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Abstract
Background  The role of neutrophils in mediating neurovascular vulnerability has been increasingly implicated 
in various acute inflammatory models of neuroimmune crosstalk between the periphery and the brain. This study 
aimed at understanding the early phases of crosstalk following repetitive inflammation to the lung and ensuing 
neuropathology. Such a model of frequent inflammatory injury to the lung is pertinent to understanding the focal 
neurologic risk of constant exposure to aerosolized environmental hazards leading to progressive pulmonary disease.

Methods  To model repeated pulmonary inflammation, we applied a three-dose regimen of intranasal (i.n.) 
lipopolysaccharide (LPS) in C57BL/6J mice and studied the impact on the inflammatory environment of the brain, 
with a specific focus on neutrophil dynamics at the neurovascular unit (NVU). Tissue and circulatory inflammatory 
profiles were screened via bronchoalveolar lavage (BAL) protein content and cellularity, transcript analysis of brain 
tissue, and flow cytometry of peripheral blood. Intravital two-photon microscopy (2PM) of the brain vasculature 
identified neutrophil dynamics at the NVU. Immunofluorescence validated neutrophil dynamics and identified 
neuroinflammatory hallmarks and peripheral immune factor interactions at the NVU. In vivo findings were 
corroborated and replicated in murine and human microphysiological systems (MPS) modeling the blood-brain 
barrier as a proxy demonstration of the translational relevance of our findings.

Results  2PM of tdTomato-Ly6G+ neutrophils demonstrated increased levels of circulating neutrophils and 
corresponding engagement with cortical brain vasculature after the three-dose repeated i.n. exposure regimen. 
Neutrophilia at the NVU was corroborated with increased transcript levels of Ly6G and other pro-inflammatory 
markers. This coordination between endothelial pathophysiology and neutrophil phenotypes was recapitulated 
in separate murine and human MPS models. Systemic neutrophilia in the lung and circulation was found to be 
cotemporaneous to neutrophilia at the NVU based on the cellularity of BAL and peripheral blood samples collected 
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Introduction
Respiration, an involuntary human function, is essential 
for our survival, yet al.so forces our bodies to be con-
stantly exposed to potential health hazards [1]. These 
hazards range from the increasing number of respiratory 
pathogens to the also increasing release of aerosolized 
toxicants as industrial byproducts [2]. Risk of exposure to 
these environmental hazards is also drastically increased 
in densely populated, urbanized areas where individuals 
are continually exposed to a complex milieu of respira-
tory pathogens and aerosolized toxicants [3]. The expan-
sive surface area of the alveolar epithelium (25-fold 
greater than the skin) and direct access to the circula-
tory system is a unique vulnerability encountered by the 

respiratory system [3–6]. Thus, under constant exposure 
to environmental toxicants, the respiratory system is an 
important site peripheral injury that could lead to sys-
temic immune activation that affects other end organs, 
such as the brain [7].

While clinical presentations of respiratory symptoms 
for pulmonary damage, such as in acute lung injury 
(ALI), are typically apparent and treated in an urgent 
fashion, the increased risk for subsequent complications 
to other organs, including the brain, remains understud-
ied. A growing body of research in neuroimmunology has 
demonstrated considerable coregulatory mechanisms 
that link inflammation between the brain and peripheral 
organs [8]. Unfortunately, changes in neurologic function 

at the same endpoints. Immunohistochemical analysis of brain tissue implicates temporal coordination between 
vascular surface adhesion molecules with changes in neutrophil dynamics from adhesion, crawling, stalling, and 
transmigration. Extravasation of neutrophils was accompanied by sustained paravascular deposition of fibrinogen 
and microgliosis up to 72 h after the final i.n. dosing. Microglia-associated effector functions for synaptic pruning 
and regulation of neutrophil activity demonstrated distinct temporal profiles in the hippocampus independent from 
transduction along the primary olfactory cortex.

Conclusions  Our results identify systemic levels of neutrophilia accompanied by ingress and extravascular 
accumulation in brain parenchyma that correlated with sustained microglial activation. Pathology to the brain 
parenchyma is further complemented by the observation of paravascular fibrinogen deposition that alters synaptic 
metabolism. Thus, we highlight a key role for neutrophil signaling and ensuing neuroimmune interactions from the 
lung to the brain as a generalizable model of repeated respiratory exposure to inflammatory agents.
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and brain pathology following ALI may not be immedi-
ate and are often overshadowed by respiratory distress. 
As a result, follow-up screening for neurologic outcomes 
is not part of the standard of care [9, 10], and longitudi-
nal studies have reported neurocognitive impairment 
impacting nearly half the study population, with no 
improvement between years 1 and 2 following ALI [11]. 
As these individuals age, their altered neuropathology 
due to ALI-associated neuroinflammation primes them 
for future neurologic complications with worse progno-
sis, including mortality [12]. A complication not captured 
in these studies is the continued immunologic challenge 
to the lungs due to pervasive exposure to environmental 
air pollutants in the dense, urbanized areas that most of 
the population resides in. Recent census data indicates 
that over 80% of the United States, as well as ~ 50% of 
the world, live in such metropolitan areas [13, 14]. Con-
tinual exposure to aerosolized environmental toxicants 
has been demonstrated to prime vulnerable populations, 
such as those recovering from recent pulmonary dam-
age, for neurodegenerative disorders [4, 15–18]. This 
complication thereby raises the following question: “After 
which exposure did immunologic activation of the lung 
couple to immunologic activation of the brain?” This was 
saliently highlighted by the recent COVID-19 pandemic; 
rampant transmission via infectious aerosolized droplets 
was most pervasive in dense, metropolitan communities 
and has led to a post-infectious sequelae affecting neuro-
logic health [19–23]. A 2021 study of 236,379 COVID-19 
patients estimating that a 33–62% incidence of neuro-
psychiatric disease and highlights the clinical urgency to 
better understand early neuroimmune mechanisms that 
link lung injury to brain inflammation. It is possible that 
continued pulmonary inflammation from environmental 
pollutants may affect when, and to what severity, individ-
uals develop neurologic sequelae.

To start addressing some of these questions, we 
have developed an in vivo model of repeated respira-
tory inflammation via multi-hit intranasal (i.n.) deliv-
ery of lipopolysaccharide (LPS) to model cumulative 
induction of ALI-like pathology. Particularly, the treat-
ment paradigm we used here serves to model the early 
stages of sub-chronic exposure that could be relevant 
to exposure risks in metropolitan areas. This approach 
allowed us to study the point of induction of lung-brain 
neuroimmune linkage resulting from repeated inhala-
tion exposure; here, we focused on a neutrophil-centric 
mechanism. Despite being a bacterial endotoxin, LPS has 
been broadly validated as a generalized inflammatory 
agent for various disease models [24, 25], including respi-
ratory models of ALI and rhinitis [26–29]; its canonical 
recognition by toll-like receptor 4 (TLR4) overlaps with 
many inflammatory signaling cascades encompassing 
both infectious and sterile injury [30–32]. Unsurprisingly, 

LPS is commonly found as a component of biological 
organic matter in the complex composition of aerosol-
ized particulate matter that are environmental toxicants 
to the respiratory system [33–36].

Here we applied a three-dose sub-chronic LPS regimen 
to interrogate the role of systemic neutrophil activation 
in establishing a neuroimmune link between the lung and 
brain along a vascular route. Following the induction of 
pulmonary damage in a mouse model, we demonstrated 
a substantial impact on brain pathology, including neu-
rovascular damage, microgliosis, and synaptic loss that 
could not be attributed to inflammatory transduction 
through the primary olfactory. Using microphysiological 
systems (MPS) featuring both murine and human cells, 
we evaluated the implications of our findings to human 
disease. Our results further highlight significant vulner-
ability of the brain to peripheral factors and suggest a 
neutrophil-centric mechanism during early phases of 
lung-brain neuroimmune crosstalk.

