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OLYAMINES INCREASE IN SYMPATHETIC NEURONS AND NON-
EURONAL CELLS AFTER AXOTOMY AND ENHANCE NEURITE

UTGROWTH IN NERVE GROWTH FACTOR-PRIMED PC12 CELLS
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0900 Euclid Avenue, Cleveland, OH 44106-4975, USA

Center for Anatomy, Charite, Universitary Medicine Berlin, Philipp-
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bstract—Following axonal damage, sympathetic neurons are
apable of regenerating and reinnervating their target tissues.
ome years ago exogenous administration of polyamines was
hown to enhance this regeneration. Recently, it was found that
xonal injury leads to a dramatic up-regulation of the expres-
ion of arginase I in sympathetic neurons. This enzyme cata-

yzes the conversion of arginine to ornithine, which can subse-
uently be converted to the diamine putrescine and, ultimately,
o the polyamines spermidine and spermine. In the present
tudy, using an antiserum that reacts with both spermidine and
permine, we have found an increase in polyamine levels in
oth neurons and non-neuronal cells in the superior cervical
anglion 2 and 5 days following transection of the ganglion’s
ostganglionic trunks. Using PC12 cells primed with nerve
rowth factor and then stripped off the culture dish and replated
s a model system for axotomized sympathetic neurons, we
ound that spermidine treatment, with or without nerve growth
actor, resulted in an increased percentage of cells with a neu-
ite whose length was at least twice the diameter of the neuron’s
ell body. These increases could be seen within 48 h and were
till evident after 8 days. Together, these data support the pos-
ibility that endogenous polyamines are involved in the normal
egeneration which occurs following sympathetic axonal
amage. © 2004 IBRO. Published by Elsevier Ltd. All rights
eserved.

ey words: spermidine, regeneration, superior cervical gan-
lion, PC12 cells, arginase.

dult peripheral neurons are capable of considerable re-
eneration after axonal damage (Lieberman, 1971). Un-
erstanding the mechanisms underlying this plasticity and
nding agents that enhance regeneration are high priori-
ies for current neuroscience research. In the 1980s, Dor-
ay et al. (1986) demonstrated that, following axotomy of
eurons of the superior cervical sympathetic ganglion
SCG), administration of exogenous polyamines acceler-

Present address: Juniata College, Department of Biology, 1700
oore Street, Huntingdon, PA 16652, USA.
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rnithine; NGF, nerve growth factor; PBS, phosphate-buffered saline;
BS-A, 0.2% bovine serum albumin in phosphate-buffered saline;
CCG, superior cervical ganglion.
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741
tes the reinnervation by these neurons of their target
issues. This result raised the possibility that endogenous
olyamines play a role in facilitating regeneration in this
ystem. This possibility was further strengthened by our
ecent finding that axotomy of the SCG leads to a 22-fold
ncrease in the mRNA for arginase I, an enzyme involved
n polyamine biosynthesis (Boeshore et al., 2004). In ad-
ition, axotomy led to increases in the level of arginase I
rotein in these ganglia and in the levels of the polyamine
permidine and its precursor putrescine. No change was
ound in the levels of the polyamine spermine (Boeshore et
l., 2004). In the present study, as part of an effort to
lucidate the role of endogenous polyamines, we have
sed immunohistochemistry to determine the cell type(s) in
hich polyamines are localized within the axotomized
CG and have examined a possible functional effect of
permidine on neurite outgrowth. Cai et al. (2002) reported
hat raising polyamine levels by overexpression of argi-
ase I in neonatal cerebellar neurons in culture allowed
hese CNS neurons to overcome the normal inhibitory
ffect of myelin on axon outgrowth. Notably, in their study,
eurite outgrowth in the absence of myelin was unaffected
y arginase overexpression. Axon outgrowth in the pres-
nce of myelin was seen also when cerebellar neurons
ere treated with putrescine. Since the axons of regener-
ting SCG neurons encounter little, if any, myelin, it is of

nterest to determine if spermidine can increase neurite
utgrowth in cultured SCG neurons in the absence of
yelin. Due to the low yield that is obtained when disso-

iating and culturing adult sympathetic neurons, we chose
o examine the effect of polyamines on neurite outgrowth in
C12 cells, a commonly used model for sympathetic neu-

ons (Greene, 1977; Rukenstein and Greene, 1983). PC12
ells were exposed to nerve growth factor (NGF) and then
tripped off the culture dish and replated in order to mimic
he changes that occur after axotomy of sympathetic neu-
ons.

