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Introduction

Recent developments in medicine and industry involve in-
creasingly the production and use of nanomaterials. While the 
intended uses of these materials are to benefit human health 
and the environment, it is not yet clear whether their existence 
and use has harmful consequences.

Carbon nanotubes (CNTs) have come to the forefront in the 
past decades as one of the most promising nanomaterials. Al-
though other species have been reported, there are basically 
two types of CNTs which differ in the number of helical lay-
ers they contain. These are designated as single-walled car-
bon nanotubes (SWCNTs) and multi-walled carbon nanotubes 
(MWCNTs). CNTs possess certain properties which are highly 
desirable in several fields and applications, including their small 
size, electrical conductivity, strength and flexibility (Baughman 
et al., 2002; Malarkey and Parpura, 2007; Saito et al., 2009). 
However, CNTs have recently been rated environmentally toxic 
(Kahru and Dubourguier, 2010). 

Early in vivo studies with non-carbon based nanoparticles 
demonstrated that either ingestion or inhalation of these parti-
cles could result in their accumulation in the brain (El-Ansary and 
Al-Daihan, 2009). While inhaled CNTs are toxic to pulmonary, 
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Abstract

As the use of nanomaterials continues to flourish in industrial 
and biomedical applications so does the concern that these 
materials may have unanticipated and undesirable effects 
on human health and the environment. Inhaled or ingested 
nanoparticles have been detected in the brain, among other 
organs, raising the question as to their effect on neuronal 
viability. The effects of multi-walled carbon nanotubes (MW-
CNTs) on the viability of NeuroScreen-1 (NS-1) cells, a neuro-
nal cell model, were studied. Resazurin reduction and in situ 
Hoechst and propidium iodide (PI) double staining indicated 
MWCNTs reduce cell viability. Caspase 3/7 activity on par 
with etoposide-induced apoptosis was not observed until 72 
hours and was only 20-30% higher than controls. However, 
increased levels of annexin V in the outer leaflet of the cell 
plasma membranes after 24 hours and a minimum two-fold 
increase in relative mitochondrial depolarization after 48 
hours both suggested MWCNTs promoted apoptosis in this 
neuronal cell model.

Keywords: NeuroScreen-1, Carbon nanotubes, Hypodiploid, 
Neuronal viability, Pheochromocytoma, Pathway Finder.
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circulatory and immune systems (Madl and Pinkerton, 2009) 
their effect on the central nervous system is not known. There-
fore, further studies in vivo are needed to determine the effects 
of CNT exposure in the central and peripheral nervous systems.
In vitro studies have provided another approach to the study of 
CNT toxicity where conditions can be more easily manipulated. 
Reports using primary or immortal cell lines of the CNS glia 
and neurons have yielded mixed results. For example, the BV2 
microglia cell line was unaffected by MWCNTs (Kateb et al., 
2007), while the DNA content of primary microglia in mixed 
neuro-glia or glia-enriched cultures were reduced by exposure 
to SWCNTs (Belyanskaya et al., 2009).

The PC12 pheochromocytoma line widely used as a neuronal 
cell model (Greene and Tischler, 1976) shows various signs of 
stress and/or apoptosis when exposed to relatively low concen-
trations of cadmium telluride quantum dots (Lovric et al., 2005) 
or Mn, Ag or Cu nanoparticles (Hussain et al., 2006; Rossi et al., 
2006). However, this same cell line showed no signs of toxic-
ity after exposure to MWCNTs (Xu et al., 2009). Furthermore, 
in primary cortical neurons, MWCNTs protected against toxicity 
induced by the nonionic detergent PF127 (Bardi et al., 2009).
We report here the extent and nature of MWCNT toxicity us-
ing the NS-1 cell line, a rapidly growing, highly adherent line 
derived from PC12 cells. Specifically, we examined MWCNT 
effects on cell metabolism, plasma membrane translocation and 
permeability, DNA integrity, caspase 3/7 activity and mitochon-
drial membrane depolarization. We chose to study MWCNTs 
rather than SWCNTs for several reasons. First, MWCNTs are 
currently more widely available at significantly lower cost than 
SWCNTs. Second, SWCNT synthesis is favored at a higher metal 
to carbon ratio (Lam et al., 2006), a process that increases the 
level of metal impurities and the likelihood of toxicity. Third, 
SWCNTs have proven more toxic in in vitro studies (Lovric et al., 
2005; Magrez et al., 2006). Finally, humans and other organ-
isms are exposed to MWCNTs generated by fuel combustion 
(Lam et al., 2006). 