Results
Establishing minimally repeated sub-chronic paradigm 
for i.n. LPS induction of ALI-like pathology with coincident 
neuroinflammation
While chronic induction of severe lung damage has been 
extensively modeled in the literature [26, 37, 38], studies 
focusing on the initiation of the immune crosstalk (i.e., 
minimally sub-chronic exposure) along the lung-brain 
axis are limited. Thus, we first determined the mini-
mal number of repeated exposures to subacute doses of 
i.n. LPS required to induce an ALI-like phenotype with 
concurrent inflammatory activation in the brain (Fig. 
1A). C57BL/6J mice (12-week-old) were administered 
bilateral i.n. LPS (40 µL, 0.25 µg/µL) every 24 h, with 
mice randomly assigned to euthanasia and sample col-
lection endpoints after 1, 2, and 3 doses of i.n. LPS (Fig. 
1B). Complementary saline instillation controls were 
conducted, and all cohorts of mice were euthanized 24 
h after the final dose of their assigned regimen for sam-
ple collection of either bronchoalveolar lavage (BAL) or 
whole brain tissue.

The BAL was first screened for total cellularity and 
protein composition to evaluate the level of respira-
tory inflammatory following each i.n. LPS challenge 
(Fig. 1C). Although all dosing regimens resulted in signif-
icant increases in total cellularity compared to matched 
saline controls (1 i.n. = 10-fold, 2 i.n. = 15-fold, 3 i.n. = 
30-fold), only three exposures resulted in a significant 
increase in total protein content. The lack of significant 
changes in the proteinaceous content of the BAL after 
one and two doses of i.n. LPS suggests that the alveolar 
epithelium remains structurally intact and does not sat-
isfy the criteria for induction of an ALI-like phenotype. 
Correspondingly, we evaluated the inflammatory profile 
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of the brain by screening for changes in the transcript 
levels of a select panel of neuroinflammatory markers 
relevant to studies of chronic induction of ALI (Fig. 1D). 
Like the profile of BAL, only the three-dose regimen 

clearly demonstrated an inflammatory profile in the 
brain; we observed clear upregulation of transcripts for 
lymphocyte antigen 6 complex 6GD (Ly6g), myeloper-
oxidase (Mpo), interleukin 1β (Il1β), and tumor necrosis 

Fig. 1  Multi-hit i.n. LPS drives robust pulmonary damage and sustains brain inflammation: A Repeat exposure paradigm for ALI-like pathology with ensu-
ing systemic inflammatory profiles linking the lung to the brain. B Experimental design for three-dose regimen of bilaterial i.n. administration paradigm of 
either saline vehicle or LPS. BAL. Whole tissue sample collection occurred at 24 h after the final dose of assigned regimen. C57BL/6J male mice (12-weeks-
old) were administered daily doses of 40 µL i.n. LPS (0.25 µg/µL in sterile saline) once (LPS 1 i.n.; 10 µg total), twice (LPS 2 i.n.; 20 µg total) or three times 
(LPS 3 i.n; 30 µg total) with saline-matched controls. C Number of cells detected in BAL fluid was significantly increased following LPS 3 i.n. regimen, with 
robust increases in BAL total protein content. D Relative transcript abundance analyzed by qPCR of total RNA isolated from whole brain tissue homog-
enates. E Immunophenotyping via Diff-Quik stain to identify the specific composition of cell types that make up the BAL based on estimated raw totals 
and fractional composition of all cells counted. Data represented as mean ± SEM and analyzed with either one-way (total protein content) or two-way 
ANOVA of simple row effects (BAL cellularity and qPCR) and post-hoc correction with Holm-Sidak to determine statistically significant differences repre-
sented by asterisks for adjusted p-values that were found to be less than: 0.05(*), 0.01(**), 0.001(***), 0.0001(****)
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factor α (Tnfα). Of particular interest were the increases 
in Ly6g and Mpo in the brain given their primary associa-
tion with neutrophil activation, an immune cell recruited 
during early phases of inflammatory activation. The lack 
of significant changes in the levels of Mcp1 (monocyte 
chemotactic protein 1), typically released by activated 
microglia and tissue-resident macrophage, further con-
firms that the 3-dose regimen results in a linked lung-
brain inflammatory profile. As such, we determined 3 
doses of i.n. LPS was the minimum number of repeated 
exposures to mimic a sub-chronic model for studying the 
early phases of lung-brain neuroimmune linkage follow-
ing pulmonary damage.

Cotemporaneous pulmonary, vascular, and cerebral 
neutrophilia in early-stage induction of pulmonary 
damage from repeat exposure model
We then phenotyped the specific cellular profile of the 
BAL in the LPS 3 i.n. paradigm to assess the inflamma-
tory stage of the lung that is cotemporaneous with early 
stages of neuroinflammation (Fig. 1E). Using a modified 
Wright-Giemsa stain (Diff-Quik), we identified neutro-
phils as the dominant constituent of the BAL (~ 80% of 
all cells), and the primary cell type involved in driving 
the increased cellularity based on estimated raw counts 
(~ 200-fold increase). Both lymphocytes and macro-
phages exhibited marginal, but not statistically signifi-
cant, increases in estimated raw counts (~ 12-fold to ~ 
7-fold, respectively), indicative of a neutrophil-dominant, 
early-phase inflammatory activation profile. The com-
bined observation of neutrophil-dominant recruitment 
and a damaged, leaky lung epithelium (increased protein 
content in the BAL) after three exposures to i.n. LPS is 
consistent with ALI-like pulmonary pathology that we 
did not observe from acute exposure to LPS administered 
either intranasally or intraperitoneally (Supplemental 
Figure S1) [39, 40]. Indeed, the synchronous neutro-
philia at both the lung and the brain suggest a neutro-
phil-dependent mechanism regulating the severity of 
neuroinflammation following lung-related injury.

Analysis of neutrophil content in the peripheral blood 
was next performed to screen for systemic neutrophilia in 
circulation and implicate lung-brain inflammatory cross-
talk along a vascular route (Fig. 2A); this would explain 
the cotemporaneous observations of neutrophilia at both 
endpoints of the neuroimmune axis. Peripheral blood 
samples from both males and females were collected 24 
h after the 3rd i.n. dose and analyzed via flow cytometry 
in LPS-treated and saline-matched controls (Fig. 2B). We 
observed that Ly6G+ cells were significantly increased 
in LPS-treated mice of both sexes. This not only con-
firmed our hypothesis of a vascular route for neutrophil-
dependent lung-brain neuroimmune coupling, but also 

implicates this as a sex-independent regulatory mecha-
nism [41, 42].

To better study the role of neutrophils, we translated 
our multi-hit i.n. LPS paradigm to Catchup reporter 
mice that express the fluorescent tdTomato in one copy 
of their Ly6g loci to endogenously tag neutrophils [43]. 
This allowed us to use intravital two-photon (2P) micros-
copy through somatosensory cortical windows for real-
time visualization of neutrophil content and activity in 
the brain vasculature, which was outlined via intravenous 
(i.v.) injection of 2,000 kDa FITC-dextran (Fig. 2C). We 
generated metrics on the frequency of Ly6G+ events in 
the 2P image sequences using TrackMate in ImageJ [44], 
and measured an 8-fold enhancement in tdTomato+ neu-
trophil (red) content compared to that of saline-matched 
controls (Fig. 2D). This increase in neutrophil numbers 
was accompanied by a 50% higher frequency of multi-
frame trajectories that represent neutrophils stalling and 
interacting with the endothelium. To account for differ-
ences in neutrophil number due to the density of vessels 
in the selected fields-of-view, we normalized the data 
against the volume of FITC-dextran measured, as a proxy 
for vessel volume, and found more pronounced increases 
(18-fold and 4-fold, respectively) in the count per µm3 of 
vessel (Supplemental Figures S2A & S2B).

