK8644. [Ca®"]; was measured at the end of the 6-h
treatment, in cells loaded with Fura-2/AM. All procedures were conducted at
37 °C.p > 0.05, Student’s t test; n = 99 cells (—NGF) and 121 cells (+NGF); 3
independent experiments/condition. All data are presented as mean * S.E.
(error bars).

Ca®" signaling in these cells being undisturbed (7, 38). Brady-
kinin and ATP are known to evoke Ca>" release from IP;-sen-
sitive Ca®" stores in DRG neurons in a manner dependent on
PLC activation (14, 39 —42). Thus, as a positive control for nor-
mally functioning IP,-sensitive stores in our system, we tested
the effects of bradykinin (300 nm) and ATP (100 um) on [Ca®"],
signaling in DRG neurons. We found that both agonists were
able to induce Ca®" release from intracellular Ca®>* stores in
subsets of DRG neurons and that these effects were blocked by
the PLC inhibitor U73122 (1 um; Fig. 3).

Next, we examined whether K*20-induced [Ca®"]; eleva-
tions were affected by NGF under the same conditions as those
used in the Dual-Luciferase experiments. We found that both
NGF-treated and untreated DRG neurons showed similar
[Ca"], levels in the presence of 20 mm KCI (Fig. 2C). Thus, the
facilitatory effect of NGF on NFAT activation is probably inde-
pendent of any alteration in Ca®>" handling in DRG neurons.

To further examine the possibility that NGF recruits the
PLC-IP, signaling to regulate NFAT activation, we performed
additional experiments monitoring NFAT-luciferase expres-
sion in DRG neurons. NGF produces its biological effects via
two receptors, the high-affinity TrkA receptor and the low-
affinity p75 receptor (43, 44). We found that NGF treatment
significantly increased phosphorylation of TrkA at Tyr-490,
which is consistent with NGF-induced TrkA activation in our
system (43, 45, 46) (Fig. 4B). We also showed that both a potent
TrkA inhibitor, GSK-Trk (47, 48), and a potent inhibitor of
tyrosine kinase commonly used to study TrkA signaling, K252A
(49-51), blocked the potentiating effect of NGF on K*20-in-
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duced NFAT-luciferase expression in DRG neurons (Fig. 4C).
However, the PLC inhibitor U73122 (1 um) did not affect NGF-
dependent facilitation of NFAT-luciferase expression (Fig. 4D).
The experiments shown in Fig. 3 and our previous work dem-
onstrate the effectiveness of this inhibitor in DRG neurons (14,
41). Collectively, these data suggest that NGF potentiates
NFAT activation via a TrkA-dependent but PLC-independent
pathway in sensory neurons.

NGF Recruits the PI3K-Akt-GSK3B Signaling Pathway
Downstream of the TrkA Receptor to Facilitate NFAT-depen-
dent Transcription—Another common signaling pathway initi-
ated by NGF binding to the TrkA receptor in sensory neurons
involves the activation of PI3K and Akt (also known as protein
kinase B), followed by Akt-dependent phosphorylation and
inactivation of GSK3f (43, 44, 52, 53). Notably, GSK3p is a well
established negative regulator of NFAT that phosphorylates SP
motifs in NFAT, thereby promoting its export from the nucleus
(3, 25). Therefore, we hypothesized that NGF facilitates depo-
larization-induced activation of NFAT through PI3K-Akt sig-
naling, inactivation of GSK3p, and inhibition of the nuclear
export of NFAT.

To test this hypothesis, we first examined the effects of two
structurally distinct inhibitors of PI3K, wortmannin and
LY294002. As shown in Fig. 4E, applying either wortmannin or
LY294002 significantly reduced the effect of NGF. Conversely,
overexpressing caPI3K (35) mimicked the potentiating effect of
NGF (Fig. 4E). Finally, the effect of NGF was blocked by the Akt
inhibitor, Akt IV, in a concentration-dependent manner (Fig.
4F). Akt IV was reported to inhibit Akt activity indirectly by
blocking a protein kinase upstream of Akt and downstream of
PI3K (54).

