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S T A T E M E N T

This Statement, prepared by the Health Effects Institute, summarizes a research project funded by HEI and conducted by Dr Mark L Witten at
the University of Arizona, Tucson AZ. The following Research Report contains both the detailed Investigators’ Report and a Critique on the
study prepared by the Institute’s Health Review Committee.

Neurogenic Responses of Rat Lung to Diesel Exhaust

Air pollution, including gases and particulate
matter emitted from motor vehicles, has been associ-
ated with increases in both morbidity and mortality,
but the underlying mechanisms responsible for these
effects are not well understood. Insight into such
mechanisms will aid in the understanding of human
risk associated with air pollution.

In 1998, HEI issued Request for Preliminary Appli-
cations 98-6, entitled “Health Effects of Air Pollu-
tion”. In response, Dr Witten and colleagues
proposed to investigate the inflammatory effects of
diesel exhaust exposure on rat airways. The investi-
gators focused on the role of neurogenic inflamma-
tion, an inflammatory response defined by the
release of neuropeptides, such as substance P (SP),
from sensory nerve fibers known as C fibers located
within the lung tissue. Neurogenic inflammation has
been implicated in responses to inhaled irritants
such as ozone and cigarette smoke and has been
implied to play a role in asthma. HEI funded Dr
Witten’s study because they thought it would provide
valuable information on the pathogenic mechanisms
involved in respiratory responses to diesel exhaust.

APPROACH

The investigators exposed female rats (8 weeks
old) to two concentrations of whole diesel exhaust
emissions (35 and 630 µg/m3 particulate matter)
from a heavy-duty 1990s Cummins research engine.
Exposures were conducted over 3 weeks (4 hr/day,
5 days/week); neurogenic and other inflammatory
markers were measured immediately after the end of
exposure. Half of the rats in each exposure group
were pretreated with capsaicin, a neurotoxin that
depletes sensory C fibers of neuropeptides and
thereby inhibits the neurogenic inflammatory
pathway. Control groups were exposed to air. Ciga-
rette smoke exposure (~400 µg/m3, 4 hr/day for
7 days) provided a positive control. The investigators
measured endpoints of neurogenic inflammation: SP

protein and gene expression, density of the SP
receptor neurokinin-1 (NK1), and activity of neutral
endopeptidase (NEP), the enzyme that breaks down
SP. They also assessed leakage of blood plasma into
lung tissue and other inflammatory markers, such
as levels of the cytokines interleukin (IL)-1�, IL-6,
IL-10, IL-12, and tumor necrosis factor �, numbers
of inflammatory cells in lung tissue, and cellular
lung pathology.

Witten collaborated with researchers from the
University of Wisconsin to develop the diesel
exhaust exposure system. Before animal exposures
started, they evaluated a number of engine opera-
tion modes using the California Air Resources
Board 8-mode test system for gaseous, particulate,
and metal emissions. The investigators selected
California Air Resources Board mode 6 for the
animal experiments.

RESULTS AND INTERPRETATION

The authors are among the first to investigate
neurogenic inflammation in the lungs of rats
exposed to whole diesel exhaust. After exposure to
both concentrations of diesel exhaust, consistently
higher levels of plasma leakage and lower activity
of the enzyme NEP were observed. Changes in
levels of SP and its receptor NK1 were less consis-
tent, however, and few changes were observed in
cytokine levels. These results confirm previous
findings of mild inflammatory responses after expo-
sure to diesel exhaust.

The role of neurogenic inflammation remains
unclear, however. Neurogenic inflammation has
been convincingly demonstrated after exposure to
ozone, sulfur dioxide, hydrogen sulfide, cigarette
smoke, and wood smoke. In those studies, inflamma-
tory responses were eliminated after animals had
been treated neonatally with capsaicin. In the
Witten study, rats were treated with capsaicin as
young adults. Witten and colleagues showed that

Continued
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capsaicin treatment caused a complete absence of
SP in lung tissue, but it had little effect on the
inflammatory response to diesel exhaust. Thus, the
results do not support a role for C fibers in the
airway inflammatory response to diesel exhaust.
The results of the current study may also have been
complicated by neuropeptide release from sources
other than C fibers (such as the airway ganglia,
mast cells, and eosinophils). The investigators did
find evidence for neurogenic inflammation after
exposure to cigarette smoke, which was in part
reversed by capsaicin treatment.

When testing emissions at different engine operating
conditions, the investigators found that elemental

carbon dominated at medium to heavy loads, while
organic carbon dominated emissions at lighter
loads. Levels of sulfate, calcium, iron, magnesium,
and particle numbers differed among operating
conditions. They found some differences in particle
composition between the lower and the higher level
of diesel exhaust during the animal exposures, but
their contribution to the inflammatory effects, if
any, remains unclear. Additional research will be
needed to investigate further the inflammatory
mechanisms and the role of C fibers in airway
responses to diesel exhaust and to identify which
components of the diesel exhaust mixture may
contribute to the inflammatory effects.
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INVESTIGATORS’ REPORT

Neurogenic Responses in Rat Lungs After Nose-Only Exposure 
to Diesel Exhaust

Mark L Witten, Simon S Wong, Nina N Sun, Ingegerd Keith, Chol-Bum Kweon, 
David E Foster, James J Schauer, and Duane L Sherrill

ABSTRACT

Using an in-line, real-time, in vivo exposure system, we
investigated whether acute adverse effects of diesel exhaust
(DE*) exposure involve neurogenic inflammation in the
lungs via sensory nerve C fibers. A total of 168 female F344
rats (175 g, 8 weeks old) were randomly assigned to pre-
treatment with capsaicin or saline to deplete C-fiber neu-
rotransmitters. In a 2 � 3 factorial design, groups of animals
were then exposed nose-only to a low level of DE (LDE,
35.3 µg/m3), a high level of DE (HDE, 632.9 µg/m3), or side-
stream cigarette smoke (CS, 0.4 mg/m3). Two control groups
were exposed whole body to filtered air in the animal room
(fRA) or unfiltered air in the diesel engine room (eRA),
respectively. DE was taken directly from a heavy-duty Cum-
mins N14 research engine operated at 75% throttle (Cali-
fornia Air Resources Board [CARB] 8, mode 6). Exposure to
DE or air was 4 hours/day, 5 days/week, for 3 weeks. Expo-
sure to CS was for 4 hours/day for 7 days.

Involvement of neurogenic inflammation in the response
to DE or CS was assessed via comparison of plasma extrava-
sation, a sensitive endpoint of neurogenic inflammation,
between rats with and without capsaicin pretreatment.
Lung injury was assessed via analysis of proinflammatory
cytokines, respiratory permeability, and histopathology.
Moreover, whether DE exposure affected the molecular
mechanisms of neurogenic inflammation was analyzed

through quantification of substance P (SP) and its primary
neurokinin-1 (NK1) receptor at the gene and protein levels
and through neutral endopeptidase (NEP) activity.

DE and CS exposure induced dose-dependent plasma
extravasation, which may play an important role in initi-
ating the associated lung inflammation and injury. Expo-
sure of rats to DE affected the SP signaling pathway as
indicated by overexpression of the NK1 receptor or reduc-
tion of SP in the lung tissue. DE exposure consistently
inactivated tissue NEP, a key factor that switches neuro-
genic inflammation from its physiological and protective
functions to a role that increases and perpetuates lung
injury. The roles of these overlapping neurokininergic
mechanisms in the initiation of DE-associated lung injury
are plausible, and these changes may contribute to DE-
associated respiratory disorders.

Capsaicin rats followed the same trends as those of
saline animals when exposed to DE or CS: capsaicin rats
did not have significantly different plasma extravasation
in the airways or lung parenchyma compared to their cor-
responding controls. Histopathology evaluation likewise
demonstrated the same degree of tissue changes, such as
edema and alveolar macrophage collection, in capsaicin
and saline rats after the same level of DE exposure.

In summary, our data suggest that neurokininergic mech-
anisms may have been involved in DE-induced inflamma-
tory conditions in rat lung but that C fibers did not appear to
be involved under these exposure conditions. We believe
that time-course or protein knockdown/knockout animal
studies are required to characterize further the role of neuro-
kininergic mechanisms in DE-induced lung injury.

INTRODUCTION

Airborne fine particulate matter (PM < 2.5 µm in aero-
dynamic diameter, or PM2.5) has been recognized as a major
risk factor to human health for decades. Acute adverse
effects from airborne PM have been demonstrated in epide-
miology studies (Dockery et al 1992, 1994; Peters et al 1997).

* A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.

This Investigators’ Report is one part of Health Effects Institute Research
Report 128, which also includes a Critique by the Health Review Committee
and an HEI Statement about the research project. Correspondence concern-
ing the Investigators’ Report may be addressed to Dr Mark L Witten, Depart-
ment of Pediatrics, College of Medicine, Arizona Health Sciences Center,
University of Arizona, 1501 N Campbell Ave, 3352 A, Tucson AZ 85724.

Although this document was produced with partial funding by the United
States Environmental Protection Agency under Assistance Award
R82811201 to the Health Effects Institute, it has not been subjected to the
Agency’s peer and administrative review and therefore may not necessarily
reflect the views of the Agency, and no official endorsement by it should be
inferred. The contents of this document also have not been reviewed by pri-
vate party institutions, including those that support the Health Effects Insti-
tute; therefore, it may not reflect the views or policies of these parties, and
no endorsement by them should be inferred.
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Small short-term increases in PM levels have been associ-
ated with increased symptoms of certain pulmonary ill-
nesses (ie, asthma, bronchitis, airway hyperresponsiveness)
(Samet et al 2000). PM-associated morbidity and mortality
are readily apparent in the young and old and in those with
preexisting respiratory or cardiopulmonary disorders (Utell
et al 1991). Mechanisms that explain the acute toxicity of
ambient PM and the sensitive subpopulation phenomenon
are not fully established, however. Ambient PM comes from
diverse natural sources (sea spray, volcanic, earth erosion)
and anthropogenic sources (industrial, urban, residential,
environmental, traffic-related) and consists of complex
aggregates of elemental and organic carbons, volatile
organics, metals, sulfates, pesticides, pollen, microbial
contaminants, and unknown materials, which are attached
to an insoluble carbon core (Veronesi and Oortgiesen
2001). These complex aggregates have different physico-
chemical and biomedical characteristics that may be
involved in pathogenic processes in the lungs.

Well-characterized PM-induced adverse health effects
are manifested as irritation, inflammation, and functional
impairment (Nikula et al 1995, 1997; Terashima et al 1997;
Gordon et al 1998; Salvi et al 1999, 2000; Ghio et al 2000;
Nel et al 2001). Airborne PM exposure can induce airway
hyperresponsiveness and lung inflammation (impairment
of airway scavenger cells, influx of macrophages and neu-
trophils, and damage of alveolar epithelial cells), but
underlying mechanisms cannot quantitatively relate epi-
demiological data to actual levels of PM exposure. This
uncertainty suggests that unknown approaches link or
orchestrate known effects and mechanisms in lung
responses to PM exposure. Experiments utilizing residual
oil fly ash (Veronesi and Oortgiesen 2001) and other pol-
lutants (Long et al 1999) may provide important clues for
the mechanisms of lung responses by suggesting that
afferent neural fibers (such as sensory C fibers) play a cru-
cial role in mediating these mechanisms in lungs after
exposure to airborne pollutants.

Reflexes generated by depletion of pulmonary C fibers are
both protective and defensive (eg, apnea, laryngeal nar-
rowing, bronchoconstriction, sneezing, coughing, aspira-
tion, and expiration reflexes). The nervous system also
modulates other lung defense strategies (such as mucociliary
clearance, vasodilatation, increased vascular permeability,
influx of inflammatory cells) and may play a role in healing
after airway injury (Jimba et al 1995). The presence of these
tachykinin-containing C fibers within the lungs of mammals
has been demonstrated by radioimmunoassay and immuno-
histochemistry (Lundberg et al 1984; Hislop et al 1990; Kill-
ingsworth et al 1996; 1997). Examination of autopsy
specimens of human lung has revealed SP-containing
nerves in airways from bronchi to the alveolar ducts

(Hislop et al 1990). Neurotransmitters (such as SP)
released by lung C-fiber endings or by immunoinflamma-
tory cells produce a cascade of cytokine-dominated pulmo-
nary responses, including plasma leakage, collectively
known as neurogenic inflammation (Okamoto et al 1993).
The actions of sensory neurotransmitters are mediated
through plasma membrane-bound neurokinin receptors,
which have seven transmembrane domains and are coupled
to G proteins (Rodger et al 1995). The sensory neurotrans-
mitters are subject to enzymatic degradation and inactiva-
tion by NEP (also known as metalloendopeptidase, enzyme
classification 3.4.24.11). NEP is a membrane-bound enzyme
located mainly at the surface of airway epithelial cells but
also present in airway smooth muscle cells, submucosal
gland cells, and fibroblasts.

Current evidence has shown that C fibers are sensitive to
many air pollutants, including ozone (Jimba et al 1995;
Delaunois et al 1997), sulfur dioxide (Long et al 1999),
nitric dioxide (Lucchini et al 1996; Joad et al 1997), and
cigarette smoke (Bonham et al 1996; Joad et al 1995).
Residual oil fly ash initiates inflammatory cytokine release
by activation of capsaicin and acid receptors in a human
bronchial cell line (Veronesi et al 1999, 2000).

SP, a neuropeptide that functions as a neurotransmitter,
is released into the airways after exposure to house dust-
mites. Several investigations (Joos et al 1994; Lundberg
1995; Chu et al 2000) have found a significantly larger
amount of SP in the bronchoalveolar lavage (BAL) fluid from
subjects with asthma than from control subjects. SP concen-
trations measured in sputum induced by inhalation of
hypertonic saline were significantly higher in patients with
asthma than in healthy subjects (Tomaki et al 1995). The
plasma levels of SP-like immunoreactive compounds also
were significantly higher in patients with acute exacerbation
of asthma than in healthy controls. Many inflammatory and
structural cells of the airways (including inflammatory T
cells, eosinophils, mast cells, macrophages, epithelial cells,
fibroblasts, and even bronchial smooth muscle cells) are
involved and become activated during asthma-like or other
conditions. Most of the cells not only have NK1 receptors
but also play an effector role by releasing proinflammatory
mediators, cytotoxic mediators, and cytokines. Such release
results in vascular leakage, hypersecretion of mucus, smooth
muscle contraction, epithelial shedding, and bronchial
hyperresponsiveness. It seems reasonable to speculate that
airborne PM exposure may result in neurogenic inflamma-
tion. Due to its physicochemical complexity, however, PM
toxicity may have a more common physicochemical mecha-
nism. To this end, the afferent neural response to inhaled
particles, as a key mechanism of the health effects of air-
borne particulate pollution, is the focus of this research.
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In this study, DE was chosen because it represents a spe-
cific PM source and is a substantial contributor to total air-
borne  f ine  par t ic le  pol lu t ion .  In  2001 ,  the  US
Environmental Protection Agency (EPA) specifically put
DE particles on the list of 21 Mobile Source Air Toxics
(MSATs) (EPA 2001). The listed MSATs are mostly air-
borne PM pollutants found in urban areas and highways
and primarily derive from the combustion of fossil fuels in
transportation and other equipment. Between 50% and
80% of emitted particles are small, 0.02 to 0.5 µm (EPA
1991), small enough to reach alveoli deep in the lungs.
Moreover, DE is thought to pose a particularly high risk for
the development of lung disease because DE contains
numerous toxic chemicals (Bascom et al 1996). The daily
average ambient concentrations of PM from DE have been
reported to be 40 to 134 µg/m3 for truck drivers, 4 to
192 µg/m3 for railroad workers, and 8 to 42 µg/m3 for near-
road residency (World Health Organization [WHO] 1996).
Exposure to these fine particles may adversely affect the res-
piratory system, which could directly and/or indirectly
cause increased morbidity and mortality. To eliminate the
possibility that physicochemical properties of DE particles
are altered by being aged and resuspended before delivery,
we utilized an on-line, real-time in vivo DE exposure system
so that the studied animals were exposed to fresh particles.

Current US regulations consider only PM concentration
(that is, the mass of all particles collected from diluted
exhaust) and do not distinguish between more harmful
particles and less harmful ones. Additional issues not cur-
rently addressed are whether the number of particles is
actually being reduced with engine and combustion
improvements and whether the distribution is only being
shifted to a smaller size range. Therefore, great importance
is being attributed to studies of DE particles in terms of
both detailed chemical composition and size distributions.
Moreover, approximately 30% of the fine PM in the atmo-
sphere of urban areas has been reported to be organic aero-
sols (Gray et al 1986; Malm et al 1994; Christoforou et al
2000; Zheng et al 2002). Some of these organic compounds
are known to be carcinogenic (International Agency for
Research on Cancer Working Group 1980). Because
organic compounds condense under ambient conditions,
they must be considered in the detailed analyses of chem-
ical composition of PM or DE (Hildemann et al 1989). To
address this dynamic in our laboratory, a residence time
chamber (RTC) was added to the exposure system. With
this enhanced dilution system, the research engine could
be run at conditions that varied load and speed. For the
current study, one engine condition, mode 6, was used
during the animal exposure studies. The mode 6 diesel
engine setting was 75% of full load at 1200 rpm, the speed

at which maximum engine torque was achieved. Mode 6 is
characterized by a relative higher ratio of particles and
lower level of organic compounds generated by diesel fuel
and the lubricating oil among CARB 8 mode tests (Kweon
et al 2002, 2003).