We also immunohistochemically quantified neutrophil 
content (Ly6G+ DAPI+ objects, Fig.  3B) in the stratum 
lacunosum moleculare (SLM), the outermost layer of the 
hippocampal CA1 region, of post-mortem brain sections 
collected at 6, 24, and 72 h after the 3rd i.n. dose of LPS 
and saline-matched controls (Fig. 3C). These results not 
only corroborate the observed neutrophilia from the cor-
tical window 2P image sequences that peaks within the 
first 24 h after the 3rd dose, but also identify a persistence 
of increased neutrophil content across different brain 
areas for at least 72  h. This quantification of elevated 
neutrophil content in intracerebral vasculature further 
supports the idea that systemic neutrophilia temporally 
links similar neutrophil populations present in both the 
lung and brain during early stages of repeated pulmonary 
inflammation.

Sub-chronic i.n. LPS induces neutrophil ingress and 
neurovascular reactivity after three doses
Further analyses from the 2P data allowed us to inquire 
about the biophysical behavior of neutrophils, includ-
ing whether changes in frequency of different types of 
neutrophil engagement with the endothelium could 
be indicative of distinct neutrophil activation states in 
response to the multi-hit i.n. LPS paradigm [45, 46]. In 
a subset of image sequences (Fig. 2C, Supplemental Vid-
eos 1–4), we manually annotated the following states of 
neutrophil engagement at the endothelium – stagnated 
stalling, constant rolling, pause-and-go crawling, and 
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transmigration through junctions. Clustering analysis 
was performed on the trajectory outputs from the neu-
trophils identified using TrackMate and were able to 
assign the neutrophils into the four categories of dynamic 
interactions at the endothelium that we visually anno-
tated (Fig. 2C and F, Supplemental Figure S3). From the 
binned results, a majority (75%) of the identified neutro-
phil trajectories explored a more confined region. This 
likely reflects dynamic interactions between neutrophils 
and the endothelial surface that leads to activation of 
various pro-inflammatory effector states and even com-
plete extravasation of neutrophils into the parenchyma 
[45, 46].

Next we immunohistochemically stained for neutro-
phil-endothelial interactions to validate the clustered 
TrackMate results that indicated 40% of stalled neutro-
phils were undergoing transmigration by the 24-hr end-
point (Fig. 3A). The brain vasculature was labeled for 
CD31 (i.e., platelet endothelial cell adhesion molecule 
1, PECAM-1) and allowed for further interrogation of 
spatial distribution of neutrophils at various terminal 

endpoints (Fig. 3D). From the IHC data, we categorized 
neutrophil-endothelial interactions into three states: (i) 
tdTomato-Ly6G+ DAPI+ neutrophil objects in CD31 
+ vessels, (ii) transmigrating tdTomato-Ly6G+ DAPI+ 
neutrophil objects touching, but not in, CD31 + vessels, 
or (iii) extravascular tdTomato-Ly6G+ DAPI+ neutro-
phil objects not associated with CD31 + vessels (Fig. 3E). 
This analysis demonstrated that while total neutrophil 
counts peaked earlier (6 h) after the 3rd i.n. LPS insult, 
the observation of neutrophil counts at later time points 
(24 h and 72 h) after the 3rd i.n. dose can be attributed 
due to infiltrating neutrophils into the brain tissue itself, 
reflecting their increased half-life [47]. Convincing evi-
dence for this was reflected by the measured accumula-
tion of extravascular neutrophil objects from 6 h to 72 h 
post 3rd i.n. LPS dose. The accumulation of neutrophils 
that we measured is in line with the known half-life of 
neutrophils, which can increase upon infiltration [47].

We also assessed the presence of other indicators 
of neutrophil transmigratory behavior to explain the 
increased ingress into the hippocampal parenchyma (Fig. 

Fig. 2  Lung injury induced by three-dose sub-chronic exposure paradigm drives systemic neutrophilia that reaches cerebral endothelium. A Schematic 
representation of systemic neutrophilia and fibrinogen in pulmonary circulation that reaches neurovascular units and subsequent transmigration or leak-
age in injured phenotypes. B Flow cytometry analysis of neutrophil content in peripheral blood of male and female C57BL/6J mice 24 h after the third i.n. 
dose of LPS compared to saline control. C Still frames taken from a representative 2P time-course of C57BL/6J mice treated with the 3x i.n. LPS sub-chronic 
lung injury paradigm. Different sets of panels represent distinct functional features of neutrophil engagement with brain vasculature. D Representative 
images of neutrophil engagement to brain endothelium obtained via 2P microscopy that were used to quantify the increase in overall neutrophil content 
as well as (E) the fraction of total neutrophils contacting the vessels. Arrows represent neutrophil engagement to the vascular endothelium. Scale bar 
= 30 μm. F Binning of trajectory profiles of stalled neutrophils identified via cluster analysis of TrackMate output from LPS-treated mice (n = 6). Analysis for 
(B) was performed as a two-way ANOVA full-effect model with Holm-Sidak post-hoc correction. Analyses for (D, E) were performed as unpaired t-tests 
with plotted values presented as mean ± SEM (saline n = 3; LPS n = 5). Asterisks reflect significant comparisons where the adjusted p-value was found to 
be less than: 0.05(*), 0.01(**), 0.001(***), 0.0001(****)
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3D, Supplemental Figures S4-S7). Specifically, we focused 
on previous reports of neutrophil accumulation ablumi-
nal to the BBB associated with (i) increased nuclear lobe 
segmentation [48], (ii) available CD31 (i.e. PECAM-1) 
adhesion sites [49], and (iii) VCAM-1 adhesion spots 
[49]. As a proxy for the number of nuclei associated 
with each neutrophil, a semi-quantitative parameter for 
nuclear lobe segmentation was calculated based on the 
number of DAPI+ objects touching Ly6G+ objects (Sup-
plemental Figure S8). In Fig. 3F, we plotted frequency 
plots of total lobes per neutrophil aggregated from all 
replicates in a treatment group to capture the changes 
in the distribution of number of nuclear lobes at 6, 24, 
and 72 h after the 3rd i.n. LPS dose. The replicate aver-
aged lobe numbers are shown in the adjacent box plot 
and used to evaluate a statistically significant increase 

in nuclear segmentation (i.e. “hypersegmentation”) that 
aligns with our other observations of increased trans-
migratory activity at the 24-hr endpoint. We also found 
concomitant increases in CD31 expression that remained 
elevated throughout the 72-hr period, but decreased in 
spatial distribution (Fig. 3G); this may reflect the for-
mation of junctional “hot spots” in the BBB over time 
to localize inflammation and leukocyte recruitment [49, 
50]. In contrast, VCAM-1 expression in CD31 + vessels 
reached a peak at 6 h after the 3rd i.n. LPS exposure then 
declined to near baseline levels by the 72-hr endpoint. 
This may also reflect the concentration of inflammation 
to junctional “hot spots” [51]. Additionally, this decrease 
in surface VCAM-1 was not compensated by, nor depen-
dent on, changes in GLUT-1 signaling (Supplemental 
Figure S9). The complementary results of neutrophil 