Next, we examined the role of GSK38 in NGF-dependent
facilitation of NFAT activation. Transfecting DRG neurons
with a constitutively active form of GSK3 (GSK33 S9A; phos-
phorylation-deficient form) (36), abolished the facilitatory
effect of NGF on NFAT -luciferase expression (Fig. 5B). We per-
formed reciprocal experiments in which we knocked down
GSK3p expression using an shRNA construct that we previ-
ously showed reduced GSK3B expression by over 90% (33).
Knockdown of GSK38 markedly enhanced NFAT activation in
DRG neurons that had not been treated with NGF (Fig. 5B).
Notably, this dramatic increase in NFAT activity was not
observed in the absence of K*20 stimulation, consistent with
the inability of NGF to enhance NFAT activation in the absence
of depolarization (Fig. 1, B and C). In complementary experi-
ments, we found that NGF treatment (25 ng/ml for 6 h) led to a
significant increase in the phosphorylation of GSK3p3 at Ser-9
(Fig. 5C), which is known to inhibit GSK3p (55). Interestingly,
the enhancement of NFAT activation by GSK38 knockdown
was much greater than that resulting from NGF treatment (Fig.
5B). This difference may be explained by the fact that only
~60% of postnatal DRG neurons express TrkA (56, 57),
whereas GSK3f3 knockdown would affect the majority of cells
co-transfected with luciferase reporter constructs. Overall, the
described data are consistent with the hypothesis that NGF
facilitates depolarization-induced NFAT activation by stimu-
lating the PI3K-Akt pathway and inhibiting GSK3p.
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FIGURE 3. The PLC inhibitor U73122 blocks bradykinin- and ATP-induced Ca>* mobilization in DRG neurons. [Ca®*]; measurements were carried out in
neonatal rat DRG neurons using Fura-2/AM as described under “Experimental Procedures.” [Ca® "], increases were induced by either 300 nm bradykinin (A-C; 1
min; orange bars) or 100 um ATP (D-F; 1 min; yellow bars). Toisolate Ca®* release from intracellular Ca® ™ stores, cells were perfused with a Ca® " -free extracellular
buffer (supplied with 0.1 mm EGTA) during the applications of bradykinin and ATP. Shown are representative [Ca® ] traces in response to repeated applications
of bradykinin (A and B) and in response to ATP (D and E). The [Ca® *]; recordings were simultaneously made from several different DRG neurons, and each color
trace corresponds to an individual DRG neuron. Approximately 27% (n = 122) and 62% (n = 74) of tested DRG neurons responded to bradykinin and ATP,
respectively, which is consistent with the previous reports (14, 39-41). Depolarization stimuli using 50 mm KCl (K*50, 15 s; black bar) were applied to ensure
refilling of the intracellular Ca®" stores prior to the second application of an agonist. With this approach, the amplitudes of the second bradykinin (ATP)-
induced [Ca®"]; responses were >90% of the first ones (4, C, D, and F). Treating cells for 20 min with the PLC inhibitor U73122 (1 um) prior to the second agonist
application markedly reduced the amplitudes of the second [Ca®*]; responses. C and F, effects of U73122 (B and E) and vehicle/control (A and D) on the ratio of
the second [Ca®"]; response amplitude to the first one (A,/A,) for bradykinin (C; n = 22 neurons for vehicle/control, and n = 11 neurons for U73122) and ATP

(F; n = 29 neurons for vehicle/control, and n = 17 neurons for U73122). *** p < 0.001, Student's t test. Error bars, S.E.

