1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

s NIH Public Access
I‘E@" Author Manuscript

Rrens®

Published in final edited form as:
Neurosci Lett. 2012 January 17; 507(1): 72—77. doi:10.1016/j.neulet.2011.11.056.

Multi-walled carbon nanotubes inhibit regenerative axon growth
of dorsal root ganglia neurons of mice

Di Wu, Elena S. Pak, Christopher J. Wingard, and Alexander K. Murashov®
Department of Physiology, East Carolina University, Greenville, 600 Moye Blvd., NC 27858

Di Wu: WUDO7@students.ecu.edu; Elena S. Pak: pake@ecu.edu; Christopher J. Wingard: wingardc@ecu.edu;
Alexander K. Murashov: murashoval@ecu.edu

Abstract

Recent observations have demonstrated that nanomaterials may be toxic to human tissue. While
the ability of nano-scaled particulate matter is known to cause a range of problems in respiratory
system, recent observations suggest that the nervous system may be vulnerable as well. In the
current paper we asked whether exposure of primary neuronal cell cultures to nanoparticles might
compromise regenerative axon growth. Regenerative response was triggered by performing a
conditioning lesion of sciatic nerve five days prior to collection of dorsal root ganglia (DRG).
DRG neurons were plated at a low density and incubated with multi-walled carbon nanotubes
(MWCNT) (0.1 - 10 pg/ml in 10% of surfactant in saline) overnight. The experiments showed
that exposure of DRG cultures to MWCNT significantly impaired regenerative axonogenesis
without concomitant cell death. These results indicate that MWNCTs may have detrimental effect
on nerve regeneration and may potentially trigger axonal pathology.
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Introduction

Nanoparticles (NP) are small objects with at least one dimension less than 100 nanometers
and exhibit an extremely high surface to volume ratio [16]. These unique properties of NP
account for their diverse physiochemical interactions with biologics and potential to
contribute to medical and environmental dangers [1, 39]. In particular, investigation of
multiwall carbon nanotubes (MWCNTS) toxicity is critically important, because of
MWCNTS’ increasing use in nanotechnology, electronics, optics, as well as in medicine
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(reviewed in [34]). MWCNTSs are allotropes of carbon with a cylindrical nanostructure.
These cylindrical structures have novel properties that make them useful in many medical
applications including drug delivery, biosensors and scaffolds. Their final usage, however,
may be limited by their potential toxicity.

Recent observations have demonstrated that due to their size, NP may exhibit greater
toxicity to human tissue and cell cultures, resulting in increased oxidative stress [19, 35],
inflammatory cytokine production and cell death [9]. NP are reported to cross biological
membranes [5], and gain access to the blood stream following inhalation or ingestion [13,
27], or through the skin [14]. Once in the blood stream, NP can be transported throughout
the body and be detected in various organs and tissues [28, 29], including heart, kidney,
liver, and brain [6, 7, 10, 13, 26]. In particular, it was shown that some NP can penetrate the
blood-brain barrier, affecting brain signaling linked to Alzheimer’s and Parkinson’s
diseases, and decrease of cognitive function [5, 19, 31, 32]. However, the mechanism of
nanomaterials’ toxicity on the nervous system has been poorly investigated (reviewed in
[12]). In the current report we asked whether exposure of primary neuronal cell cultures to
MWCNTSs might compromise regenerative axon growth. We explored the effects of
exposure of dissociated dorsal root ganglia (DRG) cultures to MWCNT on regenerative
axon growth as well as cellular viability. Our data demonstrated that MWCNT exposure
exerted dose-dependent biological effects on regenerative axonogenesis in DRG neuronal
cells.

Materials and Methods

Animals and surgery

Experiments were performed on 8-wk-old CD-1 mice (Charles River laboratories) according
to the guidelines of the animal care and use committee of East Carolina University, an
AAALAC-accredited facility. To induce regenerative growth of axon, a conditioning crush
lesion of peripheral axons of dorsal root ganglion was made on right side of sciatic nerve of
each animal. Under ketamine (18/mg/ml)-xylazine (2mg/ml) anaesthesia, the sciatic nerve
was crushed in the mid-thigh for 15 seconds with fine hemostat, following the routine lab
protocol [22].

