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Abstract

 

Platinum compounds induce apoptosis in malignant cells
and are used extensively in the treatment of cancer. Total
dose is limited by development of a sensory neuropathy. We
now demonstrate that when rats are administered cisplatin
(2 mg/kg i.p. for 5 d), primary sensory neurons in the dorsal
root ganglion die by apoptosis. This was reproduced by ex-
posure of dorsal root ganglion neurons and PC12 cells to
cisplatin (3 

 

m

 

g/ml) in vitro. Apoptosis was confirmed by
electron microscopy, DNA laddering, and inhibition by the
caspase inhibitor z-VAD.fmk (100 

 

m

 

M). Cell death in vitro
was preceded by upregulation of cyclin D1, cdk4, and in-
creased phosphorylation of retinoblastoma protein; all are
indicators of cell cycle advancement. The level of p16

 

INK4a

 

,
an endogenous inhibitor of the cyclin D1/cdk4 complex de-
creased. Exposure of PC12 cells and dorsal root ganglion
neurons to increased levels of nerve growth factor (100 ng/
ml) prevented both apoptosis and upregulation of the cell
cycle markers. Cancer cells without nerve growth factor re-
ceptors (gp

 

140TrkA

 

) were not protected by the neurotrophin.
This indicated that cisplatin may kill cancer cells and neu-
rons by a similar mechanism. In postmitotic neurons, this
involves an attempt to re-enter the cell cycle resulting in
apoptosis which is specifically prevented by nerve growth
factor. (

 

J. Clin. Invest.

 

 1998. 101:2842–2850.) Key words: che-
motherapy
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Introduction

 

cis

 

-dichlorodiamine platinum (CDDP,

 

1

 

 cisplatin) is the drug of
choice for treatment of germ cell cancers (1, 2). It is also used
adjunctively for other solid tumors but the total dose that can
be administered is limited by serious adverse effects including
renal toxicity and peripheral neurotoxicity (1, 3). The inci-
dence of nephropathy, which was dose limiting, has been sig-
nificantly reduced by chloride diuresis. Maintenance of high

chloride concentrations in kidney cells prevents aquation and
activation of cisplatin (4). Peripheral neuropathy was first re-
ported soon after the drug was introduced (1, 3). The neuropa-
thy is dose limiting and closely related to total cumulative drug
dose (5–8). Significant peripheral neurotoxicity is apparent in
the majority of adult patients who receive 

 

. 

 

400–500 mg/m

 

2

 

 of
cisplatin (3, 9, 10). The neuropathy is predominantly sensory
with initial complaints of paresthesiae in the distal extremities
(10). This may progress to severe sensory ataxia. Neuropatho-
logical studies have shown loss of large myelinated fibers and
evidence of axonal degeneration (10, 11). The neuropathy may
continue to progress for several months after cessation of cis-
platin (12) and symptoms may develop 3–8 wk after the last
dose of chemotherapy (13). Other platinum compounds in ac-
tive or experimental clinical use, including carboplatin and ox-
aliplatin, are also associated with sensory neurotoxicity to
varying degrees (14–16).

The reason for predominant sensory neuron toxicity may
relate to drug access rather than selective neuronal vulnerabil-
ity. Cisplatin does not cross the blood–brain barrier and, there-
fore, motor neurons and other central nervous system neurons
are not directly exposed to toxic levels of drug. The dorsal root
ganglion (DRG) is supplied by fenestrated capillaries. Conse-
quently, sensory neurons are exposed to serum levels of drug.
This has been confirmed in human autopsy studies. Tissue
platinum assays revealed the highest platinum concentration in
tumor tissue (mean 3.3 

 

m

 

g/gram), but similarly high concentra-
tions were found in peripheral nervous tissue (3.5 

 

m

 

g/gram in
sciatic nerve and 3.8 

 

m

 

g/gram in spinal ganglia). This compared
with much lower concentrations in brain (0.17 

 

m

 

g/gram) (5,
10). Electrophysiological studies in cancer patients treated
with cisplatin confirm that large diameter sensory axons are in-
volved (17, 18). Most studies have been interpreted as suggest-
ing that the DRG neuron is the primary target (6).

Development of animal models for the study of cisplatin
neurotoxicity has been difficult because of the development of
severe nephrotoxicity before neurotoxicity. In surviving ani-
mals, the possibility that neuropathy is due to renal failure
rather than to cisplatin has been difficult to elucidate. Careful
attention to hydration and dose schedule has reduced these
difficulties. In most cases 1–2 mg/kg of cisplatin once or twice
each week have been used. Animals have then been followed
for 3–10 wk. None of the animal studies have demonstrated an
obvious clinical deficit although behavioral studies in cisplatin-
treated mice have indicated a deficit in balance function (19).
This was associated with biochemical abnormalities in DRG
and slowing of tail nerve conduction. Several other groups
have demonstrated similar slowing of nerve conduction in rats
(20–24). Using similar doses, microscopic changes in DRG
neurons including neuronal shrinkage and nucleolar abnor-
malities have been identified (19, 24–27).