Materials and Methods

Carbon Nanotubes

MWCNTs were either purchased from Nanomaterials Store 
(Fremont, CA) or received as a gift from Jie Liu (Duke University, 
Durham, NC). Both materials, designated CNT-CA and CNT-D, 
were synthesized by chemical vapor deposition with Fe or Co. 
CNT-CA was >99% pure (diameter=10-20 nm, length=10-30 
microns). CNT-D contained <0.1% Fe as judged by inductively 
coupled plasma (ICP) spectroscopy. Dynamic light scattering es-
timated particle hydrodiameter at 85-115 nm (p<0.5).
MWCNTs were solubilized by sonication and vortexing in treat-
ment media (RPMI 1640 containing 100 µg/mL penicillin/strep-
tomycin). The remaining insoluble particles were removed by 
filtration through a 0.45 micron polyethersulfone (PES) filter (Pall 
Corporation, Port Washington, NY). The concentration of soluble 
MWCNTs was 190 ppm (CNT-CA) and 295 ppm (CNT-D) as 
determined by total organic carbon (TOC) analyzer (Shimadzu, 
Japan).

Tissue Culture

NS-1 cells purchased from Cellomics Inc. (Pittsburgh, PA) were 
maintained in culture media consisting of RPMI 1640, 10% fetal 
bovine serum (FBS), 2 mM glutamine and 100 µg/mL penicillin/
streptomycin (pen/strep) at 37oC in 5% CO2, 90% humidity and 
plated at 1x104 cells per well in 96-well or 5x105 cells per well 
in 6 well microtiter plates for assays.

Viability Assay (Redox System)

Cells were plated overnight at in 96 well plates and then 
treated with MWCNTs. At indicated times resazurin (Sigma, St. 
Louis, MO) in Dulbecco’s phosphate buffered saline without cal-
cium and magnesium (PBS) was added to the wells (final con-
centration 0.1 mg/mL) and incubated at 37oC for 2 hours. The 
reduction of resazurin to resorufin was measured fluorometrical-
ly (λexc560 nm/λem590nm) using a PheraStar Plus plate reader 
(BMG Labtech, Cary, NC). Data were processed using MARS 
Data Analysis (BMG Labtech) software.

Viability Assay (In Situ)

Following CNT or control treatment for 48 h, cells were dou-
ble stained with a mixture of Hoechst 33342 (Invitrogen, Carls-
bad, CA) and propidium iodide (PI) (Sigma, St Louis, MO). The 
dyes were added to a final concentration of 2 µg/mL and 5 µg/
mL, respectively. Cells were incubated for 30 min at room tem-
perature (RT) and imaged on a BD Pathway FinderTM 855 High 
Content Screening (HCS) imaging platform using a 20X LWD 
objective. A 3x3 montage image was collected for each well. 
Each treatment condition was performed in quadruplicate (aver-
age of 1000 total nuclei per well). The resulting images were 
segmented for nuclei using BD AttoVisionTM Software version 6.1.

Apoptosis/Necrosis Assay (Annexin V/PI Double Stain)

Cells were plated overnight, rinsed with serum free medium 
(SFM) and treated with CNTs or 10 µM etoposide (Calbiochem, 
Darmstadt, Germany) at 37°C for the indicated times. After rins-
ing with SFM, cells were harvested and washed in cold PBS and 
resuspended to a density of 1x106 cells/mL in annexin-binding 
buffer (10 mM HEPES, 140 mM NaCl and 2.5 mM CaCl2, pH 
7.4). A 5 µL aliquot of annexin V-FITC and PI (5 µg/mL final 
concentration) were added to 100 µL samples. Samples were 
incubated at RT for 15 min and diluted with 400 µL annexin 
binding buffer, gently mixed and transferred to ice. Samples 
were analyzed on a BD FACSAriaTM cytometer (Becton Dickinson, 
Mountain View, CA) using FACSDivaTM software version 6.1 using 
λexc488 nm/λem518nm.