SPECIFIC AIMS

1. To determine whether neurogenic inflammation is
involved in DE-induced lung injury;

2. to determine whether dysregulation of pulmonary neu-
ropeptide SP due to DE exposure occurs at the gene and
protein level;

3. to characterize the gene and protein expression of NK1
receptors in the lung after DE exposure; and

4. to determine whether NEP activity changes after DE
exposure.

HYPOTHESES

• Exposure to DE for 3 weeks can cause pulmonary neuro-
genic inflammation, which is mediated by tachykinin
SP (released from sensory nerve terminals and others)
acting via NK1 receptors expressed on lung cells and
accompanied by inactivity of NEP.

• The magnitude of neurogenic inflammation and subse-
quent lung injury may depend on the composition and
physicochemical properties of DE as well as the concen-
tration and duration of DE exposure.

METHODS AND STUDY DESIGN

EXPOSURE SETUP

Engine Bench Setup

For the experiments, a research single-cylinder direct-
injection 4-cycle diesel engine (Figure 1) was adapted from
an in-line six-cylinder engine (from the early 1990s N14
series, Cummins Inc, Columbus IN) with a low swirl, tur-
bocharged, four-valve, centrally located direct-injection
combustion system. The combustion chamber of the
engine was a quiescent, shallow dish type that uses a unit
injector (Cummins CELECT) (Table 1). This research
engine used a commercial N14 cylinder head. Although
the compression ratio of the research engine (13.1:1) was
lower than that of the commercial engine (approximately
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15:1), the research engine was turbocharged. Therefore,
this single-cylinder research engine mimicked a typical
heavy-duty on-highway diesel engine.

The exhaust gas sampling and analysis system used in
this study is the heart of this research. The laboratory had a
full-dilution tunnel system to collect PM samples from the
engine. Gaseous emissions, such as nitrogen oxides,
carbon monoxide, total hydrocarbon, and carbon dioxide,
were measured using a raw engine exhaust emissions
system (California Analytical Instruments). This gaseous
emission system consisted of a model 300 heated flame
ionization detector (HFID), total hydrocarbon analyzer, a
model 400 heated chemiluminescent detector, a nitric
oxide analyzer, and a model 300 infrared gas analyzer for
carbon monoxide and carbon dioxide.

Augmented Full Dilution Tunnel System

In addition to the exhaust measurement systems
described in the previous section, an augmented sampling
system was designed and installed according to the EPA
Fine Particle Chemical Speciation Network. Specifically,

Figure 1. Research diesel engine (single-cylinder Cummins N14) bench layout. DAQ = data acquisition; FTIR = Fourier transform, infrared; ECM = enzyme
control module.

Table 1. Specifications for Single-Cylinder 
Research Enginea 

Cycle 4-stroke
Combustion chamber Quiescent
Piston chamber Shallow dish
Intake  valves (n) 2

Exhaust valves (n) 2
Compression ratio 13.1:1
Swirl ratio 1.4
Displacement 2333 cc

Bore/stroke 139.7 mm / 152.4 mm
Combustion chamber diameter 97.8 mm
Connecting rod length 304.8 mm
Piston pin offset None

Injection system Unit injector, direct injection
Nozzle dimension 8 � 0.2 mm diameter
Length/diameter of holes (l/d) 4.1
Spray angle 152°

a Model N14, Cummins.
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the secondary dilution tunnel of the typical full dilution
tunnel was enhanced to allow detailed assessment of the
individual chemical components of the PM. Design of the
augmented sampling system was based on studies by
Schauer and coworkers (1999a,b).

The augmented sampling system consisted of a primary
dilution tunnel, secondary dilution tunnel, RTC, and sub-
systems: a 142-mm filter holder, two PM2.5 cyclones, several
47-mm filter holders, and vacuum pumps (Figure 2).
Because combusted diesel particles are naturally charged
and thus can cause electrostatic deposition in the sampling
system, the current sampling system was made with electri-
cally nonchargeable materials (such as 304, 316, and 316L
grades of stainless steel). Thermophoretic deposition is
caused by asymmetric forces that arise from a temperature

gradient. To minimize the temperature gradient inside the
sampling line, its main body was made with a thin stainless
steel tube (thickness, 0.16 cm; grade 304) and insulated. In
addition, surface temperature of the RTC was controlled to
be approximately the same as the inside gas temperature by
using four rows of heated bands and respective temperature
controllers. The sampling system inlet, which supplied the
secondary dilution tunnel, was made thin and sharp to
facilitate isokinetic sampling. The inlet’s diameter was grad-
ually increased to minimize inertial deposition of particles
in bends of the pipe.

The RTC was designed to give a residence time between
30 and 60 seconds under isokinetic sampling. Based on
previous work, we believe this to be sufficient time to
allow all the condensation processes to take place and

Figure 2. Augmented sampling system in the research diesel engine bench. REAC = gaseous emissions bench; T = temperature; P = pressure; P_VAC =
vacuum pressure; P_ABS = absolute pressure; AIHL = Air and Industrial Hygiene Laboratory.
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equilibrium to be reached. A 142-mm filter holder with
two functions was attached at the bottom of the RTC. First,
the filter holder allowed a large range of sample flow rates,
enabling us to control the residence time in the RTC while
maintaining isokinetic flow from the primary dilution
tunnel. Second, a large amount of sample, such as the sol-
uble organic fraction, can be collected for analyses.

The augmented sampling system had extra sampling
ports to collect different kinds of samples. The relative
humidity of the diluted gases was measured with dry-bulb
and wet-bulb thermometers installed in one of the avail-
able sampling ports. All the flow rates of air and diluents
were controlled by critical flow orifices.

Detailed Chemical Composition Two types of sampling
trains (Figure 3) were attached to the RTC and operated in
parallel. All flow rates were controlled with critical flow ori-
fices located downstream of the filter holders. The first com-
ponent of each sampling train was an aluminum Teflon-
coated PM2.5 cyclone (Air and Industrial Hygiene Labora-
tory [AIHL]), which was operated at a flow rate of 24 L/min.

As shown in Figure 3 (top), the first sampling train con-
sisted of a cyclone followed by three Teflon membrane fil-
ters (47-mm diameter; Gelman Teflo 2 µm pore size, Gelman
Sciences, Ann Arbor MI) and one baked quartz fiber filter
(47-mm diameter, Pallflex Tissuquartz 2500 QAO, Pall Cor-
poration, East Hills NY). The first Teflon membrane filter
was used for gravimetric determination of the PM and ana-
lyzed for sulfate ions by ion chromatography. The second
was used for a duplicate PM concentration measurement,
and the third was used for an analysis of trace metals by
inductively coupled plasma mass spectrometry (ICPMS).
The quartz fiber filter was used to measure elemental and
organic carbon and analyzed with a carbon analyzer (Sunset
Laboratories), operated according to the US National Insti-
tute of Occupational Safety & Health (NIOSH) method 5040.

The second sampling train (Figure 3, bottom) was com-
posed of a cyclone followed by three baked quartz-fiber fil-
ters (operated in parallel) and a polyurethane foam
cartridge (density = 0.022 g/cm3, indentation load deflec-
tion = 30, 5.7 cm diameter, 7.6 cm length; Atlas Foam
Products, Sylmar CA) in series. The cartridge was pre-
cleaned with solvent. The particle-phase organic com-
pounds were collected on the three quartz-fiber filters; the
foam cartridges downstream of those filters collected semi-
volatile organic compounds. The organic compounds col-
lected on the filters and cartridges were analyzed by gas
chromatography–mass spectrometry (GC-MS) as described
by Schauer and colleagues (1999a,b).

Particle Number Concentration and Size Distribution  A
scanning mobility particle sizer (SMPS; model 3936L10,
TSI, Shoreview MN) was used to measure particle number
concentrations and size distributions. The SMPS consists
of an 85Kr aerosol neutralizer (TSI model 3077) and 85Kr
bipolar charger to neutralize the charge on particles, a long
differential mobility analyzer (TSI model 3081) to separate
particles based on their electrical mobility, and a condensa-
tion particle counter (CPC; TSI model 3010) to count the
number of particles. Calculation of particle volume concen-
trations assumed the particles were spherical.

Third Dilution Tunnel and Exposure Chamber  For mea-
surements to examine details of the engine operation and
its combustion process, the samples obtained at the sec-
ondary dilution tunnel residence chamber were sufficient.
For our DE exposure studies, particle concentrations at the

Figure 3. Sample trains of four (top) and three (bottom) filter holders
with respective PM2.5 cyclone (Air and Industrial Hygiene Laboratory).
TFF = teflon filter; PUF = polyurethane foam; QFF = quartz fiber filter;
and   = critical flow orifice.
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exit of the secondary dilution tunnel were still too high.
Consequently, we installed a third dilution tunnel in
which the sample was diluted further to reach concentra-
tions desired for the animal exposure tests. The target par-
ticle concentrations for these tests were 65 and 650 µg/m3,
which represent moderate and high levels of human expo-
sure in environmental and occupational microenviron-
ments. These concentrations are on the same order as
ambient conditions, ranging from approximately roadside
to a heavily trafficked, confined region.

Accurate control over this exhaust stream was a signifi-
cant challenge throughout the study. We accomplished this
control via real-time monitoring of the flow rates and par-
ticle levels followed by a posteriori evaluation of filter sam-
ples taken from the sample line feeding the exposure
chamber. This approach was necessary because concentra-
tions in the sample stream were at, or slightly below, the
measurement resolution of the real-time monitoring equip-
ment. Consequently, we used the real-time monitoring
equipment—a mass flow controller from the second dilution
tunnel into the third dilution tunnel and a tapered-element
oscillating microbalance (TEOM) for particle concentra-
tion—to monitor our operating conditions semiquantita-

tively in real-time. The more precise filter measurements
were used to quantify the operating conditions fully after
the experiments were completed.

In the tertiary dilution tunnel and animal exposure
chamber (Figure 4), two filter holders were used to catch
samples of the final exhaust gas before it entered the
animal exposure chamber. One of the filters was used to
assess mass loading of the exhaust stream going to the
animal exposure chamber, and the other filter was used to
assess elemental and organic partitioning of the PM. These
data provided a consistency measure relative to the data
taken from the secondary dilution tunnel and served to
quantify particle loading of the sample stream being fed to
the exposure chamber. The air regulator and mass flow con-
troller were positioned before the tertiary dilution tunnel.

After leaving the tertiary dilution tunnel, the sample
line was routed to the animal exposure chamber. The flow-
balancing system ensured that pressure in the chamber
was slightly above the atmospheric pressure and that
sample pressure in the nose cone area was also slightly
above the pressure in the nose cone bleed region. This
flow-balancing system ensured that no external dilution of
the gases was being breathed by the animals while not

Figure 4. Third dilution tunnel with sampling filters, mass flow controller between the secondary dilution tunnel and third dilution tunnel, and
animal exposure chamber. P_VAC = vacuum pressure; P_ABS = absolute pressure; T = temperature; P = pressure; REAC = gaseous emissions bench.
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stressing the animals’ respiratory system through localized
abnormal pressure. We monitored temperature within the
exposure chamber with a digital readout thermometer and
made filter measurements of the particle mass entering
and leaving the chamber.

The exit filter measurement served two purposes. First,
it enabled us to measure the particle concentration leaving
the exposure chamber. Secondly, we ran this filter at a flow
rate of 1 L/min, which was the desired flow rate through
the chamber. The filter at the entrance of the exposure
chamber was included to ensure no PM was lost in transit
from the third dilution tunnel to the exposure chamber.
Water manometers were used to monitor the pressure dif-
ferences within the animal exposure chamber system.

Engine Operating Mode and Test Fuel

Experiments were conducted at operating mode 6 of the
CARB 8 mode test matrix (Table 2). The CARB 8 modes
range from light load at low speed to high load at high
speed. The engine operating parameters used for this
engine to achieve the CARB 8 modes of operation are given
in Table 3. A wide range of engine operating conditions
could be achieved by running the engine over the load and
speed range encompassed by the CARB 8 mode test. The
engine operating parameters can be adjusted in many ways
to achieve the desired output mandated by the CARB 8
mode test conditions. For example, injection timing, the
intake pressure and/or temperature, and fueling rate can
be changed while still achieving the desired engine
output. In this study, the engine was run at mode 6 of the
CARB 8 mode test cycle: a 75% load condition at 1200
rpm, the speed at which maximum torque can be achieved.
This mode was chosen because it is the most common high
load condition used in engine tests in the laboratory of
University of Wisconsin Engine Research Center (Madison
WI) for the past several years.

The fuel was a commercial low sulfur diesel (#2, Mobil)
purchased from a commercial gas station in Stoughton, Wis-
consin (Table 4). In the United States, the lower limit of
cetane number (CN) for #2 diesel fuel is about 40; this fuel
was 39.1. The 0.9 difference could be an analytical error:
even for the same fuel, the CN varies slightly depending on
time of purchase and on the refinery. The aromatics content
is also a typical value for #2 diesel fuel currently available
from a gas station in United States. Figure 5 shows the pres-
sure, heat release rate, and injection pressure profiles versus
engine crank angle. These data are typical for an engine of

Table 3. Operating Conditions of CARB 8 Modes

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6 Mode 7 Mode 8

Intake pressure [kPa] 179.3 179.3 179.3 179.3 175.2 179.3 177.9 175.2
Intake temperature [°C] 49 48.3 48.3 48 48.3 49 48.1 48.7
Exhaust pressure [kPa] 174.1 188.5 184.4 157.9 150.7 217.6 187.9 161.7
Equivalence ratio, � 0.69 0.50 0.34 0.21 0.82 0.69 0.41 0.09

Peak incylinder pressure
[MPa] @ aTDCa

7.15
13.25

7.21
14.0

7.08
7.25

7.63
8.5

10.58
10.75

7.85
15.5

7.77
13.25

7.31
3.75

Peak incylinder temperature
[K] @ aTDC

1958
30.75

1856
26.25

1588
22.75

1362
15.25

2212
20.75

2140
28.75

1728
20.75

1024
3.75

ISFCb [kg/ihp-hr] 0.172 0.147 0.14 0.132 0.168 0.159 0.144 0.232
IMEPc [kPa] 1086 924 677 517 1491 1227 866 139
SOId [CAe aTDC] �5 �5 �5 �2 �11 �2 �2 �6
Injection duration [CA] 25 20 13 10 27 22 15 3.5
Peak injection pressure [MPa] 121 113 106 62 96 80 70 42

a aTCD = after top dead center. b ISFC = indicated specific fuel comsumption. c IMEP = indicated mean effective pressure.
d SOI = start of injection. e CA = crank angle.

Table 2. Summary of CARB 8 Modes

Speed
(rpm)

Load
(%) Remark

Mode 1 (M1) 1800 100 High rated speed
Mode 2 (M2) 1800 75
Mode 3 (M3) 1800 50
Mode 4 (M4) 1200 25

Mode 5 (M5) 1200 100 Peak torque
Mode 6 (M6) 1200 75
Mode 7 (M7) 1200 50
Mode 8 (M8) 700 10 Low rated speed
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this type. They show that an initial rapid rise in energy
release rate, known as the premixed-burning fraction, is fol-
lowed by a mixing-dominated energy release zone, known
as the diffusion burning portion of combustion.

We also tested ultralow sulfur diesel (sulfur = 14 ppm,
aromatics = 22.1 weight%, CN = 52.9) and Fischer-Tropsch
diesel (sulfur < 1 ppm, aromatics < 1 weight%, CN = 74)
fuels (Figure 6). The ultralow sulfur diesel fuel is mandated
to be commercially available by September 2006 for use in
on-highway truck and bus engines for the model year 2007.
These fuels were not used for the animal exposures, how-
ever. Data on these tests will be published elsewhere.

General Emissions and Particle Composition

The specific emissions (such as nonmethane hydro-
carbon plus oxides of nitrogen, carbon monoxide, and PM
emitted from the research diesel engine under the CARB 8
modes) are presented in Figure 7. The data shown are aver-
aged over three different measurements in time except for
the PM, which was measured at two different sampling
ports simultaneously and averaged. All of these data are
shown so that the emissions from mode 6 can be compared
to the overall emissions from the engine under other oper-
ating conditions.

DE particles consist mainly of agglomerated solid carbon-
aceous material, volatile organics, sulfur compounds, and

Table 4. Test Fuel Properties

Density, 15°C 865 kg/m3

Specific gravity, 16/16°C 0.8684
Viscosity @ 40°C 2.595 mm2/s
Flash point 70°C

Cetane number 39.1
Sulfur 352 ppm
Gross heating value 43506 kJ/kg

SFCa aromatics 49.2 wt%
Mono-aromatics 29.6 wt%
PNAsb 19.6 wt%

Hydrogen/carbon ratio 1.689

a SFC = supercritical fluid chromatography.
b PNAs = polynuclear aromatics.

Figure 5. Pressure, normalized apparent heat release rate, and injection
pressure versus engine crank angle. Mode 6 of CARB 8 mode test. CA
aTDC = crank angle after top dead center; MPa =  mega Pascal; SOI = start
of injection; EOI = end of injection. 

Figure 6. Distillation temperature curve of the ultralow sulfur diesel
fuel. IBP = initial boiling point;  EPT = endpoint temperature. 

Figure 7. Specific emissions for the research engine under the CARB 8
modes. NMHC = nonmethane hydrocarbon. Data expressed as mean (SEM).
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ash. In the current study, DE particle samples were analyzed
for elemental carbon, organic carbon, and sulfates. Although
the amount of metal compounds in particles is small, their
health effect may be measurable. This is the major reason we
included metal compounds in our study. The specific PM
concentrations were averaged over the entire test period for
each DE concentration (Figure 8). These samples were col-
lected at the RTC and corrected for the dilution ratio. RTC1
and RTC2 are different sampling locations. The results show
good agreement between mass and reconstructed mass,
which indicates that the overall engine operating conditions
were consistent for the exposure test periods.

