
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by: [Centers for Disease Control and Prevention]
On: 1 September 2010
Access details: Access Details: [subscription number 919555898]
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Toxicology and Environmental Health, Part A
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713667303

Effects of Titanium Dioxide Nanoparticle Exposure on Neuroimmune
Responses in Rat Airways
Mario Scuria; Bean T. Chenb; Vincent Castranovab; Jeffrey S. Reynoldsb; Victor J. Johnsonb; Lennie
Samsella; Cheryl Waltona; Giovanni Piedimontea

a Department of Pediatrics, West Virginia University School of Medicine, Morgantown, West Virginia,
USA b NIOSH, Morgantown, West Virginia, USA

Online publication date: 01 September 2010

To cite this Article Scuri, Mario , Chen, Bean T. , Castranova, Vincent , Reynolds, Jeffrey S. , Johnson, Victor J. , Samsell,
Lennie , Walton, Cheryl and Piedimonte, Giovanni(2010) 'Effects of Titanium Dioxide Nanoparticle Exposure on
Neuroimmune Responses in Rat Airways', Journal of Toxicology and Environmental Health, Part A, 73: 20, 1353 — 1369
To link to this Article: DOI: 10.1080/15287394.2010.497436
URL: http://dx.doi.org/10.1080/15287394.2010.497436

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713667303
http://dx.doi.org/10.1080/15287394.2010.497436
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Journal of Toxicology and Environmental Health, Part A, 73: 1353–1369, 2010
Copyright © Taylor & Francis Group, LLC
ISSN: 1528-7394 print / 1087-2620 online
DOI: 10.1080/15287394.2010.497436

EFFECTS OF TITANIUM DIOXIDE NANOPARTICLE EXPOSURE ON NEUROIMMUNE
RESPONSES IN RAT AIRWAYS

Mario Scuri1, Bean T. Chen2, Vincent Castranova2, Jeffrey S. Reynolds2, Victor J. Johnson2,
Lennie Samsell1, Cheryl Walton1, Giovanni Piedimonte1

1Department of Pediatrics, West Virginia University School of Medicine Morgantown,
West Virginia, USA
2NIOSH, Morgantown, West Virginia, USA

Exposure to ambient nanoparticles (defined as particulate matter [PM] having one dimension
<100 nm) is associated with increased risk of childhood and adult asthma. Nanomaterials
feature a smaller aerodynamic diameter and a higher surface area per unit mass ratio compared
to fine or coarse-sized particles, resulting in greater lung deposition efficiency and an increased
potential for biological interaction. The neurotrophins nerve growth factor and brain-derived
neurotrophic factor are key regulatory elements of neuronal development and responsiveness
of airway sensory neurons. Changes in their expression are associated with bronchocon-
striction, airway hyperresponsiveness, and airway inflammation. The neurogenic-mediated
control of airway responses is a key pathophysiological mechanism of childhood asthma.
However, the effects of nanoparticle exposure on neurotrophin-driven airway responses and
their potential role as a predisposing factor for developing asthma have not been clearly
elucidated. In this study, in vivo inhalation exposure to titanium dioxide nanoparticles (12
mg/m3; 5.6 h/d for 3 d) produced upregulation of lung neurotrophins in weanling (2-wk-old)
and newborn (2-d-old) rats but not in adult (12-wk-old) animals compared to controls. This
effect was associated with increased airway responsiveness and upregulation of growth-related
oncogene/keratine-derived chemokine (GRO/KC; CXCL1, rat equivalent of human interleukin
[IL]-8) in bronchoalveolar lavage fluid. These data show for the first time that exposure to
nanoparticulate upregulates the expression of lung neurotrophins in an age-dependent fashion
and that this effect is associated with airway hyperresponsiveness and inflammation. These
results suggest the presence of a critical window of vulnerability in earlier stages of lung
development, which may lead to a higher risk of developing asthma.

Airborne particulate matter (PM) has been
associated with increases in respiratory and
cardiovascular morbidity and mortality (Peters
et al., 2004; Atkinson et al., 2001; Dominici
et al., 2005; Krewski et al., 2005; Mossman
et al., 2007). In particular, environmental expo-
sure to nanoparticles (defined as particulate
matter [PM] having one dimension <100 nm),
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the level of which is increased in urban areas
due to vehicle emissions, has been associ-
ated with an enhanced risk of childhood and
adult asthma (Donaldson et al., 2000; von Klot
et al., 2002; Wong & Lai, 2004; Krewski &
Rainham, 2007; Karr et al., 2009). Results
from animal studies consistently show a rise in
pulmonary inflammation, oxidative stress, and
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distal organ involvement following respiratory
exposure to inhaled or instilled nanoparticles
(Zhang et al., 2003; Zhou et al., 2003). These
particles pose a greater risk in terms of their
effects on the respiratory and cardiovascular
system due to their higher deposition efficiency
in the peripheral lung compared to fine parti-
cles and their ability to penetrate into lung tis-
sue crossing the pulmonary epithelium, reach-
ing the interstitium and possibly translocating
to other organs (Oberdorster, 2001; Kreyling
et al., 2002; BeruBe et al., 2007; Warheit
et al., 2007; Moller et al., 2008). Typically, the
biological activity of particles increases as size
decreases. Smaller particles occupy less vol-
ume, resulting in a larger number of particles
with a greater surface area per unit mass and,
therefore, an elevated potential for biological
interaction (Huang et al., 2004; Yang & Watts,
2005). Due to the unique and novel nature of
these particles, these interactions with the res-
piratory system may potentially result in airway
responses of a nature that is poorly understood.