EXPERIMENTAL PROCEDURES

nimals and surgical procedures

dult male Sprague–Dawley rats (150 g; Zivic Miller Laboratories,
llison Park, PA, USA) were anesthetized by i.p. injection of a
ixture of ketamine, xylazine, and acepromazine. Bilateral axo-

omy of the SCG was performed by transecting the internal and
xternal carotid nerves, approximately 2 mm distal to the SCG.
ham-operated animals had the internal and external carotid
erves exposed but not transected. Four to six animals were

ncluded in each group. All protocols received prior approval of the

ase Western Reserve University Institutional Animals Care and

ved.
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se Committee and conformed to the regulations of the National
nstitute of Health. The minimum number of animals necessary to
roduce reliable data was used, and all efforts were made to
inimize animal suffering.

mmunohistochemistry

ix hours, 2 days and 5 days following surgery, SCG were re-
oved and perfused with 4% paraformaldehyde. Following fixa-

ion, the SCG were desheathed, cryoprotected in sucrose, em-
edded in OCT, sectioned on a cryostat at 10 �m, mounted on
lides, and stored at �20 °C. For immunohistochemistry, the
lides were thawed, incubated in 1% sodium borohydride for 15
in followed by two washes in phosphate-buffered saline (PBS),
nd pre-incubated in 10% donkey serum and 0.3% Triton X-100 in
BS for 30 min. The rabbit anti-spermidine/spermine antiserum

Laube and Veh, 1997; Laube et al., 2002) was diluted 1:50 in
0% donkey serum and 0.3% Triton X-100 in PBS and applied to
he slides for 24–36 h at room temperature. The next day the
lides were washed two times in PBS (20 and 40 min each) and
re-incubated in 0.2% bovine serum albumin (BSA) in PBS
PBS-A) for 1 h. The slides were then incubated for 24 h in
iotinylated donkey anti-rabbit Fab2 fragment with minimum
ross-reactivity to rat IgG (Jackson ImmunoResearch Laborato-
ies, West Grove, PA, USA) diluted 1:2000 in PBS-A. The slides
ere then washed two times in PBS (20 and 40 min each),
re-incubated in PBS-A for 30 min, and then incubated for 6 h in

he ABC complex (Vector Elite ABC in PBS-A; Vector Laborato-
ies, Burlingame, CA, USA), followed by three 5 min washes in
BS. The polyamine labeling was visualized by incubating the
lides with diaminobenzidine and nickel chloride (Peroxidase Sub-
trate Kit; Vector Laboratories) for 3–5 min. The diaminobenzi-
ine–nickel chloride incubation was halted by washing the slides

n distilled water, and the slides were coverslipped with Citifluor
ounting media (Ted Pella, Redding, CA, USA). Immunoreactive

ells were visualized with a 40�/.70 Plan Fluotar objective on a
eitz transmitted light microscope (Leica Microsystems Inc., Ban-
ockburn, IL, USA), and images were captured with a Hamamatsu
RCA 100 cooled CCD camera (W. Nuhsbaum, Inc., McHenry,

L, USA) interfaced with C-imaging software (Compix, Inc, Cran-

CST

ig. 1. Distribution of polyamine like-immunoreactive cells in a longitu
he two major postganglionic nerve trunks of the SCG or after a sham
ntiserum raised against spermine conjugated to BSA. Immunoreacti
europil in the area of the ganglion near the exit of the internal carotid
reganglionic cervical sympathetic trunk; ECN, external carotid nerve
erry, PA, USA). c
C12 cell culture methods

C12 cells (ATCC, Manassas, VA, USA) were cultured in F12K
edium (ATCC) supplemented according to the manufacturer’s

ecommendations with heat-inactivated horse serum (15%),
etal bovine serum (2.5%), and penicillin–streptomycin (100
nits/ml and 100 �g/ml, respectively). All supplements were
urchased from Invitrogen (Carlsbad, CA, USA). This “high
erum” medium was used throughout the study. Cells were
aintained on collagen IV-coated 75 cm2 culture flasks (Becton
ickinson, San Diego, CA, USA) at 37 °C in a humidified atmo-
phere with 5% CO2, and the medium was changed every 3
ays. For NGF priming experiments, PC12 cells were treated
ith NGF (NGF-7S; Sigma; 50 ng/ml of medium) for 14 days