Mechanistic studies of cisplatin-induced neurotoxicity have
been limited. We and others have demonstrated that cisplatin
inhibits neurite outgrowth from neurons in vitro (28–30). Ve-
sicular axonal transport and microtubule assembly are altered
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by cisplatin (31, 32). GAP-43 mRNA expression is upregu-
lated and various neuropeptides are downregulated in DRG
exposed to cisplatin in vivo. Whether any of these changes are
of primary importance in neurotoxicity is unknown.

Several agents have been shown to have a protective effect
against cisplatin neurotoxicity in vitro and in animal models.
These include reduced glutathione (20, 21, 33, 34), other thiols
(35, 36), the ACTH like peptides (22, 37, 38), and neurotrophic
agents (19, 28, 29, 39–43). None of these have yet progressed
to effective human treatment and in most cases, the rationale
for use is empiric. Work presented in this study describes a
neuroprotective effect conferred by nerve growth factor (NGF)
on cisplatin-treated sensory neurons. It is proposed that cis-
platin-induced cell death involves re-entry of these postmitotic
neurons into the cell cycle which is prevented by NGF.

 

Methods

 

Tissue culture.

 

Dorsal root ganglia were removed by microdissection
from 15-d-old Sprague Dawley rats (Harlan Sprague Dawley, Madi-
son, WI) and dissociated with 0.25% trypsin for 30 min. Dissociated
cells were plated on ACLAR (American Chemical, Pleasant Gap,
PA) dishes coated with ammoniated and air-dried, rat tail collagen
and incubated in EMEM supplemented with 5.0 ng/ml of 2.5S mouse
submaxillary gland NGF (Bioproducts for Science, Indianapolis, IN),
15% calf bovine serum (Hy-Clone Laboratories, Logan, UT) 0.6%
glucose, 50 

 

m

 

g/ml ascorbic acid, and 1.4 mmol 

 

L

 

-glutamine. Enriched
neuronal cultures were obtained by treatment with 10

 

2

 

5

 

 M fluorode-
oxyuridine (Sigma Chemical Co., St. Louis, MO) for 4 d. All cultures
were incubated at 37

 

8

 

C in 5% CO

 

2

 

. Where stated, cultures were
treated with 3.5 

 

m

 

g/ml cisplatin (Sigma Chemical Co.) and varying
concentrations of NGF (50–100 ng/ml). Caspase inhibition was achieved
by exposing cultures to the irreversible caspase inhibitor z-VAD.fmk
(100 

 

m

 

M; Bachem, Torrance, CA).
Grid counting was used for quantitation of DRG neurons.

ACLAR dishes with a 0.5-mm grid pattern (44) were made in the lab-
oratory for counting neuron-enriched DRG cultures. In this protocol,
the same cells can be counted sequentially allowing high reproduc-
ibility (

 

.

 

 97.0% interobserver reliability) with low numbers of cells
(

 

,

 

 200 cells per condition). Four to six replicate cultures were used
for each condition. Cell counts were always completed by a blinded
observer to eliminate bias.

The rat pheochromocytoma cell line (PC12) was originally a gift
from the laboratory of Dr. Eric M. Shooter (Stanford University,
Palo Alto, CA). The human colon (HT-29) and breast (MCF-7) can-
cer cell lines were a gift from Dr. Matthew M. Ames (Mayo Compre-
hensive Cancer Center, Rochester, MN).

 

Animals.

 

Male Harlan-Sprague Dawley rats (450 grams) were in-
jected intraperitoneally with 2 mg/kg cisplatin every day for 5 d, fol-
lowed by a 5-d recovery period. Animals were killed and L5 DRG re-
moved and prepared for electron microscopy as described below.
Cisplatin-treated rats were fed ad libitum. Pair-fed, weight-matched
control rats were injected with saline vehicle every day for 5 d and al-
lowed to recover for an additional 5 d.

 

Electron microscopy.

 

DRG cultures and DRG removed from
rats were fixed for a minimum of 4 h with Trump’s fixative followed
by 1 h postfixation in 1% OsO

 

4

 

. Cultures were stained en bloc with
2% uranyl acetate, dehydrated, and embedded in Spurr’s resin. Sec-
tions (0.8 

 

m

 

m) were stained with lead citrate and examined with a
Philips CM10 transmission electron microscope.

 

DNA fragmentation.

