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Desert  areas  are usually  characterized  by a continuous  deposition  of  fine  airborne  particles.  Over  time,
this  process  results  in  the accumulation  of silt  and  clay  on  desert  surfaces.  We  evaluated  health  effects
associated  with  regional  atmospheric  dust, or geogenic  dust,  deposited  on surfaces  in the  Nellis  Dunes
Recreation  Area  (NDRA)  in Clark  County,  Nevada,  a popular  off-road  vehicle  (ORV)  recreational  site fre-
quented  daily  by riders,  families,  and  day  campers.  Because  of  atmospheric  mixing  and  the  mostly  regional
origin  of the  accumulated  particles,  the  re-suspended  airborne  dust  is  composed  of  a  complex  mix-
ture  of  minerals  and  metals  including  aluminum,  vanadium,  chromium,  manganese,  iron,  cobalt,  copper,
zinc,  arsenic,  strontium,  cesium,  lead,  uranium,  and  others.  Geogenic  dust  with  a  median  diameter  of
4.1 �m  was  administered  via  oropharyngeal  aspiration  to female  B6C3F1  mice at  doses  of  0.01  to  100  mg
dust/kg  body  weight,  four times,  a week  apart,  for 28-days.  Immuno-  and  neurotoxicological  outcomes
24  h following  the  last  exposure  were  evaluated.  Antigen-specific  IgM  responses  were  dose-responsively
mmunotoxicity
eurotoxicity

suppressed  at 0.1,  1.0, 10 and  100  mg/kg/day.  Splenic  and thymic  lymphocytic  subpopulations  and  nat-
ural  killer  cell  activity  also  were  significantly  reduced.  Antibodies  against  MBP,  NF-68,  and  GFAP  were
not affected,  while  brain  CD3+ T cells  were  decreased  in  number.  A  lowest  observed  adverse  effect  level
(LOAEL)  of 0.1  mg/kg/day  and  a no  observed  adverse  effect  level  (NOAEL)  of  0.01  mg/kg/day  were  derived
based  on  the  antigen-specific  IgM  responses.

© 2016  The  Authors.  Published  by Elsevier  Ireland  Ltd.  This  is an open  access  article  under  the CC
. Introduction

The Nellis Dunes Recreation Area (NDRA) provides the only no-
ermit-required publicly accessible area in southern Nevada for

egal off-road vehicle (ORV) driving in a natural desert setting.
nnual visitors have been estimated at over 300,000 [13] and ORV

riving emits significant amounts of dust that vary greatly with the
ype of sediment and the characteristics of surface over which the
ehicle is driving [14]. The primary pathway of exposure to these
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dusts is from inhalation, yet there is insufficient evidence to iden-
tify differences in the health effects of dust particles with different
chemical compositions [31]. As breathing natural, or geogenic, dust
from natural settings is an emerging public health concern [25], we
undertook this study to understand some of the potential toxico-
logical effects of geogenic dusts via lung exposure.

Airborne dust derived from natural desert environments is often
a complex mixture of mineral and organic components with highly
variable chemical compositions and sizes ranging from nanome-
ters to several tens of micrometers. Human dust exposures will
vary with location and activity, and can range from locally-derived
dust originating from a specific soil or geologic deposit [7], to
regionally-derived dust that is a complex mixture of dust parti-

cles that originated from multiple distant and local sources. Due to
their small size, these particles can travel long distances before they
settle, and in multimodal wind regimes, dust accumulated in the
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opsoil may  have been supplied by several, sometimes very dis-
ant sources. This regional dust is always present in desert areas
nd plays a large role in shaping landforms and affecting soil char-
cteristics. The continuous deposition of fine airborne particles
esults in the accumulation of silt and clay in the near-surface and
orms vesicular soil horizons that are often associated with desert
avements and biological soil crusts (e.g. [22,33,37]). Although nat-
ral geomorphic processes affect these dust deposits through time,
uman disturbance is one of the strongest mechanisms for airborne
esuspension of this dust [13] and therefore human exposure.

This study is the third of seven reports characterizing unique
urface types, associated dust, and toxicological health effects from

 site located only minutes from a major metropolitan popula-
ion. The surface type studied in this article and designated here
s “CBN 3” is a combination of 5 subtypes that were originally
elineated based on their dust emission capacity (see Ref. [23] for
ore details). They include various stages of desert pavement for-
ation that range from young, bar and swale surfaces with poorly

eveloped desert pavement, to older, planar, well-developed desert
avements with tightly interlocking surface clasts, to even older
egraded pavements where the clasts are widely distributed across
he surface [36]. The well-developed desert pavements have a silty
olian deposit (vesicular horizon) directly underneath the surface
ocks that forms as a result of eons of dust deposition (e.g. [22,33]).
he less developed pavements have a similar dust accumulation,
ut the rock cover is discontinuous and much of the accumulated
ust lies directly at the surface. Lastly, CBN 3 also includes areas
here bedrock or petrocalcic horizons crop out and have eolian

ilt filling in cracks, or accumulating near shrubs [23]. The surfaces
f CBN 3 cover 77.2% of the area of NDRA.

