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Abstract

Acute lung inflammation induced by exposure to coarse particulate matter (PM) was evaluated by assay of inflammatory cells in whole lung lavage from mice
administered the same nominal dose of PM by either the intratracheal (IT) or intranasal (IN) route. Based on higher total cells recovered and shifts to a higher
recovery of neutrophils in the lavage fluid, the IT route was at least three times more effective in delivery of PM, , . to the lung than the IN route. These differences
in the route of particle administration are likely to reflect the filtering efficiency of the nasal cavity to block deep lung penetration of larger particles to the lower
respiratory tract. The results are compared with the predictions from models of the deposition of dry PM of comparable size after inhalation and with previously
reported comparisons of I'T and IN delivery of solutions or suspensions containing soluble drugs or insoluble particles. In addition, the variance in the observed data
was substantially lower in mice administered PM by the IT route as compared to IN aspiration. We would suggest that especially in situations where the amount of

PM is limited, the IT route has several advantages over IN administration.

Abbreviations: IT: Intratracheal; IN: Intranasal; MMAD: Mass
Median Aerodynamic Diameter; PBS: Phosphate-buffered Saline; PM:
Particulate Matter

Introduction

Epidemiological studies have demonstrated reproducible
associations between PM concentrations measured in ambient air and
increased morbidity and mortality in exposed populations [1]. Current
air pollution control policies in the USA (http://epa.gov/ttn/naags/
standards/pm/s_pm_history.html) and in California (http://www.
arb.ca.gov/research/aaqs/pm/pm.htm) regulate PM levels in ambient
air by size (coarse, fine) and mass (in each size range). PM in the size
range that can be inhaled into the lungs by humans is classified for
regulatory purposes according to the size of the particles: coarse PM
with mass median aerodynamic diameter (MMAD) between 2.5 and
10 um (PM, ,.) and fine PM with MMAD less than 2.5 um (PM, ).
Studies in whole animals [2] and in cultured cells [3,4] have attempted
to elucidate underlying mechanisms of action of the various PM
components with size-fractionated samples collected from ambient
air from various locations worldwide [5]. Our long-term goal is to
understand the toxicity of agricultural dusts, generated in the hot and
dry Central Valley of California, to agricultural workers in the fields.
To accomplish this goal we will expose laboratory mice to the coarse
PM fraction isolated from ambient air from test sites in California’s San
Joaquin Valley (SJV). These specific sources of PM are being studied
by several research groups at UC Davis, and will undergo rigorous
chemical and toxicological characterization. However, some very
basic questions with regard to study design arose early in our planning
process and seemed worthy of beginning with additional experiments
to optimize our collaborative approach.

Researchers who study the toxicity of different particle preparations
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have several choices of methods available to deliver PM directly to the
lung, rather than administering the particles to the lung systemically
via the vascular system. The available alternatives for direct delivery
of PM to the lungs for animal studies include whole-body inhalation
in exposure chambers, nose-only inhalation in a specially designed
apparatus, intratracheal (IT) injection directly into the lungs, or via
intranasal (IN) aspiration. The pros and cons of each of these routes of
administration have been discussed in detail elsewhere [6,7]. It is worth
noting thatbecause of the efficiency of the absorption mechanisms of the
rodent nose and the fact that rats and mice are obligate nose breathers,
the only means of administration that delivers the entire administered
dose to the lungs is IT instillation [6]. With severely limited amounts
of size-fractionated PM available and concerns about ingestion of
PM trapped on and in the fur of cage mates, whole-body inhalation
is generally not a viable option for these types of experiments. Nose-
only exposure requires less material than whole body exposure, but
introduces experimental variables like additional stress to the animals
and increased animal handling that can affect the experimental outcome
in difficult to predict ways. Thus, intranasal aspiration, which is simpler
to perform and felt to be a more toxicologically relevant route of PM
administration than direct intratracheal dosing, is becoming a popular
choice for these types of experiments [8]. In addition, IT instillation
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of very high doses of PM can cause particle overload to the lungs,
with concomitant false positive results with regard to PM toxicity [9].
Thus, IT instillation as a “physiological route” of administration may
be viewed with some concern by advocates of the IN route. However,
Driscoll et al. [10] have demonstrated the equivalence of the IT route
with inhalation if care is taken to use appropriate low doses (in the sub-
mg range) in the IT experiments.