 

DNA from enriched DRG neuronal cul-
tures was isolated by modification of a previous method (45). DRG
neuronal cultures and cancer cell lines were exposed to cisplatin (3.5

 

m

 

g/ml) for 12–48 h. After treatment, cells were washed in PBS and
pelleted. Cells were lysed in 200 

 

m

 

l of 50 mM Tris-HCl pH 9.0, 20 mM
EDTA, 10 mM NaCl, 1.1% sodium dodecyl sulfate (wt/vol), and 10

mg/ml Proteinase K (Gibco/BRL, Rockville, MD). Cells were incu-
bated in lysis buffer for 48 h at 48

 

8

 

C. Samples were cooled at room
temperature for 15 min and sedimented. 200 

 

m

 

l of phenol-chloroform
was added to each pellet, vortexed, and sedimented again. After a
second phenol-chloroform extraction, an aliquot containing 5 

 

m

 

g
DNA was added to 50 

 

m

 

g/

 

m

 

l RNase A in 3 

 

m

 

l gel loading buffer and
incubated at room temperature for 1 h. Samples were electropho-
resed in 1.2% agarose gel and visualized with ethidium bromide. Neu-
tralizing antibodies to the p75 receptor, REX (46) was a generous gift
from Dr. Louis Reichardt (University of California, San Francisco).

 

Western blotting.

 

Immunoblotting of cell cycle related proteins
was performed to characterize the expression of these elements in cis-
platin-treated DRG neuronal cultures and cancer cell lines. Lysates
were obtained and separated by SDS-PAGE (5–8%) and electro-
phoretically transferred to nitrocellulose membranes as described
previously (47). Membranes were put in a 4.0% BSA solution (in
PBS) overnight at 4

 

8

 

C to block nonspecific protein binding, immuno-
blotted with 0.5–1.0 

 

m

 

g/ml primary antibody to the defined cell cycle
proteins (cyclin D1, cdk4, p16

 

INK4a

 

, and retinoblastoma protein
(pRb); Transduction Laboratories, Lexington, KY) for 1 h at room
temperature followed by blotting with anti–mouse HRP-conjugated
secondary antibody (1:10,000; Amersham Corp., Arlington Heights,
IL) for an additional hour. Western blot analysis was also performed
using a monoclonal antibody to the CPP32 protein (1:1,000; Trans-
duction Laboratories). Membrane washes in PBS plus 0.05% Tween-
20 were performed after both primary and secondary antibody incu-
bations. Enhanced chemiluminescence (ECL; Amersham Corp.) was
used to visualize immunoblotted proteins.

 

Caspase activity assay.

 

Assay for CPP32-like activity was per-
formed as described previously (48). Aliquots of cytosolic extracts (40

 

m

 

g of protein in 500 

 

m

 

l extraction buffer) were mixed with equal vol-
ume of 40 

 

m

 

M fluorescent tetrapeptide substrate (Ac-DEVD-AMC;
Bachem) in the same buffer solution. Free aminomethylcoumarin
(AMC) accumulation, which resulted from cleavage of the aspartate–
AMC bond, was monitored after 30 min at 37

 

8

 

C using a FS900 fluo-
rometer (Edinburgh Instruments Ltd., Edinburgh, United Kingdom)
at 360-nm excitation and 460-nm emission wavelengths. Data were
expressed as a percentage of caspase activity in samples from un-
treated cultures.

 

Immunofluorescent microscopy.

 

Immunocytochemistry was used
to confirm that the increased expression of cyclin D1 detected by
Western blot analysis was in neurons. We also determined if these
changes in cellular protein levels preceded apoptotic cell death dem-
onstrated by 

 

bis

 

-benzimide staining. Cisplatin-treated DRG cultures
were fixed in 4.0% paraformaldehyde for 10 min at room tempera-
ture, washed in PBS and nonspecific protein binding blocked by incu-
bation in 4.0% BSA for 1 h. After permeabilizing with 1 

 

m

 

g/ml pro-
teinase K in PBS for 15 min at 37

 

8

 

C, anticyclin D1 monoclonal
antibody (2.0 

 

m

 

g/ml; Transduction Laboratories) was added for 4 h.
This was the same antibody as used for Western blotting. After rins-
ing, anti–mouse IgG-FITC conjugated secondary antibody (1:1,000;
Sigma Chemical Co.) was added for 2 h. Cultures were viewed and
images recorded using a fluorescence microscope (Axiophot; Carl
Zeiss, Thornwood, NY) with fluorescein optics.

 

Results

 

Cisplatin-induced apoptosis in dorsal root ganglion neurons.

 

In the first series of experiments, we examined the mode of
cell death induced by cisplatin. Two model systems were used;
embryonic day 15 rat DRG neurons in culture and adult rats
treated with intraperitoneal cisplatin. In both cases, neurons
were postmitotic. When DRG neurons were exposed in vitro
to therapeutic concentrations of cisplatin (3.5 

 

m

 

g/ml) and ex-
amined by electron microscopy after 48 h, characteristic mor-
phologic changes of apoptosis were observed. These included
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cell shrinkage, nuclear condensation and fragmentation with
maintenance of plasma membrane and intracellular organelle
integrity (Fig. 1 

 

A

 

). Additional evidence for the occurrence of
apoptosis was obtained by isolating DNA from cisplatin-
treated DRG neurons and subsequent electrophoretic separa-
tion (Fig. 1 

 

B

 

). DNA laddering, indicative of internucleosomal
fragmentation, was observed in cisplatin-treated cultures at
the same time as the apoptotic changes were seen by electron
microscopy. When rats were treated with cisplatin (2 mg/kg i.p.
for 5 d) and killed after 10 d, similar morphological changes
were observed (Fig. 1 

 

C

 

). This schedule is similar to that used
for treating humans.