Mitochondrial Membrane Potential (JC-1)

NS-1 cells were plated overnight at 37°C, washed twice with 
PBS and incubated with CNT preparations at 37°C for 48 h pri-
or to analysis. Cells were harvested, washed and loaded for 1 h 
at 37oC with 6 µg/mL JC-1 (Invitrogen, Carlsbad, CA) and data 
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were collected on a BD FACSAriaTM cytometer using FACSDivaTM 
software version 6. Valinomycin treated cells (1 µM) were used 
to produce gates separating cells with polarized versus depo-
larized (valinomycin-treated) mitochondria. To enhance spectral 
separation, the red “J-aggregate” fluorescence generated by 
polarized mitochondria was monitored at 610 nm and the green 
JC-1 monomer was detected at 530 nm. Fluorescence compen-
sation was applied to enhance resolution of cells with decreased 
mitochondrial membrane potential.

Cell Cycle Analysis (PI)

Adherent cells were harvested, washed in PBS and suspend-
ed at1x106 to 1x107 cells in 500 µL PBS to a uniform single cell 
suspension. Cells were transferred to ice and fixed in 4.5 mL cold 
70% ethanol for at least two hours. Cells were rinsed briefly in 
PBS and suspended in 1 mL PI staining solution containing 0.1% 
v/v Triton X-100 (Sigma, St. Louis, MO), 0.2 mg/mL DNase-free 
RNase A (Sigma) and 20 µg/mL PI for 30 min at RT. Samples 
were analyzed on a BD FACSAriaTM cytometer using FACSDivaTM 
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software version 6.1. The hypodiploid population of cells was 
identified as apoptotic. 

Apoptosis Assay (Caspase 3/7)

Caspase 3/7-like activity was assayed using the Apo-ONE 
homogeneous caspase-3/7 assay kit (Promega, Madison, WI) 
with 10 µM etoposide as a positive control (Hishita et al., 2001). 
Fluorescence (λexc485 nm/λem535nm) was measured using a Ph-
eraStar Plus microplate reader.

Statistical Analysis

Data with error bars are presented as means ± standard 
deviation (SD) of at least three separate experiments done in 
triplicates. ANOVA and Turkey’s multiple comparison tests were 
performed in GraphPad PRISM 5.0 (GraphPad Software Inc., 
San Diego, CA). Values of p less than (<) 0.05 were considered 
statistically significant.
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Fig. 1. Viability of NS1 cells exposed to CNTs.  NS1 cells were exposed to SFM or carbon nanotubes for 24 h (A) or 48 h (B) and assayed for 
metabolic activity. Alternately, cells were double stained with Hoechst 33342 and PI as in situ measure of viability (C). Percentage of viable cells 
was calculated as the ratio of (Hoechst nuclei – PI nuclei)/Hoechst nuclei. Results represent means ± SD of three experiments in triplicates. *, *** 
indicates p<0.01, and p<0.001 compared to SFM.



Results

MWCNTs reduce NS1 Neuronal Cell Viability

In order to investigate the neurotoxicity of MWCNTs, we se-
lected NS-1 cells, a subclone of the PC12, a pheochromocytoma 
line used as in vitro neuronal model (Greene and Tischler, 1976). 
NS-1 metabolic activity was assayed using resazurin conversion 
to resorufin as a biochemical measure of cell viability (Magnani 
and Bettini, 2000). MWCNTs from two sources inhibited NS-1 
viability as compared with cells grown in either culture medium 
or SFM (Fig 1).

Figure 1A shows treatment of cells with MWCNTs resulted 
in a decrease of more than 40% in resazurin conversion ca-
pability after 24 h. The toxic effects of CNTs were even more 
pronounced by 48 h when the extent of metabolic inhibition was 
approximately 70% (Fig. 1B). Only the highest concentrations of 
solubilized MWCNTs (190 ppm for CNT-CA and 295 ppm for 
CNT-D) showed toxic effects; when diluted, the MWCNTs had no 
effect on cells (data not shown). 