Our primary objective in the current study was to directly compare
the acute responses in the lungs of mice exposed to the coarse PM
fraction collected from ambient air at our test site located in a rural
area southeast of the city of Fresno when the same quantity of the
PM was administered by either IN aspiration or by IT injection. We
hypothesized that similar results would be obtained qualitatively by
both routes of exposure, but that larger effects would be observed at a
given dose by the IT route, due to removal of PM from the administered
dose by the nose and nasopharynx during IN aspiration. We predicted
that the efficiency of removal by the nose and nasopharynx would be
on the order of 50% of the total administered dose [9], in contrast to
administering the same total dose directly into the lung by IT injection.
This estimate is based on earlier studies of lung deposition of dry PM
or aerosols inhaled by laboratory animals [9,11]. We are not aware
of any such rigorous studies of PM deposition by the IN or IT route,
perhaps because investigators assume that particle deposition will
vary with the exact technique used. The delivery technique may have
significant effects on the pattern, extent, and timing of lung toxicity
and subsequent remodelling [7]. Intratracheal techniques include
(1) instillation, which involves injecting particles suspended in
saline through a catheter inserted into the trachea of the animal; (2)
aspiration, which entails administrating a suspension as droplets in a
puff of air; and (3) intratracheal inhalation, which involves cannulating
the trachea, attaching the open end of the cannula to a port of an
aerosolization system and ventilating the animal at a known rate and
pressure [12-14]. An additional goal of our experiments was to test
whether the older models of PM deposition based upon the inhalation
route of delivery would accurately predict lung delivery via the IN and
IT routes in our experiments in the present study.

Another goal of the current study was to estimate how much of the
lung inflammatory activity observed with this coarse PM preparation
could be ascribed to its content of endotoxin, a frequently encountered
contaminant of coarse PM due to the similarity in size between gram-
negative bacteria and the size of particles in this particular fraction of
PM in the ambient air. PM, is also sufficiently large to serve as a carrier
of endotoxin on its surface. Endotoxin, part of the outer membrane of
Gram-negative bacteria, is known to cause airway inflammation and
has been suggested by several groups to be a causative agent in PM-
mediated lung injury [15-18] and is concentrated in the coarse PM
fraction [19,20].

Materials and methods

PM preparation

The coarse PM used in this study was collected at a field site located
on the grounds of the University of California Kearney Research and
Extension Center in Parlier, California. PM, , high-volume sampler
systems (Tisch Environmental Inc., TE-6070V-2.5-HVS) equipped
with PM, size selective heads (Tisch Environmental Inc., TE-6001),
operating at a flow rate of 40 cubic feet per minute, were loaded with
aluminum foil substrates for collecting the coarse PM fraction (PM, , .
=2.5 < Dp50 < 10 um) and Teflon coated borosilicate glass microfiber
filters (Pall Corporation, TX40H120WW-8X10) for collecting the fine
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PM fraction (PM, , = Dp50 < 2.5 um). Aluminum foil substrates were
prebaked at 500°C for 24 hours and glass microfiber filters were pre-
cleaned via successive sonication in milli-Q water, dichloromethane,
and hexane. Field blanks were included for all studies. Only the coarse
PM fraction was used in this study. The PM was scraped from the
aluminum substrates using a metal spatula. Previous studies have been
reported with samples collected using the same high-volume sampler
systems [21].

Animals

Specific pathogen-free female BALB/c mice, 8 weeks old (nominal
20 g), were purchased from Jackson Laboratories (West Sacramento,
CA). Animals were housed, 4 animals per cage, in filtered Bio-Clean
facilities in the AALAC-approved Animal Resources Center (UC
Davis, CA). Mice received water and standard feed (Purina Rat
Chow) ad lib and were allowed to acclimate for a week prior to any
experimental procedures. The animals were kept on a 12-h light/dark
cycle at room temperature (20-25°C) and 30-70% relative humidity.
All procedures were performed under an Institutional Animal Care
and Use Committee-approved protocol.