At the level of overall dilution for the test engine, the
slightest inaccuracy in flow control translated to a large devi-
ation from the target level for DE particles. Filters were uti-
lized so that accurate particle loading in the animal exposure
chamber could be measured, but evaluation of the filter was
completed after the exposures. In an effort to have real-time
monitoring, a diesel particle monitor (model 1105; Rup-
precht & Patachnick Co, Albany NY) was used. The min-
imum particle level at which the monitor operated reliably
was 200 µg/m3, so targeting the particle level to 65 µg/m3 in
real time could only be approximated. This diesel monitor
was important to the experiment, however, because it gave
us real-time assessment of the approximate level of particles
in the flow system routing to the animal exposure chamber.

In an effort to maintain the target particle concentration
level of 650 µg/m3 at the animal exposure chamber, the
dilution ratio was changed at the RTC, along with other
variables, while the engine operating condition remained
constant. The sample particle weight was measured daily
after the test and the PM concentration at the exposure

chamber inlet was controlled daily to approximate the
target concentration for the 15 test days.

The exposure tests were performed for two DE concen-
tration levels. In this test, several measurements were
made along the sampling system. First, samples were col-
lected from the RTC for analyses of sulfate ions, trace
metals, elemental and organic carbon, PM concentration,
volatile organic compounds, and semivolatile organic
compounds. Second, carbon and PM concentration mea-
surements were made at the tertiary dilution tunnel.
Finally, PM concentrations were measured at the inlet and
outlet of the exposure chamber.

ANIMALS, PRETREATMENT AND EXPOSURES

Animals

A total of 168 female F344 rats (8 weeks old; weighing
~175 g) were utilized for this study. All rats were housed in
the American Association of Animal Laboratory and Care
(AAALAC)-approved animal facility at the University of
Wisconsin-Madison, College of Veterinary Medicine. In
this species, SP-immunoreactive nerves have been demon-
strated in the airways from the pharynx down to the
peripheral bronchioles and the alveolar septa (Krause et al
1993; Okamoto et al 1993; Jimba et al 1995). The rats, two
per cage, were on a 12/12 light/dark cycle with food and
water ad libitum. The rats were randomly assigned to
7 groups, half the rats in each group receiving capsaicin
pretreatment (Table 5).

Figure 8. Sum of elemental carbon, organic carbon and sulfate parti-
cles. These were measured individually on different filters at mode 6
(75% load at 1200 rpm). DR = dilution ratio; RCM = reconstructed mass.
Data expressed as mean (SEM).

Table 5. Animal Allocation 

Exposurea

Pretreatment
Total 

AnimalsSaline Capsaicin

First-Round Exposure
fRA 12 12 24
LDEb 12 12 24
eRA 12 12 24

Second-Round Exposure
fRA 12 12 24
HDEc 12 12 24
CSd 12 12 24
eRA 12 12 24

a Exposures to LDE and HDE were nose only and to fRA and eRA were 
whole body; both had the following regimen:  4 hr/day � 5 days/wk � 3 
wk. Exposures to CS were nose only with the following regimen: 4 hr/day 
� 7 continuous days. 

b LDE mean mass concentration: 35.3 µg/m3.
c HDE mean mass concentration: 632.9 µg/m3.
d CS mean mass concentration: 400 µg/m3.
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Pretreatment

The rats were anesthetized intramuscularly with ket-
amine hydrochloride (HCl) (50 mg/kg; Research Biochemi-
cals International, Natick MA), xylazine (8 mg/kg; Fort
Dodge Laboratories, Fort Dodge IA), and acepromazine
maleate (1 mg/kg; Fort Dodge Laboratories). Rats were
injected with capsaicin (40 mg/kg intraperitoneally, 98%
purity, Sigma, St Louis MO) or saline in six injections over 2
days. During pretreatment, the rats that received capsaicin
also were treated with intraperitoneal theophylline (2
mg/kg), and terbutaline (0.2 mg/kg) to counteract bronchoc-
onstriction and excessive mucus secretion. Three to five
days later (day 0 of the experiment), the animals were exam-
ined by the webbing test (Jancso et al 1967) to confirm fur-
ther the efficacy of capsaicin pretreatment. The lung tissues
of the capsaicin and saline rats were collected for SP mea-
surement by enzyme immunoassay.

DE Exposure

The rats were exposed to filtered air in the animal room
(fRA) or available air in the engine room (eRA) and LDE or
HDE for 4 hours/day, 5 days/week for 3 weeks. The target
exposure concentrations of DE (65 and 650 µg/m3) were
derived from the WHO-documented practical ambient DE
particle levels (WHO 1996) as well as from the 24-hour EPA
standard for PM2.5 (EPA 1998). Nose-only exposure was
chosen not only to model natural exposure patterns but to
avoid any initial afferent response to intratracheal instillation.

CS Exposure

The method for CS exposure was established (Witten et al
1992) and modified in a murine model (Wang et al 2002).
Standard research cigarettes (1R4, University of Kentucky
Smoking & Health Effects Laboratory) were utilized in this
study. The rats were exposed to CS for 4 hours/day for 7
days through a 24-port nose-only exposure chamber (Intox
Products, Albuquerque NM) using a constant vacuum (15
L/min). The time-integrated mass of CS particles delivered
to the rats was 2.0 mg/exposure averaged, at a concentration
of 0.4 mg/m3, as measured by a seven-stage multijet
impactor (Intox Products). The chosen concentration of CS
was based on measurements of indoor air concentrations
(for example, 10 to 1000 µg/m3 total suspended particulates
measured in smoker-occupied residences and up to approx-
imately 2000 µg respirable suspended particulates per m3 in
restaurants). A lower order of magnitude may reflect young
children’s realistic exposed environment. The CS particles
collected by the cascade impactor were found to have a
median mass aerodynamic diameter of 0.34 µm with a geo-
metric standard deviation of 0.46. CS composition was not
assessed in this study. We refer to previous literature
(Witten et al 1992; Witschi et al 1997) for this information.

ENDPOINTS

Immediately after exposure, the rats were anesthetized
intramuscularly with ketamine HCl (50 mg/kg; Parke-Davis,
Morris Plains NJ), xylazine (8 mg/kg; Mobay Corp, Shawnee
KS), and acepromazine maleate (1 mg/kg; Fermenta Animal
Health Co, Kansas City MO). Half were analyzed for plasma
extravasation and half for respiratory permeability. After
completion of these measurements, the diaphragmatic lung
lobe and the right side upper lobe were removed from half
the rats (3 of each group) for histopathology and immuno-
histochemical analysis at the Veterinary Pathology Labora-
tory at the University of Wisconsin. The remaining lung
tissues of these 6 rats as well as whole lung tissues of the
other 6 rats were flash frozen in liquid nitrogen and trans-
ported to the University of Arizona. There they were ana-
lyzed for gene and protein expression of SP, NK1 receptor,
and proinflammatory cytokines.

Plasma Extravasation Measurement

Briefly, the right jugular vein of selected rats (N =
6/group) was cannulated and a bolus of 100 µCi/kg techne-
tium-labeled albumin (99mTc-albumin) was administered.
Two minutes later, a blood sample of 0.3 mL was taken
from the cannula for estimation of blood radioactivity and
packed cell volume. At 10 minutes after 99mTc-albumin
administration, the abdominal and thoracic cavities were
opened, and a clamp was placed on the thoracic vena cava.
The abdominal vena cava was severed and a blood sample
collected again for estimation of blood radioactivity and
packed cell volume. An infusion of 20 mL of isotonic saline
(5 mL/min) was performed to expel residual intravascular
99mTc-albumin. The lung was removed, and the trachea and
lower left lung lobe was dissected free, gently blotted dry on
filter paper, and weighed. The radioactivity was measured
in a gamma counter (model 44-62, Ludlum Measurements,
Sweetwater TX). The specific leakage of plasma (µL/g wet
weight lung tissue) was calculated by dividing the tissue
radioactivity by the product of the 99mTc-albumin plasma
radioactivity and the weight of each tissue sample to obtain
the volume of extravascular plasma in 1 g of tissue.

Microvascular Permeability Measurement

Six rats/group were implanted with an endotracheal tube
and given a 0.1-mL bolus of 100 µCi technetium-labeled
diethylenetriamine pentaacetate (99mTcDTPA, Mr = 492
amu, physical half-life of 6.02 hours) with 5 to 7 tidal
volume air flushes to disperse the 99mTcDTPA throughout
the lungs. Pulmonary epithelial clearance of 99mTcDTPA
was recorded for 10 minutes after instillation. Gamma radi-
ation was measured with a portable probe (model 44-62,
Ludlum) placed over the lungs and connected to a gamma
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counter (model 2000, Ludlum). The range of the scintilla-
tion probe is 0 to 500,000 counts/minute. Pulmonary epi-
thelial clearance of 99mTcDTPA was established over a
10-minute count after instillation of 99mTcDTPA into the
lungs. A K value (percentage clearance of 99mTcDTPA/min)
was calculated through a first-order pharmacokinetic
model and corrected for residual background radiation and
radioactive decay.

SP and NK1 Receptor mRNA Measurements

Lung tissue samples (75 mg) were homogenized in the
presence of guanidinium isothiocyanate. Total RNA was
isolated using an RNAqueous-4 polymerase chain reaction
(PCR) kit (Ambion, Austin TX). Residual DNA was
digested by thorough treatment with 5 U of deoxyribonu-
clease I at 37�C for 45 minutes followed by inactivation
with 1/10 volume of inactivation reagent. First strand com-
plementary DNA (cDNA) was synthesized from 2 µg total
RNA in a volume of 20 µL containing 1� reverse tran-
scriptase buffer with 0.5 mM each deoxyribonucleoside
triphosphatase, 0.5 U/µL ribonuclease (RNase) inhibitor
(Ambion), 5 µM oligo(deoxythymidine)15 primer, and 4 U
reverse transcriptase (Omniscript, Qiagen, Valencia CA).
For no-template control samples, RNA was replaced by
H2O. A negative control reaction omitting the reverse tran-
scriptase was also performed for each DNAse-treated RNA
sample. All samples were reverse transcribed under the
same conditions and from the same reverse transcription
master mix in order to minimize differences in efficiency.

A series of standards were prepared by performing tenfold
serial dilutions of full-length NK1 receptors and �-
preprotachykinin-I (�-PPT-I) cDNAs (from Dr Leeman) in the
range of 5 million copies to two copies per reaction. All
plasmid samples were treated with RNAse A prior to
quantitation (in order to minimize contamination with
bacterial RNAse from the plasmid purification procedure)
and subsequently quantified using a combination of
absorbance at  260 nm and gel  electrophoresis .
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

messenger RNA (mRNA) levels were analyzed as a positive
control for cDNA synthesis, and a known amount of rat
GAPDH and primers were custom manufactured by Maxim
Biotech (South San Francisco CA).

Real-time quantitative mRNA was assessed with a real-
time PCR assay kit (SYBR-Green, Applied Biosystems,
Foster City CA) using an ICycler PCR machine (Bio-Rad,
Richmond CA). The potential benefits of using SYBR-Green
I dye to monitor PCR product formation continuously have
been demonstrated by other investigators (Wittwer et al
1997; Morrison et al 1998). NK1 receptors, �-PPT-I and
GAPDH mRNA were amplified in separate tubes, and the
increase in fluorescence was measured in real time. Sense
and antisense primers are listed in Table 6. Each sample
was analyzed in triplicate along with standards and no-
template controls. The reaction contained 100 ng cDNA,
0.3 µM primers, 10 mM Tris (hydroxymethyl) ami-
nomethane hydrochloride (Tris-HCl), 50 mM potassium
chloride (KCl), 2.5 mM magnesium chloride (MgCl2),
0.2 mM deoxyribonucleoside triphosphatase, and 2.5 U
DNA polymerase (HotStarTaq, Qiagen, Valencia CA) in a
final volume of 25 µL. After denaturation at 95�C for
15 minutes, the cDNA products were amplified for 45
cycles. Each cycle consisted of a three-step procedure:
denaturation at 94�C for 15 seconds, annealing at 60�C for
30 seconds, and extension at 72�C for 45 seconds.

Acquisition of fluorescent signal from the samples was
carried out at the end of the elongation step. Because
SYBR-Green I binds to any double-stranded DNA, the spe-
cific product from nonspecific products and primer
dimers were confirmed immediately after amplification by
melting analysis. The PCR products were heated to 95�C
for 1 minute, annealed at 65�C (annealing temperature +
10�C), and then slowly heated from 65�C to 95�C at 0.3�C
increments to obtain the melting curve. The PCR products
were subjected to analysis by electrophoresis on a 2% aga-
rose gel to confirm the efficiency of melting curve analysis.
A similar setup was used for negative controls except that
reverse transcriptase was omitted and no PCR products
were detected under these conditions.

Table 6. Primer Sets

Target Gene Primer/Probe Sequence
Length

(Base Pairs)

NK1 Receptor Forward 5�-GCCAAGCGCAAGGTGGTCAAA-3� 102
Reverse 5�-TGGGTTGATGTAGGGCAGGAGGA-3�

�-PPT Forward 5�-AAATCCAACATGAAAATCCTCGTG-3� 221
Reverse 5�-CCGTTTGCCCATTAATCCAAAG-3�

GAPDH Forward 5�-AAGGTCATCCCAGAGGCTGAA-3� 111
Reverse 5�-TACTTGGCAAGGTTTCTCCAG-3�
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All SYBR-Green PCR data were obtained using PCR
software (ICycler, Bio-Rad). Direct detection of PCR products
was monitored by measuring the increase in fluorescence
caused by the binding of SYBR-Green I dye to double-stranded
DNA. These measurements resulted in an amplification plot
of the fluorescence signal versus cycle number.

Threshold cycle was defined as the fractional cycle
number at which the fluorescence passes the fixed
threshold. A plot of the log of initial target copy number
for a set of standards versus the calculated threshold cycle
value resulted in a straight line. Quantitation of the
amount of target in unknown samples was accomplished
by measuring the threshold cycle and using the standard
curve to determine starting copy number. Standard curves
were generated for each primer set and each PCR run using
serial dilutions of rat NK1 receptors and �-PPT-I cDNA. All
the samples were tested in duplicate with the reference
gene GAPDH, a housekeeping gene for normalization of
data. A ratio of specific mRNA to GAPDH amplification
was then calculated to correct for any differences in effi-
ciency at reverse transcription.

Enzyme Immunoassay for SP

SP in the lung tissue was quantitatively determined
using a commercial enzyme immunoassay kit (Cayman
Chemical, Ann Arbor MI) based on the competition
between free SP, derived from the unknown sample, and
an SP tracer (SP linked to an acetylcholinesterase [AChE]
molecule) for a limited number of SP-specific rabbit anti-
serum binding sites. Briefly, the nonspecific binding sites
on the 96-well microplate, precoated with mouse mono-
clonal antirabbit IgG (the capture antibody), were saturated
with a blocking solution supplied by the manufacturer.
AChE tracer, SP antiserum, and either standard SP or
unknown samples were added sequentially and incubated
at 4�C for 18 hours. After washing with buffer to remove
any unbound reagents, an aqueous solution containing
acetylthiocholine, the substrate for AChE, and 5,5�-dithio-
bis-(2-nitrobenzoic acid) (DTNB) was added to each well.
AChE hydrolyzed acetylthiocholine into thiocholine,
which reacts with DTNB to produce 5-thio-2-nitrobenzoic
acid. This product has an intense yellow color with a char-
acteristic absorbance at 412 nm. The absorbance was deter-
mined using an automated microplate reader (model
Elx808, Bio-Tek Instruments, Winooski VT). All samples
were run in duplicate.

Intensity of the color developed is inversely propor-
tional to the amount of free SP present in the well during
the incubation (Takeyama et al 1990). The sensitivity of the
assay was determined by serial dilution and was found to
be about 17 pg SP/mL. The cross reactivity of SP-related

peptides in the assay was as follows: SP, 100%; SP (2–11),
93%; SP (4–11), 97%; SP (7–11), 30%; SP (8–11), < 0.01%;
SP (1–4), < 0.01%; neurokinin A, 2.7%; and neurokinin B,
0.04%. The amount of SP in the lung tissue was expressed
in femtomoles per minute per milligram protein. The total
SP was defined as the sum of SP released into the lung
during challenges and the residual SP in the tissue. Protein
concentration in the lung tissue extract was determined by
a dye binding method involving colloidal gold. Bovine
serum albumin was used as the standard.

NEP Measurement

The lung tissues from the rats were washed with physi-
ologic saline and stored at �70�C for later analysis. A cell-
free extract of each lung tissue was homogenized in 10 mL
of tissue protein extraction reagent (T-PER, Pierce Chem-
ical, Rockford IL). The residue was removed from the
extract by centrifuge at 12,000g for 10 minutes at 4�C. The
supernatants were used for enzyme analysis. Cell-free NEP
activity in each tissue lysate was measured spectrophoto-
metrically by a coupled assay as reported by Van der Velden
and colleagues (1999) and Papandreou and colleagues
(1998) with minor modifications. Briefly, 5 µL of cell-free
extract were incubated with 1 mM succinyl-Ala-Ala-Phe-p-
nitroanilide (Suc-Ala-Ala-Phe-pNA) (Bachem Bioscience,
King of Prussia PA) as a substrate in 0.1 M Tris-HCl (pH 7.6)
in the presence of 1 µL (0.14 U/µL) porcine kidney ami-
nopeptidase-N (AP-N, Sigma). The reaction (total volume:
200 µL) was measured in duplicate in a 96-well microtiter
plate. In this coupled activity assay, NEP cleaves Suc-Ala-
Ala-Phe-pNA between Ala and Phe, yielding Phe-pNA.
AP-N subsequently cleaves Phe-pNA, generating pNA as
the final product. The increase in specific absorbance at
405 nm (as a result of the accumulation of free pNA) was
determined after 30 minutes incubated at 37�C using a plate
reader (Bio-Tek Instruments). Cell-free (substrate alone or
substrate with AP-N) and substrate-free blanks were run in
parallel. Protein concentration was determined using a coo-
massie plus protein assay (Pierce, Rockford IL) with bovine
serum albumin as a standard.

