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Corrections

CELL BIOLOGY

Correction for “Na,K-ATPase signal transduction triggers CREB
activation and dendritic growth,” by Luc Desfrere, Marie Karlsson,
Hiromi Hiyoshi, Seth Malmersjo, Evanthia Nanou, Manuel
Estrada, Ayako Miyakawa, Hugo Lagercrantz, Abdeljabbar El
Manira, Mark Lal, and Per Uhlén, which appeared in issue 7,
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February 17, 2009, of Proc Natl Acad Sci USA (106:2212-2217,
first published January 22, 2009; 10.1073/pnas.0809253106).

The authors note that Fig. 3 appeared incorrectly. This error
does not affect the conclusions of the article. The corrected
figure and its legend appear below.
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Fig. 3. MAP kinase activation is triggered by Na,K-ATPase signal transduction. (A-C) Western blot of Na,K-ATPase signal-transduced phosphorylated 42/44
MAP kinase (pERK1/2) in cortical neurons at E18 + 4 DIV treated with 1 pmol/l ouabain for 6 hours plus MAP kinase inhibitor U0126 (A), L-type Ca?* channel
blocker nifedipine (B), and CaM kinase inhibitor KN93 (C). Each bar represents the fold increase of phospho-ERK1/2 relative to mock after normalizing against
total nonphosphorylated ERK1/2. *P < 0.05 versus mock; P < 0.05 versus ouabain-treated cells.

www.pnas.org/cgi/doi/10.1073/pnas.1211353109

SYSTEMS BIOLOGY

Correction for “Global phosphorylation analysis of p-arrestin—
mediated signaling downstream of a seven transmembrane re-
ceptor (7TMR),” by Kunhong Xiao, Jinpeng Sun, Jihee Kim,
Sudarshan Rajagopal, Bo Zhai, Judit Villén, Wilhelm Haas,
Jeffrey J. Kovacs, Arun K. Shukla, Makoto R. Hara, Marylens
Hernandez, Alexander Lachmann, Shan Zhao, Yuan Lin, Yishan
Cheng, Kensaku Mizuno, Avi Ma’ayan, Steven P. Gygi, and
Robert J. Lefkowitz, which appeared in issue 34, August 24, 2010,
of Proc Natl Acad Sci USA (107:15299-15304; first published
August 4, 2010; 10.1073/pnas.1008461107).

The authors note that within the footnotes, the line “This
article contains supporting information online at www.pnas.org/
lookup/suppl/doi:10.1073/pnas.1008461107/-/DCSupplemental
and http://www.lefkolab.org/fileadmin/lefko/pdf/” should instead
appear as “This article contains supporting information online
at www.pnas.org/lookup/suppl/doi:10.1073/pnas.1008461107/-/
DCSupplemental and http://letko-gpcr-phosphoproteome-data.
org/pdf/.” The online version has been corrected.

www.pnas.org/cgi/doi/10.1073/pnas.1211889109
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SUSTAINABILITY SCIENCE
Correction for “Quantifying the hurricane risk to offshore wind
turbines,” by Stephen Rose, Paulina Jaramillo, Mitchell J. Small,
Iris Grossmann, and Jay Apt, which appeared in issue 9, Feb-
ruary 28, 2012, of Proc Natl Acad Sci USA (109:3247-3252; first
published February 13, 2012; 10.1073/pnas.1111769109).

The authors note that on page 3251, right column, Equations
6 and 8 appeared incorrectly. The corrected equations appear
below. These errors do not affect the conclusions of the article.

Ti(y,n) = A beta
—binomialn—i+1,(n—i+1)—(n—j+1); ag,Bg) j>i

[6]
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m=0

[8]

www.pnas.org/cgi/doi/10.1073/pnas.1211974109
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NEUROSCIENCE

Correction for “Full-length axon regeneration in the adult mouse
optic nerve and partial recovery of simple visual behaviors,” by
Silmara de Lima, Yoshiki Koriyama, Takuji Kurimoto, Julia
Teixeira Oliveira, Yuqin Yin, Yiqing Li, Hui-Ya Gilbert, Michela
Fagiolini, Ana Maria Blanco Martinez, and Larry Benowitz, which

appeared in issue 23, June 5, 2012, of Proc Natl Acad Sci USA (109:
9149-9154; first published May 21, 2012; 10.1073/pnas.1119449109).

