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Cyclic AMP and Polyamines Overcome Inhibition by Myelin-
Associated Glycoprotein through elF5A-Mediated Increases
in p35 Expression and Activation of Cdk5

Huifang He, Kangwen Deng, Mustafa M. Siddiq, Aung Pyie, ®“Wilfredo Mellado, ““Sari S. Hannila, and Marie T. Filbin®
Department of Biological Sciences, Hunter College, City University of New York, New York, New York 10065

Inhibitory molecules associated with CNS myelin, such as myelin-associated glycoprotein (MAG), represent major obstacles to axonal
regeneration following CNS injury. Our laboratory has shown that elevating levels of intracellular cAMP, via application of the nonhy-
drolyzable analog dibutyryl cAMP (dbcAMP), can block the inhibitory effects of MAG and myelin. We have also shown that elevation of
cAMP results in upregulation of arginase I and increased polyamine synthesis. Treatment with putrescine or spermidine blocks myelin-
mediated inhibition of neurite outgrowth, but the mechanism underlying this effect has not yet been elucidated. Here we show that
cyclin-dependent kinase 5 (CdkS5) is required for dbcAMP and putrescine to overcome MAG-mediated inhibition. The ability of dbcAMP
and putrescine to overcome inhibition by MAG is abolished in the presence of roscovitine, a Cdk inhibitor that has greater selectivity for
Cdk5, and expression of dominant negative Cdk5 abolishes the ability of dbcAMP or putrescine to enhance neurite outgrowth in the
presence of MAG. Importantly, dbcAMP and putrescine increase expression of p35, the neuron-specific activator of Cdk5, and rat DRG
neurons transduced with HSV overexpressing p35 can overcome inhibition by MAG. The upregulation of p35 by putrescine is also
reflected in increased localization of p35 to neurites and growth cones. Last, we show that putrescine upregulates p35 expression by
serving as a substrate for hypusine modification of eIF5A, and that this hypusination is necessary for putrescine’s ability to overcome inhibi-
tion by MAG. Our findings reveal a previously unknown mechanism by which polyamines may encourage regeneration after CNS injury.
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This study describes a novel mechanism for the activation of Cdk5 in neurons and a new role for Cdk5 in promoting axonal growth
in the presence of myelin-associated inhibitors. We show that administration of the polyamine putrescine leads to hypusination of
the translation initiation factor eIF5A, increased translation of p35, and activation of Cdk5 in cultured cerebellar neurons, and that
each of these events is required for putrescine’s ability to overcome inhibition by myelin-associated glycoprotein. These findings
have implications for the development of new treatments for spinal cord and traumatic brain injury and provide new insight into
the functions of eIF5A and Cdk5 in the nervous system. j
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tein (MAG), Nogo, and oligodendrocyte myelin glycoprotein
(Filbin, 2003). Studies from our laboratory and others have es-
tablished that elevation of intracellular cAMP can reverse inhibi-
tion by CNS myelin and promote regeneration of spinal axons in

Introduction
Following injury to the adult CNS, axonal regeneration is inhib-
ited by CNS myelin proteins such as myelin-associated glycopro-
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vivo (Caietal., 1999; Qiu et al., 2002). We have also demonstrated
that arginase I expression and polyamine synthesis are required
for the ability of cAMP to reverse myelin-mediated inhibition
and that treatment with exogenous putrescine overcome inhibi-
tion by MAG in vitro (Cai et al. 2002). We subsequently showed
that putrescine must be converted to spermidine to have this
effect and, most importantly, that spermidine can promote re-
generation of retinal ganglion cell axons following optic nerve
injury (Deng et al., 2009). In this study, we report that the ability
of putrescine to overcome inhibition by MAG and myelin arises
from spermidine’s function as substrate for the hypusine modi-
fication of elongation initiation factor 5A (elF5A).

eIF5A is highly conserved in eukaryotes and is activated by a
unique posttranslational modification known as hypusination, in
which the 4-aminobutyl group of spermidine is transferred to the
g-amino group of Lys50 to generate deoxyhypusine, which is
then hydroxylated to form hypusine (Park, 2006). Studies per-
formed in yeast have provided evidence that eIF5A plays an im-
portant role in both the initiation and elongation phases of
translation (Benne and Hershey, 1978, Saini et al., 2009, Gutier-
rezetal., 2013), but relatively little is known about its specific role
in the nervous system and the function of the proteins that are
translated in response to eIF5A activation. Importantly, however,
one study reported that eI[F5A activity is necessary for nerve
growth factor-induced differentiation of PC12 cells and for neu-
rite outgrowth in cultured hippocampal neurons (Huang et al.,
2007), which suggests that eIF5A facilitates the translation of pro-
teins that are involved in axonogenesis.

Here, we show that eIF5A activation leads to increased trans-
lation of p35, which in turn leads to activation of the small serine/
threonine kinase cyclin-dependent kinase 5 (Cdk5). p35 is one of
two regulatory subunits that stimulates Cdk5 kinase activity, the
other being p39, and both proteins are expressed exclusively in
CNS neurons (Tsai et al., 1994; Tang et al., 1995). Cdk5 has a
broader pattern of expression, but it is predominantly observed
in the CNS due to the presence of p35 and p39 in neurons (Tsai et
al., 1993). Once activated, Cdk5 phosphorylates a wide range of
substrates such as microtubule-associated proteins, Tau, synap-
sin 1, and DARPP32 (Dhavan and Tsai, 2001), and has therefore
been implicated in a variety of neuronal processes, including neu-
rite outgrowth (Nikolic et al., 1996), synaptogenesis (Johansson
et al., 2005), and neuronal migration in the developing cerebral
cortex (Zhao et al., 2009). A variety of extracellular stimuli have
been shown to activate Cdk5 including neurotrophins, dopa-
mine, and integrins (Bibb etal., 2001; Harada et al., 2001), and we
now show that polyamines can have this effect as well.