Determination of Cytokine mRNA

Cytokine gene expressions in the rat lungs were esti-
mated using a multiplex PCR kit (BioSource International,
Camarillo CA). The assay was performed according to
instructions provided with the kit. The conditions used for
PCR were the following: after 15 minutes of initial denatur-
ation at 96�C, 1 minute at 96�C, and 4 minutes at 56�C for
two cycles, followed by 1 minute at 94�C and 2.5 minutes at
57�C for 33 cycles. Final extension was carried out for
10 minutes at 70�C. Amplification products were separated
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on a 2% agarose gel, stained with ethidium bromide, tran-
silluminated with UV light, and photographed. The nega-
tives were then analyzed by using gel video systems (Bio-
Rad). The areas of the peaks for mRNA for each cytokine
were used to calculate the percentage of cytokine mRNA
relative to the amount of mRNA for GAPDH.

The relative concentrations of mRNAs encoding for
interleukin (IL) 1�, IL-6, IL-10, IL-12, and tumor necrosis
factor � (TNF-�) in lung tissue were estimated by reverse
transcriptase (RT)-PCR using a modification of the method
of Smith (2000). Poly(A)+ RNA was then isolated using
polystyrene latex-oligo(dt) beads (Qiagen). One hundred
nanograms of poly(A)+ RNA underwent reverse transcrip-
tion in the presence of random hexamers using 200 U of
Moloney murine leukemia virus RT, RNAse H minus,
point mutant [MMLVRT(H�)] (Promega, Madison WI).
PCR strategies were based on those reported by Dr Yama-
mura of the Department of Pharmacology at the University
of Arizona. These strategies allowed comparison of
cytokine mRNA in different samples. For PCR, cell cDNA
was combined with 2.5 U of Taq polymerase (Promega),
0.02 mM deoxyribonucleoside phosphatase, 1 µg of each
primer, and buffer. Reactions were placed in a thermal
cycler (Robocycler 40, Stratagene, La Jolla CA) using 95�C
denaturation, 58�C annealing, and 72�C extension temper-
atures, with the first three of a total of 30 cycles having
extended denaturation and annealing times. About 10% to
20% of each amplification reaction was then electro-
phoresed on ethidium bromide–stained agarose gels and
viewed under UV illumination. For quantification, the
indicated PCR amplifications were performed in the pres-
ence of 32P end–labeled positive-standard primers. After
separation on agarose gel, the amplified fragment was
excised, and the amount of radiolabel incorporated was
determined by scintillation counting.

The sensitivity and linearity of such cellular RT-PCR
amplifications using limiting dilutions of RNA generated
from in vitro cell transcription of the gene coding region is
acceptable for quantitative comparisons (Smith et al 2000).
The amplifications were performed under conditions that
were in the linear range of amplifications for each gene. To
assure that similar amounts of input RNA were reverse
transcribed, RNA was quantified by DNA dipstick (Invit-
rogen, San Diego CA). Additionally, PCR amplification of
the housekeeping gene, GAPDH, was performed on 5% of
the total cDNA reaction per sample to assure that similar
amounts of input RNA and similar efficiencies of reverse
transcription were being compared. To assure the identity
of the PCR-amplified fragments, the size of each amplified
gene fragment was compared with those of DNA standards
(Promega) that were electrophoresed on the same ethidium
bromide–stained agarose gels. In addition, PCR-amplified

fragments were subjected to direct DNA sequencing, and
their sequencing was confirmed as previously described.

Cytokine Quantification

All cytokines (IL-1�, IL-6, IL-10, IL-12, and TNF-�) in
supernatant from lung tissue were quantified using an
enzyme-linked immunoabsorbent assay (ELISA) as
directed by the kit supplier (R&D Systems, Minneapolis
MN). Rat recombinant cytokine standards were used in
every assay. ELISA plates were then analyzed on an auto-
mated microplate reader (model Elx808, Bio-Tek). All sam-
ples were run in duplicate.

Immunohistochemical Analysis 
and Pathology Examination

One sagittal, 1-mm-thick slice was collected from the
diaphragmatic lung lobe and the right side upper lobe from
all laboratory rats and controls. These slices were
immersed in Bouin fixative for 24 hours, then placed on an
automatic tissue processor, and embedded in pairs in par-
affin (ie, one pair per rat) using a short processing protocol
and low melting point paraffin. Sections (5 µm) were dew-
axed and processed histochemically with hematoxylin
and eosin (H&E) for general pathology examination and
with toluidine blue for selective evaluation of mast cells. 

 For immunohistochemical analyses, 5-µm sections
from the same blocks were dewaxed, hydrated, and treated
as follows. Sections were first treated with normal, nonim-
mune goat serum for 30 minutes (from the species of sec-
ondary antibody) to block any nonspecific background.
The sections were then treated lightly with Triton X (0.2%,
5 minutes) to facilitate antibody access to the tissue
antigen. Primary antiserum, raised in rabbit, was then
applied overnight at 4�C (SP, 1:500) or for 4 hours at room
temperature (calcitonin gene-related peptide, CGRP, Pen-
insula, 1:800). After rinses in phosphate-buffered saline,
sections were treated with the histostain kit (Zymed Labo-
ratories, South San Francisco CA). Briefly, this method
included secondary biotinylated goat antirabbit serum fol-
lowed by horseradish peroxidase–labeled streptavidin,
and development in a diaminobenzidine solution to
achieve a reddish brown reaction product. Alternatively,
sections were treated overnight with monoclonal (mouse)
antibody raised against NK1 (Chemicon, 1:500), followed
by tetramethylrhodamine isothiocyanate–labeled goat
antimouse (Zymed, 1:50), which yielded red fluorescence
at the sites of immunoreactivity. Slides were rinsed, cover-
slipped, and observed with a microscope (Eclipse 6000,
Nikon) equipped with objectives for both brightfield and
fluorescence. Images were then captured using a digital
camera attached to the microscope, imported to a personal
computer, and printed on photograde paper.
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STATISTICAL METHODS AND DATA ANALYSIS

A total of 168 female F344 rats were randomly assigned
to one of seven groups: six in two 2 � 3 factorial designs
and one as the positive control group (CS). One gender was
chosen to increase efficiency of a sample size by avoiding
gender deviation. Prior to experimental treatment, mean
body weight per group was analyzed by analysis of vari-
ance (ANOVA) to identify any random deviations.

Two rounds of exposure experiments were performed
independently for LDE and HDE exposure with their corre-
sponding fRA and eRA controls. Data (n = 12 for fRA or
eRA) generated in two-round exposures were tested for
differences using ANOVA and were combined when no
statistically significant differences were observed (ie, the
two fRA groups were combined and the two eRA groups
were combined). Each endpoint in the groups (capsaicin
versus saline pretreatment and air versus LDE, HDE or CS
with each pretreatment) was first examined using descrip-
tive statistics and tested for homogeneity of variance using
the Bartlett test. Based upon the results of this test, data
were normalized using a log10 transformation. Compari-
sons of means among groups were made using ANOVA in
this log-normal scale. Because the measures were indepen-
dent variables, mean changes were evaluated when appro-
priate using post hoc linear contrasts with adjustment for
multiple comparisons using both Bonferroni and Fisher
protected least-significant difference (PLSD)–corrected sig-
nificance levels. Additional statistical analyses were per-
formed to evaluate dose–response relations (the strength of
linear relations) among air, LDE, and HDE exposures for
NEP activity, plasma extravasation, and respiratory perme-
ability by calculating Pearson correlation coefficients after
log-normal transformation. All tests were two-sided, and P
< 0.05 was considered significant. Data were collected and
analyzed on a personal computer (Statview IV, Abacus Con-
cepts, Berkeley CA) and expressed as means ± SEM.

RESULTS

PARTICLE CHARACTERISTICS

The average particle concentration (± SEM) for the 15-day
LDE exposure was 35.3 ± 4.9 µg/m3. At this exposure, small
mass changes in any engine operating variable could cause a
deviation in the particle concentration. For the HDE expo-
sure, average particle concentration was 632.9 ± 47.61 µg/m3

(mean ± SEM, n = 11).

DE particles consist mainly of agglomerated solid carbon-
aceous material, volatile organics, sulfur compounds, and
ash. In the current study, elemental carbon, organic carbon,
and sulfates were analyzed for the samples collected
(Figure 9). These samples were collected at the RTC and

corrected for dilution ratio. RTC1 and RTC2 were different
sampling locations. The results showed good correlation
between mass and reconstructed mass, which indicates
that the overall engine operating conditions were consis-
tent for the exposure test periods.

Specific elemental, organic carbon, and sulfates mea-
sured at the RTC are shown for mode 6 in Figure 9. Again,
these components were averaged over the entire test
period (15 days) for each operating condition and cor-
rected for the dilution ratio. Elemental carbon was clearly
a dominant component of the diesel PM at high load. Sam-
ples collected on a Teflon filter each day of LDE and HDE
exposure were used to measure 46 trace metal compounds.
Seven of them are shown in Table 7. Amounts of sodium,
magnesium, manganese, and lead did not change with the
dilution ratio for LDE and HDE exposure, but the amounts
of calcium, iron, and chromium in HDE particles were
approximately 50% of the amounts in LDE particles.

Figure 9. Mean elemental carbon (EC), organic carbon (OC), and sulfate
concentrations in particles collected at RTC at mode 6 (75% load at
1200 rpm). Data expressed as mean (SEM). DR = dilution ratio.

Table 7. Trace Metals in DE Particles

Trace Metals 

Concentration (ng/m3)

LDE HDE

Natrium 4.78 ± 0.32 4.07 ± 0.70
Magnesium 0.86 ± 0.32 0.60 ± 0.03
Calcium 10.66 ± 0.02 5.05 ± 0.48

Iron 6.44 ± 0.67 3.17 ± 0.22
Chromium 1.31 ± 0.12 0.68 ± 0.07
Manganese 0.22 ± 0.04 0.11 ± 0.02
Lead 0.97 ± 0.19 1.24 ± 0.08
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The particle number and mass by size under all CARB 8
modes are shown in Figure 10. The particle size range mea-
sured with the SMPS was 7.234 to 294.27 nm. The results
show only one representative measurement from each mode.
The engine operating conditions significantly affected the
particle size distributions in terms of both number and mass.
The LDE exposure test showed slightly more than 50% of
that of the HDE exposure test due to the higher dilution ratio.
Currently, we are working to correct the effect of dilution
ratio on the DE particle size distribution.

GASEOUS EMISSIONS

Regulated gaseous emissions (nitric oxide/nitrogen
oxides, carbon dioxide, and total hydrocarbons) were mea-
sured at the exhaust pipe of the test engine and carbon
dioxide emission was measured at the engine out, the RTC,
and the tertiary dilution tunnel for use in the calculation of
dilution ratios. As the DE mixed with a large amount of
dilution air, the concentrations of gaseous emissions
decreased significantly and no further chemical reactions
of the regulated gaseous emissions occurred due to
quenching. The concentrations of emitted gases at the
exposure chamber were calculated using the information
on dilution ratios and their engine-out concentrations. The
results showed that concentrations of regulated gaseous
emissions in the exposure chamber were approximately
the same as their background concentrations (Table 8).

ORGANIC CONTENTS

Some emission concentrations of particle-phase and semi-
volatile organic compounds in the exposure chamber were
resolved and identified for mode 6 (Table 9). Emission rates of
ultratrace compounds were not measured in detail. The GC-
MS method employed quantifies more than 100 organic com-
pounds, which include n-alkanes, alkylcyclohexanes,
hopanes, steranes, and polycyclic aromatic hydrocarbons
(PAHs). Many of the 100 compounds were not detected and
have not been reported in diesel engine emissions in previous

research. The n-alkanes, hopanes, and steranes were observed
to be the major classes of the particle-phase organic com-
pounds, and n-alkanes were the major class of semivolatile
organic compounds for the condition tested. Most of the par-
ticle-phase and semivolatile PAHs were below detection level
except methyl-sub PAH (Mr 202 and 228). Samples were col-
lected for detailed speciation, including metals. These results
were not yet available at the time this report was written.

BIOPARAMETERS

SP

The level of �-PPT-I mRNA encoding SP in lung tissue
after exposure to LDE or HDE showed no difference from air
controls in either capsaicin or saline rats (Figure 11). After
CS exposure, however, �-PPT-I mRNA levels in saline rats
(but not capsaicin rats) were significantly higher. The level
of SP in the lung tissue was significantly lower among
saline-HDE rats, but not among saline-LDE rats or saline-
CS rats (Table 10). In capsaicin rats, SP could not be
detected in the lung tissue within most groups.

NK1 Receptors

Response patterns of the NK1 receptor gene after DE
exposure were inconsistent (Figure 12). When compared

Figure 10. Particle number and mass by size under CARB 8 modes. Distributions are weighted by size and number.

Table 8. Emissions of Regulated Gases in Exposure 
Chamber for HDE Exposure

Gas
Concentration

(Mean ppm ± SD)

Nitric oxide 3.59 ± 0.71
Oxides of nitrogen 3.69 ± 0.73
Nitrogen dioxide 0.1 ± 0.043

Carbon monoxide 2.95 ± 0.54
Carbon dioxide 518.96 ± 97.47
Total hydrocarbon 0.031 ± 0.0068
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Table 9. Emission Rates of Particle-Phase and Semivolatile 
Organic Compounds for Mode 6 in Exposure Chamber

Compounds

Emission Rates 
(ng/m3)

LDE HDE

n-Alkanes
n-Tetracosane (C24H50) 0.102 0.226
n-Pentacosanes (C25H52) 0.133 0.285
n-Hexacosane (C26H54) 0.071 0.297
n-Heptacosane (C27H56) 0.046 0.332

Total class emission rate 0.352 1.140

Alcylcyclohexanes
Tridecyclohexane < 0.019 < 0.019
Pentadecylcyclohexane < 0.019 < 0.019
Hexadecylcyclohexane < 0.019 < 0.019
Heptadecylcyclohexane < 0.019 < 0.019
Octadecylcylcohexane < 0.019 < 0.019
Nonadecylcyclohexane < 0.019 < 0.019

Total class emission rate < 0.114 < 0.114

Hopanes
22,29,30-trisnorneohopane < 0.004 NMa  
17�(H)-21�(H)-30-norhopane < 0.004 0.202
17�(H)-21�(H)-hopane < 0.004 0.322
22S,17�(H),21�(H)-30-homohopane < 0.004 0.127
22R,17�(H),21�(H)-30-homohopane < 0.004 0.131
22S,17�(H),21�(H)-30,31 bishomohopane < 0.004 0.087
22R,17�(H),21�(H) 30,31 bishomohopane < 0.004 0.426

Total class emission rate < 0.028 1.295

Steranes
20R, 5� (H),14�(H), 17�(H)-cholestane < 0.010 0.146
20S, 5� (H),14�(H), 17�(H)-cholestane < 0.010 0.137
20R, 5� (H),14�(H), 17�(H)-cholestane < 0.010 0.303
20R, 5� (H),14�(H), 17�(H)-ergostane < 0.010 0.091
20S, 5� (H),14�(H), 17�(H)-ergostane < 0.010 0.097
20R, 5� (H),14�(H), 17�(H)-sitostane < 0.010 0.095
20S, 5� (H),14�(H), 17�(H)-sitostane < 0.010 0.064

Total class emission rate < 0.070 0.933

PAHs
Fluoranthene < 0.004 < 0.004
Acephenanthrylene < 0.004 < 0.004
Pyrene < 0.004 < 0.004
(Mr 202) < 0.004 0.146
Benzo[ghi]fluoranthene < 0.004 < 0.004
Cyclopenta[cd]pyrene < 0.004 < 0.004
Benz[a]anthracene < 0.004 < 0.004
Chrysene/triphenylene < 0.004 < 0.004
(Mr 228) 0.007 0.007
Benzo[b]fluoranthene < 0.004 < 0.004
Benzo[k]fluoranthene < 0.004 < 0.004
Benzo[j]fluoranthene < 0.004 < 0.004
Benzo[e]pyrene < 0.004 < 0.004
Benzo[a]pyrene < 0.004 < 0.004
Perylene < 0.004 < 0.004

Total class emission rate < 0.063 0.205

a NM = not measured.

Figure 11. Expression of �-PPT-I encoding neurotransmitter SP in lung
tissue after exposure. Data expressed as mean (SEM). a P < 0.05 compared
to saline-fRA rats; c P < 0.05 compared to saline-CS rats.

Table 10. SP in Lung Tissue After Saline 
or Capsaicin Treatment

Exposure
  (n)

SP (pg/g)a

Saline Capsaicin

fRA (12/12) 4.06 ± 0.75 0.07 ± 0.07
LDE (6/6) 2.23 ± 0.90 NDb

HDE (6/6) 0.44 ± 0.07c ND
CS (6/6) 0.65 ± 0.18c ND
eRA (12/12) 2.66 ± 0.79 0.06 ± 0.06

a Data expressed as mean ± SEM.  
b ND = nondetectable. 
c P < 0.05 compared to saline-fRA rats.