The authors note that Fig. 4 appeared incorrectly. The cor-
rected figure and its legend appear below. This error does not
affect the conclusions of the article.
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Fig. 4. Partial recovery of visually guided behaviors. (A) Top-down view of visual cliff
end (Right). ***P < 0.01. (C) Population frequency histogram for time spent on shallo
(response threshold, cycles/degree) as a function of time. (F) Frequency distribution of the OMR. Note that y-axes in E and F are discontinuous. (G) Circadian pho-
toentrainment: percentage of overall activity in 1-h bins for individual mice (Left) and group averages (Right). Mice were maintained on a continuous cycle of lights on
at 7:00 AM and off at 7:00 PM before testing and for the first 2.5 d in the activity monitor. The light cycle was set back 6 h on day 3. Error bars represent SEM.
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Na,K-ATPase signal transduction triggers CREB
activation and dendritic growth
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Dendritic growth is pivotal in the neurogenesis of cortical neurons.
The sodium pump, or Na,K-ATPase, is an evolutionarily conserved
protein that, in addition to its central role in establishing the
electrochemical gradient, has recently been reported to function as
a receptor and signaling mediator. Although a large body of
evidence points toward a dual function for the Na,K-ATPase, few
biological implications of this signaling pathway have been de-
scribed. Here we report that Na,K-ATPase signal transduction
triggers dendritic growth as well as a transcriptional program
dependent on cAMP response element binding protein (CREB) and
cAMP response element (CRE)-mediated gene expression, primarily
regulated via Ca2*/calmodulin-dependent protein (CaM) kinases.
The signaling cascade mediating dendritic arbor growth also in-
volves intracellular Ca?* oscillations and sustained phosphoryla-
tion of mitogen-activated protein (MAP) kinases. Thus, our results
suggest a novel role for the Na,K-ATPase as a modulator of
dendritic growth in developing neurons.

Calcium signaling | CREB | Dendritic growth | Na,K-ATPase signaling |
Neuronal development

Dendrites characterize neuronal cells from other cell types
and allow neurons to form networks that are responsible for
different functions in the brain. The growth of dendrites is a
highly dynamic process that involves a series of orchestrated
signaling events that take place during neurogenesis (1-3). In the
developing cortex, several phenomena and signaling mecha-
nisms have been demonstrated, including layer-specific dendritic
growth and branching activated by neurotrophins (4), restricted
dendritic growth via Notchl signaling (5), and dendritic devel-
opment via intracellular calcium (Ca?*") signaling (6).

The sodium pump, or Na,K-ATPase, belongs to a family of
evolutionarily ancient enzymes that catalyze active transport of
cations through hydrolysis of adenosine triphosphate (ATP)
across the cell membrane in all mammalian cells (7). In the
central nervous system, mutations in Na,K-ATPase are known to
cause neuronal dysfunction and neurodegeneration in Drosoph-
ila (8), familial hemiplegic migraine in humans (9), and rapid-
onset dystonia-Parkinsonism (10). In addition to maintaining the
electrochemical gradient, the Na,K-ATPase has been shown to
act as a receptor and signal transducer. Previous reports indicate
that Na,K-ATPase signal transduction stimulates proliferation in
smooth muscle cells (11) and apoptosis in prostate cancer cells
(12). Ouabain, an endogenously synthesized hormone (13, 14),
is Na,K-ATPase’s ligand and forms a hormone-receptor com-
plex capable of inducing mitogen-activated protein (MAP)
kinase phosphorylation (15, 16) and intracellular Ca?* signal-
ing (17-19).

In developing neurons, Ca?* signaling has been shown to
control proliferation, differentiation, and dendritic growth (6,
20-22) by acting on MAP kinases (23, 24) and Ca?*/calmodu-
lin-dependent protein kinases (CaM kinases) (25, 26). Both of
these kinases are known to control the transcription factor
cAMP response element binding protein (CREB), which regu-
lates cell proliferation and differentiation in a range of cell types

2212-2217 | PNAS“| February 17,2009 | vol.106 | no.7

in developing vertebrates (27-29). Because the CREB-activating
pathways can also be triggered by Na,K-ATPase signaling, we
investigated whether the Na,K-ATPase is involved in neuronal
differentiation.

We report here that signal transduction activated by the
Na,K-ATPase indeed modulates dendritogenesis in developing
cortical neurons. This biological process involves a transcrip-
tional program dependent on CREB-mediated and cAMP re-
sponse element (CRE)-mediated gene expression via CaM
kinases as well as MAP kinase phosphorylation and intracellular
Ca?" signaling. These data provide evidence for a novel signaling
pathway by which the Na,K-ATPase stimulate dendritic growth
in the developing brain and may thus play an important role in
circuits wiring.