The surface sediment mineralogy for CBN 3 is typical for arid
limates. Quartz, calcite, gypsum, and feldspar minerals are ubiq-
itous [30]. Clay minerals include palygorskite, smectite, kaolinite,

llite, and some chlorite [30]. Fibrous amphiboles are present and
ecent work suggests they are eolian in origin [4]. These min-
rals have within their crystal structure or adsorbed on their
urfaces, many different heavy metals and metalloids including:
luminum (Al), iron (Fe), strontium (Sr), manganese (Mn), zinc (Zn),
anadium (V), copper (Cu), arsenic (As), uranium (U), cobalt (Co),
admium (Cd), antimony (Sb), cesium (Cs), thallium (Tl), lead (Pb)
nd chromium (Cr).

Understanding health impacts of heavy-metal dust exposure is
 global concern [1,6,35]. This study presents a profile of toxico-
ogical effects with specific focus on select immune and nervous
ystem endpoints. Adult female B6C3F1 mice were exposed via
ropharyngeal aspiration to CBN 3 geogenic dust with a median
rain size of 4.1 �m at concentrations of 0.01–100 mg  of dust per
g of body weight for four exposures spaced a week apart over a 28-
ay period to model a month of weekend exposures. Hematology,
linical chemistry, and descriptive and functional assays to assess
oxicity to the immune and nervous systems were performed 24 h
fter the final exposure. Characterization included the establish-
ent of no observed adverse effect levels (NOAEL) and/or lowest

bserved adverse effect levels (LOAEL).

. Materials and methods

.1. Collection of geogenic dust

Composite samples were collected from the surface sediment
upper 0–4 cm)  of each of the five subunits of CBN 3 using a plastic

coop and placed into a clean plastic bag, which was hermetically
losed after collection. GPS position of the center of the collection
reas was carefully recorded. After drying, the samples were treated
n a Soil Fine Particle Extractor (see [12] to extract a sample with
orts 3 (2016) 785–795

a median diameter of approximately 4 �m.  The extracts were then
combined to create a CBN 3 sample. The exact particle size distri-
bution of the CBN 3 sample was  determined with laser diffraction
using a Malvern Mastersizer S laser particle size analyzer (Malvern
Instruments Ltd., Malvern, UK).

2.2. ICP-MS analyses of geogenic dust

The CBN 3 sample was  digested in accordance with the USGS
Four-Acids Method (Briggs and Meier [39]) and subsequently ana-
lyzed using an Agilent 7700 inductively coupled plasma/mass
spectrometry (ICP-MS) device (Agilent Technologies, Santa Clara,
USA). To ensure quality control for the ICP-MS analyses, all quality
control procedures set forth by US EPA Method 6020A [34] were
followed. In addition, NIST SRM 8704 (Buffalo River Sediment) and
NIST SRM 2711A (Montana II Soil) were used as standard reference
materials (SRMs).

2.3. Arsenic speciation

Arsenite, arsenate, monomethylarsonic acid, and dimethy-
larsinic acid quantification speciation was  performed using
IC-ICP-CRC-MS at Brooks Rand Labs, LLC (formerly Applied Spe-
ciation and Consulting, LLC) according to an in-house developed
method based on [18].

2.4. Quantitation of silicon in geogenic dust

Analysis for the element silicon utilized a Thermo Scientific
Niton XL3t GOLDD+ portable XRF (X-ray fluorescence) instrument.
For calibration, the NIST Standard Reference Material 2711A was
run and the XRF results were in agreement with the certified values
for silicon and within the margins of uncertainty for the soil stan-
dard. Twelve samples were analyzed from CBN 3, and each sample
was run twice for a total of 120 s for each analysis.

2.5. Preparation, stability and verification of geogenic dust for
animal exposures

CBN 3 dust was  added to ETF-PBS to ascertain stable time frames
in which the solution could be used for mouse exposures. Solu-
tions were prepared, and samples of the solutions were collected
immediately after preparation, and then at 1, 2, 4, and 6 h. Sam-
ples were immediately centrifuged, supernatants removed, and
examined using an ICP-MS to quantitate total soluble element con-
centrations. The analysis indicated that leaving the dust samples in
an ETF-PBS solution for up to six hours did not substantially change
the distribution of elements in solution. At six hours, soluble ele-
ment concentrations in supernatant began to increase, indicating
that insoluble:soluble portions remained constant for six hours in
solution. We  did not test for changes in speciation, but only total
values of elemental metals. This additional quality control mea-
sure verified our dosing solution concentrations, potential for flux,
and accounted for potential contamination from PBS or other steps
in our preparation process. To control for contamination in this
preparation process, no metal spatulas or any other metal items
were used for weighing, storage, manipulation, or transport of dust
samples. Based on these preperation studies, CBN 3 extracts were
carefully labeled, stored in sealed and dry containers, protected
from light, and secured in a lock box in the laboratory. Dust samples
were prepared in sterile, endotoxin-free, phosphate buffered saline

(ETF-PBS) at concentrations adjusted to a delivery volume of 10 uL
that would represent 0.01, 0.1, 1, 10, or 100 mg  of dust/kg of body
weight. Mice were exposed via the lungs within 1–2 h of dust solu-
tion preparation. Addition of dust samples to ETF-PBS for delivery



D.E. Keil et al. / Toxicology Reports 3 (2016) 785–795 787

Fig. 1. Toxicology sample collection arrangement.

Table 1
Total elemental concentration (�g/g) in dry geogenic dust from CBN 3.