Figure 12. Gene expression of NK1 receptor (NK1R) in lung tissue after
exposure. Data expressed as mean (SEM). a P < 0.05 compared to saline-
fRA rats; b P < 0.05 compared to capsaicin-fRA rats; c P < 0.05 compared to
saline-eRA rats.
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with RA-exposed rats, saline-LDE rats showed significantly
less NK1 receptor mRNA in the lung tissue, but saline-HDE
rats showed the same levels. Capsaicin rats exposed to either
level of DE showed no difference in NK1 receptor mRNA in
lung tissues. The transcription rate of the NK1 receptor gene,
in both capsaicin and saline rats, was significantly lower
when rats had been exposed to CS. Interestingly, NK1

receptor mRNA was also lower among saline-CS animals
than among saline-fRA animals.

NK1 receptor–like immunoreactivity appeared as punc-
tate dots on the airway epithelium, resembling the pattern
of synaptic varicosities (Figure 13A–F). In the capsaicin-
HDE rats, immunoreacting receptor sites were larger and
had a higher intensity than in the other groups (Figure 13E).
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The specific pattern of immunoreactivity allowed us to
quantitate the number of such sites per unit basement mem-
brane length (Figure 14). The most interesting findings were
that both capsaicin-HDE and saline-HDE rats had the same
numbers of immunopositive sites as both groups of CS rats.
All four groups had about twice as many immunoreactive
sites as did LDE rats. The eRA groups were not examined
in as much detail and require further analyses, but our cur-
rent data suggest fewer immunoreactive sites with capsa-
icin pretreatment.

NEP

NEP activity in the lungs of saline rats exposed to either
level of DE was lower than in the saline-eRA controls (P <
0.05, Figure 15). NEP activity in capsaicin rats exposed to
DE followed the same trend. After CS exposure, NEP
activity was lower in saline rats but not capsaicin rats.
After fRA or eRA exposure, NEP activity was not signifi-
cantly different between capsaicin and saline groups.

Plasma Extravasation

Plasma extravasation, in both extrapulmonary and intra-
pulmonary airways, was measured by using 99mTc-
albumin (Figure 16). In saline-DE rats, the levels of plasma
extravasation were significantly higher dose-dependently
in extrapulmonary (r = 0.308, P = 0.0008) and intrapulmo-
nary (r = 0.736, P < 0.001) airways. The levels of plasma
extravasation were also higher after exposure to CS. In cap-
saicin rats, all levels of plasma extravasation followed the
same dose-dependent trend as those of the saline animals.
Plasma extravasation tended to be greater in capsaicin ani-
mals compared with saline animals, but no significant dif-
ference was found within each pair with the exception of
intrapulmonary measurements of eRA groups.

Figure 14. NK1 receptor (NK1R) density in lung tissue after exposure.
Data expressed as mean (SEM). a P < 0.05 compared to saline-fRA rats. 

Figure 15. NEP activity in lung tissue after exposure. Data expressed as
mean (SEM). a P < 0.05 compared to saline-fRA rats; b P < 0.05 compared
to capsaicin-fRA rats; c P < 0.05 compared to saline-CS rats.

Figure 16. Plasma extravasation in airways after exposure: extrapulmonary airways and intrapulmonary airways. Data expressed as mean (SEM).
a P < 0.05 compared to saline-fRA rats; b P < 0.05 compared to capsaicin-fRA rats; c P < 0.05 compared to saline-eRA rats.
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Respiratory Permeability

In saline rats, DE exposure induced a significantly
higher, dose-dependent respiratory permeability (r =
0.699, P < 0.0001) (Figure 17). In capsaicin-DE rats, respi-
ratory permeability was not significantly different from
controls (r = 0.23, P = 0.0602). Respiratory permeability
was significantly higher in saline and capsaicin rats after
exposure to CS compared with their fRA controls.

Cytokines

The concentrations of mRNA encoding for IL-1�, IL-6, IL-
10, IL-12, and TNF-� in lung tissue relative to GAPDH
mRNA were estimated by RT-PCR (Figure 18A–E). In saline
and capsaicin rats exposed to LDE or CS, IL-1� mRNA levels
were significantly higher than those of fRA controls (Figure
18A). IL-1� mRNA levels were also higher for saline-HDE
rats but not for capsaicin-HDE rats. There was no difference
in relative mRNA levels of IL-6 and IL-10 after DE or CS
exposure (Figure 18B–C). The relative IL-12 mRNA level
was no different than fRA controls in saline-DE rats but
lower in saline-CS rats (Figure 18D). Relative IL-12 mRNA
levels were significantly lower in capsaicin-HDE animals
than in saline-fRA, capsaicin-fRA, and saline-HDE animals.
TNF-� mRNA level was higher in saline-HDE rats, but not in
saline-LDE animals (Figure 18E). In capsaicin rats, however,
the relative TNF-� mRNA level was higher after LDE or CS
exposure but not after HDE exposure (Figure 18E).

Lung tissue levels for total protein, IL-1�, IL-12, and
TNF-� did not change after LDE or HDE exposure com-
pared with controls (Table 11). However, IL-12 was signifi-
cantly higher among saline animals exposed to CS.
Moreover, in the capsaicin-CS group, total protein, IL-1�,
and IL-12 were also higher when compared to the corre-
sponding air controls.

Table 11. Total Protein, IL-1�, IL-12, and TNF-� in Lung Tissue of Rats Exposed to DE and CS

Exposure
Groups

Total Protein
(µg/g)a

Cytokines (pg/g)a

IL-1� IL-12 TNF-�

fRA
Saline 56.74 ± 7.95 1471.7 ± 157.0 108.0 ± 17.6 31.6  ± 8.3
Capsaicin 67.04 ± 6.06 1569.0 ± 176.4 108.2 ± 11.8 34.6  ± 7.3

LDE
Saline 65.54 ± 3.12 1590.2 ± 342.5 122.7 ± 24.3 47.5  ± 11.9
Capsaicin 66.11 ± 6.57 1595.5 ± 306.7 121.5 ± 24.4 35.8  ± 9.0

HDE
Saline 59.00 ± 6.16 1476.4 ± 222.3 105.8 ± 18.1 29.5  ± 6.5
Capsaicin 72.98 ± 9.73 1379.5 ± 127.9 98.8 ± 6.6 26.3  ± 5.8

CS
Saline 53.38 ± 12.01 2799.7 ± 432.3 170.2 ± 26.4b,c 25.7  ± 5.7
Capsaicin 86.80 ± 6.67b,d 4086.5 ± 488.2c 219.7 ± 31.6b,c 33.5  ± 8.3

eRA
Saline 61.31 ± 5.69 1575.8 ± 183.6 109.3 ± 13.6 29.6  ± 5.1
Capsaicin 66.79 ± 5.39 1649.8 ± 281.6 101.3 ± 12.4 31.0  ± 7.3

a Data expressed as mean ± SEM.    
b P < 0.05 compared to saline-fRA rats.
c P < 0.05 compared to capsaicin-fRA rats.
d P < 0.05 compared to saline-CS rats.

Figure 17. Respiratory permeability after exposure. Data expressed as
mean (SEM). a P < 0.05 compared to saline-fRA rats; b P < 0.05 compared
to capsaicin-fRA rats.
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Histopathology and Immunohistochemistry

Inflammatory-cell margination was observed along the
venular endothelium in the lungs of saline rats exposed to
HDE. Diapedesis was evident by perivascular cuffing
(Figure 19D–F) with subsequent mononuclear cell migra-
tion and dispersal throughout the entire lung parenchyma
and alveoli (Figure 18F). Alveolar edema was also
observed in these animals (Figure 19F). Likewise, larger
numbers of activated alveolar macrophages were observed
throughout the lungs of HDE rats compared with other
groups (Figure 19A–C). LDE rats had only occasional alve-
olar macrophages (Figure 19B) as did the fRA controls.

These macrophages were easily identified by phagocy-
tosed, small, black DE particles within the cytoplasm
(Figure 19A, C). Surprisingly, several similar macrophages,
although in small numbers, were also observed in saline-
eRA control rats. After capsaicin and HDE exposure, half as
many particle-laden alveolar macrophages were observed
(45.1 cells per �40 microscope field ± 7.7 SEM vs 18.9 ± 1.2;
P = 0.011). There was no notable influx of polymorphonu-
clear leukocytes (PMNs) or eosinophils. In addition, HDE
rats had an increased number of mast cells (staining purple
with toluidine blue), mostly oriented toward thin-walled
vessels and airway smooth muscle (Figure 20; Table 12).

Figure 18. Gene expression of IL-1�, IL-6, IL-10, IL-12, and TNF-�
per GAPDH mRNA in lung tissue after exposure. Data expressed
as mean (SEM). a P < 0.05 compared to saline-fRA rats; b P < 0.05
compared to capsaicin-fRA rats; c P < 0.05 compared to saline rats
of the same exposure.
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Figure 19. Inflammatory cells in lung tissue. Unstained, dewaxed paraffin sections show no macrophages in alveolar parenchyma after fRA exposure
(A), very few alveolar macrophages (arrows) after LDE exposure (B), and a large number of alveolar  macrophages (arrows) after HDE exposure (C). Note
the accumulation of black DE particles in macrophages of lung after exposure to HDE (C). In H&E stained lung section from rats exposed to HDE (D), note
margination of inflammatory cells (arrowheads) along the lumenal surface of the vascular endothelium and perivascular orientation (cuffing) of inflam-
matory cells. Activated alveolar macrophages are indicated with arrows. A similar image is shown with toluidine blue staining, which renders inflamma-
tory cells blue (E). Lung parenchyma of rat after HDE exposure shows activated macrophages in alveolar spaces (F; arrows, H&E). VL = vessel lumen.

Moreover, sloughing of airway epithelial cells was observed
in HDE and CS rats (Figure 21).

More C fibers were visible in saline rats than capsaicin
rats as demonstrated by the presence of immunoreactivity
for the typical markers SP and CGRP (Table 12; Figures 22
and 23). The fibers were localized in airway mucosa and
vascular adventitia, and CGRP-immunoreactive fibers were
observed in close proximity to alveolar macrophages, other
alveolar cells, and possibly the surfactant-producing type II

alveolar epithelial cells (Figure 24). Capsaicin pretreatment
almost completely depleted SP and CGRP from C fibers,
however, rendering these fibers impossible to identify
(Table 12). Density of SP-immunoreactive nerve fibers was
difficult to assess accurately due to inconsistencies in
intensity of the immunoreactivity compounds. There was
an impression of lower density in several capsaicin-HDE
rats compared with saline-HDE rats (Figure 25D,E), but the
finding was not consistent across all animals. The basophils
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Table 12. Number of Cells and C-Fiber Profiles in Lung Tissue of Rats Exposed to DE or CSa

Exposure
Goups

SP
Fibers

CGRP
Fibers

Inflammatory 
Cellsb

Mast
Cells NEBc NECd

fRA
Saline 6.5 ± 1.2 7.4 ± 1.1 2.0 ± 1.4 3.6 ± 2.1 0.4 ± 0.4 0.1 ± 0.1
Capsaicin 0.8 ± 0.2 3.0 ± 2.8 10.2 ± 2.1 9.7± 3.4 0.3 ± 0.1 0.1 ± 0

LDE
Saline 2.1 ± 1.6 8.8 ± 9.6 1.4 ± 0.3 0.1 ± 0.1 0.4 ± 0.3 0.2 ± 0.2
Capsaicin 1.4 ± 1.5 1.3 ± 1.4 0.3 ± 0.2 0.2 ± 0.2 0.3 ± 0.3 0.1 ± 0.2

HDE
Saline 0.9 ± 0.6 7.3 ± 4.1 47.2 ± 27.1e 12.5 ± 6.1e 0.4 ± 0.3 0.1 ± 0.2
Capsaicin 0.5 ± 0.6 1.1 ± 1.0 12.5 ± 7.9 2.8 ± 2.5 0.4 ± 0.2 0.2 ± 0.1

CS
Saline 0.9 ± 0.4 15.0 ± 0.8 NDf ND 0.7 ± 0.1 0.2 ± 0
Capsaicin 0.8 ± 0.6 10.8 ± 0.9 ND ND 0.5 ± 0.1 0.2 ± 0.1

eRA
Saline 6.3 ± 0.6 1.4 ± 0.5 1.1 ± 0.4 0.8 ± 0.4 0.4 ± 0.1 0.2 ± 0.1
Capsaicin 0.6 ± 0.5 8.0 ± 0.6 5.5 ± 5.8 6.0 ± 2.8 0.3 ± 0.2 0.1 ± 0.1

a Data expressed as mean ± SEM.  N = 3–4 per group. Based on average number of cell or nerve profiles per 10 to 15 microscopic fields for each rat lung 
using 40� objective.  Inflammatory cells and mast cells were identified with toluidine blue (blue and purple, respectively). CGRP and SP fibers were 
identified using immunocytochemical techniques. 

b Macrophages, PMN, and basophils.
c NEB = clustered neuroendocrine cells containing CGRP.
d NEC = solitary neuroendocrine cells.
e P < 0.05 compared to saline-fRA rats.
f ND = not done.

Figure 21. Sloughing of airway epithelial cells after exposure.
A. Lung from saline-HDE rat shows a terminal bronchiole opening
into the alveolar parenchyma. A section of folded epithelium in its
lumen is lodged peripherally to its site of sloughing. B. Lung from
saline-CS rat shows mild loss of bronchiolar epithelium indicated
by epithelial debris in lumen. H&E stain.

Figure 20. Inflammatory cells and mast cells in lung tissue after exposure.
Invasion of young inflammatory cells and mast cells is demonstrated with
toluidine blue stain rendering general inflammatory cells blue and mast
cells purple due to metachromasia. A. In a capsaicin-eRA rat, a few cells are
visible to the left of the artery. B. In saline-LDE rat, note the low level of
mast cells on both sides of vein. C. A capsaicin-HDE rat. D. A saline-HDE
rat. Note the massive invasion of young inflammatory cells and mast cells.
V, vein; art, artery; a, airway.
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stained with toluidine blue were frequently in close
proximity with individual CGRP-immunopositive nerve
fibers (Figure 25C). Moreover, these cells were most likely
monocytes in the process of being transformed into
activated macrophages. This hypothesis is supported by
the unique finding of an alveolar macrophage, free in the
alveolar space, showing overlap with a segment of a
CGRP-positive nerve fiber in one LDE rat (Figure 25D).

Immunohistochemistry also showed flooding of bron-
chioles with CGRP, a neuropeptide colocalized with SP in
C fibers in a vessel lumen (Figure 26A), most likely
remaining from its release from airway epithelial neu-
roendocrine cells (Figure 26B,D–F) upon capsaicin’s
effect on vanilloid receptors. Similar sites were noted on
vascular medial smooth muscle. Clusters of neuroendo-
crine cells were found in the bronchi and bronchioles as
well as in the alveoli (Figure 26F). Immunoreactive nerve
fibers were present in the airway smooth muscle (Figure
26D,E) and in the alveolar parenchyma (Figure 26C).
There appeared to be a higher number of these fibers in
the alveolar parenchyma of HDE rats.

Figure 24. CGRP containing C-fiber innervating lung cells. A. After
saline-LDE exposure, part of a CGRP fiber is visible in close proximity to
an alveolar macrophage that is free in the alveolar lumen. Note the prox-
imity of the nerve fiber to the macrophage nucleus. B. A similar image is
evident in the lung from a saline-CS rat. C–E. CGRP innervation of alve-
olar cells from rats exposed to saline-eRA (C) and saline-LDE (D). Two
innervated alveolar cells from a saline-HDE rat (E) resemble surfactant-
producing alveolar type II cells (arrows). a = alveolar lumen.

Figure 23. CGRP containing C fibers (reddish brown). Note widespread
fibers in airway mucosa (A) and alveolar parenchyma (B) after saline-
eRA exposure. C. Also note the liberal distribution of fibers in alveolar
septa after saline-LDE. D. Rich innervation is evident around bronchiolar
airways after saline-CS, and immunoreactivity is visible in the airway
epithelium, suggesting CS-induced CGRP release and flooding. a, alve-
olus; ep, airway epithelium.

Figure 22. SP-containing C fibers in lung tissue after exposure. Immunore-
activity is visible as a reddish reaction product. A. Tissue after saline-fRA
exposure. Note rich innervation (arrows) in the airway mucosa and smooth
muscle (sm). B. Tissue after capsaicin-HDE exposure. C. Tissue after
saline-LDE exposure. D. Tissue after saline-HDE exposure. Note how the
alveolar macrophages are laden with DE particles (black dots). E. Tissue
after capsaicin-CS. SP immunoreactivity is minimal; note the two brown
dots to the right of the artery. F.  Sample taken after saline-CS exposure
shows SP fibers. Note the thin appearance compared to fibers in A, sug-
gesting recent sprouting, and the near absence of labeled fibers in B, C, and
E. ep, airway epithelium; sm, smooth muscle.
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DISCUSSION, CONCLUSIONS, AND 
IMPLICATIONS OF FINDINGS

DE EXPOSURE SYSTEM

Overall, our data demonstrate that the chemical compo-
sition of particles depends on engine operating conditions.
There was a dramatic shift in the ratio of elemental to
organic carbon and in the sulfate ions and trace metals of
interest when the engine was operated at different loads
and speeds. Similarly, there was a shift in the particle size
range but it had no impact on the mass loading. We evalu-
ated one operating condition (mode 6) in this study. The
following conclusions were made from the diesel
engine/animal exposure system.

• The enhanced full dilution tunnel system that was
designed and tested for this study provided a thorough
mixing in the RTC. Samples from different sampling
locations had basically the same chemical composition.