Results

Na,K-ATPase Receptor Activation Triggers Dendritic Growth in Corti-
cal Neurons. The effect of Na,K-ATPase signal transduction on
dendritic growth was studied in cortical neurons prepared from
embryonic day (E) 18 rats. To visualize dendritic morphology of
individual cells we immunolabeled cortical neurons with a
MAP?2 antibody at E18 + 4 days in vitro (DIV). This approach
reveals the detailed dendritic morphology of cortical neurons in
primary culture and can be applied to study the role of diverse
signaling pathways in regulating dendritic growth (30). Neurons
exposed to the steroid hormone ouabain (1 wmol/l) for 48 hours
showed distinctive morphological changes observed as signifi-
cantly enhanced dendritic growth (Figs. 14 and 1B). The effect
of ouabain on Na,K-ATPase varies in a dose-dependent manner
(31, 32); therefore, cortical neurons were exposed to graded
concentrations of ouabain, and dendritic arbor growth was
examined. As shown in Fig. 1C, both the length and number of
dendrites significantly increased when cells were treated with
ouabain concentrations of 0.5 wmol/l and 1 wmol/l. The dendritic
lengths were extended almost 2-fold and the number of dendrites
increased by ~100% after 1 umol/l ouabain for 48 hours
compared with mock treatment. In contrast, ouabain concen-
trations of 10 wmol/l or higher did not enhance dendritic growth
in cortical neurons (Fig. 1C). Consequently, the optimal con-
centration for dendritogenesis, 1 wmol/l ouabain, was used for all
subsequent experiments.
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Fig. 1. Na,K-ATPase signal transduction triggers dendritic arbor growth in
cortical neurons. (A and B) Confocal images of E18 cortical neurons in culture
at 4 DIV immunolabeled with anti-MAP2 antibody treated with mock (A)
versus 1 umol/l ouabain (B) for 48 hours. Scale bars, 40 um. (C) Quantification
of length and arborization of MAP2-positive dendrites treated with various
concentrations of ouabain, as indicated in the figure. Results are pooled from
10 randomly selected fields of view times three cultures. * P < 0.05 versus
mock.

Na,K-ATPase Signal Transduction Occurs Without Changing the Rest-
ing Membrane Potential. Ouabain is a well-established catalytic
inhibitor of the Na,K-ATPase. To determine the extent to which
ouabain inhibits Na,K-ATPase activity in cortical neurons, we
carried out 3°Rb*-flux experiments. Uptake of 86Rb™ is corre-
lated with K* uptake and thus reflects the turnover rate of the
pump. The results show that cortical neuronal Na,K-ATPase had
an ICsp of 13.2 umol/l (95% confidence interval) for ouabain and
that the optimal concentration for dendritic growth, 1 umol/l
ouabain, inhibited active 8°Rb* uptake only by 20.7 = 4.8% (n =
7) (Fig. 2A4). Previous studies have shown that Na,K-ATPase
isoforms have different affinities for ouabain (31) as well as
cell-type-specific and developmental-specific expression pat-
terns (33). The a3- and o2-isoforms of Na,K-ATPase have a
higher affinity to ouabain as compared with the rather insensi-
tive al-isoform (31, 32). Thus, we determined the identity of the
a-subunit isoforms expressed in rat cortical neurons in primary
culture by reverse transcription-polymerase chain reaction (RT-
PCR) using sequence-specific primers. mRNA (cDNA) from three
Na,K-ATPase a-subunit isoforms, including the neuron-specific
a3-isoform, were detected in rat cortical neurons (Fig. 2B).

To rule out an effect of ouabain on the resting membrane
potential, whole-cell patch-clamp recordings were made from
cortical neurons. Ouabain at a concentration of 1 wmol/l or 10
pumol/l had no significant effect on the resting membrane
potential of cortical neurons (Figs. 2C and 2D). At a higher
concentration of 100 wmol/l, at which enzyme activity is inhibited
by 72.2 * 2.2% (n = 7), ouabain depolarized the membrane
potential from —62.2 + 0.7 mV to —56.1 = 0.8 mV (n = 12)
(Figs. 2C and 2D). These results demonstrate that ouabain does
not alter the resting membrane potential at concentrations that
promote dendritogenesis.

Calcium signaling exerts a profound influence on dendritic
growth during development (6). We therefore examined the
effect of Na,K-ATPase signal transduction on Ca>* signaling in
cortical neurons. Intracellular Ca?* dynamics were imaged in
neuronal cells loaded with the Ca?*-sensitive fluorescent dye
Fluo-3/AM. When cortical neurons were exposed to 1 wmol/l
ouabain for 6 hours, the treatment that elicited a robust effect
on_dendritic growth, slow intracellular Ca* oscillations were
induced (Fig. 2E). Intracellular Ca®* signaling was also observed

Desfrere et al.
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Fig. 2. Na,K-ATPase signaling occurs without changing the resting mem-
brane potential. (A) Effect of ouabain on active 8Rb* transport by Na,K-
ATPase. Cortical neurons at E18 + 4 DIV were incubated for 30 minutes with
indicated concentrations of ouabain. The IC5o for the reduction in 8Rb™
transport was 13.2 umol/l ouabain (n = 7). (B) Expression of a-subunit Na,K-
ATPase isoform-specific mMRNA (cDNA) in E18 cortical neurons at 4 DIV. Am-
plification of the GAPDH-specific signal was performed as control. (C) Whole-
cell patch-clamp recording of a cortical neuron at E18 + 4 DIV stimulated with
1, 10, or 100 pwmol/l ouabain (resting membrane potential, =61 mV). (D)
Quantitative data of the membrane potential in cortical neurons at E18 + 4
DIV stimulated with 1, 10, or 100 pmol/l ouabain. * P < 0.05 versus mock. (E)
Representative single-cell Ca2* recording of a Fluo-3/AM-loaded E18 cortical
neuron in culture at 4 DIV treated with ouabain 1 umol/l, 6 hours before
initiating measurements. Ratio F/Fo represents fluorescence intensity over
baseline. (F) Quantification of the percentage of Na,K-ATPase signal-
transduced Ca?* oscillating cells after treatment with the inhibitors nifedi-
pine, U0126, and KN93, respectively. *P < 0.05 versus mock.