Greene, 1977). Half of the culture medium was changed every
days, and the NGF concentration was kept constant. While

till in the 75 cm2 flasks, the NGF-primed cells were washed
our times with NGF-free medium (same as above). Cells were
hen detached from the flask with forceful trituration using
GF-free medium, centrifuged (500�g for 5 min) and resus-
ended in fresh medium. Centrifugation and resuspension in
resh medium was repeated three times. Aliquots of NGF-
rimed cells were frozen in medium containing 10% DMSO for
uture use (Rukenstein and Greene, 1983). The frozen NGF-
rimed cells were thawed at 37 °C in a water bath, centrifuged,
nd resuspended in medium. The cells were plated on 35 mm
ix well, Collagen IV-coated culture dishes (Becton Dickinson)
ith medium at a low density (3�103 cells/well) to facilitate
orphometric analysis. Four experimental conditions were ex-
mined (n�3 wells for each experimental condition): untreated
medium alone), spermidine (10 �M in medium; Sigma, St.
ouis, MO, USA), NGF (50 ng/ml in medium), or NGF and
permidine (50 ng/ml NGF and 10 �M spermidine in medium).
alf of the medium volume was changed every 3 days, keeping

he concentration of NGF and spermidine constant. Neurite
utgrowth was monitored using an Axiovert 405 M microscope
10� Plan-Neofluor, Ph 1, NA 0.30 objective; Zeiss, Gottingen,
ermany) and images were taken of six fields surrounding the

CN

ICN

tion from an SCG 2 days after axotomy. Two days after transection of
n, the ganglion was fixed and sections were cut and reacted with an
s are widely distributed throughout the ganglion. The darkly stained
N) reflects labeled cells with the morphology of Schwann cells. CST,

ar�500 �m.
E

dinal sec
-operatio

ve neuron
nerve (IC
. Scale b
entral area of each of the wells with a Princeton Instruments
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icro MAX cooled CCD camera (Roper Scientific, Trenton, NJ,
SA) at days 2, 4, 6, and 8. From each of the images, the total
umber of cells with processes greater than two times the
hortest diameter of the cell body was counted and expressed
s a percentage of the total number of cells within the image.
or all groups, a minimum of 250 cells were examined. In
ddition, for each cell with processes greater than two times the
iameter of the cell body, the total neurite length was measured
sing Metamorph (version 4.6; Universal Imaging Corporation,
ownington, PA, USA). Differences between groups were ex-

ig. 2. Polyamine-like immunoreactivity in neurons and non-neuronal
odies with dark immunoreactivity in the center of the ganglion consi
robably satellite cells. In sections from ganglia 2 days (B) or 5 days (F
ells, which surrounded principal neurons (arrowheads). (C) Near t
orphology of Schwann cells were found 2 days after axotomy. (D) No
hen the primary antiserum was omitted from the reaction. Scale bar
mined using Student’s t-test, except as noted. i
RESULTS

ocalization of polyamines in the SCG

he antiserum used in this study was raised against a
SA-spermine conjugate. This antiserum reacts equally
ith BSA-spermidine as with BSA-spermine in an ELISA
ssay, but it reacts only weakly with BSA-putrescine
Laube and Veh, 1997). In confirmation of a previous study

he SCG. At high power, 2 days (A) and 5 days (E) after axotomy, cell
oth neurons (arrows) and non-neuronal cells (arrowheads), the latter
ham-operation, light immunoreactivity was found only in “satellite-like”
s of the postganglionic nerve trunks, darkly labeled cells with the
reactivity was seen on a section from a ganglion 2 days after axotomy
cells in t
sted of b
) after a s
he origin
immuno

�25 �m.
n which polyamines were measured by HPLC (Boeshore
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t al., 2004), increased polyamine-like immunoreactivity
as seen in sections from axotomized ganglia. The darkly

mmunostained cells were widely distributed throughout
he SCG 2 days after axotomy (Fig. 1).