Activation of the mammalian interleukin-1

 

b

 

 converting en-
zyme-like cysteine proteases (caspases) is one of the final steps
in apoptotic cell death. Inhibition of caspase activation may,
therefore, protect cells from dying by this pathway. Addition
of the irreversible caspase inhibitor z-VAD.fmk to cisplatin-
(3.5 

 

m

 

g/ml for 48 h) treated cultures reduced the degree of
DNA laddering compared with cultures exposed to cisplatin
alone (Fig. 2 

 

A

 

). This reduction in internucleosomal fragmen-
tation was accompanied by increased neuron viability (Fig. 2

 

B

 

). Caspase activation was confirmed by demonstrating cleav-
age of CPP32/caspase-3 (Fig. 2 

 

C

 

), the enzyme responsible for
the specific proteolytic breakdown of poly(ADP-ribose) poly-
merase/PARP that occurs at the onset of apoptosis (48).
Cleavage of CPP32 was not observed in cisplatin-treated cul-
tures exposed to the caspase inhibitor z-VAD.fmk. To exam-
ine if the effect on neuronal survival mediated by caspase inhi-
bition related to decreased caspase activity, we quantitated

changes in enzyme activity in neuronal cultures. CPP32-like
(caspase-3) protease activity was assayed using the specific flu-
orogenic tetrapeptide substrate Ac-DEVD-aminomethylcou-
marin(AMC). Cisplatin-treated (3.5 

 

m

 

g/ml for 48 h) cultures
revealed a significant elevation of CPP32-like activity in cyto-
solic extracts rising to 182

 

6

 

6.4% increase of control (Fig. 2 

 

D

 

).
This fluorometric assay did not detect significant changes in
CPP32-like activity in extracts from cultures exposed to cispla-
tin plus 100 

 

m

 

M z-VAD.fmk for 48 h.
Collectively, these experiments demonstrated that cis-

platin-induced apoptosis of DRG neurons in vitro and in vivo at
concentrations or doses associated with the onset of peripheral
neuropathy in cancer patients. We also confirmed previous ob-
servations that cisplatin induced apoptosis in human colon
(HT-29) and breast (MCF-7) cancer cell lines (Fig. 3). Bio-
chemically, cisplatin induced apoptosis activated the caspase cas-
cade, an event which was blocked by the inhibitor z-VAD.fmk.

 

Cisplatin upregulated markers of cell cycle advancement.

 

Western blot analysis of proteins from neuron-enriched DRG
cultures exposed to cisplatin (3.5 

 

m

 

g/ml for 12 and 24 h) dem-
onstrated increased expression of cyclin D1, a marker of pro-
gression through G1 phase of the cell cycle (Fig. 4 

 

A

 

). The
level of protein expression in differentiated, untreated cultures
was low. Exposure to cisplatin resulted in a significant increase
in cyclin D1 within 12 h of treatment. In cisplatin-treated cul-
tures exposed to the caspase inhibitor z-VAD.fmk, cyclin D1
protein expression was not reduced as compared to cultures
exposed to cisplatin alone. This demonstrated that upregula-
tion of cyclin D1 expression was occurring upstream of caspase

Figure 1. Cisplatin induces apopto-
sis in DRG neurons. (A) DRG cul-
tures were treated with cisplatin (3.5 
mg/ml) for 48 h and then observed 
by electron microscopy. Character-
istic changes of apoptotic cell death 
(*) including nuclear fragmentation 
and condensed cytoplasm in the 
presence of an intact plasma mem-
brane were observed (2). These 
changes were not seen in untreated 
cultures (1; magnification of 2,800). 
(B) Internucleosomal fragmentation 
by gel electrophoresis, characteristic 
of apoptotic cell death, was also ob-
served in neuron-enriched DRG 
cultures exposed to cisplatin as de-
scribed above. DNA ladders were 
observed in cisplatin treated cul-
tures (1) but not in untreated cul-
tures (2). (C) DRG neurons from 
rats treated with 2 mg/kg cisplatin 
(i.p.) daily for 5 d followed by 5 d 
without treatment revealed mor-
phological changes consistent with 
apoptotic cell death (arrow; 2). 
These neurons undergoing apopto-
sis resembled those from the in vitro 
studies. Apoptotic changes were not 
seen in DRG from control rats in-
jected with saline vehicle (1; magni-
fication of 2,100).
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activation, suggesting that entry into G1 phase of the cell cycle
preceded the initiation of apoptosis. Cyclin D1 protein levels
were only reduced in cisplatin-treated neurons cultured in the
presence of high concentrations of the differentiating growth
factor NGF (Fig. 4 

 

A

 