in untreated cells, 9.5 = 0.9% (n = 147) but was significantly
increased in neurons treated with ouabain, 40.1 = 13.8% (n =
129) (Fig. 2F). These Ca?* oscillations were strongly suppressed
by the L-type Ca?" channel blocker nifedipine, 6.7 = 4.0% (n =
140) (Fig. 2F and [supporting information (SI) Fig. S1A4]).
Neither inhibition of MAP kinases by U0126 nor CaM kinases
by KN93 abolished ouabain-induced Ca?* oscillations in cortical
neurons (below and Fig. 2F).

MAP Kinase Phosphorylation Is Stimulated by Na,K-ATPase Signaling.
Activation of MAP kinases plays an important role, largely
through regulation of gene transcription, in a number of cellular
processes including cell proliferation, DNA synthesis, differen-
tiation, and survival (23, 34, 35). In neurons, MAP kinases have
been shown to regulate dendritic growth and morphology (24,
36). To assess whether Na,K-ATPase signal transduction acti-
vates p42/44 MAP kinase (referred to as ERK1/2) in cortical
neurons, we exposed neurons to ouabain and monitored ERK1/2
phosphorylation using Western blotting. When cells were exam-
ined after 10 minutes of ouabain treatment no ERK1/2 phos-
phorylation was observed (data not shown). Cortical neurons
exposed to ouabain for 4 hours and 6 hours, however, showed a
sustained and significant ERK1/2 phosphorylation, which was
abolished using the selective MEK inhibitor U0126 (Fig. 34).
Sustained activation of MAP kinases has previously been asso-
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Fig. 3. MAP kinase activation is triggered by Na,K-ATPase signal transduc-
tion. (A-C) Western blot of Na,K-ATPase signal-transduced phosphorylated
42/44 MAP kinase (pERK1/2) in cortical neurons at E18 + 4 DIV treated with 1
umol/l ouabain for 6 hours plus MAP kinase inhibitor U0126 (A), L-type Ca2*
channel blocker nifedipine (B), and CaM kinase inhibitor KN93 (C). Each bar
represents the fold increase of phospho-ERK1/2 relative to mock after nor-
malizing against total nonphosphorylated ERK1/2. *P < 0.05 versus mock; TP <
0.05 versus ouabain-treated cells.

ciated with physiological phenomena such as gene transcription
and dendritic growth (34, 37). We then tested whether MEK and
MAP kinases had any effect on the Ca?* oscillatory response
evoked by treating cells with ouabain for 6 hours. U0126 did not
block ouabain-induced Ca* oscillations (Fig. S1B) and had no
significant effect on the number of responding cells, 31.6 * 6.9%
(n = 118), when compared with ouabain treatment alone (Fig.
2F). To determine the effect of Ca?* signaling induced by
Na,K-ATPase signal transduction on ERK1/2 activation, we next
examined cells preincubated with the Ca?* signaling inhibitor
nifedipine. Cortical neurons exhibited a reduced level of Na,K-
ATPase signal transduced ERK1/2 phosphorylation after nifed-
ipine pretreatment (Fig. 3B).

The family of CaM kinases is a principal downstream target of
Ca?" signaling that is known to regulate neuronal differentiation
and dendritic growth (25, 26, 29). To test whether these kinases
were involved in mediating Na,K-ATPase signal transduction in
cortical neurons, cells were stimulated with ouabain in the
absence or presence of the general CaM kinase inhibitor KN93.
After this treatment, phosphorylation of ERK1/2 was partially,
yet not significantly (P = 0.3, one-way analysis of variance
[ANOVA]), inhibited in cortical neurons (Fig. 3C). Next we
investigated whether CaM kinases were involved in the ouabain-
induced Ca?* oscillations. Pretreatment with KN93 did not
abolish Na,K-ATPase signal transduced Ca?* oscillations,
377 = 9.6% (n = 134) (Fig. 2F and Fig. S1C). These results
indicate that activation of MAP kinases by Na,K-ATPase signal
transduction involves the synergistic actions of MEK, Ca?*
oscillations, and CaM kinases.