Neurotrophins are a family of proteins that
have been shown to play a key role in neu-
ral survival, development, function, and plas-
ticity of nerves (Huang & Reichard, 2001).
The neurotrophin family includes nerve growth
factor (NGF), brain-derived neurotrophic fac-
tor (BDNF), neurotrophin 3 (NT3), and neu-
rotrophin 4 (NT4). These neurotrophins share
common structural features and act through
their corresponding high-affinity tyrosine kinase
(Trk) receptor subtypes and a common low-
affinity receptor, p75 (Lewin & Barde, 1996;
Chao, 2003). The prototypical neurotrophin
nerve growth factor (NGF) is a key regulatory
element of neuronal development and respon-
siveness (Levi-Montalcini, 1987; Kernie &
Parada, 2000) and controls expression of the
genes encoding the precursor of the pro-
inflammatory neurotransmitter substance P (SP)
and other neuropeptides in sensory neurons
(Lindsay & Harmar, 1989). In addition, NGF
modulates immune responses and has been
associated with allergic inflammation and air-
way hyperresponsiveness in animal models as
well as in humans, suggesting that neurotrophic
factors may play an important pathophysiologic

role in asthma (Bonini et al., 1996; Braun et al.,
1998, 1999).

In previous studies it was shown that lower-
respiratory-tract infection (LRTI) with respira-
tory syncytial virus (RSV) is associated with
a marked increase in the expression of NGF,
and both its high-affinity receptor, tyrosine
kinase A (TrkA), and low-affinity receptor, p75,
in lung tissues. Under the influence of NGF,
the nociceptive fibers located in the airway
epithelium increase both synthesis and release
of SP. SP, in turn, produces bronchoconstric-
tion, airway hyperresponsiveness and activa-
tion of inflammatory cells including T lym-
phocytes and monocytes, resulting in airway
inflammation, also referred to as neurogenic
inflammation (Piedimonte, 2003; Piedimonte
et al., 2004). In addition to its bronchoconstric-
tive and pro-inflammatory effects, substance
P is known to possess important immunomod-
ulatory properties and specifically regulates
the function of T and B lymphocytes, mono-
cytes, and macrophages by affecting their
migration, response to mitogens and allergens,
and synthetic functions (Goetzl et al., 1995;
Maggi, 1997). The RSV-induced increased NGF
expression is also greater in weanling rats com-
pared to adult rats, indicating a vulnerable
window in infancy when the innervation of the
lung is being determined (Hu et al., 2002). The
critical importance of neurogenic-mediated
control of airway functions is further confirmed
by the poor response (or lack thereof) to con-
ventional anti-inflammatory treatment in chil-
dren with RSV-induced bronchiolitis (Richter &
Sheddon, 1998; Fox et al., 1999; Cade et al.,
2000). Collectively, these data suggest that
changes of neurotrophin expression in the early
stages of airway development may lead to
irreversible neurosensory dysfunctions. This, in
turn, may result in chronic inflammatory effects
extending further in life and ultimately result-
ing in the development of asthma (Nassenstein
et al., 2006).

Although the collective studies just cited
provide convincing evidence that environmen-
tal exposure to either viruses (such as RSV)
or nanoparticles results in the development
of respiratory diseases, and that the incidence
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NANOPARTICLES AND NEUROIMMUNE AIRWAY RESPONSES 1355

of asthma is increased in urban areas with
elevated environmental pollution, the impact
of nanoparticles on the neurogenic-mediated
control of airway responses and their poten-
tial role as a predisposing factor for develop-
ing asthma have not been clearly elucidated.
Therefore, in this study, the effects of nanopar-
ticle exposure were investigated on the expres-
sion of lung neurotrophins and whether this
effect was age-dependent.

METHODS

Animals
Adult rats (12 wk old) weighing 190 ±

10 g (SE) of both genders, newborn rats (1–2 d
old) weighing 6 ± 0.1 g (SE) of both genders,
and weanling rats (2 wk old) weighing 23 ±
0.4 g (SE) of both genders born to specific-
pathogen-free timed-pregnant dams of Fischer
344 (F-344) strain were obtained from Charles
River Laboratories (Wilmington, MA). The ani-
mals were housed in the AAALAC-approved
NIOSH Animal Facility and kept in polycarbon-
ate micro-isolator cages in a strictly controlled
(12-h light/dark cycle; 20–25◦C; 36/605 rel-
ative humidity) pathogen-free environment to
prevent any microbial contamination. These
cages were placed on racks that provided pos-
itive individual ventilation with class 100 air
to each cage at the rate of approximately 1
cage change of air per minute (Maxi-Miser;

Thoren Caging System, Hazleton, PA) and
were serviced by trained husbandry techni-
cians. Bedding, water, and food were auto-
claved prior to use and unpacked only under
laminar flow. Cages and water bottles were
run through a tunnel washer after every use
and disinfected with both chemical and heat.
The West Virginia University and the NIOSH
Animal Care and Use Committees approved all
experimental procedures followed in this study.

Exposure System
The unrestrained animals were exposed

to titanium dioxide nanoparticles (TiO2) in
a specialized inhalation system as previously
described by Chen et al. (2006) and illustrated
in Figure 1. TiO2 powder (P25) was obtained
from DeGussa (Parsippany, NJ). Although the
average primary size is reported as 21 nm by
the manufacturer, the primary particles tend
to form aggregates as a result of van der
Waals forces. To reduce the size of the aggre-
gates, the powders were carefully prepared
for generation by sieving (to remove the big
aggregates), drying (to avoid aggregate forma-
tion due to high humidity), and storage (to
prevent aggregate attraction through contact
charges). A TSI fluidized-bed aerosol genera-
tor was used (Marple et al., 1978). TiO2 mass
concentration was monitored with a Data RAM
(DR-4000, Thermo Electron Co, Franklin, MA)

Aerosol Out

Fan
Pressure Gage

Air Sample Lines:AB C

Cyclone
DataRAM

Sample Filters

APS & SMPS

MOUDI
Exposure Cage

Temperature &

Relative Humidity

Monitor

Air Filter &

Regulator

Compressed Air In

Air Filter

Needle

Valve
To Laboratory

Vacuum

Fluidized Bed

FIGURE 1. The left panel shows an actual picture of the exposure system used for this study. (A) Fluidized-bed aerosol generator con-
taining TiO2 powder. (B) Air drier unit, which introduces dry clean air into the generator to fluidize the air and disperse the particles into
the exposure chamber. (C) Exposure chamber containing the unrestrained animals. The right panel illustrates the schematic diagram of
the inhalation exposure system.