). It was confirmed by immunocytochem-
istry that this upregulation was occurring primarily in neurons
(Fig. 4 

 

B

 

). This suggested that cisplatin induced DRG neurons
to enter the cell cycle before any detectable morphological
measure of cell death (48 h) was observed. Cisplatin-induced
cell cycle perturbation was further studied by examining the
phosphorylation state of pRb (Fig. 4 

 

C

 

). These studies were
performed at 12 h cisplatin treatment which is 36 h before any
observation of drug-induced cell death by the criteria of DNA
laddering or morphological changes characteristic of apopto-
sis. Advancement through the cell cycle is accompanied by
hyperphosphorylation of pRb; return to early G1 results in hy-

pophosphorylation. Cisplatin-treated neurons revealed hyper-
phosphorylation of pRb which was not reduced upon exposure
to the caspase inhibitor z-VAD.fmk. These findings support
the observation described above of cell cycle entry (i.e., cyclin
D1 expression) preceding caspase activation in cisplatin-
treated neurons.

Advancement through the cell cycle from G0 through G1 is
accompanied by upregulation of cyclin D1 and decreased ex-
pression of the endogenous cyclin D1 inhibitor, p16

 

INK4a

 

. In-
creasing the concentration of NGF in cisplatin-treated cultures
resulted in increased expression of p16

 

INK4a

 

 by 6 h. This sug-
gested that the neurotrophin was maintaining neurons in the
quiescent stage of the cell cycle. Similar findings were pro-
duced by addition of olomoucine, a nonspecific cyclin-cdk in-
hibitor, to PC12 cells. This resulted in reduced cyclin D1–cdk4
complex formation. Immunoprecipitation with antibodies to

Figure 2. Effect of caspase inhibition on cis-
platin induced apoptosis in DRG neurons. 
(A) DRG cultures were exposed to 3.5 mg/ml 
cisplatin with or without the addition of the 
caspase inhibitor z-VAD.fmk (100 mM) for
48 h; untreated control cultures in lane 1. 
DNA was harvested, separated by gel electro-
phoresis, and visualized by ethidium bromide. 
Internucleosomal fragmentation (DNA lad-
ders) was reduced in cultures treated with 
cisplatin and z-VAD.fmk (lane 3) compared 
with cultures treated with cisplatin alone 
(lane 2). Control neurons (lane 1) had intact 
genomic DNA. All cultures were incubated in 
the presence of 5 ng/ml NGF. (B) Neuron sur-
vival was studied using phase contrast micros-
copy and grid counting. The number of viable 
neurons after 48 h of cisplatin (CDDP; 3.5 mg/
ml) treatment was significantly increased
(*P , 0.01 Student’s t test) in the presence of 
z-VAD.fmk (3) compared to neurons exposed 
to cisplatin alone (2). Cell viability was also 
determined in untreated neurons (1). (C) 
Western blot analysis of neuronal cultures re-
vealed the cleavage of CPP32 (caspase-3) in 
cultures exposed to 3.5 mg/ml cisplatin (lane 
2). Cleavage of CPP32 was reduced in cispla-
tin cultures treated with 100 mM of the 
caspase inhibitor z-VAD.fmk (lane 3). Pro-
tein lysates from untreated cultures were sep-
arated in lane 1. Upper arrow represents in-
tact CPP32 protein and lower arrow reflects 
the cleaved 17-kD activated fragment. (D) 
CPP32-like caspase activity in cytosolic pro-
tein extracts from neuron-enriched DRG cul-
tures was determined. Cells were exposed to 
3.5 mg/ml cisplatin alone (1) or with 100 mM
z-VAD.fmk (2) for 48 h. Cleavage of Ac-
DEVD-AMC was assayed fluorometrically 
by measuring the accumulation of free ami-
nomethylcoumarin. Cisplatin-treated cul-
tures (1) revealed a 18266.4% increase of 
control of CPP32-like activity which was re-

duced to a 10867.9% increase in the presence of the caspase inhibitor z-VAD.fmk (2). Cisplatin treatment alone demonstrated a significant in-
crease (*P , 0.001 Student’s t test) as compared to untreated cultures. Protease activity is expressed as percent increase of untreated 
cultures6SEM (n 5 4).
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cyclin D1 followed by detection with antibodies to cdk4 dem-
onstrated decreased expression of cyclin D1–cdk4 complexes
(data not shown).

 

Nerve growth factor prevented cisplatin-induced apoptosis
in DRG neurons and PC12 cells but not colon cancer cells.

 

NGF has been shown in some animal models (19) and in tissue
culture (29, 49) to protect against some aspects of cisplatin
neurotoxicity. In these studies, behavioral measures or surro-
gates of DRG function, such as neurotransmitter peptide con-
tent or neurite outgrowth, were studied. Positive effects of
NGF were not found in all studies using these models (30).
Having established a model of apoptotic neuronal death, we
wished to explore the potential protective role of neurotrophic
support. NGF was used, rather than another neurotrophin, be-
cause the cellular mechanism of action has been well charac-
terized in neurons. PC12 cells have been used extensively to
study the mechanism of NGF action. This cell line is not NGF
dependent for survival. When exposed to NGF, it stops divid-
ing and differentiates into a neuron-like cell. It expresses both
high (gp140

 

TrkA

 

) and low (p75) affinity NGF receptors but not
other neurotrophin receptors.