In this paper, we describe a novel signaling mechanism in
which hypusination of eIF5A results in increased translation of
p35, induction of Cdk5 activity, and reversal of MAG- and
myelin-mediated inhibition of axonal growth. To the best of our
knowledge, our observation that p35 is translated in response to
elF5A activation is the first description of e[F5A’s downstream
effects in neurons, which provides new insight into eIF5A’s func-
tion in the nervous system and the intracellular signaling events
that result in activation of Cdk5. Furthermore, we demonstrate
that eIF5A, p35, and Cdk5 are all required to overcome inhibition
of neurite outgrowth by myelin, which identifies these proteins as
potential therapeutic targets for enhancing axonal regeneration
following spinal cord injury and other forms of CNS trauma.

Materials and Methods

All animal procedures were approved by the Institutional Animal Care
and Use Committee of Hunter College, City University of New York. The
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experiments were performed in accordance with all institutional and
national regulations. Animals of both sexes were used in all experiments.

Neuronal preparations

Cerebellar granule neurons. Cerebellar cortex was isolated from postnatal
day 5 (P5)-P7 Long—Evans rats and treated with 0.025% trypsin for 20
min at 37°C. Trypsinization was terminated by the addition of DMEM
(Invitrogen) containing 10% fetal bovine serum (FBS; Invitrogen), and
the tissue was mechanically dissociated. Cells were centrifuged at 1000
rpm for 5 min at 4°C, resuspended in SATO media (Cai et al., 1999), and
counted using a hemocytometer.

DRG neurons. DRG were isolated from P5-P8 Long—Evans rats and
incubated in L15 media containing of 0.025% trypsin and 0.15% colla-
genase type I (Worthington) for 90 min at 37°C. The ganglia were then
triturated and trypsinization was stopped by the addition of DMEM
containing 10% FBS. Cells were centrifuged at 1000 rpm for 5 min and
resuspended in SATO before counting.

Cortical neurons. Cerebral cortices from PO-P2 Long—Evans rats were
collected in plain Neurobasal-A media (Invitrogen) and treated twice
with 0.5 mg/ml papain at 37°C for 20 min (40 min total). Papain was
inhibited by the addition of soybean trypsin inhibitor, and the tissue was
washed twice with plain Neurobasal-A media. The tissue was then tritu-
rated in Neurobasal-A media and strained through a 40 wm cell strainer.
Cell suspensions were layered on an Optiprep density gradient (Sigma)
and centrifuged at 1900 X g for 15 min. Fractions containing enriched
populations of neurons were pelleted by centrifugation and the neurons
were resuspended in Neurobasal-A media supplemented with 1X B27
(Invitrogen), 0.5 mM L-glutamine (Invitrogen), and 1X antibiotic-
antimycotic (Invitrogen) before counting.

Neuronal treatments
Pharmacological agents. Twenty-four-well plates were coated with 20
pg/ml poly-L-lysine (PLL; Sigma) for 30 min at room temperature
and air dried. Depending on the nature of the experiment, purified
neurons received one or more of the following treatments: dibutyryl
cAMP (dbcAMP; 1 mym; Calbiochem), putrescine (100 wMm; Sigma), ros-
covitine (10 uM; Sigma), N1-guanyl-1,7-diaminoheptane (GC-7; 1 um
or 10 um; a gift from Dr. Solomon H. Snyder, Johns Hopkins Univer-
sity School of Medicine, Baltimore, MD), 5,6-dicholro-1-B-p-
ribofuranosylbenzimidazole (DRB; 5 uM; Sigma), cycloheximide (0.5
ug/ml; Sigma), BDNF (200 ng/ml; Sigma), or U0126 (1,4-diamino-2,3-
dicyano-1,4-bis(o-aminophenylmercapto)butadiene monoethanolate;
10 um; Sigma). Cells were plated at a density of 1 X 10 cells/well. For
neurite outgrowth assays, cells were incubated at 37°C for 18-24 h,
washed once with 1 X PBS, and then treated with 0.1% trypsin. After a 5
min incubation, trypsinization was stopped by the addition of DMEM
containing 10% FBS. Neurons were triturated, centrifuged at 1000 rpm
for 5 min, resuspended in SATO media, and plated onto either CHO cell
monolayers or CNS myelin substrates. For Western blot analysis, cells
were incubated for 1-24 h as indicated in the experiment and then lysed
in 1 X RIPA lysis buffer (Millipore) supplemented with phosphatase in-
hibitors (1 mm Na,;VO,, 1 mm NaF) and protease inhibitors (1 mm
EDTA, 1 mm PMSF, and 1 ug/ml aprotinin, leupeptin, and pepstatin).

HSV transduction. DRG neurons were plated on PLL-coated 24-well
plates at a density of 1 X 10° cells/well and transduced with HSV express-
ing dominant negative Cdk5-GFP (DNCdk5), p35, or LacZ at a final
concentration of 107 PFU/ml. The viruses were obtained from Dr. R.
Neve, Director of the Viral Gene Transfer core at the Massachusetts
Institute of Technology. Cells were maintained in virus-containing me-
dia overnight at 37°C and treated with dbcAMP or putrescine as de-
scribed above. Neurons were then transferred to CHO cell monolayers
for neurite outgrowth assays or lysed in 1 X RIPA buffer for Western blot
analysis.