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
C
e
n
t
e
r
s
 
f
o
r
 
D
i
s
e
a
s
e
 
C
o
n
t
r
o
l
 
a
n
d
 
P
r
e
v
e
n
t
i
o
n
]
 
A
t
:
 
2
2
:
2
8
 
1
 
S
e
p
t
e
m
b
e
r
 
2
0
1
0



1356 M. SCURI ET AL.

60000

50000

30000

40000

10000

20000

dC
n/

d(
lo

g 
D

g)
, N

um
be

r/
cm

3

0
0 100 1000 10000

Geometric Diameter (Dg), nm

FIGURE 2. A typical number-based particle size distribution of
TiO2 aerosol where Cn is the number concentration of the
aerosol and Dg is the geometric (mobility) diameter.

and gravimetrically measured with Teflon fil-
ters. In this study, a mean aerosol concentration
of 10 mg/m3 was maintained in the exposure
chamber by adjusting the powder feed rate
in the generator. The particle size distribution
of TiO2 aerosols was measured using a cas-
cade impactor (MOUDI, MSP Co. Shoreview,
MN), an electrical mobility classifier (SMPS, TSI
Inc. Shoreview, MN), and an aerodynamic siz-
ing instrument (APS, TSI, Inc., Shoreview, MN).
The impactor was used for measuring mass-
based aerodynamic size distributions, while the
latter two sizing devices were combined for
determining number-based mobility size dis-
tributions. Assuming a log-normal distribution,
the size distribution of TiO2 aerosols has a mass
median aerodynamic diameter (MMAD) of 1.6
μm and a geometric standard deviation of 2.5,
while the count mean aerodynamic diameter
was 138 nm. For a typical concentration of 10
mg/m3, the count mode (primary peak) of the
distribution is approximately 100 nm (Figure 2).

Experimental Protocols
Adult pathogen-free rats (12 wk old; n = 6)

were exposed to TiO2 nanoparticles (parti-
cle size 100 nm) at a concentration of 12
mg/m3 for 5.6 h/d for 3 consecutive days.
This exposure regimen translates to a cumula-
tive lung deposition of 240 μg of particulate.
The deposited dose per animal is derived by
the formula (aerosol concentration) × (minute
ventilation) × (exposure duration) × (depo-
sition fraction), where minute ventilation was

estimated to be 0.2 L/min (Brown et al., 2005)
and deposition fraction is assumed to be 0.1
for particles with an MMAD of 1.6 μm. The
deposition fraction was based upon Kreyling’s
alveolar deposition curve for inhaled ultrafine
particles in rats (Kreyling, 2003). An equal
number of age-matched animals were used
as controls. Control animals were exposed to
HEPA-filtered room air through a similar sys-
tem except that dry air was fed directly into
the exposure chamber and the chambers were
located in a separate room. Upon comple-
tion of the last exposure, the animals were
sacrificed by intraperitoneal (ip) injection of
sodium pentobarbital (50 mg/kg) followed by
exanguination as per the “AVMA Guidelines on
Euthanasia,” June 2007, and their lungs were
removed for subsequent analysis.

Newborn rats (1–2 d old; n = 12), born to
specific-pathogen-free females, were exposed
to the nanoparticle aerosol according to the
same protocol as the adult animals except
that they were kept with their mothers before,
during, and after exposure in order to allow
nursing and avoid any potential stress-related
responses. The cumulative lung deposition per
each newborn was equal to 60 μg of particu-
late. The deposited dose per animals is derived
by the same formula described earlier except
that minute ventilation was estimated to be
0.05 L/min (Brown et al., 2005). The lung
deposition calculation may not reach a com-
parable level of accuracy for newborns due to
the disruption of their breathing pattern during
feeding and grooming from the mother. Age-
matched control animals (1–2 d old; n = 10)
born to different females were exposed to
HEPA-filtered room air through a similar sys-
tem except that dry air was fed directly into
the exposure chamber and the chambers were
located in a separate room. Upon completion
of the last exposure, the animals were sacrificed
by ip injection of sodium pentobarbital (50
mg/kg) followed by exanguination as per the
“AVMA Guidelines on Euthanasia,” June 2007,
and their lungs were removed for subsequent
analysis.

Weanling rats (2 wk old; n = 11), born to
specific-pathogen-free females, were exposed
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NANOPARTICLES AND NEUROIMMUNE AIRWAY RESPONSES 1357

to the nanoparticle aerosol according to the
same protocol as the adult animals except
that they were kept with their mothers before,
during, and after exposure in order to allow
nursing and avoid any potential stress-related
responses. The cumulative lung deposition per
each weanling was equal to 120 μg of par-
ticulate. The deposited dose per animals is
derived by the same formula described earlier
except that minute ventilation was estimated to
be 0.1 L/min (Brown et al., 2005). The lung
deposition calculation may not reach a com-
parable level of accuracy for weanlings due to
the disruption of their breathing pattern dur-
ing feeding and grooming from the mother.
Age-matched control animals (2 wk old; n = 8)
born to different females were exposed to
HEPA-filtered room air through a similar sys-
tem except that dry air was fed directly into
the exposure chamber and the chambers were
located in a separate room. Upon completion
of the last exposure, the animals were sacrificed
by ip injection of sodium pentobarbital (50
mg/kg) followed by exanguination as per the
“AVMA Guidelines on Euthanasia,” June 2007,
and their lungs were removed for subsequent
analysis.