NFATc3 Is Required for the Potentiating Effect of NGF on
NFAT-dependent Transcription in Sensory Neurons—We and
others previously identified NFATc3 and NFATc4 as the main
NFAT isoforms that are expressed and functional in DRG neu-
rons and showed that depolarization-induced NFAT-depen-
dent gene expression is strongly dependent on the NFATc3
isoform in both DRG and hippocampal neurons (7, 15, 16, 33).
We tested whether NFATc3 or NFATc4 mediated NGF-de-
pendent enhancement of NFAT transcriptional response. This
question was addressed by using previously validated shRNA
plasmids to knock down NFATc3 and NFATc4 in DRG neu-
rons (33). Knocking down NFATc3 expression in cultured rat
DRG neurons resulted in an almost complete elimination of the
NGF effect, whereas knockdown of NFATc4 had virtually no
effect (Fig. 6B). To further validate the role of NFATc3 in the
NGF effect, we examined the expression of NFAT-luciferase in
DRG neurons prepared from NFATc3 knock-out (KO) (58) and
wild-type adult mice (Fig. 6C). As in the case of DRG neurons
from neonatal rats, NGF treatment of DRG neurons obtained
from adult mice produced a marked enhancement of depolar-
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ization-induced NFAT-luciferase expression but did not pro-
duce an increase of NFAT activity in the absence of depolariza-
tion (Fig. 6C). Notably, the NGF effect was abolished in DRG
neurons from NFATc3 KO mice. Knocking out NFATc3
also markedly reduced depolarization-induced expression of
NFAT-luciferase, consistent with our previous report demon-
strating the key role of NFATc3 in DRG neurons (33). Collec-
tively, these results suggest that NFATc3 is the main isoform
that is responsible for the potentiating effect of NGF on the
NFAT-mediated gene expression in DRG neurons.

NGF Slows the Nuclear Export but Does Not Affect the
Nuclear Import of NFATc3 in DRG Neurons—The nuclear
translocation and retention of NFAT upon its activation are
determined by the relative rates of nuclear NFAT import and
export (21, 22). Having established the importance of NFATc3
for the potentiating effect of NGF on NFAT-mediated tran-
scription, we next tested whether NGF inhibits the nuclear
export of NFATc3, facilitates the nuclear import of NFATc3, or
affects both processes. To address this question, we used simul-
taneous imaging of EGFP-tagged NFATc3 dynamics and
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FIGURE 4. Facilitation of NFAT-dependent transcription by NGF requires
activation of the PI3K-Akt signaling pathway. A, timeline describing the
experimental protocol. Horizontal bars, treatments with 25 ng/ml NGF and
K*20. Bayk8644 (1 um) was added to K*20 solution. All inhibitors were
applied 30 min prior to stimulation with NGF/K*20. Dual-Luciferase assays
were performed to quantify NFAT-dependent transcription (NFAT-luc/TK-
luc). caPI3Kis a construct that expresses a constitutively active form of PI3K; it
was co-transfected with NFAT-luciferase and TK-luciferase in the experiments
shown in E. B, Western blot analysis of TrkA phosphorylation at Tyr-490. DRG
neurons were deprived of NGF for 24 h and subsequently treated with either
vehicle control (=) or 25 ng/ml NGF (+) for 90 min (n = 5 experiments). A
shorter time (compared with the 6 h commonly used) was chosen because
TrkA phosphorylation is expected to be an early event in the studied signal-
ing. G, effects of the TrkA inhibitor GSK-Trk (2 um; n = 11 experiments) and
tyrosine kinase inhibitor K252A (1-2 um, n = 11 experiments) on NGF-depen-
dent potentiation of NFAT-luciferase expression. D, the PLC inhibitor U73122
(1 um; n = 5 experiments) had no effect on NGF-dependent potentiation of
NFAT-luciferase expression. E, effects of the PI3K inhibitors wortmannin
(wortm; 100 nm, n = 15 experiments) and LY294002 (LY; 25 um, n = 15 exper-
iments) as well as those of caPI3K (n = 6 experiments) on NGF-dependent
potentiation of NFAT-luciferase expression in the presence or absence of
K™ 20 stimulation. Both inhibitors blocked the NGF effects in DRG neurons.
Conversely, caPI3K mimicked the NGF effect in the presence but not in the
absence of K* 20 stimulation. F, effects of the Akt inhibitor, Akt IV (0.5, 1, or 2
M) on NGF-dependent potentiation of NFAT-luciferase expression. Akt IV
blocked the NGF effect in a concentration-dependent manner (n = 3-8
experiments). ¥, p < 0.05; **, p < 0.01; ***, p < 0.001. Student'’s t test (B) and
one-way ANOVA with Bonferroni’s post hoc test (C-F) were used. N.S., not
significant. All data are presented as mean = S.E. (error bars).