In the brain, polyamine-like immunoreactivity has been
ound in both neurons and non-neuronal cells (Laube and
eh, 1997; Laube et al., 2002). Similarly, at both 2 and 5 days
fter axotomy, immunoreactivity in sections of the SCG was
ound both in principal neurons and in non-neuronal cells
ithin the ganglion (Fig. 2A, E). The non-neuronal cells had

he morphology and localization of satellite (Fig. 2A, E; ar-
owheads) and Schwann cells (Fig. 2C). The proportion of
abeled cells that were neurons appeared to be greater at 2
ays than at 5 days (Fig. 2A, E). In contrast, sections from
anglia 2 or 5 after a sham-operation showed only weak

mmunostaining in non-neuronal cells surrounding principal
eurons, probably satellite cells (Fig. 2B, F). No staining was
een in sections from the same ganglion that were not treated
ith the primary antibody (Fig. 2D). Six hours after axotomy,
o evidence was seen for a change in immunoreactivity
ompared with that seen in sections from sham-operated
anglia (data not shown).

eurite outgrowth in PC12 cells

C12 cells primed with NGF (as described in Experimental
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ig. 3. Percentage of PC12 cells with neurites. NGF-primed PC12
ere cultured under four conditions: with normal medium (“untreated”),
ith spermidine alone (“SPD”), with NGF alone, and with NGF plus
permidine. Cultures were photographed at 2, 4, 6, and 8 days, and
he percentage of cells with at least one neurite that was longer than
wo times the diameter of the cell was determined. In this figure, and
n all the histograms in Fig. 6, statistical comparisons are made be-
ween the spermidine alone groups and the untreated groups and
etween the spermidine plus NGF groups and the NGF alone groups.
P�0.05, ** P�0.01, ***P�0.001.
rocedures) were cultured with normal (i.e. high serum b
ontaining) medium, medium containing 10 �M spermi-
ine, medium containing 50 ng/ml NGF, or medium con-
aining both spermidine and NGF. To determine whether
permidine affected neurite outgrowth, the spermidine
lone group was compared with the untreated group, and
he spermidine plus NGF group was compared with the
GF alone group. The percentages of cells with neurites

onger than twice the shortest diameter of the cell body
ere greater when cells were cultured in the presence of
permidine than when they were cultured with normal me-
ium (Fig. 3; Fig. 4A,B, and Fig. 5A, B). The percentage of
ells with neurites was also higher in the spermidine plus
GF group than in the group cultured in the presence of
GF alone (Fig. 3; Fig. 4C, D, and Fig. 5C, D). Within each

reatment group, none of the groups showed a significant
hange over time, although the P value for the change over
ime for the NGF alone group was 0.056 by one way
epeated measures analysis of variance. The differences
etween the spermidine and untreated groups and be-
ween the spermidine plus NGF and the NGF alone groups
ere statistically significant at all four time points examined

rom 2 days until 8 days (Fig. 3).
When the total lengths of the neurites per cell were

easured, the values for cells treated with spermidine
lone were greater than those in the untreated group at 2,
, and 8 days in culture (Fig. 6A). In contrast, in the
resence of NGF, the total length of neurites for cells
reated with spermidine plus NGF was significantly less
han those treated with NGF alone at 2 days and 8 days.
he mean number of branches per cell was also deter-
ined and was found to be significantly higher at 2, 6 and
days for the cells treated with spermidine alone than for

he cells treated with control medium (Fig. 6B). At most of
he time points, no difference was found in branching
etween the NGF alone and the NGF plus spermidine
roups.

The total number of cells that were quantitated within
he six fields was not significantly different on day 2 among
he four experimental conditions, and the number of cells in
he spermidine alone or spermidine plus NGF conditions
id not change during the time in culture (Fig. 6C). At day
, however, the number of cells was significantly higher in
he control medium than in the spermidine alone medium,
nd in the NGF alone medium than in the NGF plus sper-
idine medium (Fig. 8), indicating that proliferation oc-

urred in the groups that were not exposed to spermidine.

