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Abstract. Background/Aim: Although there are many reports
of anticancer drug-induced neurotoxicity, most previous data
have been derived from neuronal cell models grown in a
variety of culture conditions. This has prevented accurate
assessment of the potency of their neurotoxicity and of changes
in drug sensitivity of neuronal cells during differentiation. In
this study, a simple neuronal differentiation induction system
was established and the relative potency of neurotoxicity of
eight anticancer drugs was compared during neuronal cell
differentiation. Materials and Methods: Rat PCI2 cells were
induced to differentiate into neuronal cells by 50 ng/ml nerve
growth factor in serum-free Dulbecco’s modified Eagle’s
medium, followed by overlay of fresh nutrients at day 3,
without medium change. Cell viability was determined by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
method. Results: During differentiation, PC12 cells became
1.1-to more than 10,000-fold resistant to anticancer drugs.
Topoisomerase inhibitors (doxorubicin, SN-38, etoposide) were
the most toxic to differentiated PCI2 cells, followed by
docetaxel,  gefitinib, melphalan, 5-fluorouracil and
methotrexate. Docetaxel showed the highest cytotoxicity
against undifferentiated PCI12 cells, but its cytotoxicity was
dramatically reduced during differentiation. Conclusion: The
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present study demonstrated considerable variation in the
neurotoxicity of anticancer drugs during the cell differentiation
process. The present simple assay system may be useful to
search for neuroprotective substances.

Recent improvement of living conditions and healthcare
systems has led to increased human lifespan, allowing for the
appearance of chronic diseases such as dementia (1-3). In
order to search for neuroprotective substances, rat PC12
pheochromocytoma cells (4) and human SH-SYS5Y
neuroblastoma cells (5, 6) have been used as models of
neurons by many investigators. However, such studies have
used different culture media: RPMI 1640 (differentiated
PC12) (7, 8), RPMI (PC12) (9), Dulbecco’s modified Eagle’s
medium (DMEM) [PC12 (10, 11) and SH-SYS5Y (12)],
DMEM/F12 (1:1) (SH-SY5Y) (13, 14), MEM/F12 (SY-
SY5Y) (15) and DMEM/F12 + non-essential amino acids
(SH-SY5Y) (16), supplemented with serum and antibiotics in
most cases. We recently reported the superiority of DMEM
over mixed culture medium (DMEM+Ham12), judging from
growth stimulation and amino acid utilization (17).

We also recently found that paclitaxel, which causes severe
side-effects during therapy such as leucopenia. thrombo-
cytopenia, neutropenia, fatigue (18), anorexia and constipation
(19), showed potent neurotoxicity against differentiated PC12
cells at nanomolar concentration (20). Based on these findings,
in this study, changes in the sensitivity of PC12 cells to eight
anticancer drugs during nerve growth factor (NGF)-induced
neuronal cell differentiation were investigated.

Materials and Methods

Materials. The following chemicals and reagents were obtained
from the indicated companies: DMEM, human recombinant NGF
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Figure 1. Induction of neurite formation in PCI2 cells by nerve growth factor (NGF). PC12 cells were inoculated at 2x103 cells per microwell
(0.32 cm?), and incubated for 2 days to allow complete cell attachment. Cells were then treated for 0 (day 0) or 3 days (day 3) with 50 ng/ml NGF.
Aliquots of cells (day 3) were replenished with overlaying fresh NGF solution and incubated for another 2 days (day 5). Bar=100 um.

and dimethyl sulfoxide (DMSO) from Wako Pure Chemical Ind.
(Ltd., Osaka, Japan);fetal bovine serum (FBS), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
doxorubicin, SN-38 (an active metabolite of irinotecan), etoposide
and melphalan from Sigma-Aldrich Inc.(St. Louis, MO, USA); 5-
fluorouracil (5-FU) from Kyowa (Tokyo, Japan);docetaxel from
Toronto Research Chemicals (NY, USA);gefitinib from LC
Laboratories® (PKC Pharmaceuticals, Inc., Woburn, MA, USA),
methotrexate from Nacalai Tesque, Inc. (Kyoto, Japan);96-
microwell plates (TPP) from Techno Plastic Products AG
(Trasadingen, Swizeland).

Cell culture. PC12, a cell line derived from a pheochromocytoma
of rat adrenal medulla (4), purchased from Riken Cell Bank
(Tsukuba, Japan), was cultured in DMEM supplemented with 10%
heat-inactivated FBS, 100 units/ml, penicillin G and 100 pg/ml
streptomycin under a humidified 5% CO, atmosphere.