• Elemental carbon increased linearly as the equivalence
ratio (�) increased. Above medium loads, elemental car-
bon was the dominant component of the DE mass. In
contrast, organic carbon decreased linearly as the equiv-
alence ratio increased and was dominant at light loads.
The sulfates increased with an increase in the equiva-
lence ratio. Only one operating condition, mode 6, was
used for the exposure tests.

• The metal compounds of interest were observed in order
from largest to smallest mass loading: calcium, iron,
magnesium, lead, and manganese, for the modes stud-
ied. The calcium was measured in amounts significantly
higher than the other metals of interest. With an increase
in the equivalence ratio, all metals of interest exhibited
a minimum for mode 7 at 1200 rpm and for mode 2 at
1800 rpm. Higher calcium, iron, and magnesium were
observed at higher engine loads.

• At a specific engine speed and injection timing, the
median particle size shifted linearly to a larger particle
size as the equivalence ratio increased. The median par-
ticle number concentration decreased as the equiva-
lence ratio decreased. Again, only one operating
condition, mode 6, was used for the animal exposures.

• As the engine speed was changed from 1200 rpm to 1800
rpm, the elemental carbon and sulfates increased signifi-
cantly, while the increase in the organic carbon was neg-
ligible. The metal compounds of interest also increased
as the engine speed increased (particularly, iron, cal-
cium, and lead). Both the median particle size and num-
ber concentration increased as the engine speed
increased. Even though many particle characteristics

change with engine operating conditions, only mode 6
was tested.

This system is good for in vivo animal exposure because
fresh particles and compositions are the focus of emissions
controls. Several characteristics may be compared to
approaches used previously: (1) resuspended environ-
mental particles (Vincent et al 1997; Bouthillier et al 1998;
Adamson et al 1999; Kodavanti et al 1999); (2) concen-
trated present-day ambient particles (Sioutas et al 1995;
Gordon et al 1998, 1999); (3) model particles created by
reconstituting binary or tertiary mixtures (Jakab et al 1996;
Kleinman et al 1999); and (4) individual chemical compo-
nents identified on certain industrial PM, such as transi-
tion metals (Dreher et al 1997; Gavett et al 1997). Our
diesel engine emission/animal exposure system at the Uni-
versity of Wisconsin gave us continuous measurements of
the chemical and physical properties of DE in a real-time
mode. Consequently, we did not have to resuspend the DE
particles and no aging phenomenon of DE particles
occurred that might have changed the observed health
effects. Finally, our diesel engine emission/animal expo-
sure system allowed us to change the diesel engine param-
eters (ie, engine throttle), which our research demonstrates
causes significant changes in resulting particle/gas ratio).

Our results showed that the chemical composition, par-
ticle number concentrations, and size distributions of PM
depended highly on the engine operating conditions. Ele-
mental carbon was dominant at mode 6. Mass and recon-
structed mass concentrations (elemental and organic
carbons plus sulfates) averaged over the entire test period
showed good agreement for LDE and HDE emission tests as
well as measurements for elemental carbon, organic carbon,
and sulfates for each emission test. The targeted particle
concentrations were attained at the exposure chamber.

NEUROGENIC RESPONSES IN LUNGS

Acute exposure to moderately high concentrations of PM
has many deleterious effects on the respiratory system,
including decreases in pulmonary function, cough, chest
tightness, airway inflammation, airway hyperreactivity,
increases in bronchial epithelial permeability, and exacerba-
tion of current symptoms of cardiorespiratory disease
(Gilmour et al 1996, 2001). These adverse health effects also
occur at current EPA guideline concentrations for airborne
fine particles. Therefore, it is reasonable to speculate that DE
may not only directly deplete the bronchopulmonary C fiber
reflex but also may affect sensory neurotransmitter signaling
of SP and its primary NK1 receptor. Little is known about
neurogenic inflammation relating to DE exposure, however.
To determine whether neurogenic inflammation is associ-
ated with DE-induced lung inflammation and injury, we
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designed a 2 � 3 factorial design (capsaicin vs saline pre-
treatment to deplete sensory neurotransmitters of C fibers
and room air vs 2 concentrations of DE) with a positive
control (CS).

Previous studies have shown that exposure of rats to DE,
with or without capsaicin pretreatment, causes dose-
dependent, neurogenic inflammation as measured by
plasma extravasation, lung permeability, and alveolar
edema (Bowden et al 1996a; Bozic et al 1996). In the cur-
rent study, we demonstrated that DE exposure affected
sensory neurokinin signaling with alterations of genes and
protein levels for SP and NK1 receptor expression and
with reduction of NEP activity. This finding indicates the
possibility of an unconditional afferent neural response
after continuous environmental pollutant exposure.

The transcription rates for �-PPT-I encoding SP and pro-
tein expression for SP in lung tissue were examined by
real-time quantitative RT-PCR, enzyme immunoassay, and
immunohistochemistry. SP is not only contained in a dis-
tinct subpopulation of primary afferent nerves character-
ized by sensitivity to capsaicin but is also expressed in
immunoinflammatory and other cells. More recent studies
have indicated that non-neural cells may be a major source
for neurokinins both in animals and humans. SP is derived
from each of four transcripts (ie, �-, �-, �-, and 	-PPT-I),
which are alternately spliced from the �-PPT-I gene, while
other related peptides are derived from selected tran-
scripts. This derivation pattern suggests that SP may have a
higher probability of being produced whenever the �-PPT-I
gene is expressed after depletion. However, we did not find
any changes in expression of �-PPT-I mRNA in lung tissue
after exposure of saline rats to either DE concentration.
Possibly SP is expressed at the posttranscription levels in
the lungs. But in this experimental design, we could not
rule out that the �-PPT-I gene was activated so early that
feedback mechanisms may have masked any change at the
end of the 3-week DE exposure series. In contrast, CS expo-
sure for 7 days increased the �-PPT-I mRNA encoding SP
in lung tissue. Although differences may arise from dif-
ferent constituents and properties of CS, the exposure reg-
imen may be an important factor for this observation.
Interestingly, the saline rats exposed to HDE or CS showed
significantly less lung tissue SP. Thus continuous expo-
sure to HDE for 3 weeks or CS for 1 week appeared to have
depleted this neurotransmitter during the acute response.
If this explanation is appropriate, the stored neurotrans-
mitters in bronchopulmonary C-fiber endings may have
been depleted due to repeated challenge.

Because a variety of lung cells are targeted through SP’s
primary receptor, NK1 receptor, we also examined gene
and protein expression of the NK1 receptor in lung tissues

by real-time quantitative RT-PCR and immunohistochem-
istry techniques. NK1 receptor mRNA levels in the lungs
were lower when exposed to LDE, whereas no change
occurred when exposed to HDE. This finding suggests that
exposure of normal rats to DE may activate the NK1
receptor at the gene level with paracrine and/or autocrine
signaling mechanisms. Considering that NK1 is part of a
pathway in signal transduction within a complex network
involving cytokines, hormones, and other inflammatory
mediators, this study may partially explain the molecular
connection between sensory neurotransmitters and tissue
cells in which the NK1 receptor is expressed (Cascieri et al
1995). NK1 receptor gene expression after CS exposure
was similar to its expression after LDE exposure. In con-
trast, an in situ hybridization study reported a twofold
higher level of NK1 receptor mRNA in lung samples of
smokers compared to nonsmokers (Bai et al 1995). Modu-
lating the process of coupling the NK1 receptor to G-pro-
teins may be a realistic posttranslational mechanism by
which its signal transduction can be influenced. Immuno-
histochemical analysis using a NK1 receptor antibody
indicated a qualitative difference in capsaicin rats exposed
to HDE: immunoreacting receptor sites were larger and
had a higher intensity than the other groups. The key
finding was that capsaicin or saline rats exposed to HDE
had the same numbers of immunopositive sites as did the
capsaicin-CS animals. Consequently, this observation sug-
gests that overexpression of the NK1 receptor could
increase sensitivity of the respiratory system to DE expo-
sure (Reynolds et al 1997).

One of the most important findings of this study is that
exposure of healthy rats to DE, even at the particle level of
35.3 µg/m3, consistently inactivated NEP in lung tissue.
The alterations of NEP activity, we speculate, may have
been due to any of three causes: inactivation of NEP by oxi-
dants; loss of NEP from cell surfaces through endocytosis
and/or proteolytic clipping; decreased NEP transcription
through protein kinase C activation. Supporting evidence
came from our pathology analysis, which showed slough
of epithelial cells in the bronchioles of DE-exposed ani-
mals. NEP is known to be a membrane-bound enzyme,
located mainly at the surface of airway epithelial cells, but
is also present in airway smooth muscle cells, submucosal
gland cells, and fibroblasts. Previous research has demon-
strated that removal of the airway epithelium substantially
increases the airway responses to SP (Lilly et al 1993). In
our studies involving acute smoke exposure and 21-ami-
nosteroid, the airway epithelial lining showed conspic-
uous lesions consistent in their severity to airways
subjected to fire smoke (Wang et al 1999). Because of the
high concentration of NEP in the epithelium, therefore, it
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is not surprising that membrane damage or epithelial
sloughing causes substantial loss of NEP and leads to an
unconditional sensory response evoked by endogenous SP
after DE exposure. Therefore, NEP is critical to modulating
the activity of endogenously released SP and hence of neu-
rogenic inflammation in the development of lung injury
and dysfunction. On the basis of these observations, the
reduction of NEP activity may be regarded as a factor that
switches neurokininergic airway responses from their
physiological and protective functions to a possible detri-
mental role that increases and perpetuates airway inflam-
mation. This mechanism may also occur in other particle-
induced lung injury and dysfunction, but further studies
are needed to assess NEP decrease in this pathogenesis,
based on the use of NEP inhibitors, thiorphan and phos-
phoramidon, and recombinant NEP.

In addition to the SP signaling system, we found CGRP-
like immunoreactivity in airway C fibers and neuroendo-
crine cells. We even noted close proximity of immunoreac-
tive CGRP fibers to several inflammatory cells in a rat
treated with HDE. CGRP is a neuropeptide with proposed
proinflammatory properties in allergen-sensitized rats
(Fischer et al 1996). Lung CGRP is located in sensory C
fibers originating from the nodose, trigeminal, and dorsal
root ganglia as well as in neuroendocrine cells of the
airway epithelium (Keith et al 1991), as observed in this
study. In addition to its role in inflammation, CGRP is the
most potent peptide vasodilator known to date and pro-
vides protection against hypoxic pulmonary hypertension
(Tsien et al 1997). In contrast, CGRP’s vasodilatory proper-
ties can be adverse in the brain where they contribute to
migraine headaches (Durham and Russo 2000). CGRP is
also involved in the complex process of pain signaling
(Salmon et al 2001). CGRP’s diverse actions may be
ascribed to the existence of several different receptors
(Qing et al 2001). CGRP-induced vasodilation together
with SP’s important role in plasma extravasation (Martling
et al 1988) could independently or together promote
inflammatory-cell diapedesis and population of pulmo-
nary tissue as observed in this study. Moreover, in the
present study, the finding that fewer alveolar macrophages
were present in the lung tissue of rats whose CGRP was
depleted with capsaicin also supports CGRP’s proinflam-
matory role.

The observation that alveolar parenchyma of HDE rats
appeared to have more CGRP fibers than their controls,
and perhaps also more alveolar CGRP-containing neuroen-
docrine cells, supports the concept of vessel dilation and
inflammation. Fischer and coworkers (1996) found a three-
fold to fourfold increase in SP, neurokinin A, and CGRP in
airways and a 25% increase in sensory neurons positive

for neurokinin A in the nodose ganglia after antigen chal-
lenge. They concluded that these changes were associated
with allergic airway hyperreactivity. Likewise, Dakhama
and colleagues (2002) linked CGRP with airway hyperreac-
tivity. We expect similar effects in the neurokininergic
responses to DE exposure. CGRP’s role in DE-induced
airway inflammation and hyperreactivity is unknown at
this time, but its reported role in airway inflammation
makes it an important candidate in our study.

While CGRP and SP are colocalized in the sensory (C
fiber) afferents and neuritic processes of the airway
mucosa (Martling et al 1988), only CGRP is present within
the epithelial neuroendocrine cells. These cells are large
CGRP factories that account for the majority of CGRP syn-
thesized in the lung. Immunohistochemical evidence of
airway flooding with CGRP after capsaicin treatment sug-
gests substantial release from the neuroendocrine cells.
Furthermore, the observation of possible CGRP receptor
localization and binding on Clara cells of capsaicin rats
suggests that CGRP modulates Clara cell secretion. CGRP
is reported to exert protective effects on epithelia in sev-
eral organs including the gastric mucosa. This issue was
not a part of the present study, however, and should be fol-
lowed up separately.

We found evidence of a high number of mast cells in
lungs of HDE rats. Mast cell proteases are also known to
induce inflammation. This can be accomplished by
trypsin and mast cell tryptase cleaving proteinase-acti-
vated receptor 2 and thus inducing widespread neurogenic
inflammation (Steinhoff et al 2000). This sequence could
contribute to the proinflammatory effects of mast cells in
inflammatory disease and supports continued attention to
mast cells in DE-induced inflammation.

Neurogenic inflammation in airway or lung tissue,
related dose-dependently to DE exposure, is characterized
by plasma protein extravasation and edema. Depletion of
bronchopulmonary C fibers leads to plasma leakage as a
result of neurokinins acting on the NK1 receptors situated
on the postcapillary venules. Upon depletion, the released
neurotransmitters (such as SP and CGRP) may cross-talk
through neurokinin receptors to many types of white
blood cells in the lung as well as epithelial cells. Then, the
proinflammatory chemokines, cytokines, and radicals syn-
thesized by most types of these cells may also be affected.
Local lung cells have been shown not only to possess NK1
receptors but also to contain mRNA and protein for SP
upon activation by endogenous factors. Expression and
release occur in a receptor-mediated fashion because
cytokine levels are reduced by pretreatment with pharma-
cologic receptor antagonists. In this study, significantly
higher transcription rates for IL-1� and TNF-�, two crit-
ical proinflammatory cytokines, were observed after DE
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exposure, indicating that these cytokines were activated at
the gene level. We did not observe significant changes of
protein expression for most cytokines measured, however,
suggesting that these cytokines were not involved at this
time. Additional evidence includes inactivity of NEP, which
boosts neurogenic inflammation. Histopathology data also
indicated that activation of mast cells and alveolar mac-
rophages was associated with SP or CGRP. One possible
consequence to the lungs is that an individual may become
more susceptible to respiratory infections if exposed to
environmental pollutants. Further, such exposure may
decrease respiratory function in a person whose airways are
already damaged by respiratory diseases (such as asthma
and chronic obstructive pulmonary disease [COPD]).

In order to confirm that C fibers are involved in DE-
induced neurogenic inflammation, we utilized a model of
capsaicin pretreatment in adult rats. In this protocol, cap-
saicin depleted C fibers rather than obliterated them. Cap-
saicin induces the release of SP and other neurotrans-
mitters from sensory endings, causing plasma leakage via
the activation of tachykinin NK1 receptor on endothelial
cells (Payan 1989; Otsuka and Yoshioka 1993; Bowden et
al 1996b). The plasma leakage, a phenomenon known as
neurogenic inflammation, has been well characterized in
rat airways. Measurements in capsaicin rats followed the
same trend as those in saline animals when exposed to the
same DE levels. Therefore, it appears that inflammation
induced by DE exposure in our study can not be attributed
to SP or other neuropeptides from bronchopulmonary C
fiber endings from our study. We speculate that the reasons
for these results may be as follows.

1. No single time point could be identified that character-
ized all endpoints. Each individual endpoint followed a
specific time-course in response to molecular and cel-
lular events. For example, significantly less SP was
detected in lung tissue from HDE rats than from the con-
trols, which may reflect augmented release of SP during
exposure followed by degradation. This finding also
suggests that, at the early period, NEP activity retained
its function. Therefore, data generated from this cross-
section study did not identify each significant change in
the DE-induced neurogenic responses.

2. We cannot completely rule out the possibility that the
animals may have recovered their C-fiber function during
the 3-week study. Although utilized frequently in our
previous studies, this protocol probably depleted C
fibers, rather than obliterated them permanently. Conse-
quently, it is not surprising that capsaicin rats exposed to
DE or CS showed the same or slightly greater responses of
neurogenic inflammation, respectively, as did those of
saline animals. Immunohistochemical evaluation of SP

supported this speculation. The density of SP-immu-
noreactive C fibers was difficult to assess due to incon-
sistencies in intensity of  the immunoreactive
compounds. In spite of impressive lower density in sev-
eral capsaicin-HDE rats compared with saline-HDE rats,
individual variability prevented any significant differ-
ence between the groups after a 3-week exposure. There-
fore, a time-course study using a state-of-the-art method,
such as transgenic and knockout animal models, may
clarify this point in future studies.

To identify the chemical and physical characteristics of
DE associated with neurotoxicity, efforts were made to
determine the physical aspects and chemical composition
of particles that induced inflammatory changes in this
animal species. We speculated that DE-induced neuro-
genic inflammation might be attributed to the particle
mass concentration. In this study, sizes and/or chemical
components of the particles did not differ substantially
between LDE and HDE. Our results are difficult to compare
with previous studies of airborne particles, however,
because of variation in the particle composition, particle
measurement methods, and health endpoints.