Reverse-Transcription Polymerase Chain
Reaction (RT-PCR)
The presence of RNA in lung tissue was

detected by reverse-transcription polymerase
chain reaction (RT-PCR). The left lung from
each animal was removed upon sacrifice and
immediately flash frozen in liquid nitrogen

and stored at –80◦C. The frozen specimens
were then placed in RLT disruption buffer
and homogenized using a conventional rotor-
stator homogenizer (Brinkmann Instruments,
Westbury, NY) for 45–60 s until the sam-
ple was uniformly homogenous. Total RNA
was extracted from lung homogenates using
RNEasy Midi-Kits (Qiagen GmbH, Hilden,
Germany) according to the manufacturer’s
specifications. RNA samples (1 pg–2 mg) were
added to a 50-μl master mix consisting of 400
μM each of deoxynucleotide triphosphates
(dNTPs), 10 U RNAse inhibitor, 2 μl enzyme
mix containing Taq DNA polymerase (one-step
RT-PCR Promega, Madison, WI), and 50
pmol each of primers flanking the nucleotide
sequence for nerve growth factor (NGF) and
its high- and low-affinity receptor (TrKa and
p75), respectively, brain-derived neurotrophic
factor (BDNF) and its receptor (TrKb), and
the housekeeping gene (β-actin). The same
master mix without the RNA sample was used
as a negative control. The primers pairs were
designed on the basis of previously published
protocols (Hu et al., 2002) and were used to
differentiate cDNA-generated PCR products
from genomic DNA contamination. The spe-
cific primer sequences (sense and antisense)
and their expected size are illustrated in
Table 1. Amplification was performed using a
Gene-Amp PCR System 9600 thermal cycler
(Perkin-Elmer, Waltham, MA). The process
was started with an initial step of 50◦C/30
min, then 95◦C/15 min, followed by 25–35
cycles with a denaturing step, followed by an
annealing step, an extension step, and then

TABLE 1. Sequence of Primers Used for Analysis of Rat Neurotrophins and Neurotrophin Receptor Transcripts

Gene
Product
size, bp

Accession
number Gene ID Sense Anti-sense

BDNF 293 M61178 24225 5′ - AGC TGA GCG TGT GTG ACA
GTA T - 3′

5′ - GTC TAT CCT TAT GAA CCG
CCA G - 3′

TrKb 664 M55291 25054 5′ - OH CCG CTA GGA TTT GGT GTA CTG
AGC CTT CT- 3′

5′ - OH CCA CTG TCA TCA GAT GAA ATG
TTC GTT ATC CT- 3′

NGF 395 M36589 310738 5′ - CTG GAC TAA ACT TCA GCA TTC - 3′ 5′ - TGT TGT TAA TGT TCA CCT CGC - 3′
TrKa 690 M021589 59109 5′ - GCC TTC GCC TCA ACC AGC CCA - 3′ 5′ - CTC TTG ATG TGC TGT TAG TGT - 3′
p75 663 M012601 24596 5′ - OH AGC CAA CCA GAC CGT

GTG TG - 3′
5′ - OH TTG CAG CTG TTC CAC

CTC TT - 3′
Beta-actin 285 C005111.2 81822 5′ - OH TCA TGA AGT GTG ACG TTG ACA

TCC GT - 3′
5′ - OH CTT AGA AGC ATT TGC GGT GCA

CGA TG - 3′
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one final extension step at 68–72◦C for 10
min. All programs included a 4◦C hold step
at the end. Amplified PCR products were
size-fractionated by electrophoresis through
a 2% agarose gel and stained with ethidium
bromide. The gels were then photographed
using an imaging system (FOTO/Analyst
Luminary Workstation, Fotodyne, Hartland,
WI). The initial input/product-response curve
was obtained to confirm that the selected cycle
was within the “linear” range for each primer.
The intensity of DNA bands was analyzed by
computerized densitometry (TotalLab TL-101
Image Analysis Software) and expressed as the
ratio of the densitometric score measured for
each target normalized by the β-actin control.

Histopathology
The right lung from each animal was

fixed in 10% buffered formalin, embedded
in paraffin, and cut in 3-μm-thick sections.
Hematoxylin and eosin (H&E) staining was per-
formed for histopathologic analysis. All slides
were coded and interpreted by two inde-
pendent board-certified pathologists who were
blinded as to whether the specimens were from
a treated animal or a control. Histopathologic
changes were graded as mild (5–10 inflam-
matory cells in 3 or more adjacent alveoli),
moderate (10–20 inflammatory cells per alve-
olus), or severe (>20 inflammatory cells per
alveolus). The scores of three different animals
per each experimental group were averaged
and then compared.

Airway Mechanics
A newly developed acoustic whole-body

plethysmograph was used to measure spe-
cific airway resistance (sRaw) in unrestrained
rats. The system consists of a plethysmograph
chamber that operates as a resonating cav-
ity. The acoustic pressure inside the cavity
is determined by the cavity geometry. When
the system is excited near the resonant fre-
quency, the acoustic pressure amplitude in the
plethysmograph is modulated in direct propor-
tion to the change in volume of the animal.