Fig. 3  Enhanced engagement of neutrophils at neurovascular unit with inflamed vascular endothelium. A Still-frame image from 2P time-course dem-
onstrating evidence of neutrophil extravasation out of brain vasculature into cortical parenchyma with digital magnification insert. Green (2000 kDa 
FITC-Dextran), Red (tdTomato-Ly6G). B Representative immunofluorescence of Ly6G+ cells in hippocampus of Ly6G-Catchup mice; red (tdTomato-Ly6G), 
blue (DAPI). Scale bar = 8 μm. C Ly6G+ cells/field of view (FOV) were quantified in the SLM of the hippocampus were quantified as mean ± SEM. D Rep-
resentative immunohistochemical staining for tdTomato-Ly6G (blue), CD31 (green), and VCAM-1 (magenta) in Ly6G-Catchup mice. Scale bar = 20 μm. 
E Analysis of neutrophil localization from staining in (D) as to whether Ly6G+ DAPI+ neutrophil objects were in vessel, transmigrating, or extravascular 
based on co-incidence with CD31 + vessel objects. F Determination of nuclei segmentation in neutrophils at different time points post 3rd i.n. dose of 
LPS represented as a histogram frequency distribution binned at integer number of nuclei per neutrophil, with summarized distribution. G, H Analysis 
of inflammation of brain vasculature indicated by distribution and expression levels of CD31 (G) as well as VCAM-1 in CD31 + vessel objects (H). Analyses 
for (C, F, G, H) were performed using one-way ANOVA with Holm-Sidak post-hoc correction. Analysis for (E) was performed as a two-way ANOVA full 
effects model with Holm-Sidak post-hoc correction. All plots have all points plotted with either the mean ± SEM for bar plots and min-to-max for box-
and-whisker plots (sham n = 3; LPS-treated groups n = 4). Asterisks reflect significant comparisons where the adjusted p-value was found to be less than: 
0.05(*), 0.01(**), 0.001(***), 0.0001(****)
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trajectories, from 2P imaging, and neutrophil-endothelial 
interactions, via IHC, demonstrate widespread engage-
ment with and sporadic migration through vasculature in 
the somatosensory cortex.

Neutrophil-induced endothelial dysfunction in murine and 
human microphysiological systems
To determine the translational relevance of our neutro-
phil-centric mechanism for brain inflammation via endo-
thelial disruption, we constructed MPS models for both 
the murine and human BBB [52].

In the murine MPS model (Fig.  4A), bEnd.3 mono-
layers were cultured on optically transparent silicon 
membranes (µSiMs) and exposed to neutrophils iso-
lated from the peripheral blood of C57BL/6J mice 24  h 
after our three-dose repeated i.n. exposure paradigm 
with either vehicle (saline control) or LPS as outlined in 
Fig. 1B. Neutrophils from saline or i.n. LPS groups reflect 
a vehicle baseline and stimulated inflammatory profile, 
respectively. These were applied to monolayer cultures 
of cerebral endothelial cells (bEnd.3) on a microphysio-
logic chip in the absence or presence of a mixture of pro-
inflammatory cytokines (“CytoMix”) that are elevated 
in circulation after lung injury. The montage in Fig.  4B 
depicts typical immunocytochemical results for expres-
sion of CD31 (i.e., PECAM-1), VCAM-1 and citrullinated 
histone H3 (H3-Cit), a pivotal mediator of pro-inflamma-
tory nuclear release of chromatin from neutrophils (the 
primary constituent of neutrophil extracellular traps, 
NETs). We assessed the individual roles of the circulating 
inflammatory profile and neutrophil presence at the BBB 
in driving inflammatory activation, a predictor of BBB 
damage, in Fig. 4C. In bEnd.3 models, basal expression of 
VCAM-1 is low, thus induction of increased expression 
of VCAM-1 is a standard proxy for inflammatory activa-
tion of the endothelial monolayer. VCAM-1 induction 
was quantified as the net increase of VCAM-1 expres-
sion in VCAM-1 + objects as volume-normalized inten-
sity. This demonstrated that inflammatory activation of 
the endothelium was agnostic towards the response pro-
file of the neutrophils (i.e., isolated from saline-treated 
vs. LPS-treated mice) without preliminary exposure to 
an inflammatory milieu, i.e., CytoMix. Furthermore, we 
investigated whether sex-based differences in neutrophil 
populations influenced our results from repeated i.n. 
exposure to saline or LPS. Similar to our in vivo experi-
ments, the sex of the neutrophil donors did not affect the 
agnostic behavior of the endothelium to the activation 
profile of the neutrophils (Fig. 4D) without prior activa-
tion of the endothelial barrier.

After establishing that murine MPS could recapitu-
late endothelial activation in vivo, we then delineated 
neutrophil functionality at the barrier because of their 
pre-existing inflammatory profile. Neutrophil func-
tion was assessed as a measure of barrier engagement 
via Ly6B.2 + objects as well as identification of H3-cit+ 
objects (Fig. 4E). Given that the VCAM-1 induction pro-
files demonstrated that the neutrophil functional pro-
file does not alter barrier inflammation without prior 

Fig. 4  Recapitulation of neutrophil regulation of BBB health in repeat ex-
posure inducted ALI-like paradigm in murine MPS. A Schematic diagram 
for isolation of saline vehicle or ALI neutrophil populations from mice 
given the same 3x i.n. paradigm from Figure 1B and introduced to a MPS 
for the murine BBB using cultured bEnd.3 monolayers stimulated with or 
without CytoMix. B Representative montage for detection of neutrophils 
and inflammatory activation of bEn3. Monolayers: White (PECAM-1), Or-
ange (VCAM-1), Green (Ly6B.2), Magenta (H3-cit). Scale bar = 20 μm. C & 
D Inflammatory activation of bEnd.3 monolayers assessed by changes in 
VCAM-1 expression assessed by volume normalized intensity for VCAM-1+ 
objects. C Quantitation of independent roles of CytoMix and inflammatory 
profile of neutrophils – from saline or LPS paradigm mice. D Quantitation 
of whether sex-based differences exist from routine i.n. stimulation with 
or without LPS on CytoMix inflamed monolayers. E Representative mon-
tage for sex-based differences of neutrophil source in engaging with Cy-
toMix stimulated murine MPS: White (PECAM-1), Green (Ly6B.2), Magenta 
(H3-cit). Scale bar = 20 μm. F Quantitation of differential engagement of 
neutrophils due to sex as well as i.n. treatment paradigm. G Quantitation 
of pro-inflammatory neutrophil phenotype via degranulation and NETosis 
from H3-cit+ objects. All plots show values for independent replicates (n 
= 3). Statistically significant differences were determined by Holm-Sidak 
post-hoc corrections after either one-way ANOVA (panel D) or two-way 
ANOVA fit with a full-effects model (panels C, F, G). These are represented 
by asterisks for adjusted p-values that were found to be less than: 0.05(*), 
0.01(**), 0.001(***), 0.0001(****)
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stimulation, the neutrophil function studies were per-
formed in MPS with only bEnd.3 monolayers pre-treated 
with CytoMix. In this paradigm, engagement with endo-
thelial barriers was similar in both female and male 
mice (Fig.  4F), with neutrophils isolated from ALI mice 
exhibiting increased engagement with the endothelium. 
Additionally, the density of H3-Cit+ objects, a proxy for 
NETosis density (Fig. 4G), exhibited a similar trend.