siRNA. Custom siRNAs for the sense strand of rat deoxyhypusine
synthase (DHS) and eIF5A were obtained from Dharmacon. The siRNA
duplexes were synthesized with a thiol modification on the sense strand
and purified by HPLC. The sequences for the siRNAs and their corre-
sponding scrambled siRNAs were as follows: DHS, GCCCAUAAGAAC
CACAUAG; scrambled, CCAUUAAACCCGGCCAAAA; elF5A, AAAG
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GAAUGAUUUCCAGCUGA; scrambled, CGUUAUGACGAAACAGA
AGUU. Annealed siRNA duplexes were resuspended in RNase-free wa-
ter. An equimolar ratio of Penetratin I (Q-Biogene) was added, and the
mixture was incubated at 65°C for 15 min and then further incubated at
37°C for 1 h. The penetratin-coupled siRNAs were then added to cere-
bellar neurons at a concentration of 300 nm and the neurons were incu-
bated for 24-28 h. Neurons were then treated with putrescine as
described above and lysed for Western blot analysis or used for neurite
outgrowth assays.

siRNA rescue experiment. The following custom siRNA for the 3'UTR
of eIF5A and its corresponding scrambled siRNA were obtained from
Dharmacon: eIF5A 3'UTR, GCUGGACUCCUAUCCAAUUUA; scram-
bled, UUUUUAAAAAAAGGGGGGCCC. siRNAs were coupled to pen-
etratin and incubated with P5—-6 DRG rat neurons as described above.

To rescue elF5A expression, siRNA-transduced neurons were tran-
siently transfected with an ORF clone expressing eGFP-tagged human
elF5A (EX-H4019-M29; Genecopoeia). Transfections were per-
formed using the Amaxa Rat Neuron Nucleofector kit (Lonza) at a
concentration of 1-2 pg DNA/10° cells. Transfected neurons were
then used for neurite outgrowth assays.

Neurite outgrowth assay

CHO cell monolayers. Permanox eight-well chamber slides (Lab-Tek)
were coated with 20 wg/ml poly-L-lysine (Sigma) for 30 min at room
temperature followed by 20 ug/ml fibronectin (Sigma) for 2 hat 37°C.
Control or MAG-expressing CHO cells were plated in the wells at
a concentration of 75,000 cells/well and grown to confluency
overnight.

CNS myelin substrates. CNS myelin was purified from adult rat me-
dulla as described previously (Norton and Poduslo, 1973). Myelin solu-
tions containing 0.5-2.0 ug total protein/well were plated in the wells of
eight-well PLL-coated chamber slides and desiccated overnight.

Assay. Neurons were plated at a density of 15,000 cells/well and incu-
bated at 37°C for 18-24 h. Cells were fixed for 30 min with 4% parafor-
maldehyde, permeabilized with ice-cold methanol, and blocked for 30
min at room temperature with DMEM containing 10% FBS. Cells were
then incubated overnight at 4°C with mouse monoclonal anti-BIII tubu-
lin antibody (Tuj1, 1:1000; Biolegend, catalog #801201) diluted in 5%
BSA in PBS. Cells were washed three times with 1X PBS and then incu-
bated for 30 min at room temperature with biotinylated sheep anti-
mouse IgG (1:500; GE Healthcare, catalog #RPN1001), followed by
incubation with streptavidin-conjugated Texas Red (1:300; GE Health-
care, catalog #RPN1233-2ML) for 45 min. The slides were mounted with
Permafluor (Thermo Fisher Scientific), and images were taken with a
fluorescence microscope. A minimum of three independent experiments
were performed for each neurite outgrowth assay, and in each experi-
ment the length of the longest neurite for each neuron was measured for
aminimum of 200 neurons per treatment using MetaMorph image anal-
ysis software (Molecular Devices).

Western blotting

Protein concentrations were measured using the Bio-Rad DC protein
assay, and SDS-PAGE was performed using 10% polyacrylamide gels.
Proteins were transferred to nitrocellulose and membranes were blocked
in 5% nonfat dry milk in PBS containing 0.1% Tween-20 (Sigma). Mem-
branes were probed with the following primary antibodies: rabbit
anti-p35 (1:1000; Santa Cruz Biotechnology, catalog #sc-820), rabbit
anti-Cdk5 (1:1000; Santa Cruz Biotechnology, catalog #sc-173), rab-
bit anti-phospho Erk1/2 (Thr202/Tyr204, 1:1000; Cell Signaling Tech-
nology, catalog #9101), rabbit anti-Erk1/2 (1:1000; Cell Signaling
Technology, catalog #9102), rabbit-anti DHS (1:1000; Santa Cruz Bio-
technology, catalog #sc-67161), mouse anti-e[F5A (1:1000; BD Biosci-
ences, catalog #611976), mouse monoclonal anti-BIII tubulin antibody
(Tuj1, 1:1000; Biolegend, catalog #801201), and rabbit anti-actin (1:
1000; Sigma, catalog #A2066) in blocking buffer overnight at 4°C. Mem-
branes were washed three times in PBS with 0.1% Tween-20 and
incubated with one of the following secondary antibodies for 1 h at room
temperature: horseradish peroxidase (HRP)-conjugated anti-rabbit IgG
(1:2000; Cell Signaling Technology) or HRP-conjugated anti-mouse IgG
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(1:2000; Cell Signaling Technology). Proteins were visualized using ECL
(GE Healthcare). Membranes were subsequently stripped with Restore
Western blot stripping buffer (Thermo Fisher Scientific) for 30 min at
room temperature and reprobed as indicated. Densitometric measure-
ments were made using Image]J software (NIH).

Cdk5 kinase assay

Cell lysates were incubated with rabbit anti-Cdk5 antibody (Santa Cruz
Biotechnology, catalog #sc-173) overnight at 4°C, and Cdk5 was then
immunoprecipitated from the lysates using protein G Sepharose beads
(Santa Cruz Biotechnology). The beads were washed twice with 1 X RIPA
lysis buffer and once with kinase reaction buffer (50 mm HEPES, pH 7.55,
10 mm MgCl,, and 1 mwm dithiothreitol, phosphatase, and protease inhib-
itors). The washed beads were mixed with 10 ug of histone H1 in kinase
reaction buffer with 2 uCi y-**P ATP and incubated for 30 min at 30°C.
The reaction was stopped by the addition of sample buffer (62.5 mm
Tris-HCI, pH 6.8 and 2% SDS). SDS-PAGE was performed using 10%
polyacrylamide gels, and radiolabeled proteins were visualized using
autoradiography.