DISCUSSION

revious studies on a role for polyamines in
eripheral nerve regeneration

arly interest in a possible role for polyamines in nerve
egeneration came from three types of studies. The first
as the finding that the activity of ornithine decarboxylase,

he enzyme which catalyzes the conversion of ornithine to
he diamine putrescine, increased following axonal injury in

number of neural systems in which regeneration takes
lace. Secondly, in some instances, pharmacological

lockade of polyamine synthesis was found to inhibit re-
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eneration. Finally, administration of exogenous poly-
mines enhanced regeneration in most of these systems.

In the goldfish retina, for example, ornithine decarbox-
lase activity was increased 3 days after optic nerve crush
Kohsaka et al., 1981; Schwartz et al., 1981). In addition,
xonal transport of putrescine and spermidine was en-
anced in regenerating retinal ganglion cells (Ingoglia et
l., 1977). However, an attempt to decrease regeneration

n this system by administration of an irreversible inhibitor
f ornithine decarboxylase, �-difluoromethylornithine
DFMO), was unsuccessful (Kohsaka et al., 1982).

Increased ornithine decarboxylase activity also oc-
urs in sensory, motor and sympathetic neurons after
xotomy (Gilad and Gilad, 1981, 1983b; Ando et al.,
984; Tetzlaff and Kreutzberg, 1985; Kanje et al., 1986;
ells, 1987; Soiefer et al., 1988). Regeneration of the

xons of neurons in the frog dorsal root ganglion was
nhibited when animals were injected with DFMO (Kanje
t al., 1986; Edbladh et al., 1990). An inhibitory effect of
FMO was also found on regeneration of sensory and
otor neurons following the crushing of the rat sciatic
erve (Kauppila and Stenberg, 1989). In addition, in the
ase of the rat sciatic nerve, administration of spermine
r spermidine was found to enhance the rate of regen-

ig. 4. Micrograph of PC12 cells after 2 days in culture. NGF-primed
ormal medium (“untreated”), (B) spermidine (“SPD”), (C) NGF, and (
ration of sensory and motor axons (Sebille and Bon- i
oux-Jahan, 1980; Kauppila et al., 1988; Kauppila,
992). Finally, administration of putrescine, spermidine
nd spermine, together with an inhibitor of diamine ox-

dase (an enzyme involved in polyamine catabolism),
ccelerated the return of vibrissae movement after facial
erve crush (Gilad et al., 1996).

Experiments in vivo indicate that polyamines also play a
ole in sympathetic nerve regeneration. When DFMO was
dministered together with an inhibitor of S-adenosylmethi-
nine decarboxylase (a third enzyme involved in polyamine
iosynthesis), chromatolysis in neurons of the SCG, an early
spect of the cell body response to axonal injury, was
locked. In addition, there was almost a 50% decrease in the
umber of neurons in the ganglion 1 week after nerve tran-
ection, indicating a role for polyamines in neuronal survival
fter axotomy (Gilad and Gilad, 1983a). Injection of a mixture
f putrescine, spermidine and spermine enhanced the rein-
ervation after postganglionic nerve crush of the pineal gland
nd iris, two targets of neurons in the SCG.

hanges in polyamine biosynthesis in axotomized
CG

xotomy of the SCG leads to changes in three enzymes

lls were photographed after 2 days in culture in the presence of (A)
plus spermidine. Scale bar�100 �m.
PC12 ce
D) NGF
nvolved in polyamine biosynthesis, arginase I, ornithine



d
(
W
g
e
p
s
c
W
l
2
c
1
c
d
a
2
t
(
s
o
e
o
a
(

f
o
(
m
2
o
t
t

t
b
o
o
i
a
t
a
e
a
M
C
i
a
o

F
n

R. C. Schreiber et al. / Neuroscience 128 (2004) 741–749746
ecarboxylase, and S-adenosylmethionine decarboxylase
Gilad and Gilad, 1981, 1983b; Boeshore et al., 2004).