Addition of supra-physiological levels of NGF (50–100
ng/ml) increased viability in DRG cultures exposed to cisplatin
for 48 h (Fig. 5 

 

A

 

). Increased cell viability with NGF treatment
correlated with a reduction in DNA fragmentation (Fig. 5 B).
Identical neuroprotection was observed in differentiated PC12
cells (Fig. 6 A). Selective inhibition of the gp140TrkA receptor
tyrosine kinase by addition of K252a blocked this protective
effect (Fig. 6 D). NGF-mediated neuroprotection was ob-
served in cisplatin-treated cells cultured in the presence of the
p75 NGF receptor neutralizing antibody REX (data not
shown). These findings would suggest that the neuroprotec-
tive effect of NGF in cisplatin-induced neuronal injury acts

through the gp140TrkA receptor and initiation of down stream
signal cascade elements involved in cell survival or differentia-
tion. The rationale for NGF therapy is that it will promote sur-
vival of neurons but not cancer cells in patients treated with
cisplatin. Expression of the gp140TrkA receptor is confined to
neurons; it is rarely expressed in cancer cells. NGF did not pro-
tect HT-29 cells from cisplatin-induced apoptosis demon-
strated by DNA laddering (Fig. 6 B). This human colon cancer
cell did not express gp140TrkA (Fig. 6 C).

Discussion

We are trying to understand the mechanisms by which chemo-
therapeutic agents cause damage to the nervous system. Why
do drugs, designed to kill rapidly dividing cancer cells, injure
nonproliferative, differentiated neurons. We have shown for
the first time that cisplatin caused apoptotic cell death in pri-
mary sensory neurons in vitro and in vivo. Apoptosis in these
neurons was preceded by alterations in cell cycle regulatory
proteins suggesting that these terminally differentiated neu-
rons were attempting to enter the cell cycle. While cisplatin-
induced apoptosis was reduced in cultures exposed to the
caspase inhibitor z-VAD.fmk, expression of proteins indica-
tive of cell cycle entry and progression were not affected by
this inhibitor. Increasing the concentration of NGF appeared
to stabilize the cells in the quiescent or G0 stage of the cell cy-
cle, which is the normal differentiated state. NGF also pre-
vented apoptosis in both sensory neurons and NGF-responsive
PC12 cells, but not in cancer cells without high affinity NGF
receptors.

Although the mechanism of antineoplastic activity is uncer-
tain, cisplatin appears to exert its biological effect by binding
directly to DNA. Cisplatin forms DNA intrastrand adducts at
d(GpG), d(ApG), d(GpXpG) and interstrand crosslinks (50–
52) preferentially by binding to the N7 residue of guanine. The
cis form of platinum binds DNA and forms interstrand cross
links much more avidly than the trans stereoisomer. Adduct
formation distorts the helix structure of DNA (53). It has been
hypothesized that these drug-mediated effects on DNA pro-
mote perturbations in cell cycle kinetics leading to apoptosis.
Cell cycle analyses have demonstrated that apoptosis induced
by platinum is initiated in G1 of the cell cycle and appears to
require progression through the G1/S transition. Cells undergo
apoptosis rather than progress through S phase (54–56).

Passage through a restriction point and entry into S phase
is controlled by cyclin-dependent kinases (cdks) that are se-
quentially regulated by cyclins D, E, and A. In general, cdk ac-
tivation requires cyclin binding. It depends on both positive
and negative regulatory phosphorylations (57, 58) and can be
constrained by at least two families of cdk inhibitory proteins
(59, 60). As cells enter the cycle from quiescence (G0), one or
more D-type cyclins (D1, D2, D3) are induced as part of the
delayed early response to extracellular stimulation; both their
synthesis and assembly with their catalytic partners, cdk4 and
cdk6, depend on this external stimulation (61). As presented in
our study, cisplatin treatment initiated the cellular cascade
leading to cyclin D1 expression with associated re-entry into
the cell cycle. This correlated with reduced levels of one of the
known of endogenous inhibitors of cdk4 and cdk6, p16INK4a

(62, 63). Currently, there are four known INK4 proteins
(p16INK4a, p15INK4b, p18INK4c, p19INK4d) which bind and inhibit
cdk4 and cdk6 specifically.