Cell viability was also measured using an in situ assay of 
plasma membrane integrity (Fig. 1C). Automated measurements 
compared total cell nuclei (stained with Hoechst 33342) and 
nuclei from cells with compromised plasma membranes (stained 
with PI). Less than half the cells treated with MWCNTs had intact 
plasma membranes by 48 h. In both viability assays, CNT-CA 
was slightly but consistently more toxic than CNT-D. In order to 
test the limits of MWCNT toxicity, we conducted the majority of 
our subsequent studies with CNT-CA.

MWCNTs Promote Gradual Phosphatidylserine Translocation

There are two well described paths to cell death: apoptosis, 
which is a natural and controlled process, and necrosis, which is 
unordered and more destructive. Since MWCNTs reduced NS-1 
cell viability, we tested whether MWCNTs stimulated apopto-
sis, necrosis or both using a double-stain flow cytometric assay. 
One of the earliest events in apoptosis is the translocation of 
phosphatidylserine (PS) phospholipids from the cytoplasmic face 
to the extracellular face of the plasma membrane. The protein 
annexin V (AnxV) has a high affinity for PS in the presence of 
calcium and, when conjugated with a fluorescent probe such as 
FITC, can be used to assay for newly exposed PS. When simulta-
neously stained with PI, a dye specific for staining the nucleus in 
cells with compromised membrane, test cells can be identified as 
belonging to one of four categories: normal (AnxV and PI nega-
tive), early apoptotic (AnxV positive, PI negative), late apoptotic 
(AnxV and PI positive) and necrotic (AnxV negative, PI positive).

NS-1 cells plated in cell growth medium were allowed to at-
tach and recover following overnight incubations in a humidified 
37°C incubator. The growth medium was replaced with the CNT-
CA solution after a brief PBS rinse. The cells were harvested 
at 6, 10, 24, 48 or 72 h, and 1x106 cells double stained with 
AnxV-FITC and PI, and analyzed by flow cytometry to determine 
the condition of the cells. A topoisomerase II inhibitor, etopo-
side (10 µM), was used as a positive control for loss of plasma 
membrane asymmetry. Fig 2A shows the scatter plots cytograms 
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Fig. 2. Analysis of the effects of CNTs on cell state by flow cytometry.  
NS1 cells were treated with SFM, CNT-CA or etoposide, double-stained 
with annexin V-FITC and PI and analyzed by flow cytometry.  Panel 2A 
represents the scatter plots at 10 h (A-C) and 24 h (D-F) exposures to 
SFM (A, D), CNT (B, E) and etoposide (C, F).  The line graphs in panel 
2B represent the time course of generation of early apoptotic (A), or 
necrotic (B) cell populations in cells treated with SFM (○), CNT-CA (*), 
or etoposide (■).

2A

2B



generated at 10 and 24 h after treatment with SFM, CNT or 
etoposide. Each result is shown as a panel partitioned into four 
sections with cells represented as dots distributed in the four 
staining categories, An(-) PI (+), An(+) PI(+), An(+) PI(-), and 
An(-) PI(-). 

In comparing the data from treated cells harvested at 10 h 

(Fig. 2A, panels A-C), only etoposide produced a notable in-
crease in the population of early apoptotic cells, An(+) PI(-), 
when compared with SFM and CNT treated cells, as shown in 
the lower right quadrant in panels A-C. By 24 h (Fig. 2A, panels 
D-F), CNT treated cells showed an increase in the population 
of AnxV reactive (PS translocated) cells, both with and without 
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Fig. 3. CNTs depolarize mitochondrial membrane.  NS1 cells were exposed to cell GM (A), SFM (B), CNT-D (C), or CNT-CA (D) for 48 h or val-
inomycin for 2 h (E), harvested and loaded with JC-1 dye for 1 h.  Cells were analyzed by flow cytometry using gates to separate and quantify 
fluorescence of green monomer and red aggregates in cell populations.

Fig. 4. CNTs induce caspase 3/7 activity.  NS1 cells were exposed to 
SFM, CNT-CA or etoposide for 24, 48 or 72 h and assayed for caspase 
3/7 activity.  Results represent the means + S.D. of four independent 
experiments tested in triplicates. *** indicates p<0.001 compared with 
SFM.