Immunocytochemistry

Purified cortical neurons were plated in PLL-coated chamber slides and
incubated with 100 uMm putrescine for 5,9, 13, or 17 h. The cells were fixed
with 4% paraformaldehyde, blocked for 30 min at room temperature
with DMEM containing 10% FBS, and incubated with rabbit anti-p35
(1:50; Santa Cruz Biotechnology) and mouse-anti Cdk5 (1:100;
Millipore) antibodies overnight at 4°C in 5% BSA in PBS. Cells were
rinsed with 1X PBS and then incubated for 1 h at room temperature with
Texas Red-conjugated anti-mouse IgG and fluorescein isothiocyante-
conjugated anti-rabbit IgG. Slides were coverslipped with Permafluor
and viewed under fluorescence optics.

Statistical analysis

GraphPad Prism software was used to perform all statistical analyses, and
data are presented as mean = SEM. One-way ANOVAs were performed,
followed by Tukey posttests for multiple comparisons.

Results

Activation of Cdk5 is required for both dbcAMP and
polyamines to overcome inhibition by MAG

Previous studies from our laboratory have demonstrated that
treatment with dbcAMP enhances neurite outgrowth in the
presence of myelin-associated inhibitors (Cai et al., 1999) and
that dbcAMP overcomes inhibition by MAG and CNS myelin
by inducing expression of arginase I, which in turn leads to
increased synthesis of polyamines (Cai et al., 2002). We have
also shown that the polyamine putrescine can overcome inhi-
bition by MAG when administered in vitro (Cai et al., 2002;
Deng et al., 2009), but the molecular events underlying its
effects have not yet been defined. In this study, we now show
that the ability of both dbcAMP and polyamines to overcome
MAG-mediated inhibition is dependent on Cdk5 activity.
Neurite outgrowth was strongly inhibited for both cerebellar
granule neurons (CGNs; Fig. 1A) and DRG neurons ( B) plated
on monolayers of MAG-expressing CHO cells, and treatment
with 1 mM dbcAMP reversed this inhibition, leading to signif-
icant increases in neurite length ( C). However, in the presence
of the Cdk5-selective inhibitor roscovitine (10 uMm), the effects
of dbcAMP were completely abolished (Fig. 1A—C). Similarly,
CGNs and DRG neurons primed with 100 uwM putrescine for
18 h were able to overcome inhibition by MAG, and this effect
was lost when roscovitine was administered in conjunction
with putrescine (Fig. 2A). Roscovitine also negated the
growth-promoting effects of putrescine when DRG neurons
were plated on CNS myelin substrates (Fig. 2B), which shows
that this phenomenon is not MAG-specific and that Cdk5
activity is required to overcome all myelin-associated inhibi-



3082 - J. Neurosci., March 9, 2016 - 36(10):3079 3091

He et al. ® Polyamines Promote Growth via elF5A, p35, and Cdk5

A dbcAMP
+
Untreated dbcAMP Roscovitine Roscovitine
« 3 P
4 5 { -
‘/' N 2 N - i \;“A‘$ A
Control Al ¥ N e 3 .
< 3 v O 8
o F\ . : .
. s -~
: ) - - r - & 4 i ‘, . S
MAG R .
. . = > z S N
dbcAMP
B
Untreated dbcAMP Roscovitine Roscovitine
VG \'\ o
Control Pl % s
/'/ > ”- ~ (
7 g |
} k3 » -
“ SN 3/
.‘ { ¥ e
MAG s ad 7ol N
o "

Neurite Length (% of Ctrl)
3 2

N
S

0

dbcAMP - +
Roscovitine - -

Figure 1.

dbcAMP . +
Roscovitine - -

@B Control
MAG

Neurite Length (% of Ctrl)

Cdk5 activity is required for the ability of dbcAMP to overcome inhibition by MAG. A, Representative images of CGNs treated with 1 mm dbcAMP and 10 wm roscovitine and plated on

monolayers of control or MAG-expressing CHO cells. B, Representative images of DRG neurons treated with 1 mm dbcAMP and 10 m roscovitine plated on monolayers of control or MAG-expressing
CHO cells. Scale bars: 4, 20 m; B, 30 m. €, Neurite outgrowth was measured from a minimum of 200 neurons for each treatment. Graphs represent the average length of the longest neurite per

neuron (depicted as percentage of control) == SEM. ***p < 0.001.

tors. In all experiments, neurons treated with roscovitine
alone displayed neurite outgrowth that was comparable to that
observed for untreated controls (Figs. 1C, 2A, B), which indi-
cates that 10 uM roscovitine had no toxic effects and also that
Cdk5 activity is not required for basal neurite outgrowth.
Last, to provide further evidence that activation of Cdk5 is
necessary to overcome inhibition by MAG, DRG neurons were