Induction of differentiation toward neurons. PC12 cells were
inoculated at 3x103 cells per each microwell (0.32 cm2) and
incubated for 1 day to allow complete cell attachment. The medium
was completely removed by suction and replaced with 0.1 ml of
differentiation medium (serum-free DMEM containing 50 ng/ml
NGF). Cells were then incubated for 3 days to induce neuronal
differentiation characterized by neurite formation (referred to as day
3 cells) (Figure 1) (20). To induce more mature cells, cells were
inoculated at 2x103 cells per microwell. After 24 h, medium was
replaced with 0.1 ml of differentiation medium and incubated for 5
days [overlaid with 0.05 ml of differentiation medium (100 ng/ml
NGF) at day 3] (referred to as day 5 cells). We adopted this overlay
method since conditioned medium contains nutritional factors.
Differentiated cells were defined as the cells in which the extended
neurites exceeded the longest diameter of each cell, assessed under
a light microscope [EVOSfl; ThermoFisher Scientific, Waltham,
MA, USA; described in Figure 1A of (21)].

Cytotoxicity of anticancer drugs. Day 0 cells (undifferentiated
cells), day 3 and day 5 cells were overlaid with 25 ul of single
anticancer drug with final concentration of: 0, 0.001, 0.0032, 0.01,
0.032,0.1,0.32, 1, 3.2 and 10 uM of docetaxel, doxorubicin or SN-
38; or 0, 0.01, 0.032, 0.1, 0.32, 1, 3.2, 10, 32 and 100 uM of
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melphalan, etoposide, 5-FU, gefitinib or methotrexate in
differentiation medium. After incubation for 48 h, the viable cell
number was determined by MTT method. MTT concentration was
reduced from 0.2 mg/ml to 0.1 mg/ml, due to its cytotoxicity
towards neuronal cells (20). The cells were incubated for 1 h, and
the formazan precipitate was dissolved in DMSO and the
absorbance at 560 nm was measured (which reflects the relative
viable cell number, more precisely cellular mitochondrial activity)
with a plate leader (Infinite F 50 R;TECAN, Kawasaki, Japan).

Statistical treatment. Experimental values are expressed as the
meantstandard deviation (SD) of six determinants. Statistical
analysis was performed using Student’s z-test. A p-value of less than
0.05 was considered significant.

Results

Drug-sensitivity of undifferentiated PC12 cells. Docetaxel
showed potent cytotoxicity towards undifferentiated PC12
cells (Figure 2). The 50% cytotoxic concentration of
docetaxel (CCs,) was below 1 nM in all three experiments
(Exp.1, 2 and 3 in Figure 1). The potency of neurotoxicity
in undifferentiated PC12 cells was in the order: docetaxel
>SN-38 >doxorubicin >etoposide >melphalan >5-FU
>gefitinib >methotrexate (day O in Table I).

Drug sensitivity of differentiated PCI2 cells. Neuronal
differentiation was induced by addition of 50 ng/ml NGF in
serum-free DMEM (Figure 1). PC12 cells pretreated for
3 days with NGF showed prominent elongation of neurites,
characteristic of neuronal cells (Figure 2). Day 3 PC12 cells
showed strong resistance to anticancer drugs, as evidenced
by elevated CCs, values compared with undifferentiated
cells. Doxorubicin showed the highest cytotoxicity, followed
by SN-38, docetacel >etoposide >gefitinib >melphalan >5-
FU and methotrexate (day 3 in Table I).

PC12 cells pretreated for 5 days with NGF showed similar
magnitudes of resistance to anticancer drugs. Doxorubicin
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Figure 2. Cytotoxicity of eight anticancer drugs against undifferentiated and differentiated PC12 cells. PCI12 cells (day 0, day 3, day 5) were treated
for 48 h with the indicated concentrations of each anticancer drug, and viable cell number was determined by MTT method. Each value represents

mean=S.D. from six determinations.
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Table 1. Anticancer drug sensitivity of PC12 cells during nerve growth factor (NGF)-induced differentiation. PC12 cells were induced to neuronal
differentiation by treatment for 3 or 5 days with 50 ng/ml NGF in serum-free Dulbecco’s modified Eagle’s medium, and then treated for further

48 h with different concentrations of anticancer drugs in six determinations. The 50% cytotoxic concentration (CCsy) was determined from the
dose—response curve. The experiments (Exp) were performed three times to check reproducibility.

