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Pulmonary exposure to multiwalled carbon nanotubes (MWCNTs)
causes indirect systemic inflammation through unknown path-
ways. MWCNTs translocate only minimally from the lungs into the
systemic circulation, suggesting that extrapulmonary toxicity may
be caused indirectly by lung-derived factors entering the circula-
tion. To assess a role for MWCNT-induced circulating factors in
driving neuroinflammatory outcomes, mice were acutely exposed
to MWCNTs (10 or 40 μg/mouse) via oropharyngeal aspiration. At
4 h after MWCNT exposure, broad disruption of the blood-brain
barrier (BBB) was observed across the capillary bed with the small
molecule fluorescein, concomitant with reactive astrocytosis. How-
ever, pronounced BBB permeation was noted, with frank albumin
leakage around larger vessels (>10 μm), overlain by a dose-depen-
dent astroglial scar-like formation and recruitment of phagocytic
microglia. As affirmed by elevated inflammatory marker transcrip-
tion, MWCNT-induced BBB disruption and neuroinflammation
were abrogated by pretreatment with the rho kinase inhibitor
fasudil. Serum from MWCNT-exposed mice induced expression of
adhesion molecules in primary murine cerebrovascular endothelial
cells and, in a wound-healing in vitro assay, impaired cell motility
and cytokinesis. Serum thrombospondin-1 level was significantly
increased after MWCNT exposure, and mice lacking the endogenous
receptor CD36 were protected from the neuroinflammatory and
BBB permeability effects of MWCNTs. In conclusion, acute pulmo-
nary exposure to MWCNTs causes neuroinflammatory responses
that are dependent on the disruption of BBB integrity.
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Environmental and occupational exposures to respirable toxi-
cants are associated with neurodevelopmental and neurode-

generative outcomes (1–3). An influence of inhaled environmental
stressors on the integrity of the blood-brain barrier (BBB) has
been identified (4). BBB deficits are common to various pathol-
ogies and linked to phenotypic changes in microglial and astrocyte
populations, which may detract from normal neurosupportive
function essential to learning, memory, and neuroplasticity (5–
7). The mechanism by which inhaled particulates may adversely
impact the neurovascular unit and ultimately lead to neuro-
inflammatory outcomes remains unclear.
A subgroup of respirable particulate matter (PM), engineered

nanoparticles, includes multiwalled carbon nanotubes (MWCNTs),
which are being increasingly used in industry owing to their range
of unique properties (8, 9). Inhalation of MWCNTs induces lung
inflammation, as indicated by infiltration of inflammatory cells
from the periphery, increased lung permeability, and fibrosis (10,
11). Despite their very limited ability to translocate beyond the
lung (12), MWCNTs have been shown to induce extrapulmonary
toxicity through as-yet unknown pathways (13–15). Pulmonary
interactions with inhaled pollutants, including MWCNTs, can

generate secondary bioactive factors that spill over into the sys-
temic circulation and are distributed throughout the body (15–
17). One consequence of these circulating factors is activation of
the endothelium, characterized by the expression of adhesion
molecules and recruitment/activation of circulating inflammatory
cells (18). The nature and outcome of these effects are dependent
on the vascular bed in which the inflammation occurs and can
include systemic or cerebrovascular vessels.
Cerebrovascular inflammation increases permeability of the

BBB (19), a specialized structure composed of astrocytes, peri-
cytes, and endothelial cells (20). Under normal conditions, the
BBB prevents passage of undesired molecules from the blood-
stream into the central nervous system; however, under inflam-
matory conditions, the tight junctions between the endothelial
cells can become destabilized, resulting in a leaky BBB and
allowing peripheral inflammatory molecules to invade and acti-
vate neuroglial cells, specifically microglia (21) and astrocytes.
Oppenheim et al. (22) found that inhalation of vehicle emissions
increased BBB permeability, and also increased levels of in-
ducible nitric oxide synthase and IL-1β in the parenchyma.
Neuroinflammation has been demonstrated in rodent models ex-
posed to PM or gaseous pollutants (23, 24); however, a mecha-
nistic link between neuroinflammation and BBB permeability has
not been established, and potential intermediate drivers of such
effects remain unclear.