Na,K-ATPase Signal Transduction Triggers CREB Transcription Through
CaM Kinases. The transcription factor CREB is implicated in
neuronal differentiation (26, 27), where it is strongly regulated
via_CaM kinases (28, 38). To determine the effect of Na,K-
ATPase signal transduction on CREB activation we first carried

2214 | www.pnas.org/cgi/doi/10.1073/pnas.0809253106
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Fig. 4. CREB activation induced by Na,K-ATPase signal transduction is me-
diated via CaM kinases. (A) Confocal images of phospho-Ser-133 CREB-
immunostained (green) E18 cortical neurons in culture at 5 DIV treated with
mock (/eft panel) and with ouabain 1 umol/l (right panel) for 6 hours. Nuclear
staining with TO-PRO3 (blue). (B) Levels of CREB phosphorylation as detected
by phospho-Ser-133 CREB Western blot of cortical neurons at E18 + 5 DIV
treated with 1 umol/l ouabain for 6 hours, preincubated with MAP kinase
inhibitor U0126, CaM kinase inhibitor KN93, and L-type Ca%* channel blocker
nifedipine (Nif), respectively. (C) CREB-mediated transcription, measured us-
ing a CRE-luciferase reporter gene transfected into E18 cortical neuronsin culture
at 3 DIV, of Na,K-ATPase signal transduction in cortical neurons at E18 + 5 DIV
treated with mock versus 1 umol/l ouabain for 6 hours, preincubated with MAP
kinase inhibitor U0126, CaM kinase inhibitor KN93, and L-type Ca?* channel
blocker nifedipine (Nif), respectively. Each bar represents the fold increase rela-
tive to mock after normalizing against Renilla. *P < 0.05 versus mock.

out immunocytochemistry experiments using an antibody spe-
cific for Ser-133-phosphorylated CREB. After ouabain treat-
ment for 6 hours, immunostaining revealed a marked increase of
phosphorylated CR EB within the nucleus (Fig. 44). The nuclear
localization of CREB was confirmed by co-labeling cortical
neurons with the nuclear stain TO-PRO3 (Fig. 44). The role of
Na,K-ATPase signal transduction on CREB activation was
further investigated with Western blot experiments using the
Ser-133 phospho-CREB antibody. These experiments showed
that CREB was strongly Ser-133 phosphorylated by Na,K-
ATPase signal transduction (Fig. 4B).

Next we examined which signaling cascades were involved in
the Na,K-ATPase signal-transduced CREB Ser-133 phosphor-
ylation. Inhibiting MAP kinases using U0126 reduced the im-
muno signal detected by the Ser-133 phospho-CREB antibody
(Fig. 4B). CREB Ser-133 phosphorylation was also downregu-
lated by the CaM kinase blocker KN93 (Fig. 4B). CaM kinases
are activated by Ca?* signaling; consequently, when Ca?* oscil-
lations were blocked with nifedipine, a reduction in the CREB
Ser-133 phosphorylation was observed (Fig. 4B). This set of
experiments suggests that each of these pathways is partially
involved in CREB Ser-133 phosphorylation via Na,K-ATPase

Desfrere et al.
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Fig. 5. Dendritic growth in cortical neurons induced by Na,K-ATPase signal
transduction involves crosstalk between CaZ* signaling, MAP kinases, and
CaM kinases. (A-D) Confocal images of E18 cortical neurons at 4 DIV immu-
nolabeled with anti-MAP2 antibody treated with 1 umol/l ouabain (A) to-
gether with L-type Ca2* channel inhibitor nifedipine (Nif) (B), MAP kinase
inhibitor U0126 (C), and CaM kinase inhibitor KN93 (D) for 48 hours. Scale bars,
40 um. (E) Quantification of length and arborization of MAP2-positive den-
drites treated with 1 umol/l ouabain together with nifedipine, U0126, and
KN93, respectively. Results are pooled from 10 randomly selected fields of
view times three cultures. *P < 0.05 versus mock; TP < 0.05 versus ouabain-
treated cells.

signal transduction. Although phosphorylation of CREB at
Ser-133 is required for inducing CREB-dependent transcription,
there are instances in which Ser-133 phosphorylation is not
sufficient for target gene activation (28). To further investigate
CREB activation induced by Na,K-ATPase signal transduction,
cortical neurons cells were transfected with a CRE-luciferase
reporter gene that is activated by endogenous CREB. A signif-
icant 3-fold increase in CRE-luciferase activity was observed
when cells were exposed to ouabain for 6 hours (Fig. 4C).
Whereas U0126 and nifedipine resulted in only a marginal
reduction in ouabain-induced CRE-luciferase activity, KN93
completely abolished the CREB activation triggered by Na,K-
ATPase signal transduction (Fig. 4C). Taken together these
results suggest that CREB activation in cortical neurons trig-
gered by Na,K-ATPase signal transduction predominantly oc-
curs through a CaM kinase-dependent mechanism.