IT administration of PM

Our procedures for IT instillation have been described in detail
previously [22]. Prior to instillation, mice were lightly anesthetized
with isoflurane via inhalation in an enclosed box chamber. Instillations
(50 ug of PM suspended in 50 pL of phosphate-buffered saline) were
performed directly into the trachea using a glass syringe equipped with
a blunt-tipped 22-gauge needle. Immediately prior to instillation, PM
preparations were vortex mixed for 30 s to suspend the material. After
instillation, the mouse was allowed to recover under visual control
before placement back into the cage for 24 hours after exposure.

IN administration of PM

Particles were suspended in phosphate buffered saline (PBS), 1 mg/
mL, and vortex mixed immediately before aspiration. Mice were lightly
anesthetized with isoflurane and monitored for depth of anesthesia.
Once anesthetized, mice were place in the supine position and 25 pL of
suspended PM were instilled with a micropipetor dropwise into each
naris. After aspiration of the fluid, the mice were allowed to recover
under visual observation before placement back into the cage for 24
hours after exposure.

Bronchoalveolar lavage

Our procedures have been described in detail previously [22].
Briefly, mice were euthanized with an overdose of pentobarbital/
dilantin via intraperitoneal injection. The tracheas were cannulated
and the lungs were lavaged two times each with 1mL instillations (2
mL total) of phosphate buffered saline (PBS), pH 7.6 (Mediatech,
Inc, Herndon, VA). The total lavage fluid from each mouse lung was
combined and centrifuged at 2000 rpm for 10 min using a bench top
unit (Centrifuge #5415C, Eppendorf, New York, NY). The supernatant
was removed and the resulting pellet was suspended in ACK Lysis
Buffer (0.15 M NH,Cl, 1.0 M KHCO,, 0.1 mM Na,EDTA, H,0) and
centrifuged for another 10 min. The supernatant was discarded and the
pellet was suspended in 1 mL of PBS. The trypan blue exclusion method
[23] was used to count the total number of viable cells in each BAL
sample using a hemocytometer. Additional cell cytospin preparations
were performed with 100 pL of BAL fluid using a cytocentrifuge, (StatSpin
Cytofuge 2, Iris, Westwood, MA). Prepared cytospinslides were stained
with DiffQuick® (International Reagent Corp, Kobe, Japan).
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Statistical analysis of data

Prism 4.0 (GraphPad Software, San Diego, CA) was used forthe
analysis of data. All values are expressed as mean values + SEM
(standard error) unless otherwise noted. Parametric analysis of data
was conducted using Student’s t-test. For experiments using more than
two groups, data were analyzed by ANOVA followed by post testing
with Tukey’s honestly significant difference test. Differences were
considered significant if the p value was <0.05.

Results

Our first question was a simple one: What is the most efficient
method to deliver PM directly to the lungs of experimental animals?
More specifically, if we directly compare the effects of administration
of the same dose of PM by the IT and IN routes, do we see the same
effects qualitatively and quantitatively? If not, which of these methods
is the better choice for experimental work comparing different batches
or types of particles, especially under conditions where the amount
of PM available for these experiments may be severely limited? In
preliminary experiments we used different batches of agricultural
dusts to demonstrate dose-response behavior of mouse lungs upon
exposure to various concentrations of rural agricultural-derived PM.
For example, we previously reported a linear dose-response between
0 and 50 pg of PM when we quantified total cells in the lung lavage
fluid from mice instilled with PM via the IT route [22]. In additional
experiments where we attempted to extend the dose-response curve
to 75-100 pg, the observed responses were inconsistent and highly
variable, and the results did not demonstrate continued linearity of the
dose-response curve (data not shown). The 50 pg dose of PM isolated
from ambient air and administered via IT instillation is the highest
dose we have tested thus far that we can conclude with confidence gives
us results consistently in the linear range of the dose-response curve.
Thus, in our following experiments, we elected to compare the effect
on the lung inflammation when 50 ug of coarse PM was delivered to
the lungs of mice by either the intratracheal or intranasal route. To
do this, we exposed mice via either IT injection or IN aspiration. We
then determined the total number of cells recovered from the mice by
bronchoalveolar lavage 24 hours after PM administration. The results
are shown in Figure 1. When we compare groups of mice instilled
with PBS (controls), the ratio of cells recovered after PBS treatment
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Figure 1. Total cells obtained by lung lavage from mice administered PM either IT or
IN. Data are mean values £ SEM. The number of animals in each group is indicated in
parenthesis. *, P <0.001 compared with the PBS-IT group; **, P<0.001 compared with the
PM, -IT group.
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Figure 2. Total cells counted in the cytocentrifuge preparations from mice administered
PM.