Mediana Al V Cr Mn Fe Co Cu Zn As Sr Cd Sb Cs Tl Pb U Si

4.1 59,993 62 44 552 28,564 11 32 94 17 328 <0.47 <3.0 9.3 <8.3 23 2.2 202,660
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 indicates value is below method quantitation limit (MQL) and that value presente
ata are reported with a maximum of three significant figures.
a Median diameter (�m).

nto the mouse may  have changed the distribution of insoluble ele-
ents versus concentration of those elements in solution. To verify

hat adding the dust samples in ETF-PBS did not substantially alter
he solubility of elements, a stability study was performed with
he lowest concentration (0.01 mg/kg) and a higher concentration
10 mg/kg).

.6. Animals

Mice were obtained from Charles River Laboratories (headquar-
ered in Wilmington, MA)  and were acclimated for 7 days to the
onditions of the treatment room (12-h light/dark cycle, 22 ± 2 ◦C,
0–65% relative humidity) at the University of Nevada Las Vegas
UNLV) animal facilities, which are accredited by the Association
or Assessment and Accreditation of Laboratory Animal Care Inter-
ational. The UNLV Institutional Animal Care and Use Committee
pproved all experiments. Mice were housed in ventilated poly-
arbonate shoebox cages with corncob bedding and were given
nlimited access to food and water.

.7. Animal exposures

To simulate the potential health impacts of a month of week-
nd exposures to CBN 3 dust from the NDRA, adult female B6C3F1
ice were exposed to CBN 3 extracts with a median diameter

f 4.1 �m (Table 1) at 0, 0.01, 0.1, 1.0, 10, or 100 mg/kg of body
eight once weekly for four weeks. B6C3F1 mice have been rec-

mmended in immunotoxicity studies by the National Toxicology
rogram and female mice were selected as they tend to be less
ggressive than male mice [5]. Aggressiveness is linked to changes
n corticosterone levels in mice, which is a well-known factor affect-
ng immune responses. Each dose administered was adjusted to
ody weight. Therefore, based on a 20 g mouse, 20 �g was  adminis-

ered to the lung via oropharyngeal aspiration. Mice in the 0 mg/kg
roup received PBS only and served as a vehicle control group. To
nsure availability of tissue for toxicology assays, each dose group
as comprised of 12 mice, housed six per cage. In addition, three
QL.

separate groups of mice were used for a total of three replicates
for each exposure. Samples for toxicity studies were collected from
each group and replicate as depicted in Fig. 1.

Mice were exposed by oropharyngeal aspiration using isofluo-
rane as an anesthetic agent. The dose was  based on current body
weight of the mouse. An average volume of 10 �l was administered
to each mouse; however, based on individual body weight changes,
this volume was adjusted to between 9–13 �l per mouse. One  day
after the final dose was  delivered, samples for toxicity studies were
collected from animals euthanized by carbon dioxide asphyxiation.
The following methods describe the assays used to determine a pro-
file of toxicological effects specific to NDRA geogenic dust from CBN
3.

2.8. Body weight, organ weights, and immune organ cellularity

Body weight was  monitored weekly during the study and ter-
minal body weights were collected for all animals the day of
euthanasia. Brain, kidney, liver, lung, spleen, and thymus were
removed and weighed. Weights were adjusted for terminal body
weights to determine absolute and relative organ weights. Spleens
and thymuses were suspended in complete medium (RPMI, 10%
fetal calf serum, 50 IU penicillin and 50 �g streptomycin) and were
aseptically processed into single-cell suspensions by gentle grind-
ing between two sterile, frosted microscope slides. An aliquot of
each spleen or thymus suspension was manually counted on a
hemocytometer to determine the number of live cells (viability
of cells for each organ was  generally greater than 95%). The total
number of cells per spleen and thymus (cellularity), adjusted by
the weight of each organ, was determined for each animal from Set
B (see Fig. 1).
2.9. Endpoints collected for toxicological assays

Briefly, as described in [17], sera, spleens, thymuses, and brain
were prepared and evaluated in the following assays.
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.10. Blood and sera

For hematology and clinical chemistry endpoints, blood from
nesthetized animals was collected into a microtainer tube con-
aining EDTA, which kept the blood from coagulating, or in a

icrotainer with no anticoagulant for serum collection. Once col-
ected, samples were sent overnight to the Montana Veterinary
iagnostic Laboratory (MVDL) in Bozeman, MT,  for hematology

whole EDTA blood) and clinical chemistry analysis (serum). Hema-
ologies were run on all samples; however clinical chemistries
erformed were dependent on the volume of sample provided
nd not all samples were of sufficient volume. For this reason,
ematology and clinical chemistry analyses were not performed

n duplicate or triplicate as were other assays. For determination
f blood metal and metalloid concentrations, blood from anes-
hetized mice was collected into a microtainer tube containing
eparin. Using an analytical balance, each blood collection tube
as weighed before and after collection of blood to determine the
eight of each blood sample. Once collected, samples were frozen

t −80 ◦C and then shipped to the Laboratory Services Bureau of
he Montana Department of Public Health and Human Services for
nalysis of total levels of metal and metalloid concentrations. Blood
etal/metalloid concentrations were not performed in duplicate or

riplicate as were other assays. Due to limited volumes, whole blood
alues were determined only.