Dendritic Growth Induced by Na,K-ATPase Signaling Is Orchestrated
by MAP Kinases, CaM Kinases, and Extracellular Ca2* Influx. Finally,
we examined the impact of Ca?* signaling, MAP kinases, and
CaM kinases on Na,K-ATPase signal-transduced dendritic
growth in cortical neurons. A partial decrease in ouabain-
triggered dendritic length and arborization was observed in
response to nifedipine treatment, suggesting that L-type chan-
nel-mediated Ca?" influx plays a role in dendritic growth (Fig.
5B). Inhibition of MAP kinase signaling with U0126 significantly
attenuated dendritogenesis in ouabain-treated cells (Fig. 5C).
Although nifedipine and U0126 both significantly decreased
ouabain-induced neurite outgrowth, neither inhibitor was able to
completely abrogate the Na,K-ATPase signal-transduced effects
on dendritic growth and arborization in cortical neurons. Inhi-
bition of CaM kinases with KN93, however, resulted in complete
inhibition of ouabain-induced dendritic branching (Fig. 5D).
These observations support a model in which Na,K-ATPase
signal transduction triggers dendritic growth via a signaling
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pathway that involves extracellular Ca?* influx as well as MAP
kinase and CaM kinase-modulated CREB transcription.

Discussion

The findings presented in this report indicate that Na,K-ATPase
signal transduction induces dendritogenesis in cortical neurons
via activation of a transcriptional program that involves CREB-
and CRE-mediated gene expression, primarily through a CaM
kinase-dependent signaling pathway. This signaling event is
induced by exposing cells to a concentration of ouabain that does
not affect the resting membrane potential. Persistent Ca?*
oscillations and sustained MAP kinase phosphorylation also
participate in this signaling cascade, as blocking L-type Ca%*
channels or MEK suppresses downstream effects.

Ouabain is an endogenous steroid hormone that is present in
mammalian tissues; it has been isolated from hypothalamus (39),
adrenals (40), and human plasma (41). Evidence indicates that
circulating levels of ouabain and ouabain-like factors are ele-
vated during pregnancy and in newborn infants (13, 32), thereby
suggesting a developmental role for this signaling molecule. Our
results, which show that Na,K-ATPase, the receptor of ouabain,
stimulates dendritic growth in rat cortical neurons, support such
a biological function for ouabain. Concentrations of endogenous
ouabain in the embryonic human brain during the course of
development are unknown but are predicted to lie in the
subnanomolar-to-nanomolar range, as previously reported (13,
32). Indeed, nanomolar concentrations of ouabain stimulates
neurite outgrowth in human neuroblastoma cells (Fig. S2).
Furthermore, in the brain, there are multiple Na,K-ATPase
isoforms that each have cell-type-specific and developmental-
specific expression patterns (33, 42) as well as different ouabain
affinities (31, 42). These spatial and temporal expression pat-
terns of Na,K-ATPase isoform remain largely unknown but may
be involved in the development and wiring of the brain. As such,
the extent to which the different a-subunit isoforms contribute
to the overall cellular effects of ouabain remain to be elucidated.

The mechanism by which Na,K-ATPase triggers signal trans-
duction remains disputed, with two principal hypotheses being
proposed. One mechanism suggests that partial inhibition of the
Na,K-ATPase leads to an increased intracellular Na* concen-
tration that transactivates Na*/Ca?"-exchangers, which thereby
produce cytosolic Ca?* waves that are sufficient to elicit down-
stream signaling events (18, 43). The other mechanism suggests
that inhibition of Na,K-ATPase pumping activity is not in itself
required for a signaling event to occur; instead, Na,K-ATPase is
proposed to function via a microdomain where ouabain-induced
signaling occurs via physical association of Na,K-ATPase with a
host of binding partners. Na,K-ATPase has been reported to
associate with the inositol 1,4,5-trisphosphate receptor to gen-
erate intracellular Ca?* oscillations (44) and to form a complex
with the epidermal growth factor receptor, leading to MAP
kinase activation (16). Dendritic growth via Na,K-ATPase signal
transduction might be modulated by either or both of these
signaling pathways.

Using electrophysiological recordings it was shown that 1
pmol/l ouabain, the optimal concentration for inducing dendri-
togenesis in cortical neurons, apparently does not change the
resting membrane potential. Ouabain at 100 umol/l, a concen-
tration that did not induce dendritic growth, however, did
depolarize the membrane potential. Thus, ouabain-induced de-
polarization alone does not appear to be sufficient to trigger
dendritic growth in cortical neurons. These data, together with
the 8Rb*-flux experiments, suggest that inhibition of Na,K-
ATPase pumping activity per se is not the mechanism responsible
for triggering this biological process. The observation that
Na,K-ATPase signal transduction is not a fast signaling event is
further strengthened by the experiments on Ca?" signaling and
MAP kinases, which both show delayed responses. Persistent
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Ca?* oscillations and sustained ERK1/2 phosphorylation were
detected after 6 hours of pretreatment with 1 wmol/l ouabain.
Delayed and sustained phosphorylation of MAP kinases has
previously been implicated in neuronal differentiation (45).
These observations indicate that the signaling mechanism by
which dendritic growth is induced in cortical neurons does not
depend on changes in the resting membrane potential but,
rather, involves a slow process that takes hours to activate.