A screen placed across the outside end of the
plethysmograph nozzle acts as a pneumotaco-
graph to measure air flow. The pressure drop
across the screen is measured with a pres-
sure transducer. The system, therefore, allows
the measurement of two independent flows (or
pressure) from which sRaw can be estimated
(Reynolds et al., 2008). These measurements
are comparable with those obtained with tradi-
tional double-chamber plethysmographs, over-
coming the issue of single-chamber plethysmo-
graphs, which produce an empirical index of
airway resistance called Penh, the accuracy of
which has been questioned (Sly et al., 2005).
After measuring baseline sRaw, saline or metha-
choline at increasing concentrations of 2.5, 5,
and 10 mg/ml was nebulized into the cham-
ber for 3 min. After each challenge, sRaw was
recorded for 3 min. Mean sRaw was calculated
for either saline or methacholine for each ani-
mal over 3 min. This procedure was carried out
for all experimental groups 1 h after the end of
the last exposure.

Bronchoalveolar Lavage (BAL)
In a different set of weanling rats, collec-

tion of bronchoalveolar lavage (BAL) fluid was
performed 1 h after the end of the last expo-
sure. BAL was carried out according to the
same protocol described earlier. Briefly, the ani-
mals were anesthetized by ip injection with
sodium pentobarbital (50 mg/kg). A small plas-
tic catheter attached to a syringe was inserted
into the trachea and secured with a proxi-
mal and distal suture. The lavages were per-
formed by instilling and withdrawing 28 ml/kg
of saline into the airways and repeating the pro-
cedure thrice. At the end of the procedure the
animals were euthanized by an additional ip
injection of sodium pentobarbital (50 mg/kg)
followed by exanguination as per the “AVMA
Guidelines on Euthanasia,” June 2007. Total
cell count in BAL fluid was performed with a
hemocytometer and expressed as total cells per
milliliter of fluid, and a microscope slide for
differential count was prepared using a cyto-
centrifuge at 9500 × g for 5 min. The slides
were fixed by air-drying and then stained with
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NANOPARTICLES AND NEUROIMMUNE AIRWAY RESPONSES 1359

the Giemsa–Wright method. Cells were identi-
fied based on size and morphological features,
and we avoided any cell that had evidence of
artifact or lysis. Differential cell count was per-
formed on 200 cells to determine the number
of polymorphonuclear leukocytes (PMNs), lym-
phocytes, and macrophages. Slides were coded
and reviewed separately by two pathologists,
who were blinded with regard to the experi-
mental conditions. T cells and their subpopula-
tions (CD4+/CD8+), B cells, and macrophages
were measured by flow cytometry according to
our standard protocol. Briefly, BAL fluid was
centrifuged at 800 × g for 8 min at 4◦C. The
supernatant was frozen for subsequent analysis.
Cell pellets were resuspended in 2 ml of room-
temperature 1× BD Pharmingen lysis buffer
and incubated at room temperature for 3 min.
Ten milliliters phosphate-buffered saline (PBS)
was added and cells were pelleted as already
described. Pellets were resuspended in 0.5 ml
PBS and cell counts were done. Cells were
blocked with Fc receptor antibody (BD number
550270) at 1 μg/106 cells for 30 min on ice.
CD45 (BD number 554876) or isotype control
(BD number 550615) was added at 1 μg/106

cells to appropriate tubes and incubated on
ice for 30 min. Cells were washed with PBS
twice, and after the second wash fluorochrome
antibodies were added at 1 μg/106 cells and
streptavidin APC Cy-7 at 0.5 μg/106 cells. Cells
were incubated on ice in the dark for 30 min,
then washed twice with PBS. After the sec-
ond wash the pellets were resuspended on 0.5
ml of 0.4% paraformaldehyde and incubated
overnight at 4◦C in the dark. Antibodies used
were CD3 (BD number 557030), CD4 (BD
number 554839), CD8a (BD number 559976),
mouse immunoglobulin (Ig) M isotype control
(BD number 550883), mouse IgG2a isotype
control (BD number 553458), and mouse IgG1
isotype control (BD number 550617). Data
were acquired and analyzed using FACSAria
(BD Biosciences, San Jose, CA).

The rationale for measuring T-cell popula-
tion in BAL is due to the fact that neurotrophins
were consistently found to exert an additional
effect on immune responses (Nockher and
Renz, 2006a; 2006b).

Multiplexed Cytokine/Chemokine
Analysis
An aliquot of the frozen BAL fluid was

used for simultaneous measurement of mul-
tiple inflammation relevant airway cytokines
and chemokines. A panel of 24 cytokines
and chemokines, including Eotaxin, gran-
ulocyte colony-stimulating factor (G-CSF),
granulocyte–macrophage colony-stimulating
factor (GM-CSF), GRO/KC, interferon (IFN)-γ ,
interleukin (IL)-10, IL-12 (p70), IL-13, IL-17,
IL-18, IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6,
IL-9, IP-10, leptin, monocyte chemotactic
protein-1 (MCP-1), macrophage inflammory
protein (MIP)-1α, RANTES, tumor necro-
sis factor (TNF)-α, and vascular endothelial
growth factor (VEGF), was simultaneously
measured in BAL fluid using a Milliplex MAP
rat cytokine/chemokine panel (Millipore;
Billerica, MA) according to manufacturer’s
specifications. The analysis was performed
using Luminex 200 System and xMAP technol-
ogy for multiplexed quantification (Luminex,
Austin, TX).

Statistical Analysis
Measurements of specific airway resistance

(sRaw) were analyzed using a one-way analy-
sis of variance (ANOVA) for repeated measures
with post hoc Fisher correction to identify sig-
nificant pairs. All other data were analyzed
using paired and unpaired t-tests when appro-
priate (Sigmastat 2.0 for Windows, SPSS, Inc.,
Chicago). Values in the text and figures are pre-
sented as mean ± SE. Differences having a p
value <.05 were considered significant.