Cell culture and the treatment of MWCNT

Primary cultures of conditioned sensory neurons from DRG were performed as described
previously [33]. Briefly, 5 days before DRG collection, conditioning lesions were performed
on the sciatic nerve at the level of mid-thigh for each mouse. DRGs (from L4 and L5) were
then collected into media (DMEM/F12 + N2+ Glutamine+ 10% horse serum +Penicillin/
Streptomycin), briefly rinsed, and minced with microscissors. Conditioned DRGs were
dissociated with 500 U/ml collagenase (Sigma, St. Louis, MO) and 0.05% trypsin-EDTA
(Invitrogen, Grand Island, NY). Cells were resuspended and plated at low density on poly-I-
ornithine/laminin coated cover slips. MWCNTS (C-grade) were prepared in 10% surfactant /
sterile saline at the concentration of 1mg/ml. The mixture was bath-sonicated (Sonicator
S-4000, Misonix Ultrasonic Liquid processor) for 4 minutes to obtain a suspension. The
stock was kept in refrigerator at 4°C for no more than 2 weeks. Final concentration of 0.1ug/
ml, 1ug/ml, 5ug/ml, and 10ug/ml were applied to DRG cultures and incubated overnight.

Generation of MWNCT

MWCNTSs were grown by NanoTech Labs Inc. (Yadkinville, NC), to approximately 25 nm
in width and 10-20 um in length using the chemical vapor deposition (CVD) process. Iron
was used as the single metal catalyst. The elemental composition as determined by

thermogravimetric analysis (TGA) revealed that the MWCNT samples contained < 5% Fe
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by weight. A detailed characterization of these MWCNT and the material in suspension
were reported in previous publication [36]. All materials were generated in a sterile
environment and had been tested and determined to be free of endotoxin contamination.
Prior to their use in biological assays, the MWCNTS were resuspended in a sterile saline
with 10% surfactant (InfasurfR with a concentration of 35 mg/ml phospholipids, gift from
Forest Pharmaceuticals, Inc).

Morphological assessment of regenerative axon growth

Cover slips with adherent cells were rinsed with PBS, fixed with 4% paraformaldehyde and
immunostained, as described previously [23]. To visualize neurons and their processes, cells
were incubated with primary mouse anti-TUJ1 (Covance, Princeton, NJ) antibody at 1:100
dilution overnight at 4°C and with anti-mouse FITC secondary antibodies for 1 h at room
temperature. Ten to thirty individual images were taken from each cover slip at 40x
magnification using Olympus 1X81 motorized inverted microscope [23]. Neuron processes
were traced if they were more than one cell body in length, and secondary and higher order
branches of the neurite were scored after a branch point (NIH ImageJ). All experiments were
performed in triplicate.

Detection of cellular apoptosis

The effect of MWCNT on apoptosis was detected by TUNEL staining with In Situ Cell
Death Detection Kit (Roche Applied Science, 68298 Mannheim, Germany). DRG cultures
were fixed with 4% paraformaldehyde in PBS rinsed in permeabilization solution (0.1%
Trition X-100 in 0.1% sodium citrate) for 2 min on ice, and incubated in a humidified
atmosphere for 1 h at 37°C with the TUNEL reaction mixture. A negative control and a
positive control were included in each staining series. Negative control was incubated with
label solution instead of the TUNEL reaction mixture. Positive control was treated with
recombinant DNase | (200U/ml) for 10 min at room temperature prior to the incubation with
the TUNEL reaction mixture.

Statistical analysis

Data were expressed as mean + SEM and analysed using GraphPad Prism version 5 for
Windows (GraphPad Software; San Diego, CA, USA). One-way ANOVA with post-hoc
Tukey-type multiple comparison test or t-test were used to identify the difference between
means. The level of significance was set at p < 0.05.