Significance

Inhaled particulates, such as multiwalled carbon nanotubes, can
induce neuroinflammatory outcomes. The present study shows
that acute neuroinflammation is dependent on the impairment of
blood-brain barrier function. Pharmacologic restoration of blood-
brain barrier integrity prevented the neuroinflammatory re-
sponses to pulmonary multiwalled carbon nanotube exposure.
Circulating factors, including possibly thrombospondin-1, recapit-
ulate inflammatory responses in cultured cerebrovascular endo-
thelial cells, suggesting a mechanism for indirect systemic effects
of inhaled nanoparticles.
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We hypothesized that neuroinflammation arises after MWCNT
exposure, owing at least in part to increased BBB permeability
caused by circulating thrombospondin-1 (TSP-1). In this study, we
demonstrate that MWCNT exposure induces the generation of
circulating bioactive factors, leading to activation of the cere-
brovasculature and inflammatory cells, as well as increased BBB
permeability.

Results
Pulmonary Delivery of MWCNTs Drives Lung and Systemic
Transcriptional Responses. Representative transmission and scan-
ning electron microscopy images of the MWCNTs demonstrate
the relative size and adequacy of dispersion (Fig. S1A). More
thorough descriptions of the formulation and delivery method-
ologies for this material have been published previously (25).
Following pulmonary exposure to 10 and 40 μg of MWCNTs,
multiple markers of inflammation were significantly increased in
the lungs, including systemic proinflammatory markers in-
terleukin 6 (Il6) and C-C motif chemokine ligand 2 (Ccl2), as
well as C-X-C motif chemokine ligand 2 (Cxcl2) (Fig. S1B).
These effects persisted at 24 h in a primarily dose-dependent
manner. In addition, MWCNT aspiration significantly induced
liver enzyme gene expression, indicative of an acute inflamma-
tory phase response that is systemic in nature (Fig. S1C). All
responses were dose-dependent, with the 40 μg dose eliciting a
particularly strong response. For remaining studies, we used the
lower dose (10 μg) and focused on the 4 h time point to examine
the earliest events at the lowest dose.

Evidence of Broad Cerebrovascular BBB Disruption and Glial
Reactivity Following MWCNT Exposure. To test BBB integrity, we
injected mice systemically with sodium fluorescein at 3 h after
MWCNT exposure (i.e., 1 h before euthanasia). In cryosections
of frontal cortex from control mice, fluorescein was not readily
evident (Fig. 1A); however, in MWCNT-exposed mice, fluores-
cein was clearly present in close association with platelet endo-
thelial cell adhesion molecule (PECAM)-stained cerebral
capillaries, indicative of initial penetration through the cerebral
wall (Fig. 1B). Immunohistochemistry analysis of the cerebellum
and hippocampus in mice at 4 h after MWCNT exposure also
revealed elevated glial fibrillary acidic protein (GFAP) staining
density, indicative of reactive astrocytes, compared with disper-
sion medium (DM)-exposed control mice (Fig. 1 C–H).

Dose-Dependent MWCNT-Induced BBB Disruption and Neuroinflammation
Around Larger Cerebrovasculature. To further assess the extent of
MWCNT-induced BBB permeation, mouse brains were stained
for extravascular albumin. Using the large molecule albumin to
stain for a more pronounced compromise of the BBB, our study
of the neurovascular unit became focused on larger-diameter
vessels (>10-μm diameter), such as penetrating arterioles, that
feed the microvasculature. In DM control mice, albumin-positive
staining was not readily evident, with limited amounts found in
close association with zonula occludens 1 (ZO1)-stained vessels,
consistent with residual albumin following perfusion (Fig. 2A).
Vessels in DM control brains exhibited the expected GFAP
staining of astrocytic endfeet close to the vascular wall and typ-
ical IBA1 staining of a sentinel microglial cell toward one side;
however, at 4 h after mice were exposed to MWCNTs at either
dose, robust extravascular albumin staining was observed selec-
tively accumulated around larger (>10-μm diameter) cere-
brovasculature (Fig. 2A). Furthermore, vessels exhibiting this
extravascular albumin halo were also enveloped by a dense ac-
cumulation of GFAP-stained astrocytes and ionized calcium-
binding adapter molecule 1 (IBA1)-stained microglia, both with
morphology indicative of activation following MWCNT expo-
sure. Assessed over a population of similar-sized vessels (mean,
22.7 ± 4.9-μm diameter), the extent of glial ensheathment was