RESULTS

Neurotrophin and Neurotrophin
Receptor Expression
In adult rats, RT-PCR analysis of lung tis-

sues mRNA encoding for NGF and BDNF did
not reveal any significant difference in exposed
animals compared to controls. The computer-
ized densitometric analysis of the intensity of
the bands for the target genes normalized for
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FIGURE 3. (A) In adult rats, NGF and BDNF expression is
unchanged following exposure to TiO2 nanoparticulate. (B)
Consistent with their agonists, the expression of neurotrophin
receptors was unaffected except for a decreased expression of
the BDNF receptor, TrKb, which may be due to a physiologically
diminished activity of neurotrophins associated with age. Data
were generated by densitometric analysis of the intensity of the
target gene bands normalized for the standard reference gene,
β-actin, and are expressed as mean ± SE (n = 6 for both groups;
asterisk indicates signficant at p < .05).

the standard reference gene β-actin is shown
in Figure 3A. The same analysis conducted
for the high- and low-affinity NGF receptors,
TrKa and p75, respectively, confirmed a lack of
effect in treated animals compared to controls
(Figure 3B). However, the expression of the
BDNF receptor, TrKb, showed a twofold signif-
icant decrease in animals exposed to nanopar-
ticles compared to controls (Figure 3B).

In weanling rats, exposure to TiO2
nanoparticles produced a 1.4-fold increase in
NGF and BDNF lung expression compared to
controls (Figure 4A). This effect was associated
with a twofold rise in the lung expression of the

BDNF receptor, TrKb, whereas the expression
of NGF high- and low-affinity receptors (TrKa
and p75), respectively, did not reveal any
significant change in treated animals compared
to controls (Figure 4B). The intensity of the
bands for the target genes was analyzed by
computer densitometry and normalized for the
standard reference gene, β-actin, as previously
described. A representative gel image is also
shown in Figure 4.

In newborn rats, the same exposure reg-
imen resulted in a 2.8-fold increase in NGF
expression compared to age-matched controls,
whereas the expression of BDNF was unaf-
fected (Figure 5A). This effect was associated
with a twofold rise in NGF low-affinity receptor,
p75, and a 1.3-fold increase of BDNF receptor,
TrKb, in treated animals compared to con-
trols. In contrast, TrkA mRNA transcripts were
undetectable (Figure 5B).

Histopathology
The analysis of photomicrographs of hema-

toxylin and eosin (H&E)-stained sections from
the lung of weanling rats did not reveal any
evidence of acute or chronic inflammatory
changes and/or the presence of any acute or
chronic cell infiltrates in TiO2-exposed animals
compared to age-matched controls, despite
the fact that tissue neurotrophins were signif-
icantly upregulated (Figure 6, upper panel).
In adult rats the absence of exposure-related
histopathological changes is consistent with the
absence of any significant changes in neu-
rotrophin expression (Figure 6, lower panel).

Airway Mechanics
Weanling rats (2 wk old) exposed to TiO2

nanoparticles exhibited significantly higher
baseline specific airway resistance (sRaw) com-
pared to their age-matched controls 1 h after
the end of the last exposure (sRaw: 1.1 ±
0.08 cm H2O-s vs. 0.9 ± 0.03 cm H2O-s for
exposed and control animals, respectively; n =
5–6; Figure 7A). In exposed animals, inhala-
tional challenge with 10 mg/ml methacholine
produced a significantly higher rise in sRaw
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FIGURE 4. (A) In weanling rats, exposure to TiO2 nanoparticles upregulates NGF and BDNF expression in lung homogenates. This effect
is associated with a significant increase of the high-affinity receptor for BDNF, TrKb. The high-affinity receptor for NGF, TrKa, is also
upregulated, although the magnitude of the change is not enough to reach statistical significance, whereas the expression of the NGF
low-affinity receptor, p75, is unaffected (B). The intensity of the bands for the target genes was analyzed by computer densitometry and
normalized for the standard reference gene, β-actin, as previously described. A representative gel image of the NGF and BDNF bands is
also shown. Data are expressed as mean ± SE (n = 6 for both groups; asterisk indicates signficant at p < .05).

compared to control animals (2.3 ± 0.2 cm
H2O-se vs. 1.4 ± 0.1 cm H2O-s, respectively;
values are expressed as peak sRaw changes;
n = 5–6; Figure 7B). The rationale for perform-
ing airway measurements only on weanling
rats is based on the absence of any significant
changes in the molecular responses following
particle exposure in adult animals and on the
technical limitations of the system, which do
not allow for a reliable measurement of pul-
monary parameters in newborn rats due to
their very small size.

BAL
In exposed weanling animals, the total

number of cells recruited in the airways per
ml of BAL fluid showed a quantitative increase
compared to age-matched controls, although
this trend did not reach statistical significance

(3.1 × 106 ± 4.9 × 105 vs. 2.7 × 106 ± 2.9
× 105, respectively; n = 6 for both groups;
data not shown). Accordingly, no statistical sig-
nificant differences in the differential count
for PMN, lymphocytes, and macrophages were
observed (data not shown). Flow cytometric
analysis of BAL fluid also revealed that T cells
and their subpopulations, CD4+/CD8+, as
well as B cells, and macrophages were not sig-
nificantly affected by nanoparticles exposure
as compared to control weanling animals (data
not shown).