Results and Discussion

The morphological effects of MWCNT exposure on primary neuronal cells

The axon regeneration response was measured in vitro following a “conditioning” sciatic
nerve crush, which results in rapid axon elongation over 24-48 h in vitro [30, 37]. DRG
neuronal cultures were examined 24 h after plating cells onto pre-coated glass cover slips.
The analysis revealed a significant difference between cells incubated with MWCNTSs (10
ug/ml in 10% of surfactant in saline) and cells incubated with the vehicle alone (10% of
surfactant in saline). DRG neurons incubated with MWCNTSs exhibited stunted neurite
outgrowth with fewer processes and branches (Fig. 1). Quantification of mean neurite
lengths revealed a significant decrease in neurite length (69 £ 10pum, n=13, P<0.001)
associated with MWCNTS exposure in comparison to vehicle-treated cultures (330 £ 23um,
n=18) (Fig. 2). Additionally, incubation with MWCNTSs at the highest dose of 10 pg/ml
produced a striking reduction of neurite branching (Figure 1). Quantitation of the number of
branches revealed significant reduction in the mean number of branches per cell between
MWCNTs-treated (2.1 £ 0.43, n=13) and vehicle-treated groups (11 £ 1.9, n=16) (Figure 2).
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We also examined if there was a dose-dependent effect of MWCNT on neurite outgrowth at
lower doses. Cells cultures were incubated for 24 hours with either 0.1pg/ml, 1pg/ml, or
5ug/ml of MWCNT and were analyzed for the same morphological end points. The lowest
applied dose (0.1ug /ml) did not significantly inhibit growth of neurites while doses 1, 5 and
10 pg/ml revealed a dose-dependent compromise of regenerative axon growth both in length
and extent of branching (Figure 3). Together, these data indicated a significant dose-
dependent impairment of regenerative axon growth following MWCNT exposure.

The effects of MWCNT exposure on viability of DRG neuronal cells

Interestingly, MWCNTS, while inhibiting neurite outgrowth, did not induce cell death. The
Tunnel assay showed no notable differences in cell death between control and MWCNTSs
treated cultures (Figure 4). These data indicated that even at the highest dosage (10 ug/ml),
MWCNT treatment did not resulted in apoptosis of DRG neurons. MWCNTS have recently
appeared as a new choice for various biomedical applications including cancer treatment,
drug delivery and bioengineering. Their potential in nanomedicine though may be limited
because of potential toxicologic implications. The lack of extensive evaluation of
cytotoxicity with non-functionalized MWCNTS, restricts predictability and limits
comparison between research results [11]. Even less studied are the effects of MWCNTS on
neuronal cells. To address this problem, we investigated response of primary neuronal
culture to MWCNTS exposure. Our results illustrated an interesting interaction between
MWCNTSs and regenerative axon growth in DRG cultures. We demonstrated that when
primary neuronal cultures were treated with MWCNT at different concentrations (0.1 — 10
ug/ml), the nerve cells exhibited a dose-depended deficiency in their regenerative ability.
Interestingly, the treatment with MWCNT inhibited the elongation and branching of axons,
but did not induce apoptosis of those cells. Other studies, in non-neuronal cells, reported
dose-dependent cytotoxicity as a decrease in cell number and increase in apoptosis [8, 25].

Similar to our observation, a previous report showed that when cultured on unmodified
MWCNTSs, hippocampal neurons extended only one or two neuritis and exhibited very few
branches [21]. In contrast, functionalized carbon nanotubes were explored for their
beneficial use in nerve regeneration. Neurons grown on MWCNTS coated with the bioactive
molecule 4-hydroxynonenal exhibited extensive sprouting [21]. Low concentrations (0.11—
1.7 pg/ml) of functionalized MWCNTS, modified by amino groups, actually promoted
outgrowth of chick embryo DRG neurons and rat PC12 cells [20]. In addition, in vivo
findings recently showed that pre-treating rats with amine-modified single-walled carbon
nanotubes could protect neurons and enhance the recovery of behavioural functions in an
induced stroke model [15]. However, while it is widely accepted that the toxicity of
MWCNT is strongly affected by their surface modifications [11], it is not clear if bio-
coating may protect from MWCNTS’ potential toxicity in long term.

Possible mechanism of interactions between neurons and MWCNT

There are several possible mechanisms, which could explain the effect of MWCNT on
nervous system. In the first, the cytotoxic effects are resulted from the direct interaction
between the NP and neuronal cells. MWCNT could be translocated in nervous system by
retrograde axonal transport through olfactory nerve ending in the nasal cavity [10] or other
sensory nerve fibers that project into pulmonary system [13]. A second mechanism may be
associated with the induction of an extra pulmonary transport response. Inhaled NPs are
thought to enter the pulmonary vasculature and lymphatic’s, eventually entering the
systemic circulation only to deposit in a variety of organs [24]. Several observations have
demonstrated the increase in authophagic activity upon exposure of cells to certain
nanomaterials, resulting in increased autophagic vacuoles formation and the disruption of
autophagy pathway [31]. Other studies revealed that MWCNT could mechanically penetrate
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the cytoplasm and further penetrate subcellular structures, including nuclei [4]. In this later
scenario, NPs could change the normal function of ion channels within neurons. Since the
ion channels play a crucial role in a broad range of biological processes in neuron, alteration
or impairment in cell function would be expected [38]. Moreover, a new observation has
demonstrated the effect of carbon nanotubes on the electrical activity of isolated neurons [3].
Using single-cell electrophysiology, the investigators showed that hippocampal neurons
grown on carbon nanotube substrate exhibited significantly enhanced backpropagation of
the action potential to dendrites. The authors further proposed that nanotubes improve the
responsiveness of neurons by forming tight contacts with the cell membranes that might
favor electrical shortcuts between the proximal and distal compartments of the neuron.