dose-dependent, with the boundaries of reactive astrocytes and
microglial extending 35.2% and 76.4% further, respectively, into
the neuropil from the vessel wall in mice given 40 μg rather than
10 μg of MWCNTs (Fig. 2B). Glial activation was not noted
broadly throughout the brain (Fig. S2), highlighting a selective
response at the neurovascular unit.

Evidence for Differential Glial Functions in Reactivity to MWCNT-
Induced BBB Disruption. The observation of astrocytic and micro-
glial reactivity in close proximity to leaking vessels raised ques-
tions as to the respective functions of these cells. Optical
sectioning revealed the accumulation of reactive astrocytes in a
tight glial scar-like network distinct from the intermittent array
of processes surrounding DM control vessels (GFAP staining;
Fig. 2C). Furthermore, reactive astrocytic processes were seen to
completely envelop capillary branches extending out from the
larger vessels, which was not evident across similar-sized vessels
in DM control mice. Both the scar-like accumulation around
larger vessels and the reactive processes extending along ad-
joining capillaries were closely associated with morphologically
restricted albumin staining in tight proximity with the vascula-
ture. In comparison, the MWCNT-induced dense recruitment of
activated microglia appeared to be broadly arrayed around larger
vessels, with no specific morphological association to the endo-
thelial wall or capillary branches (IBA1 staining; Fig. 2C).
However, arrayed microglial processes were significantly corre-
lated with the extravascular albumin halo found to surround the
larger vessels of mice exposed to 10 μg (rp = 0.6; rs = 0.62; P <
0.0001) or 40 μg (rp = 0.58; rs = 0.63; P < 0.0001) MWCNTs,
which was otherwise absent in DM control animals. Two-
dimensional histograms showing albumin and glial markers
emphasize the strong correlation (r ≥0.6) of IBA1 staining se-
lectively with the albumin halo (Fig. 2D), as opposed to GFAP
staining, in which the majority of higher-intensity pixels were
correlated with low-intensity albumin staining. However, a
greater correlation between higher-intensity GFAP-stained pix-
els and higher-intensity albumin staining is seen in the 40 μg
MWCNT dose (rp = 0.32, rs = 0.44; P < 0.0001) relative to the
10 μg MWCNT dose (rp = 0.18, rs = 0.29; P < 0.0001), indicative
of the greater amount of albumin confined in close proximity to
the vasculature by reactive glial processes. These data support
the conclusion of a predominant colocalization between micro-
glia and leaked albumin, consistent with the phagocytic func-
tionality of these cells under neuroinflammatory conditions.

Dependence of MWCNT-Induced Neuroinflammation on BBB Disruption.
To mechanistically delineate whether neuroinflammation was the
result of BBB disruption, mice were administered vehicle or the
rho kinase inhibitor fasudil, which has been shown to improve
BBB function by relaxing cytoskeletal interactions in endothelial
cells, thereby improving outcomes in stroke-related models (26,
27). Mice received fasudil either 2 h after MWCNT aspiration but
before injection of the BBB tracer sodium fluorescein or just be-
fore MWCNT aspiration and again 2 h later (Fig. 3A). The former
permutation was designed to test whether fluorescein uptake
in the brain was inhibited after exposure and exposure-induced
neuroinflammation had occurred. The latter permutation was
implemented to prevent BBB disruption prophylactically and
throughout the exposure to test whether neuroinflammatory
changes still occurred in the absence of BBB disruption.
As was demonstrated microscopically (Fig. 1 A and B), fluo-