transduced with HSV expressing either LacZ or a dominant neg-
ative form of Cdk5 (DNCdKk5) that is mutated at N144 (Zuker-
berg et al., 2000; Fig. 2C). Neurons were then treated with either
dbcAMP or putrescine and plated on CHO cell monolayers. For
LacZ-transduced neurons, dbcAMP and putrescine both over-
came inhibition by MAG (Fig. 2 D, E); however, for neurons ex-
pressing DNCdKk5, the effects of dbcAMP and putrescine were
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Figure 2.  Loss of (dkS5 activity blocks the ability of dbcAMP and putrescine to overcome inhibition by myelin-associated inhibitors. A, Quantification of neurite outgrowth for CGNs and DRG
neurons primed with 100 wum putrescine and 10 wum roscovitine and plated on monolayers of control or MAG-expressing CHO cells. B, Representative images and quantification of neurite outgrowth
for DRG neurons primed with 100 wm putrescine and 10 wum roscovitine and plated on CNS myelin. €, Western blot of DRG neurons transduced with HSV expressing LacZ, p35, or dominant negative
(Cdk5 (DNCdK5). D, Quantification of neurite outgrowth for DRG neurons transduced with HSV expressing LacZ, p35, and DNCdKS5, treated with T mm dbcAMP and plated on monolayers of control or
MAG-expressing CHO cells. E, Quantification of neurite outgrowth for DRG neurons transduced with HSV expressing LacZ and DNCdK5, treated with 100 wum putrescine and plated on monolayers of
control or MAG-expressing CHO cells. For all experiments, neurite outgrowth was measured from a minimum of 200 neurons for each treatment. Graphs represent the average length of the longest
neurite per neuron (depicted as percentage of control) == SEM. *p << 0.05; ***p << 0.001.

abolished, and neurite outgrowth on MAG-expressing CHO cells  outgrowth is not affected by the loss of Cdk5 activity. Together,
was significantly reduced (Fig. 2D, E). There was no effect on  these results demonstrate that the ability of dbcAMP and pu-
neurite outgrowth for neurons expressing LacZ or DNCdk5  trescine to overcome inhibition by MAG and myelin is depen-
alone (Fig. 2D, E), which once again indicates that basal neurite  dent on the activation of Cdk5.
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Putrescine induces CdkS5 activity and p35 expression. A, Representative images of a Cdk5 kinase assay (n = 3). CGNs were treated with 100 wum putrescine for the times indicated, and

Cdk5 was immunoprecipitated. Cdk5 activity was assessed by combining the immunoprecipitated Cdk5 with P and histone H1 and measuring the incorporation of *2P by autoradiography. B,
Western blots of CGNs treated with 1 mm dbcAMP for the times indicated (n = 5). €, Western blots of CGNs treated with 100 m putrescine for the times indicated (n = 3). Graphs represent
densitometric measurements that have been normalized to the control (0 h time point) and depicted as average fold changes == SEM. *p << 0.05; **p << 0.01.

Polyamines activate Cdk5 and activation of Cdk5 is sufficient
to overcome inhibition by MAG

To build on these observations, we performed a Cdk5 kinase
assay to determine whether putrescine could induce Cdk5 activ-
ity. CGNs were incubated with 100 uM putrescine for 1, 3, 5, or
20 h, and following lysis of the cells, Cdk5 was immunoprecipi-
tated. The ability of the immunoprecipitated Cdk5 to phosphor-
ylate histone-H1 was then assessed by measuring the amount
of **P incorporated into the protein. After 1 h of putrescine treat-
ment, we observed a significant increase in radiolabeled histone
H1 (Fig. 3A), which was indicative of increased phosphorylation

by the immunoprecipitated Cdk5. After 3 h of putrescine treat-
ment, levels of phosphorylated histone H1 had increased by
~2.5-fold, and we continued to observe significant increases in
kinase activity at the 5 and 20 h time points as well (Fig. 3A). This
led us to conclude that putrescine induces a rapid and sustained
activation of Cdk5 in cerebellar neurons.

In neurons, activation of CdkS5 is initiated by the binding of
Cdk5 monomers to the neuron-specific activator protein, p35
(Lew et al. 1994; Tsai et al., 1994). Having observed that the
effects of dbcAMP and putrescine are dependent on Cdk5 activ-
ity, our next goal was to determine whether p35-mediated acti-
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vation of Cdk5 could reverse MAG-mediated inhibition. DRG
neurons were transduced with HSV expressing p35 (Fig. 2C) and
then plated on CHO cell monolayers. When compared to LacZ-
expressing controls, neurite outgrowth on MAG was significantly
increased for neurons overexpressing p35 (Fig. 2D), and this ef-
fect was comparable to that seen in LacZ-transduced neurons
that were treated with dbcAMP (Fig. 2D). These observations
indicate that direct activation of Cdk5 through overexpression of
p35 is sufficient to overcome inhibition by MAG and suggest that
P35 may play an important role in this process.

Polyamines increase the expression of p35

To investigate the effects of polyamines and dbcAMP on p35
expression, CGNs were incubated with either 1 mm dbcAMP or
100 uM putrescine for 1, 3, 5, or 20 h, and levels of p35 and Cdk5
were then analyzed by Western blotting. In neurons treated with
dbcAMP, p35 levels were significantly increased after 5 h and
remained elevated after 20 h of treatment (Fig. 3B). Similarly, p35
levels were significantly increased by approximately twofold after
a 3 h incubation with putrescine, and these increases were sus-
tained at 5 and 20 h after treatment (Fig. 3C). Cdk5 levels, how-
ever, were unchanged in response to dbcAMP and putrescine in
these experiments (Fig. 3B,C). These results demonstrate that
dbcAMP and its downstream effector putrescine can increase the
expression of p35 protein in cerebellar neurons. It is important to
note that the incubation times that produced these increases are
consistent with those used in the Cdk5 kinase assay and neurite
outgrowth assays, and so it is likely that these increases in p35
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underlie the ability of putrescine to induce
activation of Cdk5 and overcome inhibi-
tion by MAG.