[Ca®>*], changes in DRG neurons, as described previously (7,
33). This method allows monitoring nuclear translocation of
EGFP-NFATc3 in neurons in real time while controlling for the
effects of NGF on Ca" signaling. EGFP-NFATc3-transfected
and Fura-2-loaded DRG neurons were depolarized using 15 mm
KCl (K"15) for 40 — 60 min, which led to an increase in [Ca**],
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FIGURE 5. The facilitatory effect of NGF on NFAT-mediated transcription
strongly depends on GSK3f activity in DRG neurons. A, timeline describ-
ing the experimental protocols. The GSK33 shRNA or GSK38 S9A construct
was co-transfected with NFAT-luciferase and TK-luciferase into DRG neurons.
Horizontal bars, treatments using 25 ng/ml NGF and K*20. The L-type Ca®™*
channel agonist BayK8644 (1 um) was added to K20 solution to stabilize
[Ca®"]; elevation. B, expression of constitutively active GSK33 (GSK33 S9A;
n = 9 experiments) blocked the facilitatory effects of NGF on NFAT-luciferase
expression, whereas GSK38 knockdown mimicked the effect of NGF (n = 5
experiments). ¥, p < 0.05; ***, p < 0.001, one-way ANOVA with Bonferroni’s
post hoc test; mean = S.E. (error bars). C, effects of NGF (25 ng/ml) on GSK33
phosphorylation at Ser-9, as determined by Western blotting. Cultured DRG
neurons either remained untreated (— NGF; white bar) or were treated with 25
ng/ml NGF (+NGF; black bar) for 6 h and subsequently processed for Western
blotting. Values were quantified as the ratio of Ser(P)-9 GSK3B/total GSK3/3
(n = 3 experiments); ¥, p < 0.05, Student’s t test.

(Fig. 7A, black trace) and EGFP-NFATc3 translocation to the
nucleus (Fig. 7A, green trace and EGFP-NFATc3 images). Once
the nuclear localization of EGFP-NFATc3 reached a steady
state, the extracellular solution was changed to normal HH
buffer ([K*] = 5 mm), resulting in a rapid decrease in [Ca®"],
and initiating export of EGFP-NFATc3 from the nucleus (Fig.
7A). The kinetics of NFATc3 export could be well approxi-
mated by a monoexponential function, with 7 of ~10 min (Fig.
7). In the absence of NGF, EGFP-NFATc3 rapidly returned to
the cytoplasm upon termination of K*15-evoked depolariza-
tion (Fig. 7, B and C). Treating cells with 25 ng/ml NGF or
knocking down GSK3p resulted in a significant slowing of
EGFP-NFATc3 export from the nucleus, whereas treatment
with the PI3K inhibitor wortmannin blocked the NGF effect
(Fig. 7, Band C).

Because Ca®"/CaN-dependent NFAT nuclear import is con-
stantly opposed by NFAT kinases, it is possible that NGF-me-
diated inhibition of GSK3B enhances the nuclear import of
NFAT. This possibility was tested by mildly depolarizing cells
using 10 mm KCI (K*10). We reasoned that submaximal acti-
vation of Ca®>*/CaN by mild depolarization would be optimal
for detecting any contribution that suppression of GSK38
might make to the nuclear import of NFATc3. As in the case of
the NFATc3 nuclear export experiments, the translocation of
EGFP-NFATc3 was simultaneously monitored with [Ca®>*]; in
response to depolarization (Fig. 84). The nuclear import of
EGFP-NFATc3 was quantified as the initial rate of increase of
EGEFP fluorescence intensity in the nucleus. We found that nei-
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ther NGF treatment nor GSK3S knockdown produced a
detectable change in the rate of EGFP-NFATc3 import into the
nuclei of DRG neurons (Fig. 8, B and C). Collectively, our find-
ings suggest that NGF markedly slows the rate of NFATc3
export from the nuclei of DRG neurons without significantly
affecting the rate of NFATc3 nuclear import.