rescein uptake in brain homogenates was significantly enhanced
at 4 h after pulmonary exposure to MWCNTs (Fig. 3B). In-
creased Il6 and Ccl5 mRNA expression was induced by
MWCNTs in cortical regions (Fig. 3C). Treatment with fasudil at
2 h postexposure completely blocked fluorescein uptake in the
brain, but had no effect on neuroinflammatory outcomes (Fig. 3
B and C); however, prophylactically administered fasudil was
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Fig. 1. MWCNT (10 μg) aspiration acutely reduces BBB integrity and induces GFAP expression on astrocytes. (A and B) Fluorescein staining (green) is not
apparent in control-treated mouse brains (A), but is clearly adjacent to vascular structures (red; PECAM) in MWCNT-treated mice (B). (C–H) Enhanced GFAP
staining (red) in the cerebellum (C–E) and hippocampus (F–H) of control and MWCNT-treated mice, indicative of astrocyte activation. *P <0.05, Student’s
t test.
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Fig. 2. MWCNT-induced BBB disruption promotes astrocytic and microglial reactivity selectively around larger cerebrovasculature. (A) Distinct extravascular
accumulation of serum albumin (green) is observed following 10 μg and 40 μg MWCNT exposures relative to control-treated mouse brains in larger cerebral
vessels (>10-μm diameter) stained for ZO1 (magenta). These vessels are further enveloped by a dense accumulation of astrocytes (GFAP-stained) and microglia
(IBA1-stained) that are reactive to MWCNT exposure, distinct from basal glial associations with vessels in DM control mouse brains. (Magnification: 200×.)
(Scale bar: 20 μm.) (B) Boxplot depicting the diameter distribution in the assessed vessels. Bar graphs show the boundary thickness for accumulated extra-
vascular reactive glia extending out from the vessel wall (ZO1) in a dose-dependent manner. *P < 0.05 compared with DM control; #P < 0.05 compared with
10 μg MWCNT dose. (C) Optical sectioning (0.5-μm thickness) revealing a predominant colocalization of microglial (IBA1) staining encircling and engulfing
leaked serum albumin, but astrocytes (GFAP) costaining with serum albumin only when in tight association with the vessel wall, indicative of the functional
difference for the two glial responses. (Magnification: 400×.) (Scale bar: 5 μm.) (D) A 2D heatmap of results from colocalization analysis (Costes method),
showing the correlation between albumin and either GFAP or IBA1 histogram pixel data. The upper right quadrant includes pixels demonstrating significant
positive correlation between channels, the diagonal calculated linear regression line.
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able to completely abrogate both fluorescein uptake (Fig. 3B)
and neuroinflammatory outcomes (Fig. 3D), demonstrating that
these neuroinflammatory responses depend on the loss of BBB
integrity and penetration of circulating factors.

Bioactivity of MWCNT-Induced, Serum-Borne Factors: Endothelial
Inflammatory Responses. We used cultured mouse cerebrovascu-
lar endothelial cells (mCECs) as biosensors of cumulative in-
flammatory mediators in serum from MWCNT-exposed mice, an
approach that has proven valuable in toxicologic and clinical
applications (16, 28). Microarray analysis was performed on
mRNA isolated from primary mCECs following incubation with
serum collected from MWCNT- or DM-exposed mice (at 4 h
postexposure) at 10% in medium for 4 h (Fig. 4A). Microarray
results revealed up-regulated genes associated with inflamma-
tion, immune response, and chemoattraction/recruitment of
leukocytes (Figs. 4 B and C and Fig. S3). Importantly, the ma-
jority of up-regulated genes behaved in a dose-dependent man-
ner, with more prominent effects seen in the 40 μg dose group
(Table S1). Microarray findings were confirmed in subsequent
assays, in which application of 10% serum from MWCNT-
treated mice on primary mCECs for 4 h resulted in a 50%
increase in relative mRNA expression of Vcam1 and approxi-
mately threefold increases in relative mRNA expression of Ccl2
and Ccl5 proinflammatory cytokines in the 40 μg dose group at
the 4 h timepoint (Fig. 4D).
Similarly, treatment of primary mCECs with serum fromMWCNT-