Figure 3. Cisplatin induces apoptosis in the neuron-like cell line 
PC12 and in cancer cells. The rat PC12 (A), human colon/HT-29 (B), 
and breast/MCF-7 (C) cell lines were exposed to 3.5 mg/ml cisplatin 
(1). DNA was harvested and separated by gel electrophoresis and vi-
sualized by ethidium bromide. DNA laddering was observed after 24 h 
exposure to cisplatin in treated (1) but not in untreated (2) cells.
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The molecular mechanisms involved in cell cycle check-
points are becoming more clearly defined. The tumor suppres-
sor proteins p53 and pRb play critical roles in both cell cycle
arrest and apoptosis. p53 links DNA damage to the regulation
of G1/S checkpoint control. pRb is a nuclear protein with at
least five different phosphorylated forms in cycling cells (64–
66). The relative balance among these forms varies during the
four phases of the cell cycle (67, 68). Upstream regulation of
pRb involves interaction with the cyclins. Physical and func-
tional interactions involving cyclin D1 and hypophosphory-
lated forms of pRb have been demonstrated recently both in
vitro and in vivo (69–71). This is consistent with reports show-

ing that loss of pRb increases the susceptibility of cells to un-
dergo apoptotic cell death (72–75). This suggests that pRb and
cyclin D1 may function as antagonists of each other. If pRb
regulates cyclin D1 activity, it can be proposed that hypophos-
phorylated forms of pRb decrease during apoptosis while cy-
clin D1 increases. Findings from our study would support this
hypothesis as hyperphosphorylated forms of pRb were ob-
served in cisplatin-treated neuronal cultures at time points pre-
ceding morphological changes associated with cell death and
commensurate with increases in cyclin D1 protein.

One of the major conclusions from this study is, therefore,
that cisplatin may cause cell death in neurons by inducing re-

Figure 4. Cisplatin induces in-
creased expression of cyclin D1 and 
hyperphosphorylation of pRb in 
DRG cultures. (A) Neuron enriched 
DRG cultures were exposed to 3.5 
mg/ml cisplatin for 12 (lane 2) and
24 h (lane 3) in the presence of 5 ng/
ml NGF. Cisplatin treated (24 h) 
cultures were also exposed to 100 mM 
of the caspase inhibitor z-VAD.fmk 
(lane 4) and 100 ng/ml NGF (lane 
5). Cell lysates were separated by 
gel electrophoresis, immunoblotted 
with an anticyclin D1 monoclonal 
antibody and visualized by ECL. 
Western blot analysis revealed in-
creased expression of cyclin D1 pro-
tein by 12 h in cisplatin treated com-
pared to untreated cultures (lane 1). 
Cyclin D1 expression was similar in 
cisplatin treated cultures exposed to 
z-VAD.fmk as compared to those 
cultured in cisplatin alone. Reduced 
cyclin D1 protein expression was 
observed in cisplatin treated cul-
tures grown in the presence of
100 ng/ml NGF. (B) Immunofluo-
rescence microscopy of cisplatin 
treated DRG cultures (iv; 3.5 mg/ml 
for 24 h) demonstrated that the in-
creased expression of cyclin D1
occurred primarily in neurons (ar-
rows), as observed by phase contrast 
microscopy (iii). Immunohis-
tochemical assays were performed 
before appreciable cell death associ-
ated with cisplatin treated cultures 
was observed. Measurable cell 
death begins at 24 to 48 h. Cyclin D1 
staining was not observed in un-
treated cultures (i and ii, magnifica-
tion of 100). (C) Neuronal cultures 
were exposed to 3.5 mg/ml cisplatin 
(lane 2) plus 100 mM z-VAD.fmk 
(lane 3) for 24 h. Proteins (200 mg/
sample) from cell lysates were elec-
trophoretically separated and im-
munoblotted with a monoclonal an-

tibody to pRb. The hypophosphorylated form of pRb (110 kD, lower arrow) was distinguishable from hyperphosphorylated pRb (upper arrow) 
which has an apparent molecular weight of 116 kD. Proteins from untreated cultures expressed low levels of the hyperphosphorylated form of 
pRb (lane 1). All cultures were grown in the presence of 5 ng/ml NGF.
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entry into the cell cycle. There is evidence from other systems
that disturbances in cell cycle regulation may lead to cell death
in postmitotic neurons (76–80). In attempting to clarify the as-
sociation of unscheduled cell division and cell death in the ner-
vous system, many of these studies used transformed and pro-
liferation-competent cells which are not necessarily directly
applicable to the postmitotic neuron. In using primary DRG
neuronal cultures, our study allowed us to directly examine the
role of cell cycle regulatory elements in cisplatin-induced neu-
rotoxicity. Our observations of cisplatin-mediated cyclin D1
expression, pRb hyperphosphorylation and neuroprotection
conferred by NGF are in accordance with a recent report char-
acterizing the role of cyclin-dependent kinase inhibitors and
dominant negative cdk4 and cdk6 in promoting neuronal sur-

vival under neurotrophic deprivation (81). While our collec-
tive studies suggest a role of cyclin expression and cdk activa-
tion in both cisplatin and growth factor deprivation models of
neuronal apoptosis, it remains to be determined if expression