To better understand how the slowing of nuclear export of
NFATc3 affects its overall nuclear-cytosolic distribution dur-
ing prolonged depolarization, we examined the translocation of
EGFP-NFATc3 under conditions similar to those used in the
NFAT-luciferase experiments (Figs. 1 and 4—6). Specifically,
EGFP-NFATc3-transfected DRG neurons deprived of NGF for
24 h were depolarized using K*20 in the presence or absence of
NGF, fixed at various time points, and analyzed for the distri-
bution of EGFP-NFATc3 as described previously (33) (see also
“Experimental Procedures”). K™ 20-evoked depolarization pro-
duced a rapid and robust nuclear translocation of NFATc3 that
was similar between the NGF-treated and untreated cells at 20
min and 1 h after the beginning of depolarization (Fig. 94).
Notably, in the absence of NGF, NFATc3 reached its maximal
nuclear translocation at 1 h and was then steadily exported
from the nucleus to the cytosol despite the continuing depolar-
ization. In contrast, DRG neurons treated with NGF not only
retained NFATc3 in the nucleus but also showed that NFATc3
continued to slowly accumulate in the nucleus throughout the
period of depolarization (Fig. 9). These observations are con-
sistent with the prominent potentiating effects of NGF on
depolarization-induced expression of NFAT-luciferase and
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highlight the importance of NGF signaling for retaining acti-
vated NFATc3 in the nucleus, probably via the suppression of
its nuclear export.

DISCUSSION

Electrical activity and neurotrophins are important regula-
tors of gene expression in the nervous system and are respon-
sible for long term structural and functional changes in neurons
during development, synaptic plasticity, and adaptation to
environmental conditions (1, 43, 44, 59). The work presented
here identifies mechanisms of interaction between electrically
driven Ca®" signaling and neurotrophin signaling in regulating
the transcription factor NFAT. Based on our results, we pro-
pose a model in which Ca®>*/CaN-dependent nuclear import of
NFAT is driven by electrical activity/depolarization in neurons
(Fig. 10). The parallel NGF-induced activation of the TrkA-
PI3K-Akt signaling pathway inhibits GSK3p, the protein kinase
that rephosphorylates NFAT and promotes its export from the
nucleus (3, 25, 60), thereby prolonging retention of activated
NFAT in the nucleus. Thus, depolarization-driven Ca>" signal-
ing and NGF signaling act in concert to stimulate NFAT-de-
pendent gene expression by concurrently inducing the nuclear
import of NFAT and inhibiting its nuclear export (Fig. 10).

The finding that NGF potentiates NFAT activation by atten-
uating NFAT kinase activity is novel, with previous studies hav-
ing focused on the importance of a neurotrophin-induced
increase in [Ca®"], for NFAT activation (15, 28). Indeed, Groth
et al. (15, 28) showed that another major neurotrophin, BDNF,
activates NFAT-mediated transcription in hippocampal and
spinal cord neurons and that these effects can be abolished by
inhibiting either PLC or the endoplasmic reticulum Ca**-
ATPase. Based on these findings, the authors proposed that
BDNF activates NFAT in neurons via PLC- and IP;-dependent
Ca®" release from intracellular Ca®* stores, although the direct
effects of BDNF on [Ca®*], were not tested in these studies (15,
28). Ozaki et al. (61) recently reported that DRG neurons cul-
tured for 4—14 days in the presence of NGF can subsequently
produce spontaneous [Ca®" ], transients when recorded in the
absence of NGF. However, the amplitudes of these [Ca®" ], fluc-
tuations were rather small (<50 nm) and below the [Ca®"],
levels required to activate NFAT in DRG neurons (200-300
nM) (7). In contrast, we and others observed no evidence of
[Ca®*], fluctuations under resting conditions in the majority of
DRG neurons cultured either with or without NGF (7, 30, 41,
62—69). One possible explanation for these differences is that
the study by Ozaki et al. (61) used cells that had been main-
tained in culture for an extended period prior to the experimen-
tation (4—14 days) and also a relatively high concentration of
NGF (100 ng/ml).