treated mice elicited a small but significant up-regulation of both
vascular cell adhesion molecule 1 (VCAM-1) and intercellular

adhesion molecule 1 (ICAM-1) protein on the cell surface, as
assessed by flow cytometry (Fig. 4E). Serum obtained at 24 h
postexposure exhibited lower inflammatory potency. These data,
in conjunction with the gene expression findings, suggest that se-
rum-induced increased mRNA expression translates into increased
cell surface expression of protein, culminating in activation of the
endothelium.

Bioactivity of MWCNT-Induced, Serum-Borne Factors: Endothelial Cell
Regrowth and Motility.Whereas up-regulated genes (Fig. 4B, red)
in serum-treated cells trended in a dose-dependent manner,
down-regulated genes (Fig. 4B, blue) exhibited a biphasic re-
sponse, in which effects were most potent at the 10 μg dose.
Down-regulated genes aligned with categories of cell proliferation,
mitosis, and cytokinesis (Fig. 4B and Fig. S3); thus, wound healing
deficits were confirmed functionally by a “scratch” assay. Serum
from control and MWCNT-treated mice was applied to confluent
primary mCECs that had been “scratched” with a sterile pipette
tip and allowed to grow back over 6 h. At the 6 h mark, the control
serum-treated cells had achieved a mean distance of cell regrowth
of 100 μm, compared with ∼60 μm of growth for the 40 μg dose
group and only ∼50 μm of growth for the 10 μg dose group (Fig. 4
F and G). These results are congruent with the biphasic changes
seen in the microarray results.

TSP-1 and CD36: Plausible Ligand–Receptor Interaction. The fore-
going findings further suggest that endothelial cells interact with
blood-borne factors generated by pulmonary MWCNT exposure.
We have previously shown a role for the endothelial cell surface

Fig. 3. MWCNT-induced neuroinflammatory responses are dependent on BBB disruption. (A) General study design, incorporating a single (1×) fasudil
treatment after MWCNT to reduce brain fluorescein uptake and a preventative (2×) fasudil treatment to prevent MWCNT-induced BBB disruption throughout
the 4-h time course. (B) Fluorescein uptake in brains at 4 h following MWCNT aspiration with vehicle, 1× fasudil, or 2× fasudil treatment. * P < 0.05 compared
with control, ANOVA. (C) Inflammatory markers Il6 and Ccl5 mRNA in the cortex at 4 h after DM or MWCNT aspiration. *A significant effect of MWCNT
compared with control in two-way ANOVA (P < 0.05) with no influence of the single post-MWCNT fasudil treatment. (D) Preventative (2×) fasudil admin-
istration abrogated inflammatory marker mRNA expression (Il6, Ccl5) in the cortex.
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Fig. 4. Inflammatory responses of cerebrovascular endothelial cells treated with serum from MWCNT-exposed mice. (A) General depiction of inflammatory
potential assay and wound healing protocols, with serum from exposed mice incubated on primary murine cerebrovascular endothelial cells. (B) Microarray
results indicating numerous significantly altered transcripts (n = 84) from endothelial cells incubated with serum from MWCNT-exposed mice, compared with
cells incubated with serum from control mice (at 4 h after aspiration). (C) Elevated transcripts (in red) were ontologically related to inflammatory and/or
cellular defense response, whereas down-regulated transcripts (blue) were related to proliferation and migration pathways, listed in the table. (D) Confir-
mation of key inflammatory mRNA responses by PCR showing that endothelial Vcam1, Ccl2, and Ccl5 mRNA were significantly up-regulated by serum from
MWCNT-treated mice. (E) Endothelial cell surface Icam-1 and Vcam-1 protein expression was elevated by serum from mice exposed to the 40 μg dose of
MWCNTs at 4 h compared with controls. *P < 0.05 compared with DM control serum. (F) Live cell images of wound recovery in mCECs treated with serum from
control and 40 μg MWCNT-treated mice, showing the initial edge of endothelial cells (yellow dashed line) and the edge after 6 h (orange dashed line).
(G) Mean cell regrowth following wounding in primary cerebrovascular endothelial cells incubated with serum from DM- and MWCNT-exposed mice. *P <
0.05; **P < 0.01; ***P < 0.001 compared with DM control serum effects, two-way repeated-measures ANOVA.