The human MPS models involved primary human 
neutrophils and hiPSC-derived endothelial cells (EECM-
BMEC) grown on the same µSiMs (Fig.  5A). Like the 
murine experiments, we mimicked a pro-inflamma-
tory cytokine milieu using species matched CytoMix 
and reproducibly demonstrated differential neutrophil 
engagement with brain endothelial monolayers depen-
dent on inflammatory induction (Fig.  5B). We also 
found a significant shift in the frequency of neutrophil 
transmigration across the µSiMs in activated EECM-
BMEC monolayers; this shifted from solely exploring the 
luminal surface (~ 100%, vehicle-treated) to predomi-
nantly transmigrating to the abluminal surface (~ 60%, 

CytoMix-treated) (Fig.  5C). In aggregate, the alignment 
of MPS data between the two species provides evidence 
for primed neutrophils in the vasculature as a mecha-
nism for lung-brain neuroimmune linkage relevant to 
human disease.

Paravascular fibrinogen accumulation and synaptic 
targeting accompany systemic neutrophilia during early 
lung-brain inflammatory coupling
We then returned to our mouse model to evaluate neu-
trophil-mediated changes more intensively at the NVU 
during early stages of lung-brain neuroimmune linkage. 
Pertinently, the co-regulatory feedback between neutro-
phil activity at the endothelium with changes in fibrino-
gen metabolism is well documented [46, 53–58]. In 
concert, these two inflammatory mediators are known to 
drive initial BBB breakdown, with paravascular fibrino-
gen eventually binding synapses with complement factors 
to act as biomolecular “eat me” signals to astrocytes and 
microglia (Fig. 6A).

Fig. 5  Translating neutrophil activity in repeat exposure ALI-paradigm to human-like model using MPS derived from hiPSCs. A Schematic overview of 
the human MPS constructed with EECM-BMECs derived from hiPSCs and exposed to neutrophils from human donors. Freshly isolated neutrophils were 
deposited into µSiM devices with EECM-BMECs cultured for 6 days prior to 20 h of Cytomix and before exposure to neutrophil treatment. B Analysis of 
neutrophil engagement at the EECM-BMEC monolayer in response to inflammatory activation assessed at 30 min by manual counting and C resultant 
transmigration across the barrier also assessed at 0 min and 30 min by manual counting. Statistical comparisons were made with a two-way ANOVA with 
Tukey’s multiple comparison correction and unpaired t-test respectively. Statistical significance is represented by asterisks for adjusted p-values that were 
found to be less than: 0.05(*), 0.01(**), 0.001(***), 0.0001(****)
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Upon staining for fibrinogen at the hippocampus 
(HPC), we found demonstrable increases in deposition, 
assessed as the total volume of immunoreactive objects, 
around the vasculature that is persistent throughout the 
72-hr observation window after the third i.n. LPS expo-
sure. This increase of fibrinogen+ objects was comple-
mented by a similarly sustained decrease in spatial 
overlap with CD31 expression (Fig. 6B). This resembles 
paravascular deposition in the parenchyma, which is 
typically correlated with targeting of synapses with 
complement factors as biomolecular “eat me” signals for 
microglia and astrocytes to engulf and eliminate (Fig. 6A), 
and leads to deleterious alterations in cognitive function 

[55, 59]. Investigation of synaptic structures labeled by 
post-synaptic density 95 (PSD95) and scaffolding protein 
Homer-1 in the HPC (Fig. 6C and Supplemental Figure 
S10) identified consistent downregulation in the num-
ber of detected puncta for both markers compared to 
saline vehicle. Examination of the average expression of 
Homer-1 per puncta, by normalizing the intensity of each 
punctum to its volume, demonstrated no significant dif-
ferences, and represents an “all-or-nothing” loss of post-
synaptic features. Linking this to fibrinogen deposition 
and synaptic elimination [59], we measured significant 
colocalization of fibrinogen immunoreactive objects with 
Homer-1 immunoreactive punctae suggesting that the 
increase in paravascular fibrinogen is associated with loss 
of postsynaptic elements (Fig. 6D and Supplemental Fig-
ure S11).

Persistent neutrophil ingress correlates with dampening of 
microglial activation profiles
The decline in synaptic densities coinciding with 
increased paravascular deposition of fibrinogen implies 
the activation of glial cells, a typical feature of neuroin-
flammatory activation [46, 55, 56, 60]. Interestingly, when 
evaluated for IBA1 and CD68 immunoreactivity as prox-
ies for inflammation and phagocytic activity in microglia 
(Fig. 7A), we found a temporal profile that demonstrated 
peak microglial activation between 6 and 24 h after the 
third i.n. LPS dose, followed by a notable decline in both 
IBA1 + and CD68 + objects at the 72-hour endpoint 
(Fig. 7B). This temporal profile was captured at both an 
ensemble aggregate level, as well as population-level 
distribution of individually segmented IBA1 + microg-
lia cells (Supplemental Figure S12). The timing of this 
decline in microgliosis and phagocytic activity, however, 
may explain the sharp loss of synaptic content within 
6 h after the third i.n. LPS, that then stagnates through 
the 72-hr endpoint (Fig. 6C). Given the similar levels of 
fibrinogen-targeted Homer-1 densities (Fig. 6D), a con-
tinued decline in synaptic densities was expected through 
the 24-hr timepoint; this suggests a potential activity-
based diminution of phagocytic potential in affected 
microglia.

This decline in microglial activation could simply 
arise from transition to an inflammatory resolving state, 
such as efferocytosis of apoptotic cells and their associ-
ated debris (i.e., neutrophils), after a peak inflammatory 
stage [61–64]. This may exhaust phagocytic surveillance 
of microglia away from fibrinogen-targeted synapses. 
However, the decline in CD68 immunoreactivity does 
not align with the phagocytic clearing of debris in effe-
rocytosis (Fig. 7B). Furthermore, the kinetics of neutro-
philia up to 72 h after the third i.n. LPS exposure suggests 
continued ingress through the BBB (Fig. 3) that upon 
interaction with microglia could either drive sustained 

Fig. 6  Systemic pro-inflammatory neutrophil profile for cumulative in-
duction of ALI paradigm accompanied by fibrinogen-mediated damage 
to NVU. A Graphical representation of systemic neutrophilia and fibrino-
genemia leading to leakage across NVU and damage to brain resident 
cells. B-D 12-week-old C57BL/6J mice received intranasal LPS described in 
Fig. 1, followed by sacrifice 6, 24, and 72 hr after the last dose of LPS or sa-
line. Brains were removed and processed for IF. B Montage of CD31 (green) 
and fibrinogen (magenta) expression in field-of-view, scale bar = 16 μm. 
Total and paravascular fibrinogen levels as a function of time after 3rd i.n. 
LPS exposure C Montage of pre-synaptic Homer-1 (cyan) and post-syn-
aptic PSD-95 (green) objects, scale bar = 5 μm. Changes in total synaptic 
architecture measured at 6 hrs, 24 hrs, and 72 hrs after final i.n. exposure. 
D Analysis of direct interaction between fibrinogen (magenta) and syn-
apses via Homer-1 (cyan), scale bar = 5 μm. All quantifications have all data 
points plotted (saline n=3; LPS-treated groups n=4) and were performed 
as one-way ANOVA with Holm-Sidak post-hoc analysis to determine statis-
tically significant differences represented by asterisks for adjusted p-values 
that were found to be less than: 0.05(*), 0.01(**), 0.001(***), 0.0001(****)
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pro-inflammatory activation in the parenchyma [65, 66] 
or drive immunosuppression of certain microglial activa-
tion states relevant to cognitive impairment [67, 68]. In 
both scenarios, however, neutrophil engagement with 
microglia has been shown to downregulate phagocytic 
function. Thus, we next screened for whether the per-
sistent accumulation of neutrophils in the parenchyma 
resulted in significant levels of neutrophil-microglia 
crosstalk. As shown in Fig. 7A and C, cellular objects that 
contain regions positive for both Ly6G and IBA1 fluores-
cence increases at the + 6 h endpoint and is persistent 
through the + 72 h endpoint after the third i.n. LPS expo-
sure. However, the sustained interaction between the two 
cells over this period did not result in increasing uptake 
of neutrophil content into CD68 + objects in the microg-
lia (Fig. 7D and E); this also does not align with the 

possibility for microglia efferocytosis as an upregulated 
mechanism in our data. Rather, it further implicates a 
downregulation of phagocytic function in the microglia, 
potentially due to crosstalk with neutrophils to explain 
the rapid loss of synapses that plateaus after + 6 h.