was 0.88 (IT/IN). The comparable ratio for the two groups after PM
instillation was 3.0 (IT/IN). The difference in total cells recovered after
PM administration via instillation between the two routes was highly
significant (P<0.001), whereas the difference in total cells recovered
after PBS administration was not significant (P>0.05).

Normal mouse lungs (filtered air controls or PBS instilled) contain
about 40,000-50,000 pulmonary alveolar macrophages when they
are lavaged using these procedures. Thus, the actual increase in total
cell number in the lungs of the animals administered PM by the two
different routes is considerably larger than the values suggested by
the simple comparison above. If we assume the “background” cells
before PM administration was the same value as we observed in the
PBS controls for each group and subtract this value from the total cells
in the PM instilled group, we can calculate the “real” net increase in
total cells after PM administration for each group as follows. IT PM -
control (209,722-40,278) = 169,444; IN PM - control (69,445-45,834)
=23,611. The ratio for the two groups after PM instillation was 7.2-fold
(IT/IN) (difference = 145,833 net total cells in the lavage). To further
examine the basis for the difference we observed between IT and IN
administration of our PM preparation, and to verify our assumptions
about baseline values for macrophage content in the lung lavages of
control mice, we examined the cell differentials in the lavage fluid from
both groups of mice. IT instillation of PM isolated from ambient air
into mice is usually associated with an acute neutrophilic influx that
peaks at about 24 hours after PM administration [22]. We hypothesized
that IT versus IN instillation would give the same results qualitatively,
but the number of neutrophils (PMNs) recovered in the BALF would
differ by the same ratio as the total cells recovered. As shown in Figure
2, in the cytocentrifuge fields evaluated we recovered a total of 411 + 63
total cells after IT instillation versus 181 + 28 after IN administration,
a ratio of 2.3 in the cytocentrifuge preparation counted. If we correct
for the “background” of total cells in the PBS instilled mice, as above,
we find a ratio of (411-115)/(181-147) = 296/34 = 8.7-fold. Considering
all of the uncertainties in this calculation, these values are in good
agreement with the results calculated from the total cell counts shown
in Figure 1.

Of the total cells counted in the cytocentrifuge preparation, 54 + 8%
are neutrophils in the IT instilled mice, while 24 + 10% are PMNs in the
animals administered PM by the IN route (Figure 3). These values are
significantly different (P<0.05). Inspection of the error bars in Figures
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Figure 3. Percentage of neutrophils (PMNs) counted in the cytocentrifuge preparations
from mice administered PM. *, P <0.001 compared with the PBS-IT group; **, P<0.05
compared with the PM10-IT group.
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Figure 4. Total cells obtained by lung lavage from mice administered heat-treated PM by
the IT route.

1 and 3 (data expressed as means and SEM in these figures) suggests
that the coeflicient of variation is lower in the IT instilled animals than
the animals that aspirated the PM by the IN route. This assumption
is consistent with the observation that some of the animals presented
the PM for IN aspiration showed signs of variable interception of the
PM by the nose: foaming and/or sneezing. To test this assumption we
calculated the coefficient of variation (CV, the ratio of the SD to the
mean values for the groups) for the different routes of administration.
For total cells, the IT value was 15% versus 89% for the IN value. For
the % neutrophils, the IT value was 15% versus 42% for the IN value.
Thus, the IT route seems to result in more consistent results among
treated mice than the IN route.