Analysis of Ser-133 phosphorylation of CREB- and CRE-
mediated gene expression in cortical neurons treated with
ouabain gave rise to somewhat disparate results. This might be
caused by the many phosphorylation sites on the CREB protein
that differentially regulate total CREB activity (27, 28, 46). For
example, phosphorylation at Ser-133 increases CREB activity,
whereas Ser-142 phosphorylation inhibits CREB (38). There-
fore we cannot directly correlate Ser-133 phosphorylation of
CREB with CRE-dependent transcription. Phosphorylated
CREB is also known to bind the Ca?>*"-dependent CREB binding
protein (CBP) to form a molecular complex that determines
CRE transcriptional activity (47). The differential ability of CaM
kinases and MAP kinases to activate CBP (48) may be the
molecular distinction that underlies the distinct biological effects
of these kinases. This difference may explain why inhibiting
MAP kinases decreased Ser-133 phosphorylation of CREB but
failed to block CRE activation induced by Na,K-ATPase sig-
naling. Furthermore, CREB activation was previously demon-
strated to occur via an interplay between MAP kinases and CaM
kinases, in which MAP kinases were involved in a more sustained
phosphorylation of CREB whereas the fast onset of CREB
phosphorylation was triggered by CaM kinases (34, 46, 49).
Taken together, our results suggest that Na,K-ATPase receptor
activation leads to CREB activation and dendritic growth via
crosstalk between the MAP kinase and CaM kinase pathways.

Our findings suggest that Na,K-ATPase signal transduction
stimulates dendritic growth in cortical neurons via activation of
a transcriptional program that involves CREB- and CRE-
mediated gene expression. The signaling pathway is primarily
regulated via CaM kinases, but crosstalk with MAP kinase
phosphorylation and Ca?* oscillations also participates in this
event. This type of mechanism may provide a novel basis for
neuronal differentiation through Na,K-ATPase signal transduc-
tion and induction of a specific program of gene expression that
is critical for the developing nervous system.

Materials and Methods

Cell Cultures. Cerebral cortical neurons in primary culture were prepared from
Sprague-Dawley rat fetuses at embryonic day (E)18. The cerebral cortices were
dissected into Hank'’s balanced salt solution (HBSS). HBSS was removed and
tissues were treated with 0.25% trypsin at 37 °C for 15 minutes. Tissues were
then treated with 0.1% DNase | at 37 °Cfor 5 minutes. Cells were diluted to 10°
cells/ml in Dulbecco’s modified Eagle’s medium (DMEM; Sigma) containing
10% fetal bovine serum (FBS), 50 units/ml penicillin, 50 pg/ml streptomycin, and
2 mmol/l L-glutamine, and were seeded on plates precoated with 40 pg/ml
poly-L-lysine. After 3 hours, DMEM was replaced with neurobasal medium
(GIBCO) containing B27 Supplement (GIBCO), 50 units/ml penicillin, 50 pg/ml
streptomycin, and 2 mmol/l L-glutamine. Half of the cell culture medium was
replaced after 3 DIV with neurobasal medium containing the supplements spec-
ified above and aracytine 107 mol/l.

Reagents. Reagents and concentrations, unless otherwise stated, were as
follows,: ouabain (1, 10, 100 umol/l, Sigma), nifedipine (50 umol/l, Sigma),
KN93 (20 umol/l, Tocris), and U0126 (20 umol/l, Cell Signaling).

8Rb+ Uptake Assay. Cortical neurons at E18 + 4 DIV were rinsed with phos-
phate buffered saline solution (PBS) and incubated with PBS containing
indicated ouabain concentrations for 30 minutes at 37 °C. To each well 8Rb*
was added at ~1.5 pCi/ml, and incubation was continued for another 10
minutes.in 37 °C. Uptake was thereafter inhibited by 2 mmol/l ouabain, and
this value was taken as the maximal rate of active uptake. The incubation was
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stopped by rinsing the plate four times with PBS plus BaCl; (5 mmol/l). Cells
were extracted with 0.3 ml of 1 mol/l NaOH for 10 minutes, and samples were
counted in a scintillation counter. Each data point represents the average of
the radioactivity present in four separate wells.

RT-PCR. Total RNA was extracted from cultured rat embryonic cortical neurons at
E18 + 4 DIV using TRIzol reagent (Invitrogen). Single-strand cDNA was synthe-
sized from 1 ug total RNA by random primers and SSII-RT (Invitrogen) and the
cDNA was then amplified by RT-PCR with TagDNA polymerase (Invitrogen). The
PCR reactions were performed as follows: 94 °C for 30 seconds, 60 °C for 30 seconds,
and 72 °Cfor 60 seconds, repeated for 45 cycles. The PCR products were separated on
a 1.5% agarose gel, and ethidium bromide was used for visualization.