It has been reported that in neurons
with actively growing processes, p35 asso-
ciates with Cdk5 within the neurites and
growth cones (Nikolic et al., 1996). We
therefore examined how putrescine treat-
ment affects the subcellular distribution
of p35 using PO-P2 cortical neurons,
which have large growth cones that are
readily visualized. The neurons were incu-
bated with 100 M putrescine for 5, 9, 13,
or 17 h, and were then fixed and immuno-
stained for p35 and Cdk5. In untreated
controls, p35 was observed almost exclu-
sively in the cell bodies, whereas Cdk5 was
present in both the cell bodies and neu-
rites (Fig. 4). Following treatment with
putrescine, the amount of Cdk5 within
the neurites remained consistent, but
beginning at 9 h after treatment, we ob-
served a dramatic and sustained increase
in the amount of p35 in the neurites, and
accumulation of p35 in the growth cones
was also readily apparent (Fig. 4, arrows).
When the p35 and Cdk5 immunostained
images were merged, we observed exten-
sive colocalization of p35 and Cdk5
within the neurites, which indicates that
these two proteins are in a proper position
to interact with each other. These results
support our biochemical data showing
that putrescine increases p35 expression,
and they also demonstrate that in re-
sponse to putrescine treatment, p35 localizes to neurites and
growth cones where it can activate Cdk5 and enhance process
outgrowth.

Putrescine increases the expression of p35 in a translation-
dependent manner

It was reported previously that p35 expression and Cdk5 activa-
tion are increased in CGNs in response to BDNF and that BDNF
mediates this effect through the Erk signaling pathway (Harada et
al., 2001). To determine whether a similar mechanism was re-
sponsible for putrescine-induced expression of p35, we tested
whether treatment with putrescine leads to increased phosphor-
ylation of Erk1/2. As in our previous experiments (Fig. 3C), we
observed a time-dependent increase in p35 when CGNs were
treated with putrescine, but whereas Erk1/2 phosphorylation was
dramatically increased in neurons treated with 200 ng/ml BDNF
for 30 min, there was no induction of Erk1/2 phosphorylation in
response to putrescine at any of the time points that were ana-
lyzed (Fig. 5A). Furthermore, treatment with the Erk1/2 inhibitor
U0126 had no effect on the ability of putrescine to induce p35
expression (Fig. 5A). We therefore concluded that putrescine
does not induce Erk phosphorylation and that Erk signaling is
likely not involved in putrescine-induced expression of p35 and
activation of Cdk5.

Having eliminated Erk signaling as a possible mechanism,
we next investigated the broader roles of transcription and
translation in putrescine-mediated expression of p35. CGNs
were treated with 100 uM putrescine in the presence of either
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the transcriptional inhibitor DRB (5 uM) or the translational
inhibitor cycloheximide (0.5 ug/ml), and p35 levels were an-
alyzed by Western blotting. After a 20 h incubation with pu-
trescine alone, there was a visible increase in p35 protein, and
this increase was not affected by the inclusion of DRB (Fig.
5B), which suggests that the effects of putrescine are transcrip-
tion independent. By contrast, when the neurons were treated
with a combination of putrescine and cycloheximide,
putrescine-induced expression of p35 was completely blocked
(Fig. 5C), thereby demonstrating that the ability of putrescine

to increase p35 expression is translation dependent. Interest-
ingly, p35 expression was also abolished in CGNs treated with
cycloheximide alone (Fig. 5C), which suggests that there is a
rapid turnover of p35 within neurons and that new protein is
produced through translation.

We then performed neurite outgrowth assays to determine
whether translation was also required for putrescine-treated neu-
rons to overcome inhibition by MAG. Consistent with our pre-
vious study showing that the effects of dbcAMP are transcription
dependent (Cai et al., 2002), we first showed that DRB can block
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the reversal of MAG-mediated inhibition by dbcAMP (Fig. 5D).
Neurite outgrowth on MAG was significantly increased when
neurons were treated with putrescine, and this growth was unaf-
fected by treatment with DRB, which confirmed that the effects of
putrescine are not dependent on transcription (Fig. 5D). Con-
versely, when neurons were treated with a combination of pu-
trescine and cycloheximide, the effects of putrescine were
abolished, and neurite outgrowth in the presence of MAG was
significantly reduced (Fig. 5D). Based on these findings and those
of the preceding experiments, we propose that polyamines over-
come inhibition by MAG by inducing expression of p35, and that
this response is regulated at the translational level.

Polyamine-induced expression of p35 is dependent on the
hypusination of eIF5A

In mammalian cells, mRNA translation is initiated by eukaryotic
initiation factors, and there is a unique connection between poly-
amines and eIF5A, which is the only protein known to undergo
hypusination. This irreversible posttranslational modification is
produced by deoxyhypusine synthase (DHS)-mediated transfer of
the 4-aminobutyl group of spermidine to the g-amino group of
Lys50 on eIF5A (Park, 2006). This generates deoxyhypusine, which
is then hydroxylated by deoxyhypusine hydroxylase to form hy-
pusine (Park, 2006). Hypusination is essential for eIF5A function, as
mutation of the hypusine residue abolishes the ability of eIF5A to
interact with the ribosome (Jao and Chen, 2006). Interestingly, our
laboratory has shown that putrescine must be converted to spermi-
dine to overcome inhibition by MAG and promote axonal regener-
ation in vivo (Deng et al., 2009), and we have therefore hypothesized
that hypusination of eIF5A is required for polyamine-induced ex-
pression of p35 and the ability of polyamines to overcome inhibition
by MAG.