ith regard to the first of these, 2 days after the postgan-
lionic nerve trunks are transected, arginase I mRNA lev-
ls were increased 22-fold, and this increase was accom-
anied by a dramatic increase in arginase I protein (Boe-
hore et al., 2004). Arginase I is a cytosolic enzyme that
atalyzes the conversion of arginine to ornithine and urea.
hile ornithine has a number of roles in cellular metabo-

ism (Albina et al., 1993; Mills, 2001; Witte and Barbul,
003; Cederbaum et al., 2004), one of them is as a pre-
ursor for the synthesis of putrescine (Wu and Morris,
998), a reaction catalyzed by the enzyme ornithine de-
arboxylase. As already noted, the activity of ornithine
ecarboxylase is also increased in sympathetic neurons
fter axotomy, with a two-fold increase detectable within
h, a maximum 4.5-fold increase seen at 10 h, and a

wo-fold elevation being maintained thereafter for 5 days
Gilad and Gilad, 1981, 1983b). In a gene microarray
tudy, however, we found no evidence for an increase in
rnithine decarboxylase mRNA after axotomy (Boeshore
t al., 2004). Previous studies indicated that the increase in
rnithine decarboxylase activity seen in the SCG after
xotomy is accompanied by an increase in enzyme protein

ig. 5. Micrograph of PC12 cells after 8 days in culture. NGF-primed
ormal medium (“untreated”), (B) spermidine (“SPD”), (C) NGF, and (
Wells, 1986). These findings are consistent with studies i
rom other systems indicating that much of the regulation
f ornithine decarboxylase occurs at the translational level
Shantz and Pegg, 1999). Finally, mRNA for S-adenosyl-
ethionine decarboxylase decreases 2.7-fold in the SCG
days after axotomy. Decarboxylated S-adenosylmethi-

nine is the aminopropyl donor in the conversion of pu-
rescine to spermidine and in the conversion of spermidine
o spermine (Pegg and McCann, 1992).

While increases in expression of arginase I and orni-
hine decarboxylase would tend to increase polyamine
iosynthesis, whereas decreases in S-adenosylmethi-
nine decarboxylase would tend to do the opposite, the
verall effect of axotomy on polyamines in the SCG is to

ncrease levels of putrescine and spermidine (Boeshore et
l., 2004). Ornithine decarboxylase is usually considered
o be the rate-limiting enzyme in polyamine synthesis,
lthough this is not always the case (e.g. Guroff and Dick-
ns, 1983). Under certain conditions, increases in arginase
ctivity can lead to increases in polyamine levels (Wu and
orris, 1998; Kepka-Lenhart et al., 2000; Li et al., 2001;
ai et al., 2002). However, the fact that there are changes

n the SCG in both arginase I and ornithine decarboxylase
fter axotomy leaves open the question as to whether one
r both of these enzymes is responsible for the increases

lls were photographed after 8 days in culture in the presence of (A)
plus spermidine. Scale bar�100 �m.
PC12 ce
D) NGF
n putrescine and spermidine levels that occur.
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Histochemical and autoradiographic studies localized
he changes in ornithine decarboxylase primarily to the
xotomized neurons in the SCG (Gilad and Gilad, 1983b;
ells, 1986), with some labeling of non-neuronal cells

Wells, 1986). The change in arginase I immunoreactivity
as localized to neurons in the ganglion and to macro-
hages in the injured nerve trunks (Boeshore et al., 2004).

n the present study, we have localized the change in
olyamine levels to both neurons and non-neuronal cells in
he SCG. While the localization of ornithine decarboxylase
nd arginase suggests that the primary site of polyamine
ynthesis within the SCG is in axotomized neurons, we
annot rule out non-neuronal cells as additional sites of
olyamine synthesis particularly in sham-operated ani-
als. Studies in the rat CNS, using the same antiserum
sed in the present study, have revealed labeling of both
eurons and non-neuronal cells (primarly astrocytes;
aube and Veh, 1997; Laube et al., 2002). Interestingly,
tudies with radioactive polyamines indicate that these
ompounds can be transferred from neurons to perineuro-
al non-neuronal cells (Ingoglia et al., 1982; Lindquist et
l., 1985) and polyamine uptake systems have been char-
cterized in astrocytes (Dot et al., 2000; Masuko et al.,
003).