.11. Immunophenotyping of B lymphocytes and CD4/CD8
ymphocytes

The number of splenic B cells (B220) and splenic and thymic
 cells (CD4+, CD8+, CD4+/CD8+, and CD4-/CD8-) were counted
n single-cell suspensions diluted to a concentration of 1 × 107

ells/mL. Optimal concentrations of flow antibodies and reagents
ere determined in previous experiments [17]. All experimental

eplicates included isotype controls (to estimate non-specific bind-
ng), unstained cells as negative controls, and single color controls
s positive controls to determine color compensation. Monoclonal
ntibodies coupled to fluorochromes specific for the following
arkers were used: anti-mouse B220-PE, anti-mouse CD4-FITC,

nd anti-mouse CD8-PE. Flow cytometric analysis was  performed
sing a BD FACSCalibur flow cytometer (Becton-Dickinson, San Jose,
A, USA) and 10,000 events were collected from each sample. The
otal number of each cell type was determined from the spleen or
hymus cellularity.

.12. Immunophenotyping of regulatory T lymphocytes (Tregs)

Splenic lymphocytes were adjusted to a concentration of 1 × 106

ells per well and depleted of red blood cells via a 5-min incuba-
ion in NH4Cl lysis buffer at 37 ◦C. Monoclonal antibodies coupled
o fluorochromes specific for the following markers were used
t a concentration of 1 �g/106 cells: anti-mouse CD25-FITC, rat
gG1-PE isotype control, rat IgG2b-AF647 isotype control, and rat
gG2b-FITC isotype control (BD Pharmingen, San Diego, CA, USA).
oxP3, CD4, and IL-17 cells were stained using a commercial kit (BD
harmingen, San Diego, CA, USA or eBiosciences, San Diego, CA,
SA) according to manufacturer’s instructions. Appropriate posi-

ive, negative, and isotype controls were added to wells containing
ells only. Treg subsets were quantified using a BD FACSCalibur flow

ytometer (Becton-Dickinson, San Jose, CA, USA). 10,000 events
ere acquired for each sample. CD4+ lymphocytes in the lym-
hocyte fraction were gated, and the percentages of CD25 + foxP3+
ells, CD25 + foxP3- cells, IL-17+, and IL-17− cells were calculated.
orts 3 (2016) 785–795

2.13. Plaque forming cell (PFC) assay

The primary IgM response to sheep red blood cells (SRBC;
Rockland, Gilbertsville, PA) was determined using a hemolytic
plaque assay. Five days before euthanasia, mice were given an
intraperitoneal injection of 100 �l of 25% SRBC in PBS. Single-
cell suspensions (as previously described) were prepared from
spleens of mice injected with SRBC and diluted to a concentration of
1.0 × 106 cells/mL. A 10-�l aliquot of the single-cell suspension was
added to a tube containing 100 �l of 25% SRBC in PBS, 40 �l of RPMI
medium (without additives), and 50 �l of guinea pig complement.
Aliquots of the solution were placed into Cunningham chamber
slides. The slides were sealed with paraffin and were incubated at
37 ◦C and 5% CO2 for 1–2 h. PFCs were counted microscopically and
were reported as PFCs/million splenocytes.

2.14. Natural killer cell activity

Natural killer (NK) cell activity was  assessed via an in vitro cyto-
toxicity assay using 51Cr-labeled Yac-1 cells as described previously
[8,15]. To minimize radioactive waste, the procedure was adapted
to 96-well plates that were read on a Packard Top Count scintillation
counter. Spleen single-cell suspensions were adjusted to 2 × 107

cells/mL in complete medium and then the spleen cells and Yac-1
cells were added, in triplicate wells, in ratios of 100:1, 50:1, 25:1,
and 12.5:1 spleen cells:labeled Yac-1 cells, and in a final volume of
0.2 ml  per well. Maximum release was  determined by lysing 51Cr-
labeled Yac-1 cells with 0.1% Triton X-100 in complete medium.
Spontaneous release was determined by incubating Yac-1 cells only
in complete medium. After a four-hour incubation at 37 ◦C and 5%
CO2, the plates were centrifuged (1200 rpm, 3 min), and 25 �l of
supernatant was  then transferred to a 96-well plate containing
solid scintillant (LumaPlate). Plates were air dried overnight and
within 24 h, were counted for 5 min, after a 10-min dark delay,
using a Packard Top Count-NXT. The results were expressed in lytic
units per 107 splenocytes using 10% lysis as the reference point as
described by Ref. [3], equation 10. Essentially, this measure consid-
ers the target tumor cell activity in the context of both maximum
and spontaneous release. This method has been validated in inter-
laboratory studies by the National Toxicology Program [21].

2.15. Neuronal autoantibody formation

Blood was  collected, held at room temperature for at least
30 min, and then centrifuged at 4 ◦C to separate serum, which was
frozen at −80 ◦C until analysis of IgM and IgG antibody concentra-
tions. IgM and IgG antibodies against glial fibrillary acidic protein
(GFAP; American Research Products, Waltham, MA), myelin basic
protein (MBP; Sigma-Aldrich, St. Louis, MO), or neurofilament 68
(NF-68; American Research Products, Waltham, MA)  were deter-
mined with an ELISA assay developed by Ref. [9]. Plates were read
at 405 nm on a BioTek Synergy HT plate reader. Optical density val-
ues were converted to ng/mL concentrations using values obtained
from a standard curve. All sera were assayed twice to verify results.
Values that fell below the limits of detection were assigned a value
of zero. Values that fell above the limits of detection were diluted
upon the second evaluation. Values that still remained above the
limits of detection after dilution were eliminated from the overall
calculations due to insufficient amounts of sample.