CONCLUSIONS

In summary, using an in-line, real-time, in vivo exposure
system with freshly generated DE, we investigated neuro-
genic inflammatory effects of DE in rats with intact C fibers
and those with C fibers depleted by capsaicin pretreat-
ment. Exposure of normal rats to DE caused dose-depen-
dent plasma extravasation, which is utilized frequently as
a sensitive endpoint of neurogenic inflammation, in both
extrapulmonary and intrapulmonary airways. DE expo-
sure also resulted in consistent inactivity of NEP, an
increased rate of proinflammatory cytokine transcription
(IL-1� and TNF-�), increased respiratory permeability, and
altered histopathology. Moreover, inhalation of these emis-
sions affected molecular neurokininergic mechanisms
(from gene regulation to protein processing) for SP and its
primary NK1 receptors. On the basis of these observations,
a change in SP signaling, overexpression of NK1 receptors,
and lower NEP activity appear to be key factors that switch
neurogenic pulmonary responses from their physiologic
and protective functions to a detrimental role that increases
and perpetuates lung injury. The overlapping neurogenic
mechanisms in the initiation of DE-induced lung injury are
plausible. Consequently, these changes may contribute to
DE-associated respiratory disorders.

Capsaicin rats followed the same trend as saline animals
when exposed to DE in this study. Plasma extravasation in
the airways and lung parenchyma of capsaicin-DE rats was
not significantly different from controls, but there was a
trend for higher plasma extravasation in the capsaicin-DE
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rats. Histopathology evaluation likewise demonstrated
slightly more tissue changes (such as edema and alveolar
macrophage collection) among capsaicin compared with
saline rats after the same level of DE exposure. In sum-
mary, our data suggest that neurokininergic mechanisms
may be involved in DE-induced inflammatory conditions
in the rat lungs. Bronchopulmonary C fibers did not
appear to be involved at 3 weeks (although we cannot rule
out that the animals recovered their C-fiber function
during DE exposure). Consequently, it is not surprising
that capsaicin rats showed the same response as saline ani-
mals when they were exposed either to DE or CS. At this
point, we cannot confirm involvement of C fibers in DE-
induced inflammation and injury.

Further studies are needed to clarify the role(s) and
mechanism of neurogenic inflammation in the response to
DE exposure. First, as the emission composition changes
with the engine speed and load, more operating modes
among CARB 8 modes should be evaluated. Second, more
thorough and systematic experimental designs should
follow this initial study. This study only examined an SP
signaling profile at one time. A time-course study would
be needed to clearly understand involvement of neuro-
genic inflammation determinants. In addition, interven-
tion studies (using antagonists and gene knockdown or
knockout models of NK1 receptors, or inhibitors and anti-
bodies directed against NEP) are needed to confirm these
data and further examine the mechanism of neurogenic
inflammation. We had originally proposed to conduct time
course and intervention studies and are planning to
pursue these in the future. Third, the study should be
extended to additional neuropeptides (such as CGRP and
neurokinin A) in neurons and nonneuronal lung cells that
may be involved in DE-induced pathology. Last, whether
neurogenic inflammation is involved in a variety of DE-
induced adverse effects in the lungs is difficult to deter-
mine with this limited cross-section study. Only after
extensive systematic studies to clarify the role(s) and
mechanism of neurogenic inflammation in DE-induced
toxicity could we develop appropriate therapeutic and
preventive strategies that might mitigate serious, wide-
spread, and costly health problems associated with DE or
other PM exposure.
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99mTc-albumin technetium-labeled albumin
99mTcDTPA technetium-labeled diethylenetriamine 

pentaacetate

AChE acetylcholinesterase

Ala alanine

ANOVA analysis of variance

CARB California Air Resources Board

cDNA complementary DNA

CGRP calcitonin-gene related peptide

CN cetane number

CS sidestream cigarette smoke

DE diesel exhaust

EPA Environmental Protection Agency (US)

eRA engine room air

fRA filtered room air

GAPDH glyceraldehyde-3-phosphate 
dehydrogenase

GC-MS gas chromatography–mass spectrometry

H&E hematoxylin and eosin

HCl hydrochloride

HDE high level of DE (as particle mass)

IL interleukin

LDE low level of DE (as particle mass)

mRNA messenger RNA

Mr molecular weight

NEP neutral endopeptidase

NK1 neurokinin-1

NO2 nitrogen dioxide

PAH polycyclic aromatic hydrocarbon

PCR polymerase chain reaction

Phe phenylalanine

PM particulate matter

PM2.5 PM smaller than 2.5 µm 
in aerodynamic diameter

PMN polymorphonuclear leukocytes

�-PPT-I �-preprotachykinin-I

RNase ribonuclease

RT reverse transcriptase

RTC residence time chamber

SMPS scanning mobility particle sizer

SO2 sulfur dioxide

SP substance P

TNF-� tumor necrosis factor �

WHO World Health Organization
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CRITIQUE
Health Review Committee

Exposure to air pollution, in the form of gases and par-
ticulate matter, has been associated with increased mor-
bidity and mortality in epidemiologic studies (Dockery
and Pope 1994; American Thoracic Society 1996; Samet et
al 2000; Health Effects Institute 2001) but the underlying
mechanisms responsible for these effects are not well
understood. Because motor vehicle emissions comprise a
significant source of air pollutants, they are an important
target for study and potential regulation. Understanding
such mechanisms and which components of the pollutant
mixture are the most toxic will play an important role in
assessing human risk associated with air pollutants and
the sources that emit them.

In 1998, HEI issued Request for Preliminary Applications
(RFPA*) 98-6, “Health Effects of Air Pollution,” inviting pro-
posals from investigators studying the health risks of expo-
sure to air pollution from motor vehicles and other sources,
including those using conventional, reformulated, oxygen-
ated, and diesel fuels. In response to RFPA 98-6, Dr Mark
Witten and colleagues of the University of Arizona proposed
to investigate whether exposing rats to diesel engine emis-
sions would induce neurogenic inflammation in the air-
ways. Neurogenic inflammation is defined by secretion of
neuropeptides from C fibers (slow conducting unmyelinated
sensory nerve fibers) and nonneural cells, and the resulting
leakage of blood plasma into the tissue. Witten and col-
leagues proposed to measure levels of neuropeptides and
other inflammatory markers in lungs of rats exposed to two
levels of whole diesel exhaust (particle concentration 65 or
650 µg/m3) for 3 weeks. They proposed to use young rats to
provide relevance to respiratory responses in children. To
investigate the involvement of C fibers, they also proposed to
evaluate responses to whole diesel exhaust in rats pretreated
with capsaicin, a neurotoxin used to eliminate C fibers. In
addition, the investigators would use cigarette smoke as a
positive control. The HEI Research Committee funded a one-
year study because they thought it would provide interesting
data on the pathogenic mechanisms for lung inflammation
after exposure to diesel exhaust.†

The intent of this Critique is to aid HEI sponsors and the
public by highlighting the strengths of the study, pointing
out alternative interpretations of results, and placing the
report in scientific perspective.

SCIENTIFIC BACKGROUND

Many epidemiologic studies have shown an association
between air pollution and adverse respiratory effects such
as lung and airway inflammation, irritation, and functional
impairment (Dockery and Pope 1994; American Thoracic
Society 1996; Samet et al 2000; Health Effects Institute
2001). Supporting evidence of respiratory inflammatory
responses to air pollutant exposure has been provided by
controlled exposure studies in animals and humans. Phys-
iologic changes such as influx of macrophages and neutro-
phils into the lung, and damage to alveolar epithelial cells
have been observed after exposure to ozone, nitrogen
dioxide (NO2), and diesel exhaust (Peden 1996; Nikula et
al 1997; Krishna et al 1998; US Environmental Protection
Agency 2002), but the mechanisms by which air pollutants
induce pathobiological effects are not established. One
hypothesis suggests that pollutant exposure may induce
oxidative stress (Goldsmith et al 1998), which in turn leads
to synthesis of proinflammatory cytokines such as tumor
necrosis factor � (TNF-�). Other pathways of inflammation
have also been suggested. For example, preliminary data
from rats exposed to high concentrations of residual oil fly
ash or hydrocarbons associated with particles indicate that
afferent neural fibers in the airways may also play a role
(Robledo and Witten 1999; Veronesi et al 1999).

Neurogenic inflammation was first defined as the
plasma extravasation (leakage) from postcapillary venules
resulting from stimulation of sensory nerve fibers, such as
C fibers of the airways (Jancso et al 1967). The peripheral
terminals of sensory C fibers, located within and under-
neath the epithelial tissue in the vagus and superior laryn-
geal nerves of the lung and airways, surround airway
smooth muscle, submucosal glands and bronchial blood
vessels. In response to irritants or inflammatory mediators,
C fibers produce neuropeptides, including substance P (SP)
and calcitonin gene-related peptide (CGRP). In addition to C
fibers, other neuropeptide-producing cells include eosino-
phils, macrophages, lymphocytes, and dendritic cells (Joos
et al 2000). Release of neuropeptides induces cough, airway
constriction, increased mucous production and inflamma-
tory effects including recruitment of inflammatory cells and
plasma extravasation (Solway and Leff 1991). Acute neuro-
genic inflammation is thought to be a protective response;

* A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.

† Dr Witten’s 1-year study, “Inflammatory Mechanisms with Exposure to
Air Pollution Particles,” began in June 2001. Total expenditures were
$141,028. The draft Investigators’ Report from Witten and colleagues was
received for review in July 2002. A revised report received in January 2003,
was accepted for publication in March 2003. During the review process, the
HEI Health Review Committee and the investigators had the opportunity to
exchange comments and to clarify issues in the Investigators’ Report and in
the Review Committee’s Critique.

This document has not been reviewed by public or private party institu-
tions, including those that support the Health Effects Institute; therefore, it
may not reflect the views of these parties, and no endorsements by them
should be inferred.
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chronic stimulation of C fibers may have detrimental effects,
however.

SP stimulates bronchial smooth muscle contraction,
production of cytokines interleukin (IL)-1, IL-6 and TNF-�
from human monocytes, and activation of mast cells,
causing subsequent release of inflammatory mediators and
cytokines (Lotz et al 1988). SP is coded for by the �-prepro-
tachykinin gene-I (�-PPT-I), and its actions are mediated
through activation of the plasma membrane-bound neuro-
kinin-1 (NK1) receptor (Lundberg 1995). NK1 receptors are
found on alveolar macrophages, neutrophils, and epithe-
lial cells in lung tissue (Frossard and Advenier 1991).
CGRP is a potent vasodilator thought to induce bronchial
vessel dilation both in vivo and in vitro (Reslerova and
Loutzenhiser 1998). Unlike SP, CGRP does not appear to
promote contraction of bronchial smooth muscle. Airway
enzymes, neutral endopeptidase (NEP) in particular, inac-
tivate both neuropeptides (Di Maria et al 1998).

A common method to assess the role of neurogenic
inflammation in rodents is to inject capsaicin, a neurotoxic
agent derived from peppers, into neonatal animals (Jancso et
al 1987). Capsaicin stimulates C-fiber production of neu-
ropeptides at low doses in neonates (around 0.5 mg/kg), but
eliminates or depletes C fibers at high doses (50 mg/kg and
above). Some degeneration of B-type primary afferent neu-
rons in sensory ganglia may also take place. As adults, neo-
natally treated rats have fewer sensory ganglia and suffer a
depletion of fibers in peripheral and dorsal roots. The
degree of fiber depletion and the type of fibers affected
depends on the capsaicin dose administered (Jancso et al
1987). Systemic injection of capsaicin in adults is less effec-
tive in destroying C fibers and some recovery of sensory
fibers may occur over time (Russell and Burchiel 1984).

A neurogenic inflammatory response to cigarette smoke
has been well documented (Lei et al 1995; Joad et al 1996).
Lundberg and colleagues (1988) reported that the gaseous
phase of cigarette smoke (rather than the particulate phase)
is responsible for irritation and plasma extravasation. Cig-
arette smoke has also been shown to decrease activity of
NEP and thus could lead to increased levels of SP. An even
greater decrease in NEP was observed when capsaicin
treatment preceded cigarette smoke exposure (Kuo and Lu
1995). C-fiber stimulation by cigarette smoke exposure
may also contribute to allergen-evoked asthma by
increasing airway hypersensitivity. These effects were not
observed in capsaicin-treated rats with depleted C fibers
(Lundberg et al 1991).

Studies using controlled exposure to air pollutant gases
or mixtures have provided evidence that neurogenic
inflammation can contribute to the inflammatory response
to inhaled irritants. Lai and Kou (1998) demonstrated C-
fiber sensitivity to the gaseous phase of wood smoke. Kill-
ingsworth and colleagues (1996) found the SP content in
the tracheas of rats exposed to sulfur dioxide to be three
times that of the controls. In humans, short-term exposure
to ozone caused epithelial shedding and increased release
of SP into the airways (Krishna et al 1997). In addition, C-
fiber sensitivity to NO2, toluene diisocyanate, sulfur
dioxide (SO2) and ammonium has been shown (Mapp et al
1990; Lucchini et al 1996; Wang et al 1996).

More recently, evidence has emerged indicating that par-
ticulate matter may also contribute to neurogenic inflamma-
tion. Veronesi and colleagues (1999) observed an increase in
inflammatory cytokines in bronchial epithelial cells
exposed to residual oil fly ash in vitro. This effect was not
seen in capsaicin-pretreated cells exposed to residual oil fly
ash (Veronesi et al 1999). In addition, increased levels of the
inflammatory cytokine IL-6 have been observed in mice
exposed to residual oil fly ash via intratracheal instillation
and specifically in those mice with significantly higher
levels of capsaicin-sensitive receptors on airway neurons
(Veronesi et al 2000).

Witten and colleagues planned to examine neurogenic
inflammatory mediators in response to diesel engine emis-
sions, which contain particles as well as semivolatile
organic compounds and irritant gases such as NO2.
Repeated exposure to diesel exhaust has been shown to
cause airway inflammation (US Environmental Protection
Agency 2002) and diesel exhaust particles (delivered to the
nose) have been hypothesized to enhance the allergic
response in allergic human participants (Diaz-Sanchez et
al 1996). Witten and colleagues proposed to study young
rats to provide relevance to respiratory responses in chil-
dren. Children may be more susceptible to the effects of air
pollutants, and the growing asthma epidemic in children is
a concern (Peden 2002). Because children have a higher
number of SP-immunoreactive nerves in the airways (Lilly
et al 1993), the possible role of neurogenic inflammation in
children’s asthma deserves special attention (Hislop et al
1990). Barnes has stated that the role of neurogenic inflam-
mation in airway inflammatory diseases, such as asthma
and chronic obstructive pulmonary disease (COPD), is still
uncertain because little direct evidence supports the
involvement of sensory neuropeptides in human airways
(Barnes 2001).
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TECHNICAL EVALUATION

APPROACH

Witten and colleagues hypothesized that acute lung and
airway inflammatory responses to diesel exhaust exposure
are mediated by neuropeptides released from sensory
nerves and other nonneural cells. The investigators
exposed rats to air or two concentrations of whole diesel
exhaust from a heavy duty diesel engine for 3 weeks (4
hours/day, 5 days/week). At the end of the exposure
period, they examined biological parameters associated
with neurogenic inflammation. One control group
remained undisturbed in the animal room and breathed fil-
tered air. Another group of rats breathed ambient air in the
engine room. These rats were subject to the same noise and
temperature differences as the diesel-exhaust exposed
groups. As a positive control, a separate group of rats was
exposed to sidestream cigarette smoke (4 hours/day for 7
days). Half of the rats in each exposure group were pre-
treated with capsaicin, so that biologic responses to diesel
exhaust and cigarette smoke could be studied in animals
with depleted neuropeptide-producing C fibers.

SPECIFIC AIMS

The investigators pursued the several specific aims in
order to determine

1. whether neurogenic inflammation is involved in lung
injury after diesel exhaust exposure;

2. whether diesel exhaust exposure changes the genetic
expression or protein levels of SP;

3. whether diesel exhaust exposure changes expression of
the NK1 receptor; and

4. whether diesel exhaust exposure changes the activity of
NEP.

The investigators evaluated additional inflammatory
endpoints such as plasma leakage, cytokine production,
and general lung pathology.

STUDY DESIGN AND METHODS

Exposure System

The investigators collaborated with Drs David Foster and
James Schauer of the University of Wisconsin to set up a
diesel engine exposure system. The investigators used a
Cummins research engine similar to an early 1990s N14
heavy-duty diesel engine, and commercial Mobil #2 low-
sulfur diesel fuel. They modified the system by adding a
third dilution tunnel to generate the desired exposure

levels. They used a tapered element oscillating microbal-
ance for continual monitoring of the mass of particulate
emissions. They used filters at the end of the secondary
dilution tunnel residence chamber to collect exhaust sam-
ples for analysis of particulate matter mass, composition,
number, and size distribution, elemental and organic
carbon, sulfate ions, volatile organic compounds, semivol-
atile organic compounds and trace metals. In preliminary
studies, the investigators analyzed emissions from a
number of engine operating conditions using the 8-mode
California Air Resources Board (CARB) test cycle and low
sulfur fuel. They chose mode 6 (a 75% load condition with
a speed of 1200 rpm at peak torque) for the animal experi-
ments because it was the most common high load condi-
tion used for tests at the University of Wisconsin Engine
Research Center during the past several years.

Animal Exposures

Animals were exposed at the University of Wisconsin.
Investigators randomly assigned female F344 rats (8–9
weeks old) to treatment groups. Capsaicin (40 mg/kg) or
saline was injected intraperitoneally under anesthesia in 6
injections over 2 days. Theophylline (2 mg/kg) and terbuta-
line (0.2 mg/kg) were administered during capsaicin treat-
ment to treat acute bronchospasm. Subsequently, rats were
exposed nose-only to whole diesel exhaust at two concen-
trations (35 µg/m3 or 630 µg/m3 particulate matter) for 4
hours/day, 5 days/week, for 3 weeks. There were two con-
trol groups: one breathed filtered air in the animal facili-
ties; the other breathed ambient air in the engine room. A
separate group of rats was exposed nose-only to sidestream
cigarette smoke for 4 hours/day for 7 days at a particulate
concentration of 400 µg/m3 (yielding an average cumula-
tive exposure of 2.0 mg). The investigators chose this par-
ticle concentration because it is within the range of
commonly observed indoor levels in smokers’ homes or
restaurants where smoking is allowed. The investigators
chose a 7-day exposure to cigarette smoke because they
thought it would be sufficient to observe neurogenic
inflammation. Each exposure group included 24 animals
(12 capsaicin-treated and 12 saline-treated).