Calcium Imaging. Calcium experiments on cortical neurons at E18 + 4 DIV were
carried out in artificial cerebrospinal fluid containing the following: 125
mmol/I NaCl, 25 mmol/l NaHCOs3, 1.25 mmol/l NaH,PO4, 5 mmol/l KCl, 2 mmol/I
CaCly, 1 mmol/l MgSQOg4, and 20 mmol/l b-glucose bubbled with 95% O, and 5%
CO; to reach a final pH of 7.3. Cells were incubated for 15-30 minutes at 37 °C
with 5% CO in 5 umol/l Fluo-3/AM (Molecular Probes, Invitrogen). Coverslips
were mounted in a temperature controlled (37 °C) chamber (Warner Instru-
ments) and clamped onto a Zeiss Axiovert 100M microscope, equipped with a
C-Apochromat 40X/1.2NA water immersion objective (Zeiss), connected to
a Lambda LS xenon-arc lamp (Sutter), Lambda 10-3 filter-wheel (Sutter), and a
smartShutter (Sutter). Images were acquired at 0.2 Hz with an EMCCD camera
Cascade 11:512 (Photometrics) controlled by the acquisition software MetaFluor
(Molecular Devices). Perfusion (1 ml/min) with 95% 0,-5% CO, bubbled artificial
cerebrospinal fluid was used for Ca?* recordings on cortical neurons.

Electrophysiology. Cortical neuronsin culture at E18 + 4 DIV were recorded in
the whole-cell configuration using a patch-clamp amplifier (AxoPatch 200A,
Axon Instruments). Neurons had an average resting membrane potential of
—62.2 = 0.7 mV and were continuously perfused with extracellular solution
containing the following: 100 mmol/I NaCl, 2 mmol/I KCl, 1.2 mmol/l MgCly, 2
mmol/l CaClz, 10 mmol/l glucose, and 10 mmol/I HEPES, with pH adjusted to 7.6
using NaOH, and 223 mOsm. The pipettes were filled with a solution contain-
ing: 90 mmol/I K-gluconate, 5 mmol/I KCI, 0.1 umol/I CaCl, 10 mmol/l HEPES,
4 mmol/l Mg,ATP, 0.3 mmol/I NasGTP, and 5 mmol/l phosphocreatine Na, with
pH adjusted to 7.4 using KOH, and 217 mOsm. Solutions and drugs were
applied through a gravity-driven microperfusion system, with the tip placed
close to the recorded cell.

Western Blot and Inmunocytochemistry. Cortical neurons at E18 + 4 DIV were
exposed to various treatments. The cells were lysed using modified RIPA
buffer for 20 min at 4 °C. Protein concentration was determined using a BCA
protein assay (Pierce) and equal amounts of cellular protein (=10-20 ug) were
separated on a 10% sodium dodecyl sulfate gel electrophoresis, followed by
atransfer to a nitrocellulose membrane. Membranes were blocked in 5% skim
milk in Tris-buffered saline solution plus 0.5% Tween-20 for 1 hour before
incubation with primary antibodies (Ab) (1:1000) (ERK1/2, Phospho-ERK1/2,
Ser-133 CREB, and Phospho-Ser-133 CREB, all from Cell Signaling) overnight at
4 °C and further incubation with horseradish peroxidase-conjugated second-
ary Ab (1:5000) (Amersham) for 1 hour. Immunoreactive bands were visualized
using an enhanced chemiluminescence kit (Amersham).

Immunocytochemical staining of phospho-Ser-133 CREB and MAP2 was
performed according to standard protocol, using fixation by 4% paraformal-
dehyde in 1 hour. After blocking with 1% bovine serum albumen, cells were
incubated with phospho-Ser-133 CREB Ab (1:100, Cell Signaling) or MAP2 Ab
(1:400, Chemicon) overnight and then with Alexa 488 secondary Ab (1:2000,
1:200; Molecular Probes) for 1 hour, together with 0.3% Triton X-100. Nucleus
was stained with TO-PRO-3 (1:200; Molecular Probes) for 10 minutes. Slides
were mounted using the Prolong Antifade Kit (Molecular Probes) and scanned
in a Zeiss LSM510 confocal microscope equipped with a C-Apochromat 40X/1.2
water immersion objective (Zeiss).

Luciferase Assay. For CREB activity assay, cortical neurons were transfected at
E18 + 3 DIV with pCRE-luciferase reporter (Stratagene) and pRL-TK Renilla
reporter (Promega) using Lipofectamine 2000 (Invitrogen). After 48 hours,
cells were treated with KN93, U0126, or nifedipine for 15 minutes followed by
ouabain for 6 hours. Thereafter cells were harvested, and luciferase activity
was measured using the dual-luciferase reporter assay system (Promega).

Data Analysis. Dendritic growth was analyzed from 10 fields of view per cell
culture using ImageJ (National Institutes of Health, Bethesda, MD) to-
gether with the plug-in NeuronlJ. For each field, the average dendritic
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length and/or the number of dendrites per cell was calculated. When
recording, intracellular Ca2*, cells were considered oscillating when at
least three Ca2* transients were observed exceeding 50% of the baseline.
Data are presented as mean + SE of a minimum of three experiments unless
otherwise indicated. Statistical significance was accepted at P < 0.05 as
determined by analysis of variance, followed by Bonferroni’s post hoc test
for multiple comparisons.
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