To test this hypothesis, hypusination of eIF5A was blocked by
inhibiting DHS activity, and this was accomplished using two
different approaches: treatment with GC-7, a pharmacological
inhibitor of DHS, and siRNA knockdown of DHS. In these ex-
periments, p35 levels were significantly increased in CGNs
treated with putrescine (Fig. 6A), but in the presence of either 1 or
10 uM GC-7, putrescine-induced increases in p35 were blocked
(Fig. 6A). Treatment with GC-7 also blocked the ability of pu-
trescine to overcome MAG-mediated inhibition of neurite out-
growth in vitro (Fig. 6B). Similarly, a scrambled siRNA had no
effect on putrescine-induced expression of p35 (Fig. 6C), but
when DHS was knocked down, p35 expression was not induced
in response to putrescine (Fig. 6C). In our neurite outgrowth
assays, neurons transfected with DHS siRNA and treated with
putrescine were unable to overcome inhibition by MAG, and
neurite outgrowth was significantly reduced compared to neu-
rons treated with putrescine alone, or a combination of pu-
trescine and scrambled siRNA (Fig. 6D). It should be noted that
the effects of GC-7 and DHS siRNA were specific to p35, as these
treatments had no effect on the expression of Cdk5 (Fig. 6 A4, C).

Last, we performed additional siRNA experiments to show
that eIF5A is specifically required for polyamine-induced in-
creases in p35 expression and the ability to overcome inhibition
by MAG. CGNs were transfected with either e[F5A siRNA or
scrambled siRNA and treated with 100 uM putrescine for 24 h.
These neurons were then used for Western blotting to analyze
elF5A and p35 levels, and in neurite outgrowth assays. In neurons
treated with either putrescine alone or putrescine and scrambled
siRNA, we observed a significant increases in p35 (Fig. 7A), and
corresponding significant increases in neurite outgrowth when
these neurons were plated on MAG substrates (Fig. 7B). When
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elF5A was knocked down, however, putrescine failed to induce
p35 expression (Fig. 7A), and its ability to promote neurite out-
growth on MAG was abolished (Fig. 7B). To provide further
evidence of eIF5A’s involvement in this process, we performed
gain of function experiments in which the siRNA-knockdown of
elF5A was rescued by ectopic expression of e[F5A. DRG neurons
were transfected with either scrambled siRNA or siRNA tar-
geting the 3'UTR of elF5A, and this was followed by transfec-
tion with an ORF clone expressing eGFP-tagged human
elF5A. Transfected neurons were then treated with 100 um
putrescine for 24 h and used for neurite outgrowth assays.
Neurons treated with putrescine were able to overcome inhi-
bition by MAG, and this effect was sustained in the presence of
the scrambled siRNA (Fig. 7C). As in the previous experiment,
neurons that received eIF5A siRNA were unable to overcome
MAG-mediated inhibition when treated with putrescine (Fig.
7C). However, introduction of the eIF5A ORF clone restored
putrescine-mediated neurite outgrowth on MAG in the pres-
ence of the eIF5A siRNA (Fig. 7C). This confirms that eIF5A is
required to mediate the effects of putrescine, and collectively
these results demonstrate that DHS-mediated hypusination of
elF5A underlies putrescine’s ability to induce p35 expression
and overcome inhibition by MAG.

Discussion

Based on the results obtained in this study, we propose the fol-
lowing mechanism for cAMP- and polyamine-induced neurite
outgrowth and reversal of inhibition by CNS myelin. Elevation of
intracellular cAMP leads to increased expression of arginase I and
a corresponding increase in putrescine levels, which can also be
accomplished through administration of exogenous putrescine.
Putrescine is then rapidly converted to spermidine, which serves
as a substrate for the hypusination of eIF5A within the neuron.
The activated eIF5A will initiate translation of p35, which will
then bind to and activate Cdk5, and Cdk5 will in turn stimulate
enhanced neurite outgrowth in the presence of MAG and other
myelin-associated inhibitors.

The elucidation of this mechanism raises interesting questions
about how Cdk5 promotes axonal growth and the potential sub-
strates that may be phosphorylated in response to Cdk5 activa-
tion. Proteins that are involved in cytoskeletal regulation are
logical candidates for these roles, and Cdk5 phosphorylates many
proteins that affect actin dynamics, such as WAVE (Wiskott—
Aldrich syndrome protein-family verprolin-homologous pro-
tein), CaMKII, Cables, amphiphysin, and synapsin I (Matsubara
et al., 1996; Zukerberg et al., 2000; Floyd et al., 2001; Dhavan et
al., 2002; Kim et al., 2006). Phosphorylation of these proteins by
Cdk5 has been shown to have a variety of effects on neuronal
morphology and function including induction of cortical neuri-
togenesis (Zukerberg et al., 2000; Floyd et al., 2001), sequestra-
tion of synaptic vesicles (Verstegen et al., 2014), and increased
dendritic spine formation in hippocampal neurons (Kim et al.,
2006). Cdk5 also regulates actin polymerization by modulating
the activity of the Rho family of small GTPases. Cdk5 can influ-
ence Rac signaling and cytoskeletal remodeling by phosphorylat-
ing the Rac effector p21-activated kinase 1 (Pakl; Nikolic et al.,
1998; Rashid et al. 2001). This is accomplished through the
formation of Rac-p35/Cdk5-Pakl complexes within neuronal
growth cones, which leads to the phosphorylation of Pakl by
Cdk5/p35 in a Rac-dependent manner (Nikolic et al., 1998). To
overcome inhibition by MAG and CNS myelin, however, the
most likely target for Cdk5 would be RhoA, as MAG and Nogo
have been shown to activate RhoA and its downstream effector
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Rho kinase (Yamashita et al., 2002; Alabed et al., 2006). Blocking
RhoA activity has also been shown to promote axonal regenera-
tion in the presence of myelin-associated inhibitors (Lehmann et
al., 1999; Fournier et al., 2003). At present, there is little informa-

tion on how Cdk5 affects RhoA signaling in neurons, but in a
previous cancer study, Cdk5 was shown to negatively regulate
Rho activity in non—small cell lung cancer cells by phosphorylat-
ing the Rho-GTPase activating protein (Rho-GAP) DLC1 (Tri-
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pathi et al. 2014). It is therefore possible that Cdk5 may inhibit
RhoA activity within neurons by activating Rho-GAPs, which
would counteract myelin-induced activation of RhoA and facili-
tate neurite extension.