Multiplexed Quantification of BAL Fluid
Cytokines
The levels of 24 cytokines and chemokines

were examined in the BAL fluid of control
and exposed weanling animals. Eleven of these
were detectable and one, GRO/KC, was found
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FIGURE 5. (A) Newborn rats show increased lung NGF expres-
sion following exposure to TiO2 nanoparticles compared to their
age-matched controls. This effect appears to be of a higher
magnitude compared to weanlings exposed to the same level
of inhaled particulate. BDNF expression was unaffected. (B)
Consistent with its agonist, the NGF low-affinity receptor, p75,
is upregulated in the lungs of newborn animals exposed to TiO2
nanoparticles compared to control, whereas for the NGF high-
affinity receptor, TrKa, levels are undetectable. TrKb expression is
slightly yet significantly increased despite the lack of response of
its agonist, BDNF, indicating a possible increase of TrKb-mediated
BDNF activity. Data shown in figure are obtained by densitomet-
ric analysis of the target genes band as previously described and
are expressed as mean ± SE (n = 6; asterisk indicates signficant
at p < .05).

to be significantly elevated in the lavage fluid of
weanling animals exposed to TiO2 compared
to age-matched controls (0.6 ± 0.08 pg/μg
protein vs. 0.3 ± 0.07 pg/μg protein, respec-
tively; Figure 8). GRO/KC is a chemokine
belonging to the CXC family and was shown to
be the rat equivalent of human IL-8 (Verri et al.,
2006). The list of all detected markers and their
concentrations in the BAL fluid of the different
experimental groups is shown in Table 2.

DISCUSSION

The results of this study show for the first
time that exposure of newborn and wean-
ling rats to TiO2 nanoparticulate influences the
expression of lung neurotrophins, key regula-
tory elements of neuronal development and
responsiveness that play a critical role in the
pathophysiology of childhood asthma. This
effect is associated with the development of
airway hyperreactivity (AHR) and mild airway
inflammation in younger rats (2 wk old). In
contrast, inhalation exposure to nanoparticles
did not markedly influence these parameters
in older adult animals, supporting the pres-
ence of a critical window of vulnerability in
earlier stages of lung development compared
to later in life as already suggested in the lit-
erature (Hu et al., 2002; Piedimonte, 2002a;
Piedimonte et al., 2004). These findings, in
turn, may represent a potentially relevant clin-
ical factor indicating the importance of early
influences of nanoparticles on the developing
airways and their related impact on the devel-
opment of airway inflammation and eventually
bronchial asthma.

Environmental pollution deriving from
vehicle emission and industrial processes has
consistently been shown to affect the incidence
of respiratory diseases (Peters et al., 2004;
Mossman et al., 2007; Bedeschi et al., 2007).
However, nanoparticles may pose a greater risk
in terms of their effects on the respiratory and
cardiovascular system due to their small size
and large particle number and surface area per
unit mass, which, in turn, determines the over-
all distribution in lung and distal organs, and
may also provide a more efficient transport
mechanism for other toxic compounds asso-
ciated with or adhering to the surface of the
nanoparticles (Mossman et al., 2007). In this
study, nano-sized titanium dioxide was used,
since it is a useful prototypical material for the
study of the mechanisms of nanoparticle effects
due to its assumed immunologically “inert”
nature, which allows examination of the effects
of particle size without confounding factors,
such as high toxicity (Oberdorster et al., 2005).
Nano-sized TiO2 is used extensively in several
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Weanlings

TiO2Controls

TiO2Controls

20X 20X

Adults

20X 20X

FIGURE 6. Photomicrographs of hematoxylin and eosin-stained sections from the lung of weanling rats (A) sacrificed after the last day
of exposure to air or TiO2 nanoparticles show the absence of any significant pathological changes compared to age-matched controls,
despite the fact that tissue neurotrophins were significantly upregulated. In adult rats (B), the absence of exposure-related histopatholog-
ical changes is consistent with the absence of any significant changes in neurotrophin expression (magnification 20×; micrographs are
representative of 3 rats per group).

industrial processes and therefore is commonly
found in products such as photocatalysts to
clean air and water, antibacterial agents on glass
and steel, and as components of many cosmet-
ics and sunscreens (Gwinn & Vallyathan, 2006;
Maynard et al., 2006; Grassian et al., 2007).
Exposure to TiO2 nanoparticles produced
airway inflammation, alveolar macrophage
recruitment, and activation of various growth
factors and chemokines (de Haar et al., 2006;
Shieh et al., 2006). This collective evidence
suggests also that nanoparticle-induced airway
inflammation may predispose and/or amplify
the airway responses to other environmen-
tal pollutants. Lambert et al. (2003) showed
that ultrafine particles enhance RSV-induced

airway reactivity in a mouse model of RSV
infection. Shvedova et al. (2008) demon-
strated an increased susceptibility to bacterial
infection following exposure to carbon nan-
otubes in mice. These investigators, however,
focused mainly on cytokine and chemokines
expression and production of reactive oxy-
gen species (ROS) as factors in the patho-
physiology of inflammatory airway diseases.
Our study focused on the neuroinflamma-
tory pathways leading to abnormal airway
responses and the impact of TiO2 nanoparti-
cles exposure on their regulation. In particu-
lar, the effects of this environmental exposure
on the neurotrophin-mediated regulation of
the subepithelial neurosensory network were
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FIGURE 7. (A) In weanling rats, baseline specific airway resis-
tance (sRaw; cm H2O-s) is increased in animals exposed to TiO2
compared to their age-matched controls 1 h after the end of
the last exposure. In the same animals, the airway response to
increasing concentration of inhaled methacholine is increased in
exposed rats compared to controls (B). Data are expressed as
mean ± SE (n = 5–6; asterisk indicates significant at p < 0.05
and double asterisk indicates signficant at p < 0.01).

investigated. The neurogenic-mediated control
of airway responses, which was described in
detail in the introduction, is a critical mech-
anism in the regulation of airway functions
and the development of asthma during child-
hood (Nassenstein et al., 2006). In order to
confirm the relevance of nanoparticle-induced
disruption of airway neurotrophin expression,
the physiological effects associated with these
mechanisms were also studied.

An important finding of our study was that
the TiO2-induced airway responses are age
dependent. Adult rats exposed to the same
exposure conditions as younger animals did not
show any significant changes in the expres-
sion of the airway neurotrophins NGF and
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FIGURE 8. The analysis of BAL fluid by multiplexed quantifica-
tion using Luminex 200 System and xMAP technology revealed
the presence of increased concentrations of the cytokine
GRO/KC (rat equivalent of human IL-8) in the airways of exposed
weanling animals compared to their age-matched controls. Data
are expressed as picograms of analyte per microgram of total pro-
tein and are mean ± SE (n = 6 for both groups; asterisk indicates
signficant at p < .05).