Figure 5. NGF protects DRG cultures against cisplatin-induced
apoptosis. (A) DRG cultures were used to quantify the protective ef-
fect of NGF against cisplatin (3.5 mg/ml) neurotoxicity. Neurons were 
treated with cisplatin for 48 h in the presence of 5 (2), 50 (3), and
100 ng/ml NGF (4). Addition of 50 and 100 ng/ml NGF increased 
neuronal viability compared to cultures exposed to 5 ng/ml NGF. The 
number of viable neurons after 48 h of cisplatin treatment was signifi-
cantly increased in the presence of 100 ng/ml NGF compared to cis-
platin-treated neurons cultured in 5 ng/ml NGF (*P , 0.01 Student’s t 
test). Cell viability from untreated cultures was also quantified (1). 
(B) Protection by NGF was also observed by a reduction in DNA lad-
dering. DNA was harvested from cultures described above, separated 
by gel electrophoresis, and visualized by ethidium bromide. Cisplatin-
treated cultures in the presence of 5 (lane 2) and 50 (lane 3) ng/ml 
NGF revealed DNA fragmentation. DNA laddering was significantly 
reduced in cultures exposed to cisplatin plus 100 ng/ml NGF (lane 4). 
Untreated cultures did not reveal any internucleosomal fragmenta-
tion (lane 1). (C) Neuron-enriched DRG cultures were exposed to 
100 ng/ml NGF for 3 (lane 2), 6 (lane 3), and 12 h (lane 4). Proteins 
(100 mg/sample) from cell lysates were separated by gel electrophore-
sis and immunoblotted with a monoclonal antibody to p16INK4a. ECL 
detection revealed increased expression of p16INK4a protein with NGF 
exposure, peaking at 6 h treatment. This indicated that NGF was pro-
moting the expression of G1-dependent cell cycle inhibitory ele-
ments. Cell lysates from neurons exposed to control levels of NGF (5 
ng/ml) were separated in lane 1.

Figure 6. NGF only protects cells expressing gp140TrkA. (A) PC12 
cells were exposed to cisplatin (3.5 mg/ml for 24 h) alone (lane 2) or 
with the addition of 5 (lane 3) or 100 (lane 4) ng/ml NGF. (B) The hu-
man colon cancer cell line HT-29 was also exposed to cisplatin alone 
(lane 2) or with the addition of 100 ng/ml NGF (lane 3). DNA was 
harvested, separated, and visualized as described above. In both cell 
lines, DNA fragmentation was observed with cisplatin treatment 
which was reduced with 100 ng/ml NGF exposure in PC12 cells but 
not in the HT-29 cell line. DNA from untreated cells in both cell lines 
was separated in lane 1. (C) Western blot analysis of untreated PC12 
and HT-29 cells demonstrated expression of gp140TrkA protein in 
PC12 cells (lane 2) but not in the HT-29 cell line (lane 1). ECL detec-
tion was overexposed to demonstrate absence of gp140TrkA in HT-29. 
(D) NGF-dependent postmitotic PC12 cells were exposed to cisplatin 
(3.5 mg/ml for 48 h; lane 2) or with the addition of 100 ng/ml NGF 
plus 200 mM of the gp140TrkA tyrosine kinase inhibitor K252a (lane 3). 
Protection against DNA fragmentation was abrogated in cells ex-
posed to high levels of NGF plus K252a. This demonstrates that the 
neuroprotective potential conferred by NGF in cisplatin-treated 
PC12 cells (as shown in A) is probably mediated through activation of 
the TrkA receptor.
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and activation of cell cycle elements is a necessary component
associated with other forms of neuronal death.

The mechanistic studies presented here may have impor-
tant therapeutic implications. Results from this study suggest
that disruption in cell cycle regulation is a possible mechanism
for cisplatin-induced neurotoxicity. Studies are now underway
to characterize changes in these cell cycle elements in cancer
cells exposed to cisplatin. If platinum compounds kill cancer
cells and neurons by similar mechanisms, protective strategies
need to restrict access of the drug to the nervous system or use
neuron-specific protective strategies. Recently, a number of
second generation platinum analogs have been evaluated in
the search for a platinum compound with comparable or supe-
rior antitumor activity and reduced toxicity (52). In animal
models (82) and tissue culture (83), the relative reduction in
neurotoxicity appears to parallel a reduction in chemothera-
peutic efficacy; as higher doses are used, neurotoxicity of car-
boplatin is becoming apparent. The concordance of the animal
and tissue culture studies with the clinical deficits and autopsy
studies demonstrate that this is a valid model system for cis-
platin neurotoxicity.

This is the first demonstration that cisplatin induces apop-
tosis in sensory neurons which is prevented by NGF. Future
studies will involve dissection of the signal transduction path-
ways by which NGF is exerting its protective effect. It will also
be very important to understand why cisplatin–DNA adducts
induce cell cycle perturbations. It is probable that this will be a
critical step for our understanding of both the chemotherapeu-
tic and neurotoxic actions of platinum compounds.
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