The adverse effect of MWCNT exposure on regenerative axon growth can also be explained
by systemic effects. Several studies have investigated the involvement of neuroinflammatory
and oxidative stress in the neurotoxic effect of carbon-based or metal-based NPs [13]. Mice
with the aspiration of MWCNT had significantly increased level of cytokines in the blood
[10]. Single dose of MWCNT by pharyngeal aspiration was sufficient to induce the
expression of brain-region-specific mMRNAs of chemokines, cytokines, and markers of
cellular stress [13]. Iron- and aluminum-sulfate treatment in primary neural cells culture
triggered the production of reactive oxygen species (ROS) and induced the expression of
specific micro RNASs that were up-regulated in Alzheimer’s disease brains [18]. Studies also
showed that administration of NPs in mice can trigger oxidative stress response and interfere
with mitochondrial function in the brain [17]. Inflammation and ROS are known regulators
of neurite growth and branching in other models [2]. Therefore, an increase in inflammation
and oxidative stress may partially explain the impairment in regenerative axon growth
following MWCNT exposure.

While several findings established the feasibility of using nanotubes as substrates for nerve
cell growth, our current data suggest caution, as the neurons compromised by “conditioning
lesion” are sensitive to MWCNTS exposure, showing compromised regenerative response.

Further studies focused on specific molecular pathways that mediate action of MWCNTS
should yield important insights into mechanisms that may provide the means for therapeutic
targeting of nervous system.

Conclusions

The application of nanomaterials into new products has dramatically increased in areas of
industry, medicine and research. Thus, a complete understanding of the interaction between
nanoparticles and target cells is urgently required. However, data on both positive
functionality and negative potential hazard of MWCNT exposure are rare.

Our results indicate that exposure to MWNCTSs may have detrimental effect on regenerative
axon growth and may potentially trigger axonal pathology. These results necessitate further
studies related to the functionality and toxicity of nanostructures in neuronal cells.
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Figure 1. Indirect immunofluorescence of DRG neurons 24 hours after plating

Indirect immunofluorescence was performed against neuronal B-tubulin using primary
mouse anti-TUJ1 antibody, and anti-mouse FITC secondary antibodies. Left panel shows
DRG neurons incubated overnight with 10ug/ml of MWCNTS in 10% of surfactant in saline.
Right panel shows control DRG neurons incubated with vehicle (10% of surfactant in
saline). Big white arrowheads point at DRG neurons. Small arrows point at axons.
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Figure 2. Decrease of axon length and brunching in DRG cultures after exposure to MWCNTS
for 24 hours

A: Mean axon length (um) calculated after tracing neuritis with ImageJ (NIH) software. B:
Mean number of branches. Processes initiated from the cell body were scored if they
extended greater than 1 cell body in length from the neurite, and secondary and higher order
branches of the neurite were scored after a branch point.
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Figure 3. Dose-dependent responses of DRG axon outgrowth to MWCNT treatment

The statistical analyses were performed on the length (A) and the branch number (B) of the
axons in dissociated DRG cultures after overnight incubation with vehicle, 0.1ug/ml, 1pg/
ml, 5pug/ml and 10 pg/ml of MWCNT. The inhibition of regenerative axon growth is related
to the dose of MWCNT. ***- P<0.001
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Figure 4. Effect of MWCNT on cell apoptosis

TUNEL technique was used to label DNA strand breaks induced apoptosis. No damaged
DNA was detected in vehicle treated or MWCNT treated DRG neuronal cell cultures. The
images captured under microscopes from both vehicle treated group and MWCNT treated
group were similar to the images from negative control group, which indicated the exposure
of MWCNT at dose of 10 pg/ml overnight didn’t increase cell death of DRG neuronal cells.
(Scale bar=100 pm).
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