Microtubule dynamics are similarly influenced by CdkS5,
which is abundant in microtubule preparations isolated from
bovine brain (Ishiguro et al., 1992; Sobue et al., 2000). Phosphor-
ylation of focal adhesion kinase by Cdk5 plays a critical role in
microtubule organization and neuronal migration (Xie et al.,
2003), and several microtubule-associated proteins (MAPs) in-
cluding MAP2, MAP1B, and tau are substrates of Cdk5 (Paglini
and Céceres, 2001). Hyperphosphorylation of tau by Cdk5 pre-
vents tau from associating with microtubules (Patrick et al.,
1999), and this leads to tau aggregation and the formation of the
neurofibrillary tangles that are hallmarks of Alzheimer’s disease

(Noble et al., 2003). However, it should be noted that this path-
ological response only occurs when Cdk5 binds to p25, a trun-
cated form of p35 produced by calpain-mediated cleavage of the
full-length protein (Patrick et al., 1999). Conversely, phosphory-
lation of MAPIB by p35/Cdk5 has been linked to laminin-
induced neurite extension in cerebellar neurons (Pigino et al.,
1997; Paglini et al., 1998), netrin 1-mediated axonal guidance in
the developing forebrain and hippocampus (Del Rio et al., 2004),
and the growth and stabilization of embryonic retinal ganglion
cell axons (Hahn etal., 2005). Interestingly, in preliminary exper-
iments conducted by our laboratory, we observed that treatment
with putrescine led to increased phosphorylation of MAP1B, but
not tau, in CGNs, and this response could be blocked by rosco-
vitine (data not shown). This suggests that Cdk5 can differentially
phosphorylate its substrates to exert its effects and that Cdk5-
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dependent phosphorylation of MAP1B could underlie the ability
of putrescine to overcome inhibition by CNS myelin.

Whereas the substrates and functions of Cdk5 in the CNS have
been well characterized, the same cannot be said for eIF5A. There
is little information available regarding eIF5A’s function in neu-
rons, as the vast majority of e[F5A studies have focused on its role
in regulating cell survival and proliferation in both yeast and
mammalian cells (Zanelli and Valentini, 2007), but there is some
evidence that eIF5A is required for neurite outgrowth from PC12
cells and hippocampal neurons (Huang et al., 2007). However,
virtually nothing is known about the proteins that are translated
in response to elF5A activation. In this study we show that hy-
pusination of eIF5A leads to increased translation of p35, which
results in Cdk5 activation and reversal of myelin-mediated inhi-
bition. To the best of our knowledge, this is the first time that a
neuron-specific protein has been identified as a product of
elF5A-mediated translation, and we also believe that this is the
first report to describe functional outcomes that can be directly
attributed to eIF5A activity in neurons. In our immunocyto-
chemistry experiments, eIF5A was observed throughout the cell
bodies and processes of CGNs (data not shown), and in response
to putrescine treatment, we observed a dramatic upregulation of
p35 that was concentrated in the neurites and growth cones of
CGNs (Fig. 4). This raises the possibility that eIF5A is initiating
local translation of p35 within the growth cones, and this is sup-
ported by a study reporting that e[F5A is enriched in the dendritic
processes of Purkinje cells, where it is well established that local
protein synthesis occurs (Luchessi et al., 2008). Although eIF5A
has classically been defined as a translation initiation factor
(Benne and Hershey, 1978; Smit-McBride et al., 1989), it was
shown previously that eIF5A can act as an elongation and termi-
nation factor as well (Saini et al., 2009), and the fact that eIF5A
can independently execute all three phases of translation strongly
suggests that the p35 expressed in response to putrescine was
produced through local translation mediated by eIF5A.

In addition to providing greater insight into the basic mecha-
nisms that govern eIF5A and Cdk5 activity, our findings also have
implications for the development of strategies to overcome inhi-
bition by myelin and promote axonal regeneration after CNS
injury. One potential target is p35, as we have shown that over-
expression of p35 is sufficient to overcome inhibition by MAG in
vitro. There are several factors that must be taken into account,
however, before a similar approach could be considered for use in
translational studies. The first is that viral overexpression of p35
would likely not be a viable approach for clinical applications,
from both a technical and safety standpoint, and so alternative
means of inducing p35 expression would be required. These
could include gene-based therapies or, most logically, exogenous
administration of spermidine, which has been shown previously
to promote axonal regeneration in the optic nerve (Deng et al.,
2009). Importantly, spermidine has been shown to cross the
blood-brain barrier following cerebral ischemia (Diler et al.,
2002), and so it is possible that entry of spermidine into the CNS
would be facilitated after traumatic injury. A second factor to
consider is that elevated expression of p35 could be accompanied
by higher levels of p25, which, as mentioned, has been conclu-
sively linked to neurodegeneration (Patrick et al., 1999). It would
therefore be prudent to monitor p25 levels in future studies in-
volving induction of p35 expression.

In addition to p35, identification of the substrates and signal-
ing pathways activated by Cdk5 could also prove to be a valuable
source of new targets for therapeutic intervention, and it would
be particularly interesting to test whether these targets could
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work synergistically with other proregenerative agents that we
have identified, such as interleukin-6 (Cao et al. 2006), secretory
leukocyte protease inhibitor (Hannila et al., 2013), and metallo-
thioinein I/II (Siddiq et al., 2015) to enhance axonal regenera-
tion. Our findings also have broader implications for the study of
the nervous system, as the mechanisms described in this study
advance our understanding of the functions of eIF5A and Cdk5 in
neurons and provide a basis for further studies examining how
these proteins affect fundamental processes such as synaptogen-
esis, differentiation, and neuronal survival.
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