6 of 9 | www.pnas.org/cgi/doi/10.1073/pnas.1616070114 Aragon et al.

www.pnas.org/cgi/doi/10.1073/pnas.1616070114


www.manaraa.com

protein cluster of differentiation 36 (CD36) as a mediator of
vasodilatory impairment following pulmonary exposure to ozone
(17). CD36 is a class II scavenger receptor involved in a wide
range of processes, including fatty acid metabolism (29), heart
disease, and atherosclerosis (30). The endogenous ligand for
CD36, TSP-1 (31), was significantly elevated in serum at 4 h after
aspiration of 10 μg of MWCNTs in WT mice (Fig. 5 A and B);
however, the MWCNT activation of GFAP observed in WT mice
was not observed in CD36−/− mice (Fig. 5C). Furthermore,
CD36−/− mice exposed to MWCNTs showed no increases in
cortical fluorescein uptake (Fig. 5D) or proinflammatory gene
expression in the cortex (Fig. 5E) or hippocampus (Fig. 5F)
compared with DM control mice, consistent with a role for scav-
enger receptor interaction with circulating ligands.

Discussion
Neurologic consequences of inhaled PM and gases have been
reported in epidemiologic and toxicologic studies, but consider-
able uncertainty exists regarding the pathway by which toxic ef-
fects transfer from the lung to the brain (3, 32–34). The present
study establishes that a circulating signal arises after pulmonary
exposure to MWCNTs that leads to a BBB-dependent neuro-
inflammatory response. Serum from MWCNT-exposed mice up-
regulated adhesion molecules and proinflammatory cytokines in
primary cerebrovascular endothelial cells at both the gene and
protein level. Serum from exposed mice also adversely affected
the ability of endothelial cells to migrate and recover in a wound-
healing assay. TSP-1 was identified as a plausible serum-borne
mediator of these effects, via interactions with CD36. Collec-
tively, these outcomes implicate a modified serum composition
stemming from pulmonary interactions with MWCNTs as a
source of diminished BBB integrity and neural effects.
Inhalation of PM has been associated with BBB integrity

deficits and neuroinflammation (23, 35), but this mechanistic
study shows an interactive link between the two outcomes. Rats

exposed to diesel emissions for 6 mo demonstrated significant
increases in cortical TNFα, α-synuclein, and amyloid-β42 peptide
expression (36). Oppenheim et al. (37) identified significant in-
creases in brain fluorescein uptake resulting from long-term
exposure (50 d) to a mixture of gasoline and diesel emissions in
ApoE−/− mice. These findings were associated with increased
cerebrovascular gelatinase levels and reduced occludin and clau-
din-5 expression and, in parallel, increased inducible nitric oxide
synthase expression in the brain parenchyma. MWCNT aspiration
induced a similar pattern of fluorescein uptake into the brain,
whereas rho-kinase inhibition blocked this effect and, when ad-
ministered prophylactically, also prevented neuroinflammatory
responses. Fasudil likely does not alter the pathways leading to
occluding and claudin-5 down-regulation, but rather relaxes in-
tracellular endothelial cytosketetal components to shift the force
balance from intercellular to intracellular, thereby reducing in-
tercellular gap formation (38).
Our present findings suggest a focused but likely transient