2.16. Brain histology
Two sections of cerebellum from each mouse brain, each 10 �m
thick, were stained with either anti-CD3+ antibody (abcam, Cam-
bridge, MA)  or anti-myelin basic protein (MBP) antibody (abcam,
Cambridge, MA). In sections stained with anti-CD3+, the number of
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Table  2
Total elemental concentration (�g/g in wet  sample) in whole blood of animals dosed with CBN 3 geogenic dust each week for 28 days.

0 mg/kg 0.01 mg/kg 0.1 mg/kg 1 mg/kg 10 mg/kg 100 mg/kg

As 0.0023 0.0028 0.0032 0.0032 0.0030 0.0034
Cd  0.0051b a a a a a

Cr a a a a a a

Mg 34.7 35.8 35.4 34.8 35.6 34.8
Mn  0.0206 0.0218 0.0214 0.0424 0.0206 0.0208
Mo  0.0254 0.0172 0.0226 0.0162 0.0247 0.0226
Ni a a a a a a

Pb a 0.0036 0.0025 0.0013 0.0023 a

Sr 0.0075 0.0061 0.0061 0.0065 0.0086 0.0078
V  0.0097 0.0097 0.0092 0.0099 0.0098 0.0098
Zn  3.96 4.18c 4.20c 4.21c 4.30c 4.14

imals were below the LOQ.
5).
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a values not on the standard curve were not used.
b This was  based on one animal with a concentration above the LOQ. All other an
c Indicates a concentration statistically different from the 0 mg/kg group (p < 0.0

 cells present throughout both sections was counted at 20× mag-
ification. In sections stained with anti-MBP, the relative intensity
f the stain was gauged relative to the intensity of the staining of
he sections from the control brains. Control brains were scored
s weak (1), mild (2), moderate (3), or strong (4). The intensity of
he stain in brains from exposed animals was assigned a numeri-
al value according to the following scale: 0 = no change in staining
ntensity relative to controls; 1 = very weak staining intensity rel-
tive to controls; 2 = mild intensity in staining relative to controls;

 = moderate intensity in staining relative to controls; 4 = strong
ntensity in staining relative to controls; 5 = very strong intensity
n staining relative to controls.

.17. Metal-free particle

As described in Ref. [17], six separate groups of mice
N = 6/group) were exposed to titanium dioxide (TiO2), a parti-
le with none of associated metals found on geogenic dusts from
he NDRA, to help us discern particle-only effects from the effects
f metals and particles together. Mice were given matching con-
entrations of TiO2 (0.01 to 100 mg/kg of body weight), and were
xposed via the same paradigm as the geogenic dust. Toxicity test-
ng was evaluated in the TiO2-exposed mice in parallel with CBN
-exposed mice. Data, although relevant to this study too, have
een reported previously in our first Nellis Dunes publication [17].

.18. Statistical analysis

Data were tested for normality and homogeneity and, if needed,
ppropriate transformations were made. A one-way analysis of
ariance (ANOVA) was used to determine differences among doses
or each endpoint using JMP  9 (SAS Institute Inc., Cary, NC) in which
he standard error used a pooled estimate of error variance. When
ignificant differences were detected by the F-test (p < 0.05), Dun-
ett’s t-test was used to compare treatment groups to the 0 mg/kg
roup. A Dunnett’s t-test also was used to compare results of the

 mg/kg group to the TiO2 group.

.19. Quality assurance

This study was conducted as under the conceptual guidance
f Good Laboratory Practices (GLP). Within this guidance, periodic
udits of all aspects of the project were conducted as well as exten-
ive independent review of all documentation and data. In addition,

ach of the participating university sites conducting experiments
UNLV, MSU  and ECU) were audited by an internal but indepen-
ent Quality Assurance team. All final notebooks were reviewed
nd initialed by the Quality Assurance Team.
Fig. 2. Particle size distribution of the CBN 3 geogenic dust used in this study. The
median diameter for this dust was 4.1 �m.

3. Results

3.1. CBN 3 geogenic dust characterization

Dust from CBN 3 used in this study had a median diame-
ter of 4.1 �m (Table 1 and Fig. 2). The chemical composition of
the dust after total digestion is shown in Table 1. Arsenic spe-
ciation for naturally-occurring concentrations illustreated that of
the measured arsenic species, As(V) was the predominant species
with a concentration of 4.04 �g/g, monomethylarsonic acid and
dimethylarsinic acid in the dust samples were not detected at the
applied dilutions, and other speices of arsenic were not evaluated.
Of the metals in this sample, aluminum and iron concentrations
were found to have the highest concentrations: 59,993 �g/g and
28,564 �g/g respectively (Table 1).

3.2. Body weight, organ weights, and immune organ cellularity

Following exposure to CBN 3 geogenic dust, mice did not
demonstrate signs of overt toxicity in terms of body condition or
a significant change in body weight as compared to the 0 mg/kg
group. No significant changes in immune organ weights, kidney,
or brain weights were observed. The lung somatic index (SI: organ
weight corrected for body weight), liver SI, and spleen and thy-
mus  cellularity adjusted for organ weight were altered in some of
the dosed groups relative to the 0 mg/kg group during one or more
replicates; however this difference was  within 20% of the control
group values and was  not dose-responsive.