Overall, our data argue against the possibility that the PLC-
IP,-Ca®" pathway downstream of TrkA contributed to the
NGF-dependent enhancement of NFAT activation in DRG
neurons described here. First, NGF had no detectable effect on
[Ca®*], in DRG neurons, either under resting conditions or
during depolarization (Fig. 2). Second, the potentiating effect of
NGF on NFAT activity was not sensitive to the potent PLC
inhibitor U73122 (Fig. 4D). Note that in our hands, U73122 is
capable of effectively blocking bradykinin- and ATP-evoked
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FIGURE 8. NGF does not affect the rate of nuclear import of NFATc3 in DRG neurons. A, nuclear transport of EGFP-NFATc3 (green) was simultaneously
monitored with [Ca®*];changes (black) in DRG neurons as described previously (7, 33) (also see “Experimental Procedures”). DRG cultures were deprived of NGF
for 24 h before the experiment was initiated. [Ca®*]; elevations and nuclear import of EGFP-NFATc3 were induced by mild depolarization with K" 10 (supple-
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shRNA (red). C, quantification of the rate of EGFP-NFATc3 nuclear import in experiments like those described in A and B. No significant differences were
observed under the conditions described (n = 4-10 cells). a.u., arbitrary units. Error bars, S.E.

Ca®" release from the intracellular Ca®>™ stores (Fig. 3) as well as
bradykinin-induced NFAT activation in DRG neurons (14, 41).

>

Third, the facilitation of NFAT activity by NGF required con- 57 . +NGF bt -NGF +NGF
comitant mild depolarization of neurons to induce nuclear % 4 -
import of NFAT (7). Indeed, in DRG neurons from both rats ?‘j 3. .
and mice, treatment with NGF alone had no effect on NFAT- 2 n
mediated transcription (Figs. 1 and 6); this further argues < 27 NGE
against the involvement of an NGF-induced [Ca®*]; increase in o1 i
the described phenomena. Instead, NGF-induced potentiation £ 0 Kt 20 . .
of the NFAT response in DRG neurons was blocked by inhibi- - —
tors of PI3K and Akt (Fig. 4) as well as by constitutively active 0 1 2 3 4 5 6 20 um

Time (hrs)

GSK3pB (Fig. 5), suggesting recruitment of the PI3K-Akt-

GSK3B pathway downstream of TrkA. Moreover, we found
that the NGF effect was mimicked by the introduction of con-
stitutively active PI3K (Fig. 4) and by GSK3p knockdown (Fig.
5). It was reported that insulin-like growth factor induced
potentiation of L-type Ca®>* channels via Akt in central neurons
(70). However, it is unlikely that a similar mechanism played
role in our system because depolarization-induced [Ca®*]; ele-
vations were not affected by NGF (Fig. 2C). Interestingly, in
studies using cortical neurons that lack endogenous TrkA as
a model to recapitulate TrkA-NFAT signaling by transfecting
them with wild-type TrkA or signaling-deficient TrkA
SASBMB
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FIGURE 9. NGF increases depolarization-induced nuclear translocation of
NFATc3 in DRG neurons. A, DRG neurons transfected with EGFP-NFATc3
were deprived of NGF for 24 h prior to stimulation. K* 20 (supplemented with
1 um BayK8644) was applied in the absence (black) or presence (red) of 25
ng/ml NGF under conditions similar to those described for the NFAT-lucifer-
ase experiments (Figs. 1 and 4-6). The translocation of EGFP-NFATc3 was
imaged and quantified as described previously (33). In the absence of NGF,
EGFP-NFATc3 was gradually exported from the nucleus despite continuous
depolarization, whereas in NGF-treated DRG neurons, the levels of EGFP-
NFATc3 in the nucleus continued to increase slowly throughout the period of
depolarization. ¥, p < 0.05; ***, p < 0.001, one-way ANOVA with Bonferroni's
post hoc test (12-47 cells). Data are presented as mean =+ S.E. (error bars). B,
representative images showing distribution of EGFP-NFATc3 in DRG neurons
atrestand after 6 h of K* 20 stimulation in the absence (left) or presence (right)
of 25 ng/ml NGF. n, cellular nuclei.
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FIGURE 10. Model of concerted regulation of NFATc3 by electrical activity
and NGF in sensory neurons. Electrical stimulation (depolarization in this
study) induces Ca?" influx into the cell via voltage-gated Ca”>* channels,
which leads to CaN-dependent dephosphorylation of NFATc3 and initiation
of its import into the nucleus. NGF facilitates NFATc3 activation and retention
in the nucleus by stimulating the PI3K-Akt signaling pathway, which leads to
phosphorylation-dependent inhibition of GSK33 and thereby to the slowing
of NFATc3 export from the nucleus.