Table 1. Percentage of Hypodiploid (Apoptotic) Cells Produced 
by CNT and Control Treatments.
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Treatment 48 h 72 h

GM 6.27 6.29
SFM 16.39 22.18
CNT-CA 27.64 46.04
Etoposide 46.68 38.48

increased membrane permeability (Fig. 2A, panel E, upper and 
lower right quadrants), relative to the control (SFM) cells (panel 
D)  and on par with etoposide treated cells (panel F). However, 
data collected over the full time course of the experiment indi-
cated a more complex pattern.

Cell death can occur by two distinct methods, apoptosis and 
necrosis. Although AnxV-FITC and PI double staining provides an 
efficient means to identify cells which have undergone apopto-
sis, the identification of cells that died through necrosis by this 
method is less well defined for single observations.  However, 
when samples are analyzed over a period of time it is possible 
to identify population of cells which have undergone necrosis. 



Therefore to clarify whether CNT induces necrosis in addition to 
apoptosis, we analyzed the effects of the treatments by plotting 
the data obtained  at 6, 10, 24, 48 and 72 h for the apoptotic 
An(+) PI(-) and potentially necrotic An(-) PI(+) cells. Figure 2B 
displays the time course of generation of these two abnormal 
cell states following SFM, CNT, and etoposide treatment. We 
note first that etoposide-induced PS translocation preceding loss 
of membrane integrity (early apoptosis) is maximal at 10 h (Fig. 
2B-A). In contrast, neither SFM nor CNT treated cells display 
any sign of increased AnxV reactivity at 10 h. Second, there 
was little difference in the percentage of necrotic cells among 
the treatment groups for the first 24 h (Fig. 2B-B), and since the 
percentage of necrotic cells is relatively low and generally de-
creased with time, the data suggest that neither etoposide nor 
MWCNTs induce neuronal cell death via necrosis.

 
MWCNTs Induce Mitochondrial Membrane Depolarization
	

Since MWCNTs appear to induce neuronal apoptosis, albeit 
at a slow (48-72 h) rate, we explored their effects on three 
key cellular processes associated with apoptosis: mitochondrial 
membrane depolarization, DNA fragmentation, and induction of 
caspase activity. We examined CNT effects on mitochondrial 
membrane potential as a measure of intrinsic apoptosis using 
JC-1, a dye which is selectively permeable to mitochondria and 
emits an altered wavelength as it aggregates in the interior of 
normally polarized mitochondria. NS-1 cells seeded in 10 cm2 
culture plates with complete growth medium (GM) were incubat-
ed overnight at 37°C in a humidified incubator. The cells were 
washed with PBS and treated with treated with 10 mL of MW-
CNTs, SFM or GM for 48 h. Cells treated for 2 h with 1 μM val-
inomycin, an antibiotic that negatively modulates mitochondrial 
oxidative phosphorylation through the formation of potassium 
ion permeable pores, served as depolarized control (Fig 3).

  FACS analysis of the treated cells showed that both CNT-D 
and CNT-CA decreased the number of polarized cells at 74.7% 
and 67.6% respectively (Fig 3, panels C, D) compared with 
87.3% for SFM control (Fig 3, panel B). CNT-CA was slightly 
more destructive to the mitochondrial membrane at 32.4% (Fig. 
3, panel D) than CNT-D at 25.3% (Fig. 3, panel C), relative to 
SFM at 12.7%. Over 93% of the population of cells grown in 
GM exhibited intact mitochondrial membrane while cells treated 
with the ionophore valinomycin resulted in greater than 43% 
mitochondrial depolarization.