3.3. Hematology, clinical chemistry, and blood metals
No statistically significant changes in hematological endpoints
were observed at any dose. Of the clinical chemistry endpoints mea-
sured in mice dosed with CBN 3 dust samples, only serum albumin
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Fig. 3. Serum albumin levels in adult female B6C3F1 mice following oropharyngeal aspiration exposure to CBN 3 geogenic dust samples from NDRA each week for 28 days.
Data  are presented as mean percentage ± standard deviation. Sample size for each group was 5–6 animals. Data presented represent one replicate. The (*) indicates a response
statistically different from the 0 mg/kg group (p < 0.05).

Fig. 4. Sheep red blood cell-specific-IgM antibody production in adult female B6C3F1 mice following oropharyngeal aspiration exposure to CBN 3 geogenic dust samples
from  NDRA each week for 28 days. Data are presented as mean PFC/million cells ± standard deviation. Sample size for each group was 5–6 animals. Data presented represent
one  replicate. The (*) indicates a response statistically different from the 0 mg/kg group (p < 0.05) and was determined from log transformed data.
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ig. 5. Splenic natural killer cell activity was assessed in adult female B6C3F1 mice f
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evels collected from animals exposed to 10 or 100 mg/kg were
tatistically and significantly increased (by about 10%) relative to
he 0 mg/kg group (Fig. 3). Mice exposed to dust from CBN 3 had
etectable whole blood concentrations of the metals/metalloids
Table 2). Statistical analyses could not be run on these concen-
rations as blood of animals from each dose group was pooled for
nalyses.

.4. Immunophenotype

Total numbers of splenic B cells and regulatory T cells (Tregs)
ere not statistically altered by exposure to CBN 3 dust samples

Table 3), whereas the number of thymic and splenic T cells were
tatistically altered by exposure to dust samples from CBN 3. In
he spleen, CD4+, CD8+, and CD4+/CD8+ T cells were reduced by
bout 30% following exposure to 10 and 100 mg/kg relative to the

 mg/kg group. In the thymus, all four subtypes of T cells (CD4+,
D8+, CD4+/CD8+, and CD4-/CD8-) were reduced by 37.4%, on aver-
ge, following exposure to 100 mg/kg. CD8+ and CD4+/CD8+ T cells
lso were reduced by about 30% following exposure to 0.01 and
0 mg/kg relative to the 0 mg/kg group. Additionally, CD4+/CD8+

 cells were reduced by 21.6% after exposure to 0.1 mg/kg relative
o the control group. No significant changes were observed in mice
xposed to particle control only, TiO2, reported in Ref. [17].

.5. Plaque forming cell (PFC) assay

Exposure to geogenic dust samples from CBN 3 dose-
esponsively reduced the number of plaque forming cells secreting
gM antibody following SRBC challenge at all administered doses
Fig. 4). PFC/million of spleen cells was reduced by 51.7–92.8% in

hese treated groups relative to the 0 mg/kg group. A LOAEL of
.1 mg/kg/day and a NOAEL of 0.01 mg/kg/day were determined
ased on this immunological parameter. No significant changes
ere observed in mice exposed to TiO2 as reported in [17].
ing oropharyngeal aspiration exposure to CBN 3 geogenic dust samples from NDRA
e size for each group was  5–6 animals. Data presented represent one replicate. The

3.6. Natural killer cell activity

Exposure to dust samples from CBN 3 reduced natural killer
cell activity at concentrations of 0.01–10 mg/kg (Fig. 5). Activity
was reduced by 51.8–81.8% in dosed groups relative to the 0 mg/kg
group. No significant changes were observed in mice exposed to
TiO2 as reported in [17].

3.7. Neuronal autoantibody formation

Exposure to dust samples from CBN 3 did not alter IgM or IgG
antibody production against MBP, NF-68, or GFAP, relative to anti-
body production in the 0 mg/kg group.

3.8. Brain histology

The number of CD3+ T cells was  22.2–100% higher in the brains
of animals exposed to 0 mg/kg relative to all dosed groups (Fig. 6A).
No difference between the 0 mg/kg group and any dosed group was
observed in the intensity of MBP  staining in the brains (Fig. 6B).

4. Discussion

Due to the high visitor rate and risk of exposure at the
NDRA, concerns about health risks arose. Consequently, this
study addressed toxicological endpoints relevant to human health
that were associated with geogenic dust from desert pavements,
bedrock, and other surfaces at NDRA where the silt and clay parti-
cles do not come from underlying geologic deposits but are a direct
result of atmospheric deposition. Similar surfaces occur abundantly
in southern Nevada and elsewhere in the world, which makes this
study representative for many deserts although the chemical and

mineral composition of the dust may  vary according to the specific
source(s).

Previously, we  published the results of experiments with TiO2,
a particle used with none of the associated heavy metals found on
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Table  3
Spleen and thymus B and T cell lymphocytes in adult female B6C3F1 mice following oropharyngeal aspiration exposure to CBN 3 geogenic dust each week for 28 days.