BDNF or their receptors, TrKa, p75, and TrKb.
These age-related differences have already
been shown to play a critical role in determin-
ing the susceptibility of the developing airways
to other inhaled pathogens (Piedimonte, 2001;
Hu et al., 2002; Piedimonte et al., 2004), and,
although the magnitude of the particle-induced
airway responses in our study was not as dra-
matic as with more toxic inhalants, data suggest
the possibility that this type of environmental
exposure may render the lung more sensitive
to secondary insults present in the environ-
ment, including respiratory viruses (Lambert
et al., 2003; Mossman et al., 2007; Shvedova
et al., 2008). The disruption of neurotrophin-
related airway responses was associated to AHR
as demonstrated by the presence of a higher
baseline specific airway resistance in exposed
animals compared to their age-matched con-
trols and by the enhanced response to metha-
choline challenge in treated animals 1 h
after the last exposure. In addition, the anal-
ysis of inflammation-relevant cytokines and
chemokines in the airways of exposed and
control rats showed increased levels of the
chemokine GRO/KC in animals exposed to
TiO2 nanoparticles compared to age-matched
controls exposed to room air. GRO/KC is best
known for its role in neutrophil chemotaxis and
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TABLE 2. Cytokine and Chemokine Levels (pg/μg Total Protein) in BAL Fluid of Control and
TiO2-Exposed Weanling Animals

Substance Controls (n = 6) TiO2 (n = 6)

Eotaxin 0.03 ± 0.006 0.04 ± 0.007
GRO/KC 0.3 ± 0.07 0.6 ± 0.08a

IL-17 0.013 ± 0.003 0.018 ± 0.003
IL-18 0.4 ± 0.04 0.5 ± 0.07
IL-1β 0.04 ± 0.009 0.03 ± 0.01
IL-4 0.05 ± 0.009 0.07 ± 0.01
Leptin 0.1 ± 0.02 0.1 ± 0.02
MCP-1 0.04 ± 0.01 0.03 ± 0.01
RANTES 0.03 ± 0.004 0.02 ± 0.008
TNF-α 0.05 ± 0.004 0.048 ± 0.02
VEGF 0.3 ± 0.04 0.4 ± 0.08

aSignificant at p < .05 vs. controls.

degranulation early during inflammation. In this
regard its effects are similar to those of other
CXC-family cytokines including interleukin-8
(IL-8; CXCL8) in humans (Verri et al., 2006).
Our in vivo data are consistent with previous
observations on cultured human epithelial cells
showing that exposure to nanosized particles
of TiO2 triggers a pro-inflammatory response
(Singh et al., 2007), as well as several controlled
human exposure studies indicating the capa-
bility of environmental pollutants to induce an
acute inflammatory response in human airways
(Krishna et al., 1998). In addition, IL-8 was
found to enhance airway responses to increas-
ing concentrations of histamine in guinea pigs
(Qi et al., 1999). However, in our study this
effect was not associated with a significant
influx of inflammatory cells such as polymor-
phonuclear leucocytes (PMN) into the airways.
These findings are consistent with the lack of
any inflammatory cell infiltrates in lung tis-
sue of exposed and control animals and are
in agreement with Geiser et al. (2008), who
showed no marked increase in inflammatory
cells recruitment in the airways of animals
exposed to inhaled TiO2 nanoparticles com-
pared to controls. An interesting and potentially
relevant finding in our study is the simultane-
ous upregulation of airway neurotrophins and
the pro-inflammatory cytokine IL-8. Since early
evidence suggests the lack of a direct involve-
ment between sensory neuropeptides and IL-8
in the induction of AHR (Fujimura et al.,
1996), our data suggest that acute exposure

to nanoparticles may result in the activation of
different pathways leading to the development
of heightened airway responsiveness, a critical
feature of asthma. Nonetheless, further studies
are needed to elucidate this mechanism.

Nanosized particles of TiO2 have consis-
tently shown the capacity to elicit toxic and
inflammatory effects in several experimental
studies (Singh et al., 2007). Further, the con-
stant and unavoidable exposure to respira-
tory viruses, such as RSV, and the fact that
these types of environmental exposures can-
not be separated make understanding their
potential pathophysiological relationship criti-
cal. Our data, although preliminary, provide
a strong argument for a significant role of
nanoparticle exposure as a potential risk fac-
tor for the development of abnormal airway
responses. Previous studies on the mechanism
of neurotrophin-driven, RSV-induced airway
responses and their critical role in the early
development of airway disease (Bonini et al.,
1996; Braun et al., 1998; 1999; Piedimonte,
2002b; 2002c) provide a strong rationale for
studying the effects of nanoparticles in early
stages of development. Our results are novel
because they shed some light onto the subtle
effects of particulate exposure and suggest their
importance in the study of pathophysiological
mechanisms in early life factors leading to the
development of airway diseases.

In conclusion, understanding the airway
responses to inhaled nanoparticles and the
extent to which they affect the development of
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a particular disease is of paramount importance
to identify targets for therapeutic intervention.
Our focus on the early changes in the develop-
ing airways is, therefore, critical because it may
lead to new preventative and/or therapeutic
measures in the treatment of chronic inflam-
matory airway diseases, and identification of
new risk factors for their development. Further
studies on the concomitant and/or sequen-
tial impact of environmental pathogens such as
viruses and ambient pollutants such as nano-
materials, including carbon nanotubes, diesel
exhaust particles (DEP), and, to a lesser extent,
quantum dots, are needed.
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