 
MWCNTs Produce An Increased Hypodiploid Population of  Cells

Using PI DNA stain and flow cytometry, we measured the 
formation of cells with a lower PI signal than that of normal 
diploid cells (hypodiploid cells). The percentage of hypodiploid 
cells measured at 48 h and 72 h following exposure of cells 
to CNT-CA and etoposide with GM and SFM as controls are 
shown in Table 1. CNT exposure for 48 h increased the percent-
age of apoptotic cells by four-fold compared with GM. By 72 h 
the difference in cells treated with CNT-CA compared to those 
maintained in GM was more than seven-fold. Cells in SFM also 
began to show signs of apoptosis at the two time points evalu-

ated. However, at 72 h CNT-induced apoptosis was more than 
twice that induced by serum withdrawal. Also, CNT produced a 
greater percentage of hypodiploid cells by 72 h compared to 
etoposide under serum-free conditions.

MWCNTs Induce Delayed Caspase 3/7 Activity 

The two major pathways known to induce apoptosis, the recep-
tor-mediated extrinsic pathway and the mitochondrial-activated 
intrinsic pathway, both involve the activation of the executioner 
caspase 3 protein. Caspase 7, another apoptotic executioner 
protein, shares substrate specificity with caspase 3 and its ac-
tivity is also measured by this assay. Therefore, we looked for 
signs of caspase 3/7 activity in NS-1 cells treated with CNTs 
compared to SFM and etoposide (Fig 4). CNT-CA induced mar-
ginal but significant caspase 3/7 activity over SFM but less that 
etoposide after 24 h of incubation. By 48 h there was a slight 
overall decrease in the levels of caspase 3/7 compared to those 
observed at 24 h. However, by 72 h CNT-treated cells continued 
to produce a sustained level of activated caspase 3/7 while no 
change was observed in SFM cultures cells. Compared to the 
24 h time point, the pronounced decrease in caspase 3/7 activ-
ity in etoposide treated cells is likely due to compound toxicity 
resulting in low numbers of viable cells after 72 h under etopo-
side tension. These results imply that caspase 3/7 is activated in 
NS-1 cells by exposure to CNT and participates in cell damage, 
apoptosis and ultimately, death of neuronal cells.
 
Discussion

The wide use of nanoscale materials in products as diverse as 
foods, cosmetics, drugs and medical devices raise unique safety 
concerns for industry and regulators. Reports on the toxicity pro-
file of these materials are limited. However, it is becoming evi-
dent that their effects on cells systems are very dynamic and are 
dependent on cell types and the physicochemical characteristics 
of the material. In this study we report the effects of MWCNTs 
on NS-1, a neuronal cell model derived from PC12. Our findings 
show that only the highest concentrations of solubilized MW-
CNTs (190 ppm CNT-CA and 295 ppm CNT-D) compromised 
the viability of NS-1 cells. In comparison with the toxic effects of 
non-carbon nanoparticles on PC12 cells, MWCNTs are relatively 
well-tolerated. Much lower concentrations (5 ppm /5 µg/mL) of 
MWCNTs had no effect on PC12 viability (Xu et al., 2009) even 
though cadmium telluride quantum dots (Lovric et al., 2005), and 
Mn, Ag or Cu nanoparticles are cytotoxic at just 10 ppm (Hus-
sain et al., 2006; Rossi et al., 2006). Like PC12, the human neu-
roblastoma line SH-SY5Y also tolerated MWCNTs at low con-
centrations, i.e. 5-10 ppm [19]. Nevertheless, we found that at 
sufficiently high concentrations, MWCNTs reduced NS1 viability 
as measured metabolically by cellular enzyme conversion of re-
sazurin to resorufin and structurally using the comparison of total 
nuclear staining by Hoechst 33342 with nuclear staining of cells 
with damaged plasma membranes by PI. 

CNT-induced cell death was apoptotic and not necrotic. NS-1 
cells were treated with CNTs compared to serum-free or etopo-
side controls for various lengths of time and double-stained with 

A
tla

s 
Jo

ur
na

l o
f 

Bi
ol

og
y 

- 
IS

SN
 2

15
8-

91
51

. P
ub

lis
he

d 
By

 A
tla

s 
Pu

bl
ish

in
g,

 L
P 

(w
w

w
.a

tla
s-

pu
bl

ish
in

g.
or

g)

A
tla

s 
Jo

ur
na

l o
f 

Bi
ol

og
y 

- 
IS

SN
 2

15
8-

91
51

. P
ub

lis
he

d 
By

 A
tla

s 
Pu

bl
ish

in
g,

 L
P 

(w
w

w
.a

tla
s-

pu
bl

ish
in

g.
or

g)

75



PS reactive AnxV-FITC and PI. While necrotic cell populations re-
mained at or below levels measured at the initial 6 h time point, 
early and late apoptotic cell populations increased with length 
of CNT exposure. Etoposide optimally induced early stages of 
apoptosis by 10 h; this timeframe is consistent with that reported 
by Denecker et al. (2000). In contrast, induction of apoptosis by 
CNTs was not easily observed until 24 h of exposure. 