Endpoints Measured

Witten and colleagues analyzed the following inflamma-
tory markers involved in neurogenic inflammation in both
saline-treated and capsaicin-treated rats:

• SP: messenger RNA (mRNA) levels were measured in
lung tissue homogenate by polymerase chain reaction
(PCR), and protein levels in lung tissue were measured
using enzyme immunoassay.
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• NEP: enzyme activity was measured in lung tissue.

• NK1 receptor: density was measured in lung tissue ho-
mogenate by PCR.

• Plasma extravasation (leakage from blood to lung tis-
sue): radioactivity was assessed in lungs 10 minutes af-
ter injecting technetium-labeled albumin into the
jugular vein of anesthetized animals.

• Respiratory permeability (exchange from gas to blood
in the lung): 10 minutes after a radioactive compound
was introduced into the trachea of anesthetized ani-
mals, clearance was measured after 5 to 7 tidal vol-
umes of air had been flushed into the lungs.

• Cytokines: TNF-�, IL1-�, IL-6, IL-10, and IL-12 protein
levels were measured using enzyme-linked immun-
osorbent assay (ELISA).

• Histopathology: Identification and distribution of C fi-
bers, evidence for CGRP-containing neurons and NK1
receptors, presence of inflammatory cells, and sloughing
(dislodging) of epithelial cells was examined in 5-µm
lung tissue sections using specific staining methods.

Of 12 rats per group, 6 were analyzed for plasma extrava-
sation and 6 for respiratory permeability. In 6 rats (3 from
the plasma extravasation group and 3 from the respiratory
permeability group), slices of the diaphragmatic lung lobe
and the right side upper lobe were taken for histopathologic
and immunohistochemical analysis. The tissue samples
were processed histochemically with hematoxylin and
eosin for general pathology examination, and toluidine blue
for mast cell evaluation. After they blocked nonspecific
binding, investigators treated tissue samples with an anti-
serum specific for CGRP or antibodies specific for NK1
receptor. They then stained the samples with a secondary
fluorescent antibody and examined them under a micro-
scope for brightfield and fluorescence. These experiments
were performed at the School of Veterinary Medicine at the
University of Wisconsin in the laboratory of Dr Ingegerd
Keith. The remaining lung tissue from these rats and from
the other 6 rats in each group was transported to the Univer-
sity of Arizona and analyzed for gene and protein expres-
sion of SP, NK1 receptor, and proinflammatory cytokines.

Statistical Analyses

Based on descriptive statistics and results of the Bartlett
test for homogeneity of variance, data were normalized
using a log10 transformation. The log normal scale was used
to make comparisons of mean endpoints between groups by
analysis of variance. Multiple comparisons were made
using Bonferroni and the Fisher protected least significant
difference tests for corrected significance levels. Pearson
correlation coefficients were calculated to determine

whether specific endpoints (ie, NEP activity, respiratory
permeability and plasma extravasation) showed a dose
dependent effect. All tests were two-sided, and P < 0.05
was considered significant.

RESULTS AND INTERPRETATION

Exposure System

Dr Witten collaborated with an experienced engineering
group at the University of Wisconsin to set up a diesel
engine exposure system. Preceding the animal exposures,
the investigators evaluated a number of engine operation
modes for emissions of gases, metals, and particulate
matter. They reported that an increase in the equivalence
ratio* coincided with an increase in emission of sulfates
and elemental carbon, a decrease in median particle
number concentration, and a decrease in organic carbon.
Organic carbon dominated at light engine loads, while ele-
mental carbon became the dominant component of diesel
particulate matter above medium loads. Higher levels of
the trace metals calcium, iron and magnesium were
observed at high engine loads. Elemental carbon and sul-
fate emissions increased with a change in engine speed
from 1200 to 1800 rpm. Median particle size and particle
concentrations of lead, calcium, and iron increased with
increases in engine speed.

In engine mode 6, the engine operating condition used
for animal exposure, elemental carbon was the dominant
component, while sulfates and organic carbon were
present in small amounts (Figure 9 of the Investigators’
Report). For the lower concentration of DE (LDE), the aver-
aged particle concentration was 35.3 ± 4.9 µg/m3, which
was substantially lower than the target of 65 µg/m3. For the
higher concentration of DE (HDE), the averaged particle
concentration was 632.9 µg/m3 ± 47.6, close to the target of
650 µg/m3. Particle number and weighted size distribu-
tions for mode 6 are shown in Figure 10 of the Investiga-
tors’ Report. Trace metal emissions, including sodium,
magnesium, manganese, and lead were the same for LDE
and HDE exposure conditions, whereas a 50% decrease in
other trace metals, such as calcium, iron, and chromium
was observed for LDE compared to HDE exposure (Table 7
of the Investigators’ Report).

* The equivalence ratio is the actual air/fuel ratio divided by the theoretical
air/fuel ratio at which perfect combustion would occur (ie, when all fuel
would burn using all available oxygen). See Table 3 of the Investigators’
Report for equivalence ratios for each CARB mode.
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Biological Endpoints

The key findings are shown in the Critique Table. In
brief, the investigators observed the following findings in
the lungs of saline-treated, diesel exhaust–exposed rats:

• Higher plasma leakage and respiratory permeability
than in air-exposed rats.

• Higher levels of alveolar edema, recruitment of
inflammatory cells and mast cells; evidence of alveolar
macrophages containing diesel particles; evidence of
sloughing (cells detaching from airway epithelium).

• Consistently lower NEP activity compared to air-ex-
posed rats.

• SP protein levels were lower in HDE-exposed rats than
in air-exposed rats, but �-PPT-I mRNA (ie, gene) levels
were not changed.

• NK1 receptor expression was inconsistent. A compli-
cating factor was that the engine room control animals
differed from animals kept undisturbed in the animal
facilities.

• Higher levels of IL-1� and TNF-�, but not IL-6, IL-10 or
IL-12.

In capsaicin-treated rats exposed to diesel exhaust, the
investigators found the following differences compared to
saline-treated rats exposed to diesel exhaust:

• SP and CGRP were not detectable, indicating depletion
or obliteration of C fibers.

• Half the number of observed diesel-laden alveolar
macrophages.

• No significant differences in plasma extravasation or
levels of SP, NK1 receptor density, and NEP activity.

• A significantly lower level of TNF-� and IL-12 mRNA
in HDE-exposed capsaicin-treated rats compared to sa-
line-treated HDE-exposed rats.

The investigators found evidence of neurogenic inflam-
mation in cigarette smoke–exposed rats compared to air-
exposed controls, as shown by greater plasma extravasa-
tion, higher levels of �-PPT-I mRNA, lower NEP activity,
and higher levels of IL-1� mRNA and IL-12 protein. In cap-
saicin-treated cigarette smoke–exposed rats some of these
effects were reversed, for example �-PPT-I mRNA levels
and NEP activity were the same as in saline-treated, air-
exposed rats. The results were similar to those after HDE
exposure, with a trend for larger effects after cigarette
smoke exposure.

DISCUSSION

The authors are among the first to investigate neurogenic
inflammation in the lungs of rats after to diesel exhaust.
They employed an online diesel exhaust system to generate
exposure conditions relevant to actual human exposure.
Witten and colleagues observed some inflammatory
responses in the lungs of diesel-exposed saline-treated rats.

Critique Table. Key Findings in Lungs of Rats Exposed to 
Diesel Exhaust or Cigarette Smokea

Parameter

Saline 
Compared

to Airb

Capsaicin   
Compared
to Salinec

LDE HDE CS LDE HDE CS

Plasma 
extravasation A A A � � �

Respiratory 
permeability —  A A � � �

SP
mRNA — — A � � L*

Protein — B B ND ND ND

NK1 Receptor
mRNA B — B � � �

Density B — — � � �

NEP 
Activity B B B � � H*

IL-1�
mRNA A A A � � �
Protein — — — � � H

IL-12
mRNA — — B � L H*
Protein — — A � � H

TNF-�
mRNA — A — H L* H

Protein — — — � � �

Inflammatory cellsd — A  ND � � ND

Mast cells — A ND � � ND

a Exposure concentration:  LDE, 35 µg/m3; HDE, 650 µg/m3; and CS, 
400 µg/m3.

b Comparison with air-exposed rats: — no significant  difference;  A 
significantly higher; B significantly lower (P < 0.05). ND, not detectable.

c Comparison with saline-treated rats: = no significant difference; H,  
significantly higher; L, significantly lower; (P < 0.05). ND, not detectable. 

*Asterisks indicate that capsaicin treatment countered diesel exhaust or 
cigarette smoke induced inflammation. 

d Including macrophages, neutrophils, and basophils.
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Capsaicin-treated rats showed an inflammatory response
similar to the saline-treated rats, however, suggesting that C
fibers are unlikely to be involved in the inflammatory
response after diesel exhaust.

After exposure of rats to both concentrations of diesel
exhaust, the authors observed consistently higher levels of
plasma extravasation and lower activity of NEP, which
breaks down SP. The results for SP and NK1 receptors, key
markers of neurogenic inflammation, were less consistent.
Specifically, decreased levels of SP observed in this study
are in contrast with studies reporting increased levels of SP
after exposure to irritants such as SO2 and ozone (Killing-
sworth et al 1996; Krishna et al 1997). They are also difficult
to reconcile with the lower levels of NEP observed in the
current study. The authors’ speculation, that increased SP
production after diesel exhaust exposure could have been
followed by depletion of SP stores and the observed lower
levels, seems unlikely. Other possibilities are that the
results may have been complicated by neuropeptide
release from the airway ganglia (or mast cells or eosino-
phils) or that the capsaicin treatment in adult rats was less
effective compared to neonatal treatment. Dr Witten had
originally proposed to treat neonatal rats, which is the
more commonly used approach to deplete C fibers. It is
possible that the capsaicin treatment in adult rats was not
as effective or long-lasting. In addition, adult capsaicin
treatment requires anesthesia, which could have interfered
with the neuronal phenomena studied.

The absence of detectable SP and the lack of SP and
CGRP immunoreactivity in the lungs in the Witten study
suggest that C fibers may have been depleted successfully,
but differences in biological responses between capsaicin-
treated and saline-treated rats were negligible. These
results argue against mediation of inflammatory response
to diesel exhaust by C fibers. Capsaicin treatment was more
effective in preventing the inflammatory responses to ciga-
rette smoke (Critique Table), confirming that C fibers are
involved in neurogenic inflammation after exposure to cig-
arette smoke (Lundberg et al 1991; Kuo and Lu 1995; Joad
et al 1996; Bonham et al 2001).

Although lower levels of NEP activity and higher plasma
extravasation in response to diesel exhaust exposure sug-
gest the involvement of neurogenic inflammation, other
pathways may have contributed as well. For instance,
plasma extravasation may also be induced by mast cell
mediators (Germonpre et al 1995). In addition, the majority
of inflammatory changes in lung tissue observed by Witten
and colleagues were difficult to quantify. Limited additional
support for an inflammatory response was provided by mea-
surement of cytokine levels. IL-1� mRNA levels increased
consistently after diesel exhaust exposure, but TNF-�

mRNA levels did not show consistent changes and mRNA
or protein levels of IL-6, IL-10, and IL-12 did not change sig-
nificantly. These results are consistent with findings by
Yang and colleagues that rat alveolar macrophages showed
increased release of IL-1 but not TNF-� after exposure to
diesel exhaust particles (Yang et al 1997). In addition, Vero-
nesi and colleagues (2002) found that exposure of bronchial
epithelial cells to diesel exhaust particles did not alter the
levels of IL-6, in contrast with cells exposed to other sources
of particulate matter. Several oil fly ashes and woodstove
emissions did show increased IL-6 levels. The results are in
contrast with a study in human volunteers exposed for 2
hours to diesel exhaust at 100 µg/m3, which reported
increased levels of IL-6 in lung lavage fluid (Holgate et al
2003).

Several other studies investigated neurogenic inflamma-
tion in response to ozone, SO2, hydrogen sulfide or cigarette
smoke (Prior et al 1990; Jimba et al 1995; Kuo and Lu 1995;
Takebayashi et al 1998; Long et al 1999; Vesely et al 1999). In
these studies, capsaicin-treated animals experienced greater
inflammatory responses and tissue necrosis than saline-
treated animals, suggesting that neuropeptides and related
mediators may have a protective effect by limiting tissue
damage after air pollutant exposure. The short-term expo-
sures in those studies may have induced initial beneficial
effects of neuropeptide release but did not produce the det-
rimental effects of prolonged stimulation of neurogenic
inflammatory pathways. In their study, Witten and col-
leagues exposed rats for 3 weeks, considerably longer than
the exposure periods in the other studies. The investigators
speculated that the exposure period was too long to
observe the protective effects of neuropeptides. Because
they did observe a difference between saline-treated and cap-
saicin-treated rats exposed to cigarette smoke for 7 days, it
remains possible that they might have observed an effect in
capsaicin-treated animals exposed to diesel exhaust for a
period shorter than 3 weeks. On the other hand, chronic low
level exposure to cigarette smoke may contribute to neuro-
genic inflammation (Mutoh et al 1999).

Whether the particulate or gaseous components of diesel
exhaust are involved in the observed inflammatory
responses remains to be determined. Rudell and colleagues
(1996) exposed human subjects to unfiltered or filtered
diesel exhaust, which contained 46% fewer particles. Fil-
tering did not decrease adverse effects on lung function,
suggesting that gaseous components may have contributed
to the effects. Similarly, Lai and Kou (1998) reported
increased C-fiber activity in the lung after exposure to the
gaseous phase of wood smoke (with the particles removed).
On the other hand, a comprehensive review by Veronesi
and Oortgiesen (2001) promoted the role of particulate
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matter as a initiator of neurogenic inflammation through
activation of capsaicin-sensitive receptors and described a
possible mechanism of receptor activation precipitated by
particulate surface charge. Both particles and gases likely
contribute to the inflammatory responses.

In addition to particle levels, Witten and colleagues
reported levels of gaseous pollutants for HDE exposures,
including oxides of nitrogen (3.69 ppm), NO2 (0.1 ppm),
carbon monoxide (2.95 ppm) and carbon dioxide (5.19
ppm). Gaseous pollutants such as NO2 have been shown to
affect lung function and inflammation at relatively low
concentrations (eg, 2.0 ppm [Devlin et al 1999] and 0.27
ppm [Barck et al 2002]), suggesting that the gases may have
contributed to some of the observed effects in the Witten
study. Although Witten and colleagues did not describe the
composition of sidestream cigarette smoke in their report,
other studies employing cigarette smoke reported total sus-
pended particle concentrations of ~100 µg/m3, carbon
monoxide levels in the range of 6 to 7 ppm, and nicotine
levels between 220 and 450 µg/m3 (Ji et al 1998; Mutoh et
al 1999). The Witten study also investigated several engine
operating conditions and their effect on diesel engine
exhaust components. They found that changes in engine
load and speed produced shifts in the levels of elemental
carbon, organic carbon, sulfate and trace metals. Changing
engine operating conditions caused a shift in particle size
range, while mass loading remained the same. The investi-
gators found some differences in particle composition
between the LDE and HDE exposures, but what their con-
tribution may have been to the inflammatory effects
remains unclear. Further research will be needed to iden-
tify which components of the diesel exhaust mixture may
contribute to the inflammatory effects.

SUMMARY

The authors are among the first to investigate neurogenic
inflammation in the lungs of rats exposed to whole diesel
exhaust. After exposure to both concentrations of diesel
exhaust, the authors observed consistently higher levels of
plasma leakage and lower activity of the enzyme NEP.
Changes in levels of SP and its receptor NK1 were less con-
sistent, however, and few changes were observed in cytokine
levels. These results confirm previous findings of mild
inflammatory responses after exposure to diesel exhaust.

The role of neurogenic inflammation remains unclear,
however. Neurogenic inflammation has been convincingly
demonstrated after exposure to ozone, SO2, hydrogen sul-
fide, cigarette smoke, and wood smoke. In those studies,
inflammatory responses were eliminated after animals had
been treated neonatally with capsaicin. In the Witten study,

rats were treated with capsaicin as young adults, which
caused a complete absence of SP in lung tissue but had
little effect on the inflammatory response to diesel exhaust.
Thus, the results do not support a role for C fibers in the
airway inflammatory response to diesel exhaust. The
results of the current study also may have been compli-
cated by neuropeptide release from sources other than C
fibers (such as the airway ganglia or mast cells and eosino-
phils). The investigators did find evidence for neurogenic
inflammation after exposure to cigarette smoke, which
was, in part, reversed by capsaicin treatment.

When testing emissions at different engine operating
conditions, the investigators found that elemental carbon
dominated at medium to heavy loads, while organic
carbon dominated emissions at lighter loads. Levels of sul-
fate, calcium, iron, magnesium, and particle numbers dif-
fered among operating conditions. They found some
differences in particle composition between the lower and
higher levels of diesel exhaust during the animal expo-
sures, but their contribution to the inflammatory effects, if
any, remains unclear. Additional research will be needed
to investigate further the inflammatory mechanisms and
the role of C fibers in airway responses to diesel exhaust
and to identify which components of the diesel exhaust
mixture may contribute to the inflammatory effects.
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