reduction in BBB integrity following a single exposure to
MWCNTs. Broadly speaking, cerebral capillaries appear to be
limited to small-molecule BBB permeation, as demonstrated by
fluorescein uptake; however, the larger-diameter vessels and im-
mediate branches that feed the microvasculature sustain greater
BBB disruption, as evidenced by dose-dependent albumin protein
leakage. Larger arterioles may be more susceptible owing to their
higher perfusion pressure, leaving the adjacent neuropils highly
vulnerable to MWCNT-induced neuroinflammation. Capillary-
and arteriole-associated BBB permeations, along with molecular
evidence, were observed across functionally disparate cortical,
hippocampal, thalamic, and cerebellar regions, indicating a global
rather than a domain-specific cerebrovascular response. However,
regional susceptibility remains, likely owing to activity-dependent
variations in cerebrovascular density (39), with functional impli-
cations to be addressed in follow-up studies. Reactive astrocytes
effectively confined capillary leakage in close proximity to the

Fig. 5. Serum TSP-1 levels are increased by MWCNT treatment, and CD36 mice are largely protected from the BBB disruption and neuroinflammatory effects
of pulmonary MWCNT exposure. (A) TSP-1 protein levels in serum from control (left three lanes) and MWCNT-treated mice (right three lanes) normalized to
Coomassie blue loading controls. (B) Quantification of TSP-1 protein levels from all study subjects. n = 5–6. *P < 0.05, Student’s t test. (C) GFAP staining in WT
and CD36−/− mice treated with MWCNTs. Cortex (Left) and hippocampus (Right) were imaged as described for Fig. 1. WT mice displayed similar findings as
shown previously, whereas CD36−/− mice showed no impact of MWCNT exposure on GFAP staining intensity. *P < 0.05, two-way ANOVA with Fisher’s least
significant difference post hoc comparison test. (D) Fluorescein uptake in the brain of CD36−/− mice at 4 h after treatment with vehicle (DM) or MWCNTs.
(E and F) Neuroinflammatory mRNA markers in the cortex (E) and hippocampus (F) of control and MWCNT-treated CD36−/− mice.
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vessel; however, the emergence of an astroglial scar-like formation
around larger vessels, likely to limit prolonged leakage around
larger vessels, appeared to be transiently ineffective in confining
the initial BBB leakage. Permeation of the BBB beyond an
astrocytically confined limit also promoted dose-dependent
microglial activation and recruitment around larger vessels. Cor-
related with the halo of leaked serum components, phagocytic
microglia provided the means to clean up after acute BBB per-
meation (40). Future studies are needed to assess the duration of
microglial activation in and around larger vessels and to in-
vestigate whether chronic MWCNT exposure may promote a
worsened proinflammatory phenotype (41).
Disruption of BBB integrity has been documented in major

cerebrovascular events or neurologic diseases, and BBB perme-
ability can be tied to neuroinflammation. Mouse models of
Alzheimer’s disease have found that BBB permeability precedes
the formation of the β-amyloid plaques that are the hallmark of
the disease (42). Following MWCNT exposure, BBB disruption
led to neuroinflammation, which was effectively blocked with the
prophylactic application of the rho-kinase inhibitor fasudil. Rho-
kinase inhibition has been shown to reduce neuropathology in
scenarios in which BBB is otherwise dysfunctional. Fasudil
treatment in a mouse ischemia model was found to prevent BBB
permeability, as well as the formation of oxidative stress (27).
Rho-kinase inhibition with fasudil also has been shown to ac-
celerate functional recovery in spinal cord injury models (43, 44).
Autoimmune demyelinating disorders, such as multiple sclerosis,
have been treated with rho-kinase inhibitors with great success; it
is thought that rho-kinase inhibition in these disorders prevents
leukocyte migration into the central nervous system (45). Fasudil
inhibited fluorescein uptake into the brain regardless of the time
of injection, but did not inhibit neuroinflammation when given
after MWCNT administration, which indicates a potential for
circulating factors arising from the lung to trigger a loss of BBB
integrity. Moreover, the improvement in BBB integrity with no
impact on neuroinflammatory responses seen when fasudil was
administered after MWCNTs indicates that the principal target
of fasudil is the vascular endothelium.
We have previously demonstrated that serum derived from