Neurovascular vulnerability and microgliosis are not 
observed in anterior modules of the olfactory cortex in 
sub-chronic 3-dose i.n. LPS model
The SLM is a key relay between the entorhinal cortex and 
CA1 of the HPC, where inputs from the entorhinal cor-
tex synapse on CA1 pyramidal cells and regulate mem-
ory encoding and retrieval. Thus, a confounding driver 
for our results is inflammatory propagation through an 
olfactory route. While the large volume (40 µL) of each 
dose was selected to ensure exposure along the entire 
respiratory tract, the i.n. delivery method has been shown 
to induce microgliosis in the olfactory bulb (OB) in stud-
ies of chronic rhinitis [26, 69]. Following innervation 
along the primary olfactory cortex, this could eventually 
lead to inflammatory activation of the entorhinal cortex, 
and thereby the HPC through the CA1 relay. Thus, we 
screened for microgliosis and vascular vulnerability along 
the rostral-caudal axis the murine brain sections to assess 
the viability of this confounding mechanism (Fig. 8).

We first took a global assessment of rostral-caudal 
inflammatory propagation by staining for IBA1 reactivity 
(Fig. 8A) and FITC-dextran leakage from vessels (Fig. 8B 
and Supplemental Figure S13) near the OB and the dor-
sal HPC. In the rostral sections near the OB we did not 
find clear indications of widespread inflammatory acti-
vation. Separately, in the dorsal HPC we measured clear 
microgliosis and vascular leakage from larger vessels, in 
alignment with our neutrophil-centric mechanism. How-
ever, we additionally screened for potential differences 
in inflammatory propagation in the olfactory cortex 
that may arise from activation of either tufted or mitral 
cells in the OB [69–71]. As shown in Fig. 8C, we disag-
gregated our assessment of microgliosis near the OB and 
dorsal HPC into functional subregions that map to differ-
ent transduction pathways. For the most rostral section 
near the OB, we measured IBA1 reactivity in the anterior 
olfactory nucleus (AON), the tenia tecta (TT), the olfac-
tory tubercle (OT), and the anterior piriform cortex (PIR) 
near the OB; the DG, CA1, PIR, and mediodorsal nucleus 
of the thalamus (mdThal) were all measured in the dorsal 
hippocampus. While we reaffirmed activation of the hip-
pocampus, we also observed heightened IBA1 reactivity 
from the PIR near both the OB and dorsal HPC. We also 
observed transient microgliosis in the OT and mdThal 6 
h after the 3rd i.n. LPS dose.

We then tracked the potential for inflammatory 
propagation via mitral cell innervation along the PIR 
that could then lead to microgliosis in both the mdThal 

Fig. 7  Microglial interactions with Neutrophils. 12-week-old Catchup 
mice received either a three-dose regimen of either i.n LPS or saline, fol-
lowed by terminal sample collection at 6 h, 24 h, and 72 h after the final 
dose of the assigned regimen. Whole brains were harvested and pro-
cessed for IF. A Montage for microglial activation, phagocytosis, and inter-
actions with neutrophils: blue (DAPI), yellow (IBA1), magenta (Ly6G), cyan 
(CD68). B Quantifications for total IBA1 volume and average expression of 
CD68 in IBA1 + cells both normalized to saline control over field-of-view. 
C Analysis of neutrophil-microglia interactions by screening segmented 
objects that are double positive for Ly6G and IBA1, represented as total 
volume of such objects and relative fraction of all Ly6G+ objects. D 3D 
reconstruction of individual microglia from high-magnification (60x) im-
ages using 3D Viewer in ImageJ to show triple-positive objects reflecting 
phagocytosis of neutrophil portions by microglia. E Quantification of the 
fraction of total neutrophil volume that is in microglia as well as the frac-
tion phagocytosed. Values in each plot are presented as mean ± SEM (sa-
line n = 3; LPS-treated groups n = 4). Each data point reflects the average 
of a biological replicate’s hippocampus sampled over two regions in the 
SLM on each hemisphere over two to three different sections of the same 
brain. Analyses were performed as one-way ANOVA with Holm-Sidak 
post-hoc correction to determine statistically significant differences repre-
sented by asterisks for adjusted p-values that were found to be less than: 
0.05(*), 0.01(**), 0.001(***), 0.0001(****)tory neutrophil profile for cumula-
tive induction of ALI paradigm accompanied by fibrinogen-m
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and the dorsal HPC (Fig. 8D and F). Slices at different 
depths along the rostral-caudal axis were assessed for 
microglial activation as shown in Fig. 8D. Tracing the 
anterior to posterior PIR in all five slices found a con-
stant level of elevated IBA1 reactivity throughout the 
rostral-caudal axis at each treatment endpoint com-
pared to saline controls. Both the mdThal (slices 3–5) 
and hippocampus (slice 4–5) demonstrated elevated 
IBA1 reactivity that was most significantly increased 
at the most caudal section (Fig.  8E and F). Consider-
ing the lack of activation of the AON and TT, as well 
as dampening in the OT after the + 6  h endpoint in 

Fig.  8C, we did not find robust evidence to suggest 
inflammatory propagation through the primary olfac-
tory cortex along neither tufted nor mitral cell path-
ways. Rather, the location of the PIR and OT along 
the superficial surface of the cortex and the proxim-
ity of the mdThal and DG to a ventricle suggest that 
a vascular-mediated mechanism best explains the neu-
roinflammatory profile we have observed in the 72-hr 
period following 3 doses of i.n. LPS (Fig. 8G).