Spleen

Geogenic dust (mg/kg) CD4+ (cells × 107) CD8+ (cells × 107) CD4+/CD8+ (cells × 106) CD4-/CD8- (cells × 108) B220 (cells × 107)

0 4.09 ± 0.715 2.02 ± 0.422 1.36 ± 0.412 1.11 ± 0.213 5.78 ± 1.27
0.01  3.93 ± 0.440 1.93 ± 0.287 1.25 ± 0.301 1.08 ± 0.192 6.11 ± 1.78
0.1  3.70 ± 0.899 1.81 ± 0.358 1.24 ± 0.312 1.00 ± 0.181 5.35 ± 0.515
1  3.44 ± 1.22 1.76 ± 0.574 1.24 ± 0.474 1.05 ± 0.347 5.70 ± 2.91
10  2.91 ± 0.591* 1.43 ± 0.300* 0.850 ± 0.216* 0.869 ± 0.196 4.83 ± 1.36
100  2.90 ± 0.633* 1.50 ± 0.326* 0.797 ± 0.238* 0.888 ± 0.181 5.71 ± 0.877

Thymus

Geogenic dust (mg/kg) CD4+ (cells × 107) CD8+ (cells × 106) CD4+/CD8+ (cells × 107) CD4-/CD8- (cells × 106)

0 1.60 ± 0.274 8.63 ± 1.44 11.54 ± 1.77 8.53 ± 1.64
0.01  1.19 ± 0.349 6.29 ± 1.65* 8.58 ± 1.85* 6.00 ± 1.41*

0.1 1.29 ± 0.166 6.42 ± 0.827 9.05 ± 0.738* 6.20 ± 1.29
1  1.50 ± 0.416 6.60 ± 1.96 9.71 ± 2.04 6.60 ± 1.32
10  1.20 ± 0.135 5.84 ± 0.971* 8.17 ± 1.08* 6.39 ± 1.25
100  1.08 ± 0.389* 4.89 ± 1.62* 6.96 ± 0.800* 5.59 ± 1.57*

Spleen

Geogenic dust (mg/kg) 4+/25+/fp3+ (cells × 107) 4+/25-fp3+ (cells × 107) 4+/25+/fp3- (cells × 105) 4+/IL17A+ (cells × 106) 4-/IL17A+ (cells × 106)

0 1.74 ± 0.438 1.48 ± 0.505 6.38 ± 2.32 0.755 ± 0.274 0.960 ± 0.482
0.01  1.85 ± 0.364 1.72 ± 0.347 6.60 ± 2.42 1.31 ± 0.213 2.02 ± 0.458
0.1  1.69 ± 0.278 1.78 ± 0.426 5.96 ± 1.31 1.10 ± 0.172 1.23 ± 0.269
1  1.68 ± 0.484 1.73 ± 0.602 6.45 ± 3.12 0.755 ± 0.620 1.42 ± 0.418
10  1.59 ± 0.384 1.60 ± 0.390 6.37 ± 1.66 0.836 ± 0.219 1.34 ± 0.431
100  1.44 ± 0.297 1.28 ± 0.306 6.65 ± 2.04 0.718 ± 0.181 1.56 ± 0.144
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ata are presented as mean cell number ± standard deviation. Sample size for each
* indicates aresponse statistically different from the 0 mg/kg group (p < 0.05) as d

eogenic dusts from the NDRA [17]. Clearly, we needed a particle
ontrol for this study. Yet, with a complex dust sample that con-
ains various minerals and metals, there was not a “one size fits
ll” for this study. The authors’ realize that some published data
uggest that titanium dioxide is immunomodulatory. In our case,
iO2 did not affect adaptive or innate immunity following oropha-
yngeal aspiration via the same protocol applied to CBN 3. Based
n our observations, TiO2 served as an effective particle control
or evaluating systemic measures of immunotoxicity [17]. We  had
ypothesized that the metals on our dust samples were systemi-
ally available and could contribute to other effects besides those
pecific to the lung. Our data at this time, appear to support this.
ence, the bioavailability of absorbed metals from the geogenic
BN 3 dust mixture were likely to account for the observed toxico-

ogical effects.
A strength as well as a limitation of this study is that we report

umulative responses to a characterized, metal dust mixture; yet
e cannot tease out the metal(s) that might be the worst offenders

r potentiate or cancel each other’s effects. Zn, for example, was
igher in whole blood of dosed animals relative to control animals
nd it was higher in concentration in the dust samples relative to
ome of the other metals. Several published studies of the effects
f zinc (via dietary supplementation) on adaptive immunity sug-
est that Zn enhances humoral immune responses [29,19,2] rather
han suppressing them, as observed in this study. In �g/g, the total

etal load was similar across doses as was the concentration of all
etals except Mn.  Mn spiked in the 1 mg/kg group relative to the

ther groups, but as responses in this group did not deviate from
 dose-response, it is unlikely that this concentration of Mn  alone
nduced measurable effects. Therefore, we postulate that the toxi-
ology profile presented in this study reflects cumulative effects of
his metals mixture.
The NOAEL identified in this study was 0.01 m/kg and the
OAEL was 0.1 mg/kg. The NOAEL and LOAEL were based on dose-
esponsive suppression of the primary T cell-dependent antibody
 was 5–6 animals and are representative of three trial days.
ined from log transformed data.

response (TDAR). This immunomodulation occurred at dust con-
centrations where no overt toxicity was indicated by a change in
body weight from control animals, which is often an indicator of
overt or systemic toxicity. The LOAEL of 0.1 mg/kg was associated
with a 66.7% reduction in IgM antibody production relative to the
responses measured in the 0 mg/kg group, with a dose-responsive
suppression observed in the remaining groups. Subsets of T cells
from both the spleen and thymus were reduced relative to the
0 mg/kg group across all dust concentrations but the 1 mg/kg group,
suggesting that effects of the dust on the TDAR are directed against
T cells rather than against B cell numbers. Processes involved in
antigen production and clonal expansion at the level of the B cell
also are possible targets, but the 20–30% reduction in several T cell
subpopulations implicate T cells as likely targets of this geogenic
dust.