ffects of polyamines on neurite outgrowth in cell
ulture

tudies of the role of polyamines in neurite outgrowth in
ell culture began with the finding of Greene and McGuire
1978) that, although NGF produced a large and rapid
ncrease in ornithine decarboxylase activity, pharmacolog-
cal inhibition of this enzyme did not inhibit NGF-induced
eurite outgrowth. Interpretation of this finding is compli-
ated by the subsequent finding that, despite this increase

n ornithine decarboxylase activity, NGF produced no
hange in polyamine levels in PC12 cells (Guroff and
ickens, 1983; Mudumba et al., 2002), suggesting that
rnithine decarboxylase is not the rate-limiting enzyme
nder these conditions. In any case, the fact that NGF
oes not produce its effects on neurite outgrowth via poly-
mines does not rule out the possibility that polyamines
an stimulate neurite outgrowth in these cells. Neverthe-

ess, two former studies failed to find effects of polyamines
n neurite outgrowth in PC12 cells. Guroff and Dickens
1983) reported finding no effects of putrescine, spermi-
ine or spermine on NGF induced neurite outgrowth,
hough details of the experiments and their results were
ot given. A recent study reported no significant increase

n neurite outgrowth in PC12 cells with putrescine, spermi-
ine, or spermine in the absence of NGF; however, treat-
ent with N8-acetylspermidine or with an inhibitor of N8-
cetylspermidine deacetylase did enhance neurite out-
rowth (Mudumba et al., 2002).

We chose to examine the effects of polyamines on
GF-primed PC12 cells. In this procedure, cells grow neu-

ites in the presence of NGF, then these neurites are
tripped off by removing the cells from the culture dish, and
nally the cells are replated and the regrowth of neurites is
ig. 6. Effect of spermidine on neurite length, branching, and cell
umber. (A) For each PC12 cell that had a neurite longer than two
imes the cell body diameter, the total length of all the neurites of the
ell was determined. For the NGF alone group (P�0.001) and the
GF plus spermidine group (P�0.02), the total length increased sig-
ificantly over time when tested by a one way repeated measures
nalysis of variance. In each of the histograms in this figure, the
sterisks refer to comparisons between the spermidine alone groups
nd the untreated groups and between the spermidine plus NGF
roups and the NGF alone groups. * P�0.05. (B) For each PC12 cell

hat had a neurite longer than two times the diameter of the cell, the
umber of neurite branches was determined. At all time points except
t 4 days, the number of branches per cell was higher when the cells
ere treated with spermidine alone than when they were treated with
ontrol medium. * P�0.03, ** P�0.003. (C) Total number of cells
xamined per culture well. Six microscopic fields were photographed
er culture well at 10�, and the total number of PC 12 cells (i.e. with
nd without neurites) was determined. In the control group (“un-
reated”), the number of cells increased over time (P�0.02) by a one
ay repeated measures analysis of variance. At 8 days, the number of
ells in the control group was significantly greater than that in the
permidine group, and the number of cells in the NGF group was
ignificantly greater than that in the NGF plus spermidine group.
P�0.02, ** P�0.006.
 tudied. Thus, this procedure mimics what a sympathetic
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euron goes through during normal development and after
xotomy in the adult. In addition, we maintained our cells in
high serum containing medium throughout our experi-
ents so that we could look at long term effects of poly-
mines. Under these conditions, spermidine increased the
ercentage of PC12 cells with neurites both by itself and
hen it was used together with NGF. While we did not set
ut to study the effects of spermidine on cell proliferation,
ur data suggest that spermidine inhibits proliferation of
C12 cells. Although polyamines stimulate proliferation of
any cell types, it is interesting that in the house cricket,
utrescine but not spermidine or spermine stimulate neu-
ogenesis, while spermidine and spermine but not pu-
rescine stimulated neuronal differentiation (i.e. process
utgrowth; Cayre et al., 2001). In the present study, sper-
idine did not increase the total length of the neuritic arbor

n process-bearing cells when given together with NGF.
ather, the neuritic arbor was somewhat longer at most

ime points examined when cells were cultured with NGF
lone. The data indicate that spermidine increases the
robability that an NGF-primed PC12 cell will regrow a
eurite. These findings strengthen the possibility that poly-
mines play a role in sympathetic nerve regeneration after
xonal damage and suggest that they might stimulate the

nitiation of axonal regrowth. Little is known about the
iochemical mechanisms of action of polyamines on the
ervous system, and one can only speculate as to the
echanism(s) by which spermidine stimulates neurite out-
rowth. One possibility, however, is that polyamines act by
ltering the cytoskeleton either via an effect on gene ex-
ression (Kaminska et al., 1992) or on cytoskeletal assem-
ly (Grant and Oriol-Audit, 1985).
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