CCsp (LM) Viable cell number of control (As¢)
Agent Cells Exp. 1 Exp. 2 Exp. 3 Mean SD (n-fold) Exp. 1 Exp. 2 Exp. 3 Mean SD
Docetaxel Day 0 <0.001 <0.001 <0.001  <0.001 1.0 0.425 0.118 0.24 0.261 0.155
Day 3 >10 >10 >10 >10 >10000 0.399 0456 0.585 0.480 0.095
Day 5 >10 >10 >10 >10 >10000 0.063 1.17 0.609 0.614 0.554
DXR Day 0 0.021 0.01 0.031 0.021 0.01 1.0 0.37 0.0938 0.234 0.233 0.138
Day 3 0.051 0.068 0.18 0.10 0.07 4.8 0.378 0.46 0.608 0.482 0.117
Day 5 0.022 0.31 0.106 0.15 0.15 7.1 0.11 1.28 0.682 0.691 0.585
SN-38 Day 0 0016 0.0023 0.017 0.01 0.01 1.0 0.44 0.117 0.334 0.297 0.165
Day 3 0.497 0.38 0.72 0.53 0.17 452 0.383 0418 0.659 0.487 0.150
Day 5 0.597 0.5 0.68 0.59 0.09 50.3 0.079 1.01 0.713 0.601 0.476
Melphalan  Day 0 2.72 231 29 2.64 0.30 1.0 0431 0.104 0.318 0.284 0.166
Day 3 21 234 40.2 28.20 10.46 10.7 0.346 044 0.622 0.469 0.140
Day 5 16.6 459 62.5 41.67 2324 15.8 0.06 1.001 0.558 0.540 0471
Etoposide Day 0 22 1.88 2.6 223 0.36 1.0 0.406 0.0892 0.217 0.237 0.159
Day 3 15.7 15.6 139 15.07 1.01 6.8 0435 0.403 0.582 0.473 0.095
Day 5 4.75 214 18.5 14.88 8.89 6.7 0.114 1.26 0.735 0.703 0.574
5-FU Day 0 16 79 29.1 17.67 10.70 1.0 043 0.129 0.265 0.275 0.151
Day 3 >100 >100 >100 >100 >5.7 0.333 0.49 0.617 0.480 0.142
Day 5 >100 >100 >100 >100 >5.7 0.072 0.958 0.697 0.576 0455
Gefitinib Day 0 19.5 15.1 204 18.33 2.84 10 0.391 0.0833 0.252 0.24 0.15
Day 3 18.7 19.8 222 20.23 1.79 1.1 0.371 0.498 0.589 0.49 0.11
Day 5 19.7 19.2 21.1 20.00 0.98 1.1 0.091 1.27 0.756 0.71 0.59
MTX Day 0 0.76 >100 >100 >67 1.0 0.37 0.0803 0.257 0.24 0.15
Day 3 >100 >100 >100 >100 1.5 0.392 0.396 0.592 0.46 0.11
Day 5 >100 >100 >100 >100 1.5 0.101 1.27 0.72 0.70 0.58

DXR, Doxorubicin; 5-FU, 5-fluorouracil; MTX, methotrexate; SD, standard deviation.

was again the most cytotoxic, followed by SN-38, docetacel
>etoposide >gefitinib >melphalan >5-FU and methotrexate
(day 5 in Table I).

Relationship between drug-sensitivity and cell density. When
the CCjy value (left column in Table I) was plotted against the
control cell density at the cell harvesting time (right column
in Table I), it became clear that cells had already acquired
drug resistance in the first 3 days, and kept a plateau level of
sensitivity from day 3 to day 5 (Figure 3). Cell resistance to
docetaxel was the most remarkable (more than 10,000-fold at
day 3; more than 10,000-fold at day 5), followed by SN-38
>melphalan >etoposide >5-FU >doxorubicin >methotrexate
>gefitinib (left column in Table I).
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Discussion

The present study demonstrated for the first time that PC12
cells acquired resistance to many anticancer drugs during
neuronal differentiation induced by NGF, and the drug
sensitivity reached a plateau at 3 days after NGF treatment.

The most dramatic change in sensitivity was observed with
docetaxel, for which cells acquired more than 10,000-fold
resistance during differentiation. Mode of growth inhibition
was different between taxanes and other agents (doxorubicin,
SN-38, melphalan and etoposide). Taxanes, such as doxetaxel
(Figure 2) and paclitaxel (21), were cytostatic, whereas the
latter compounds were cytotoxic. Taxanes are well known to
inhibit calcium-induced depolymerization of tubulin and thus
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Figure 3. Relationship between cell density and viability. Drug
sensitivity [evaluated by 50% cytotoxic concentration (CCsg) value in
left column of Table 1] was plotted against cell density (Asg) of control
cells, measured at the time of cell harvest (determined by the MTT
method) (right column of Table I).

block the progression of mitosis (22). Our preliminary data
indicate that differentiating PC12 cells grow very well even in
the absence of serum, when NGF was provided (unpublished
data), suggesting autocrine production of growth factors. This
observation was the basis for the present simplified overlay
method of neuronal differentiation. We avoided medium
changes, which may cause some detachment of cells from the
plate. It remains to be investigated whether the acquirement
of docetaxel resistance during differentiation may be due to
the production of such growth factors by differentiating
neuronal cells, or the formation of a tight neurite network.
The present simple assay system may be useful for studies
seeking neuroprotective substances and investigating the
interaction between neuronal cells and other cells.
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