Although CNT-induced apoptosis occurred more slowly, by 
72 hours CNT toxicity was more extensive than that of etopo-
side. Similar timeframes for CNT and etoposide toxicity were 
also seen in assays measuring the loss of DNA integrity and the 
modest increase in caspase 3/7 activity. Our observation that 
sensitivity to etoposide decreases by 72 h is likely a function 
of its mechanism of action as a DNA topoisomerase II inhibitor; 
only the subset of cells in S and G2 phases are affected and 
in the absence of serum, cells enter into quiescent G0 and are 
unsusceptible to etoposide. Thus, our experimental design does 
not allow for comparison of CNTs and etoposide at time points 
beyond 24-48 h.

As to the more important question of overall CNT toxicity 
in the brain, recent in vitro studies of microglia, astrocytes and 
complex primary cultures have suggested neurons may be more 
resilient than their accessory cells. Although we are unaware of 
any data comparing CNT effects on neurons and accessory cells, 
Long and coworkers (Long et al., 2007) compared the effects 
of TiO2 nanoparticles on neurons and microglia. Immortalized 
rat N27 mesencephalic neurons tolerated up to 120 ppm TiO2 
nanoparticles for three days without a significant reduction in 
Hoechst live cell staining. In contrast, mouse BV2 microglia was 
found to be highly sensitive to TiO2 nanoparticles at only 2.5 
ppm. In addition, complex primary cultures of rat striatum (con-
taining glia and neurons) incurred a 14% loss of neural cells 
after 6 h in 5 ppm TiO2 nanoparticles. Similarly, Belyanskaya et 
al. [8] tested the effects of single walled (SW) CNTs at 30 ppm 
on primary cultures of embryonic chicken spinal cord and found 
an overall decrease in DNA content after 6 days. Using cell type 
specific antibodies they determined that the loss of DNA was 
due to glia, not neural, cell death. 

Since complex primary cultures contain several cell types, it 
is not clear yet whether microglia or other neuroglia type cells 
are responsible for neural cell damage. For example, astrocytes 
may also play a role in neuronal toxicity. When primary rat 
neurons were co-cultured with purified primary astrocytes or mi-
croglia, neurons were protected from agents that induce reactive 
oxygen and nitrogen species (Tanaka et al., 1999). On the other 
hand, toxic agents such as the Alzheimer’s A β peptide stimulate 
primary rat astrocytes to produce ROS and pro-inflammatory 
cytokines (Johnstone et al., 1999). Along these lines, Sayes and 
co-workers have shown that neuronal human astrocytes (NHA) 
are damaged by as little as 0.24 ppm nano-C60 fullerene, an-
other carbon nanoparticle (Sayes et al., 2005). If astrocyte dis-
tress promotes neuronal toxicity as does microglia distress, CNTs 
may be indirectly toxic to neurons because of CNT damage to 
supporting glia, not because of their effect on the neurons them-
selves.
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Conclusion

The widespread application of nanotechnology and the 
potential impact of MWCNTs on the environment and human 
health, particularly in occupational exposure settings, have led 
us to initiate an investigation of the effect of this material in a 
cultured neuron model. We find that MWCNT toxicity occurs at 
a slower rate than etoposide and requires relatively long expo-
sure to induce cell death. Cell death occurs via apoptosis with 
serine translocation by 24 h, mitochondrial membrane depolar-
ization by 48 h, DNA fragmentation by 48-72 h and modest 
caspase 3 activation by 72 h. Further research is ongoing to 
determine the molecular mechanism of delayed MWCNT toxic-
ity in cultured neurons.
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