In previous work from our laboratory we have examined the relative
contribution to inflammation of volatile and organic constituents of
the coarse PM by comparing the activity of the IT instilled PM with
heat-treated PM (24 hours at 130°C). A comparable experiment was
performed with the PM fraction used in the current studies.

We found a reduction of 45%, from 209,722 + 40,278 to 114,584 +
39,875, total cells in the BALF, as shown in Figure 4 and 1. This value
may be compared with our previously reported result of a 59% loss of
total cells in the BALF using this technique with a sample of endotoxin-
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rich PM collected from the ambient air near a working dairy barn on
the UC Davis campus [24]. In the current experiment, 36 + 9% of
the lavaged cells in the mice instilled with the heat-treated PM were
neutrophils, as shown in Figure 5, consistent with the innate immune
response we might expect from LPS in the particle preparation.

Discussion and conclusions

Wang et al. [25] compared the biodistribution and selected
pharmacokinetic parameters for the water-soluble drug rizatriptan
administered IT or IN to rats. Among their findings was a ratio of the
maximum concentration of the drug in plasma by the two different
routes of >1360 versus 422 ng/mL, a ratio of >3.2:1. Lacher et al. [26]
compared the efficiency of administration of quartz dust (Min-U-Sil-5,
1.5-2.0 um MMAD at a concentration of 1 mg/25 uL) into mice by the
IT and IN routes. Recovery of total cells in the BALF three days later
was about 600,000 versus 300,000 (a ratio of 2:1), respectively. About
50% of the total cells recovered in the BALF were neutrophils after
either route of administration. These authors also measured the protein
content of the lavage fluid, an index of lung damage. The ratio of protein
content (mg/mL) found in the BALF after IT or IN administration in
the same experiments was about 1500: 300 = 5:1. While experimental
procedures varied widely between these experiments and ours, it is
noteworthy that all of these experiments consistently find, based on
biomarkers of response, IT instillation seems to deliver a much higher
fraction of the administered dose of PM to the lung than does IN
aspiration. In the examples cited, this ratio is >3.2:1 and 5:1, which may
be compared with our results in the present study where we find a ratio
of 3:1 (Figure 1) for total cells recovered in the lavage fluid when we
compare the IT with the IN route of administration. This value is also
remarkably consistent with the calculated values for nasopharyngeal
deposition of inhaled PM in the mouse breathing particles of 2.5-10 um
in diameter [9,11], which is a range from about 50-75% of the inhaled
dose, with the larger particles (which contain most of the mass) being
more effectively removed in the nose. Thus, our results are entirely
consistent with the IT route being more efficient than IN due entirely
to bypassing the nasopharyngeal defense mechanisms of the mouse by
direct administration to the trachea. In addition, the IT route gave us
a smaller coefficient of variation in the data than we found with IN
administration in these experiments. If all of the difference between IT
and IN administration is accounted for by differences in the amount
of the administered dose directly delivered into the lung, we can
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Figure 5. Percentage of neutrophils (PMNs) counted in the cytocentrifuge preparations
from mice administered heat-treated PM by the IT route. *, P = 0.007 (Student’s t-test,
twotailed) compared with the PBS-IT group.
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calculate that only about 33% of the PM,  , . dose presented to mice for
IN aspiration actually gets to the lung. The remainder is either being
removed during passage through the nasopharyngeal region or by
sneezing and other maneuvers by the animal to clear the nose of foreign
liquids being introduced. Thus, we can answer our first question: What
is the most efficient (and consistent) method to deliver PM directly to
the lungs of experimental animals? The IT route is at least three times
more efficient than the IN route in delivering an administered dose of
an agent dissolved or dispersed in an aqueous solution.