Fig. 8  Following a rostral-caudal pathway along the primary olfactory cortex. Brain sections at five different depths along the rostral-caudal axis were 
assessed for microgliosis and vascular leakage after administration of three-dose regimen of either i.n LPS or saline. A Quantification of IBA1 reactivity in 
the anterior olfactory cortex near the OB and the dorsal hippocampus. B Quantification of vascular leakage of high molecular weight FITC-dextran from 
GLUT1 + small and large vessels. C IBA1 reactivity, or expression level (intensity normalized by volume) was quantified in functional subregions linking the 
primary olfactory cortex (left) to the hippocampus (right). D-F Tracing microgliosis at different depths of the rostral caudal axis in the (D) PIR, (E) mdThal, 
and (F) hippocampus. G Diagram that outlines tufted and mitral cell tracks along the primary olfactory cortex (yellow regions) and subsequent connec-
tions to the mdThal (reddish pink) and dorsal HPC (green). Regions not screened are in grey. Regions demonstrating vascular susceptibilities are outlined 
with dashed lines. Analyses were performed as one-way ANOVA (or two-way for panel B) with Holm-Sidak post-hoc correction to determine statistically 
significant differences represented by asterisks for adjusted p-values that were found to be less than: 0.05(*), 0.01(**), 0.001(***), 0.0001(****)
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Discussion
In this study, we applied a three-dose i.n. LPS para-
digm as a minimally sub-chronic exposure model to 
study early neuroimmune coupling that is bilateral and 
seemingly sex-independent (Supplemental Figure S14). 
Using this exposure model, we implicate cotemporane-
ous neutrophilia in the lung, systemic circulation, and 
neurovasculature as key early mediators of lung-brain 
inflammatory coupling. Particularly, the downregulation 
in the phagocytic ability of microglia within + 72 h after 
three i.n. exposures may provide insight into the cor-
relation between increased risk for neurodegenerative 
diseases (such as Alzheimer’s and Parkinson’s Diseases) 
and the frequency of exposure to poor air quality con-
taining aerosolized inflammatory factors [3, 8, 33–35]. 
Such insights may be applicable in understanding the full 
extent of neurological repercussions in individuals from 
populations more vulnerable to developing post-infec-
tious sequelae following COVID-19 [19–23]. It is pos-
sible that continued inflammatory exposure with ensuing 
neutrophil recruitment to the parenchyma may lead to 
terminally immunosuppressed microglia with decreased 
phagocytic potential, thereby leaving the brain vulner-
able to the accumulation of waste factors, such as aggre-
gates of misfolded amyloid-β and α-synuclein, relevant to 
Alzheimer’s Disease and Parkinson’s Disease, respectively 
[64, 66, 67]. Our work identifies a potential neutrophil-
driven mechanism in early stages of activations along the 
lung-brain neuroimmune axis relevant to better under-
standing how chronic respiratory exposure increases risk 
for pathologic brain disorders. Continued insights from 
such studies may help identify therapeutic targets to mit-
igate neuroinflammatory responses and is the subject of 
our ongoing research.

We first evaluated changes in BAL cellularity and pro-
teinaceous content (Fig. 1) to demonstrate that lung bar-
rier breakdown, indicative of severe lung injury, did not 
occur until the third i.n. LPS exposure. Further analy-
sis of the BAL cellular composition identified extensive 
neutrophilia as the predominant driver of increased cel-
lularity. Interestingly, we also measured upregulation of 
pro-inflammatory and neutrophil-associated transcript 
levels in brain tissue collected at the same terminal end-
point. The cotemporaneous presentation of inflammatory 
stress in the lung and brain after 3 doses of i.n. LPS led us 
to define the 3-dose paradigm as the minimal number of 
repeat exposures needed to model early-stages of lung-
brain neuroimmune coupling.

In our transcript analysis of the brain we could not 
identify a significant change in monocyte chemoattrac-
tant protein 1 (MCP-1) despite its prevalence as a general 
chemoattractant for immune cells [72]. Further, BAL cel-
lularity also demonstrated a decrease in the percent com-
position of macrophages and monocytes. This cemented 

our focus on a neutrophil-driven mechanism along a 
vascular route to link lung and brain inflammatory states 
during early stages repeated respiratory exposure. Via 
a combination of flow cytometry, 2P intravital micros-
copy, and IHC of thin brain slices, we reproducibly mea-
sured and validated increased neutrophil content in both 
peripheral circulation and the NVU to confirm a profile 
of systemic neutrophilia (Figs. 2 and 3).

Clustering of TrackMate generated outputs of neutro-
phil trajectories from the collected 2P image sequences 
allowed us to characterize the dynamics of neutro-
philia during this period of early inflammatory linkage 
between the lung and brain [48]. We were able to anno-
tate instances of four distinct canonical neutrophil-
endothelial cell interactions and identified an increased 
bias towards endothelial transmigration. Complemen-
tary IHC analyses for neutrophilia in the brain were per-
formed on the SLM of the hippocampus, selected for 
both its involvement in neurodegenerative disease and 
its functional linkage to the primary olfactory cortex via 
the entorhinal cortex. To quantify the fractional con-
tent of neutrophils that are in vessels, transmigrating, or 
present in extravascular brain parenchyma, we evaluated 
the overlap of Ly6G+ DAPI+ objects with CD31 + ves-
sels and binned them as fully, partially, or not all over-
lapped. This quantified an accumulation of extravascular 
neutrophils over a 72-hr period post 3rd i.n. dose of LPS, 
congruent with documented neutrophil behaviors in the 
brain [47], and highlights the induction of a sustained 
vascular inflammatory profile within our minimally sub-
chronic model. We also determined the degree of nuclear 
segmentation in the neutrophils based on the number of 
segmented DAPI+ objects at least partially overlapped 
with a Ly6G+ cell; this identified a “hypersegmented” 
population at 24 h after the 3rd i.n. dose. Previous stud-
ies have linked “hypersegmenation” in neutrophils with 
increased transmigratory potential [48], and would cor-
roborate the biophysical interactions captured in both 
the annotated 2P image sequences and the IHC analysis 
of Ly6G-CD31 interactions.

In our assessment of neurovascular health, we observed 
a transient elevation in VCAM-1 expression that did 
not align with the temporal profile of sustained CD31 
upregulation and neutrophil engagement. This dimin-
ished VCAM-1 response may be due to negative tran-
scriptional regulation by activating neutrophils or simple 
cleavage into soluble VCAM-1 that exacerbate endothe-
lial damage [73, 74]. We corroborated this in Supplemen-
tal Figure S9 by assessing changes in co-expression of 
VCAM-1 and glucose transporter 1 (GLUT-1) because of 
the known regulatory roles for GLUT-1 in the structural 
integrity of endothelial function [75–77]. We confirmed 
that GLUT-1 expression remained constant across the 
three terminal endpoints compared to saline control 
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(Supplemental Figure S9A). As a result, we suggest a 
GLUT-1-independent mechanisms for changes in bar-
rier permeability – based on the consistency of VCAM-1 
and GLUT-1 co-expression (Supplemental Figure S9B), 
VCAM-1 + CD31+ double immunoreactivity (Fig. 3H), 
and dextran extravasation (Fig. 8B) – that reflects a reac-
tive endothelial cell inflammatory profile. This may also 
contribute to fibrinogen deposition because of dynamic 
flux between competing upregulation and downregu-
lation pathways from neuroinflammation and hypoxia 
from pulmonary damage, respectively [76–78].

Indeed, the response to neutrophilia can involve the 
acute phase protein fibrinogen, typically as a protective 
response to NETosis that occurs with neutrophil cell 
death [56]. Soluble fibrinogen circulates in plasma, but 
can deposit in the brain at paravascular spaces, similar 
to early lesions in multiple sclerosis, where it can attach 
to axonal nodes and co-localize with microglia [55, 60]. 
Paravascular fibrinogen can also serve as sites for neu-
trophil adhesion in Alzheimer’s related models [46]. In 
line with this, we measured a temporal trend in vascu-
lar and paravascular fibrinogen accumulation similar to 
that of neutrophil engagement and ingress (Fig. 6). Nota-
bly, sustained elevated levels of fibrinogen through the 
72-hr post-exposure period can be driven by impairment 
of fibrinolytic mechanisms during high levels of neutro-
phil engagement at the BBB [57, 79]. However, synaptic 
targeting by fibrinogen, with increasing loss of synaptic 
densities did not persist up to the 72-hr endpoint after 
3rd i.n. LPS exposure. Rather, the amount of fibrinogen-
labeled Homer-1 densities peaked between + 6 and + 
24 h, with loss of synaptic contact happening primarily 
within the 6-hr endpoint after 3rd i.n. dose of LPS.