mutants, both the PI3K and PLC signaling pathways were found
to be required for NGF/TrkA-dependent activation of NFAT
(4). Collectively, our findings and work by others suggest that at
least two distinct pathways, the PI3K-Akt-GSK3 and/or PLC-
IP,-Ca>" signaling cascades, can mediate neurotrophin-depen-
dent regulation of NFAT in neurons and that their relative con-
tribution depends on the type of neurotrophin involved, the
type of neurons, and the status of neuronal activity.

GSK3p is one of the first NFAT kinases to have been identi-
fied and is known to regulate nuclear export of all of the canon-
ical NFAT isoforms (NFATcl-c4) (3, 10, 25, 27, 71). Also,
recent work has demonstrated that GSK3f3 suppresses NFAT-
mediated gene expression in neurons (3, 72). However, it
remained unclear whether endogenous neuromodulators affect
GSK3B-NFAT signaling. Here, we demonstrate that neuronal
GSK3B-NFAT signaling is modulated by NGF, resulting in the
potentiation of NFAT transcriptional activity. Notably, GSK33
knockdown resulted in a stronger enhancement of NFAT acti-
vation (Fig. 5B) and a more prominent slowing of nuclear
export of NFATc3 (Fig. 7C) than did NGF treatment. This
could potentially be explained by the fact that only ~60% (or
fewer) of postnatal DRG neurons express the NGF receptor
TrkA (56) and thus are likely to be affected by NGF. A relatively
modest but significant effect of NGF on GSK3 phosphoryla-
tion at Ser-9 (Fig. 5C), which is known to inhibit GSK38 (55,
73), is in agreement with this estimation. GSK3f3 is not the only
NFAT kinase regulated by the PI3K-Akt signaling. For example,
mammalian target of rapamycin (mTOR) kinase is known to
phosphorylate and inhibit NFATc4 (74), and mTOR kinase is
activated by Akt signaling (75). However, its involvement would
in theory result in NGF-dependent inhibition rather than the
enhancement of NFAT activity described here (Figs. 1 and
4—6) and thus is unlikely to account for the observed outcomes.

Our knockdown and knockout approaches revealed that the
NFAT isoform NFATc3 is absolutely crucial for NGF-induced
potentiation of NFAT-mediated gene expression in DRG neu-
rons (Fig. 6). These findings are in good agreement with our
previous molecular and functional data indicating that
NFATc3 is the predominant NFAT isoform in DRG neurons (7,
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33). However, given that the expression and roles of specific
NFAT isoforms vary among different types of neurons (4, 8, 12,
13, 28), it is likely that other NFAT isoforms are also regulated
by neurotrophins. For example, NFATc4 is targeted by BDNF
in hippocampal neurons (12, 13, 28). By monitoring the nuclear
translocation of EGFP-NFATc3 in DRG neurons in real time,
we found that NGF and GSK3p inhibited nuclear export of
NFATc3 but had no detectable effect on the rate of nuclear
import of NFATc3 (Figs. 7 and 8). The latter is consistent with
our previous finding that the rate of depolarization-induced
nuclear import of NFATc3 is not affected by GSK3 knock-
down in DRG neurons (33). Our data also further support the
view that GSK3p is the major NFAT export kinase in neurons
(3, 25, 60).

In summary, we have identified a novel mechanism of NFAT
activation by NGF and suggest that neurotrophins act in con-
cert with depolarization-driven Ca®>" signaling to regulate
NFATc3-dependent gene expression in sensory neurons.
Although the functional significance of this mechanism
remains to be determined, the new model proposed in this
study (Fig. 10) will guide further research directed at better
understanding of how electrical activity and neurotrophic fac-
tors cooperate in long term regulation of neuronal excitability
and synaptic function and how they orchestrate the wiring of
neuronal networks.
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