The pro-inflammatory activity of coarse PM (PM, or PM, )
collected from ambient air in Mexico City acting on cultured mouse
monocytes has been ascribed in part or entirely to its content of
endotoxin [27]. These results are consistent with similar findings with
PM, , collected from ambient air in Germany instilled intratracheally
into the lungs of mice [28]. Endotoxin appears to be a ubiquitous
component of coarse PM collected from ambient urban air in the
Eastern United States and from Western Europe. However, this could
be an artifact of PM sample collection rather than an accurate indicator
of what people are actually inhaling. We have suggested elsewhere
[22] that endotoxin contamination of collection substrates might
occur with samples of coarse PM collected from ambient air when the
relative humidity is high (which would favor bacterial contamination
and bacterial growth on nutrient-rich PM), but may not be a significant
factor with PM samples collected in ambient air from the arid climates
of many of the Western United States. In our previous studies of
the pro-inflammatory activity of PM collected from ambient air in
California’s Central Valley under hot and dry summer conditions, we
found essentially no endotoxin in the PM (coarse or fine) preparations
[22]. On the other hand, we found up to 80% of the pro-inflammatory
activity in coarse PM collected under the same hot and dry conditions
from just outside of a working dairy barn as due to endotoxin [24].
The present batch of coarse PM we used in this study seems to have
an organic chemical content, presumably including endotoxin,
intermediate between these two values. The heat-labile material we
measured in these experiments could be a component of the PM as it
actually occurs in the ambient air, or endotoxin from contaminating
bacteria could have been introduced into the coarse PM fraction on the
substrate after collection or during handling and storage.

Regulatory agencies in the USA and worldwide currently seem to be
focused more on regulation of PM, , (“fine PM”) than of PM, , . (“coarse
PM”) concentrations in ambient air for protection of the public from
adverse health effects of exposure to air pollution. However, animal
studies consistently show acute toxicity of PM of both size classes at
similar concentrations in animals exposed by inhalation, insufflation,
or instillation. Thus, characterization of various methods of delivery
with respect to all of the different size classes of PM remains a necessity
for the analysis of comparative toxicity of different size fractions and
different sources of particles isolated from ambient air. And, quite
clearly, different sources of PM,  , . have different toxicity at equivalent
doses, presumably related to the chemistry of their specific components
[29].

The lung lavage conditions applied in these studies, which extract
most but not all cells from the airspaces, yield moderate amounts of
cells. This number is sufficiently sensitive to show acute increases in cell
numbers and significant changes in cell differentials. Both methods of
PM administration elicit the influx of neutrophils into the lungs, but to
a much greater degree by IT compared with IN. These findings suggest
that both the dose delivered to the lungs and the presence of coarse PM
can drive both macrophage- and neutrophil-induced inflammation.
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Such studies further confirm the importance of better understanding
the mechanisms of coarse PM toxicity throughout the respiratory tract.
These results also suggest that the toxicity of coarse PM in ambient air
may be of significant concern for human health, as is currently the case
with fine PM and ultrafine particles.

In summary, the mouse is an important animal model for testing
the biological activity of coarse PM in the respiratory tract. The two
methods applied in this study, IN and IT administration, dramatically
indicate the potential of the nasal cavity to serve as a highly efficient
filter for what enters the lung, even when using instillation methods
rather than inhalation. This study further confirms the potent, acute
effects of coarse PM within the lungs. The total dose delivered directly
to the lungs by IT instillation (50 ug/mouse) in this study represents a
moderate dose that could reflect true environmental conditions when
compared with particle inhalation into the human lung from ambient
air. In our animal model we see a strong reaction with a dramatic
influx of total inflammatory cells that is driven by both macrophages
and neutrophils. In contrast, delivery by intranasal instillation of an
equivalent dose demonstrates the protective, and highly effective,
filtering nature of the nasal cavity to minimize the entry of coarse
PM into the deep lung. Authorship and Contributions: ALL and
LMEF performed the experiments, KJB collected the PM samples from
ambient air used for the studies, JAL, KEP, LMF, and KJB designed
the study, all of the authors contributed to writing the manuscript and
approved the final version for submission.
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