ozone-exposed mice diminishes vasodilatory responses through
the class B scavenger receptor CD36 (17); thus, we tested whether
CD36 and its endogenous ligand, TSP-1, may have a role in the
BBB alterations caused by MWCNTs. CD36 is expressed in the
rodent cerebrovasculature (46) and, interestingly, appears to be
present in larger cerebral vessel endothelium (where substantial
serum albumin leakage is seen) and in pericytes in humans (47),
but may be less relevant in the microvasculature, although still
expressed at low levels (48). Vascular CD36 mediates free radical
production and brain injury in cerebral ischemia (46) and also has
been shown to activate the rho/rho-kinase pathway (49). In the
present study, serum TSP-1 level was elevated by MWCNT aspi-
ration, and the absence of CD36 prevented both the increased
BBB permeability and neuroinflammation induced by MWCNT
exposure. Importantly, previous studies with related pollutants
have noted the involvement of related scavenger receptors (in-
cluding CD36, Toll-like receptor 4, and lectin-like receptor for
oxidized low-density lipoprotein 1) and ligands (including oxidized
lipids and lipoproteins) (17, 50). Thus, TSP-1 is likely an important
facet of a more complex response to inhaled agents, and further
studies are needed to identify the origin of TSP-1 and the timing

of the response, to mechanistically confirm the interaction with
CD36 and/or CD47 on endothelial cells, and to ascertain whether
TSP-1 specifically crosses into the brain.
Alternate pathways for the neural effects of inhaled PM, such

as direct delivery of inhaled particulates to the brain or other
target organs, have been hypothesized, but quantitative evidence
demonstrating substantive transference of CNTs across the BBB
are limited (12) and, more crucially, no evidence of a direct bi-
ological effect has been mechanistically established. Specifically,
MWCNTs accumulate in the brain at only small fractions of the
original pulmonary dosage (0.00022% of the lung burden fol-
lowing a 12-d exposure), and specific confirmation that the
material has penetrated beyond the capillary wall is often lacking
in distribution studies; that is, much of the residual mass of
MWCNTs may simply reside in the cerebrovascular compart-
ment and not in brain tissue (12). Even when specifically engi-
neering nanoparticles to access the brain, researchers find it
exceedingly difficult to overcome the BBB (51, 52). An impor-
tant factor in the interpretation of our present findings is the
short time course (4 h), which is likely too short for significant
translocation of MWCNTs beyond the lung; however, longer-
term outcomes may arise as a result of either continued pul-
monary interactions or direct access and accumulation in
the brain.
A broader impact of pulmonary inflammation on neurologic

outcomes is implied by our findings, which may explain more
generally the comorbid associations between lung disease and
cognition deficits and neurodegenerative diseases (53, 54). A loss
of BBB integrity caused by circulating factors of pulmonary origin
may be central to the neurologic outcomes of pulmonary in-
flammation, remodeling, or toxicity owing to inhaled toxicants.
Given the suggestive adjuvant role for inhaled PM in driving
neurodevelopmental and neurodegenerative diseases (1, 2), fac-
tors such as TSP-1 may explain in part how indirect pulmonary
responses can exacerbate neurologic diseases. A more thorough
characterization of circulatory molecular changes after MWCNT
exposure is warranted, given the vast number of potential alter-
ations to endogenous components.

Materials and Methods
The study design, assays, and statistical analysis are described in detail in SI
Materials and Methods. All procedures involving vertebrate animals were
approved by the Animal Care and Use Committees of the University of New
Mexico and the National Institute of Occupational Safety and Health.
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