The NOAEL and LOAEL for other sites at the NDRA were also
established using the outcomes from TDAR. That is, CBN 1 dust sam-
ple represented the sand dunes, the most popular site at the NDRA.
The LOAEL was established as 0.01 mg/kg based on both TDAR and
a kidney effect [17]. CBN 2 sample consisted of geogenic dust gen-
erated from the Muddy Creek Formation, a northern site within
the NDRA, dust derived from the white claystone and yellow sand-
stone facies found throughout the northern portion of the NDRA.
Exposure to CBN 2 resulted in a NOAEL of 0.01 mg/kg and a LOAEL
of 0.1 mg/kg established by TDAR and natural killer cell activity
[7]. In each of these three exposure scenarios, TDAR was key to
establishing the NOAEL and LOAEL.

Additionally, the ability of NK cells to effectively lyse target cells
was impaired in the 0.01–10 mg/kg dose groups. However, a NOAEL
or a LOAEL could not be established for this endpoint as NK cells in
the 100 mg/kg group exhibited high variability. We  realize that the
standard deviation is very high for the 100 mg/kg and would call

these data into question. We  acknowledge that only one replicate is
presented as we did not have the opportunity to repeat this exper-
iment. However, we  are assured by the fact that (1) the negative
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Fig. 6. Histological markers in the brains of adult female B6C3F1 mice following oropharyngeal aspiration exposure to CBN 3 geogenic dust samples. Data are presented as
mean  ± standard error of mean. Sample size for each group was 5–6 animals. The (*) indicates a response statistically different from the 0 mg/kg group (p< 0.05). (A) CD3+ T
c
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ells;  (B) myelin basic protein (MBP).

ontrol is within historical ranges, (2) The negative control and the
.01- 10 mg/kg treatment groups have acceptable standard devia-
ion ranges. Taken together, we chose to present these data despite
he variability observed in the 100 mg/kg group.
Serum albumin was elevated relative to the 0 mg/kg group after
xposure to 10 and 100 mg/kg. Albumin is produced in the liver
nd can serve as a general marker of liver health. Typically, reduc-
ions in serum albumin can be indicative of liver disease; however,
elevations are more challenging to interpret as it is not generally
considered a marker specific to disease. Based on our observations
and body weight data, animals in these dose groups showed no
signs of overt toxicity. However, this change may have reflected

mild dehydration, a common cause of increases in serum albu-
min. The increased whole blood levels of Zn in animals exposed to
0.01–10 mg/kg could reflect mild dehydration [32]. This is consis-
tent with the observed increase in serum albumin. No liver enzymes
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ere affected (data not shown) nor was there any cause to con-
ider a measurement error as all of the other clinical chemistry or
ematology results were in normal ranges.

Inhalation of fine particulate matter containing heavy metals
as been linked to diminished intellectual capacity in children,
icroglial activation, neurotoxicity, and triggering of the produc-

ion of free radicals associated with oxidative stress [16,24,28,38].
xidative stress associated with many heavy metals can damage
ells and liberate proteins inducing an autoimmune response mea-
urable as serum autoantibodies [11]. For example, El-Fawal and
’Callaghan reported increases in IgM and IgG antibodies against
eural and glial proteins in rats exposed to only one dose of
rimethyltin that were detectable up to three weeks post-exposure
10]. Premised on these studies and several other reports linking

etals to neurotoxicity, we included some of these endpoints in
his study.

Even though we did not observe changes in IgM or IgG antibody
roduction against MBP, NF-68, or GFAP, relative to antibody pro-
uction in the 0 mg/kg group we observed unexpected changes in T
ell brain infiltration. Not well understood were the reduced num-
ers of CD3+ T cells infiltrating the brain in the dosed groups relative
o the 0 mg/kg group. Generally, neuronal cell injury or death can
ead to an influx of T cells into the central nervous system (CNS),
lthough T cells can be present in low levels in the CNS proper in
n uninjured brain [27]. The lack of a notable influx of T cells into
he CNS is suggestive of either a) lack of neuronal injury associated
ith exposure to dust from CBN 3, or b) a very localized and/or

mall area of injury that we were unable to detect as we did not
valuate every region of the brain.

. Conclusions

Exposure to natural dust representing CBN 3 from the
DRA, administered via the lung in mice in concentrations of
.1–100 mg/kg, reduced primary antigen-specific antibody produc-
ion. This suppression of antibody production was accompanied by

 reduction in the number of T cells in the spleen and the thymus
nd in the ability of natural killer (NK) cells to lyse target cells. The
OAEL and NOAEL established in this study were based on measures
f adaptive immunity that are supported by a measure of innate
mmunity. These endpoints are measures of immune function that

hen observed in experimental animal models, are suggestive of
mmunotoxicological risk in similarly exposed persons. Therefore,
xposure to geogenic dust in CBN 3 may  present a human health risk
hen considering an exposure scenario similar to that presented

n our study.
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