The stunted depletion of synaptic structures despite 
continued paravascular fibrinogen deposition is best 
explained by altered phagocytic activity in glial cells. 
Thus, we first screened for changes in IBA1 and CD68 
expression as proxies for microgliosis and phagocytic 
activity, respectively (Fig. 7). The trends of both markers 
followed that of fibrinogen targeting of Homer-1 synaptic 
densities and peaked between + 6 and + 24 h after the 
third i.n. LPS exposure. These results further highlight a 
divergence from the rapid depletion of synapses at + 6 h 
that plateaus through the + 72 h endpoint. Specifically, 
the temporal trends of fibrinogen targeting of synapses 
and increased phagocytic of activated microglia should 
have resulted in a continued decline in synaptic con-
tent. We then evaluated whether persistent neutrophil 
accumulation in the parenchyma resulted in neutrophil-
microglia interactions that inhibited efferocytotic mecha-
nisms in microglia [65–68]. Using detected objects that 
were Ly6G+ IBA1 + as a proxy for neutrophil-microglia 
interactions, we identified a significant fraction of extrav-
asated neutrophils were in contact with microglia by 

the + 6 h endpoint and sustained throughout the + 72 h 
period after the 3rd i.n. exposure. However, the consis-
tent interaction between the two cell types did not result 
in increased breakdown and phagocytosis of neutrophils 
by the microglia (i.e., Ly6G+ CD68 + IBA1+ objects) and 
further highlights the diminished phagocytic potential in 
microglia.

These results implicate neutrophil-dependent regula-
tion of microglial activation profiles as the likely mecha-
nism for the downregulation of phagocytic activity that 
blunted the removal of fibrinogen-targeted synapses. 
This highlights a dual role for neutrophils to enhance vas-
cular and paravascular deposition of fibrinogen as well as 
dampen efferocytosis in microglia. We posit that a poten-
tial synergism between these two outcomes can be iden-
tified through plasminogen activator inhibitor 1 (PAI-1). 
While its canonical function inhibits the breakdown of 
fibrinogen by fibrinogen, PAI-1 has also been found to 
increase following lung injury [80], enhance neutrophil 
activation [81], and also act as a “don’t eat me” signal on 
the surface of neutrophils [82], as well as other viable 
cells. While an assessment of neutrophil-associate PAI-1 
was not in the scope of our current study, it demonstrates 
a potential mechanism to causally intertwine the effector 
mechanisms of neutrophils on both fibrinogen metabo-
lism and microglia phagocytosis we report in our study.

A confounding mechanism to our proposed neutro-
phil-centric mechanism along a vascular route is the pos-
sibility for inflammatory propagation along an olfactory 
transduction network from the OB through the primary 
olfactory cortex and into the entorhinal cortex, that then 
synapses into the hippocampus in the CA1 [70, 71, 83, 
84]. Our assessments of the OB for IBA1 reactivity and 
high molecular weight FITC-dextran leakage from ves-
sels did not demonstrate prevalent microglial activa-
tion nor vascular vulnerability (Fig. 8). Conversely, both 
metrics for inflammatory activation were significantly 
elevated in the dorsal hippocampus. Evaluation of func-
tional subregions in the primary olfactory cortex did 
identify persistent microgliosis in the anterior piriform 
cortex that could implicate olfactory-mediated activation 
along a mitral cell pathway; this would diverge from pre-
vious evidence for inflammation along a tufted cell route 
in chronic i.n. LPS studies [26, 69]. However, following 
the piriform at different depths along the rostral-caudal 
axis did not indicate a clear directionality of inflamma-
tory propagation, while both the mediodorsal nucleus of 
the thalamus and hippocampus clearly demonstrated a 
trend of microgliosis that migrated caudal to rostral. This, 
complemented by the lack of activation in the other sub-
regions of the anterior olfactory cortex led us to conclude 
that a vascular-mediated mechanism to be the primary 
driver of neuroinflammation in our sub-chronic model.
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Lastly, we reproduced our findings of neutrophilia and 
endothelial dysfunction using MPS with murine and 
human cells to mimic the BBB. These MPS experiments 
were used as preclinical models to demonstrate the trans-
lational relevance of our in vivo model. Using these MPS 
models, we corroborated our findings of increased poten-
tiation of neutrophils for BBB adhesion and transmigra-
tion with hallmarks of neutrophil inflammatory activity. 
The murine MPS, additionally, allowed us to corroborate 
the sex-independence observed in our flow cytometry 
analysis. Given the similarities in results of the murine 
and human MPS models, we posit that our proposed 
neutrophil-centric paradigm for lung-to-brain neuroim-
mune linkage is likely sex-independent in humans as well. 
Further epidemiologic and neuropathologic studies are 
needed to verify this observation of sex-independence.

Methods
Sex as a biological variable
In the in vivo mouse experiments and in vitro murine 
MPS samples, both male and female sexes were 
accounted for as a variable. An initial screen of BAL and 
brain transcripts involved on male mice, but all subse-
quent experiments based on questions from the results 
of the initial screen validated that similar effects were 
observed in both male and female mice before aggregat-
ing them. The in vitro murine MPS uses neutrophils iso-
lated from both male and female mice. The human MPS 
system only included the male sex as a biological vari-
able due to the origin of the iPSC donor source and the 
human volunteer for neutrophils in circulation.

Mice
All mice were housed under a 12-hour light/dark cycle 
with access to water and regular chow ad libitum in 
temperature and humidity-controlled environment. 
Wild-type male and female C57BL/6J were purchased 
from The Jackson Laboratory (Bar Harbor, ME, USA) 
and housed at Duke University and the University of 
Rochester Medical Center (URMC). Male and female 
Catchup mice (C57BL/6-Ly6g(tm2621(Cre-tdTomato)
Arte)) were bred and maintained by the Gelbard labora-
tory at URMC. The Catchup mice were genotyped fol-
lowing previously reported procedures [43]. In brief, 
ear biopsies were collected around weaning age (3–4 
weeks) and digested using a Mouse Direct PCR Kit 
(Fisher; cat: B40015) following the manufacturer’s pro-
tocols. The forward primers for the wild-type (WT) and 
knock-in (KI) are 5’-GGT-TTT-ATC-TGT-GCA-GCC-
C-3’ and 5’-ACG-TCC-AGA-CAC-AGC-ATA-GG-3’, 
respectively, with a common reverse primer of 5’-GAG-
GTC-CAA-GAG-ACT-TTC-TGG-3’. A control primer 
for separate gene was used consisting of a forward 

5’-GAG-ACT-CTG-GCT-ACT-CAT-CC-3’ and reverse 
5’-CCT-TCA-GCA-AGA-GCT-GGG-GAC-3’.

Reagents and antibodies
All reagents used in this manuscript are noted in line 
with manufacturer details where appropriate in the 
methods. We have also compiled this information in Sup-
plementary Tables S1-S4.

Delivery of LPS
Mice received a total volume of 40 µL LPS (E. coli 
O111:B4; Sigma; cat: L2630) via bilateral i.n. exposure at 
a dose of 0.25 µg/µL diluted in 0.9% NaCl saline solution 
per delivery timepoint at either single timepoint (10  µg 
total LPS), or across three timepoints spaced 24 h apart 
across a 48-hour treatment period (0 h, 24 h, 48 h; 30 µg 
total LPS). Mice that received i.p. delivery of LPS which 
was performed under isoflurane (Patterson Veterinary, 
Greeley, CO) anesthesia. All mice recovered from intra-
nasal LPS instillation and were included in the study.

Collection and analysis of bronchoalveolar lavage fluid 
(BALF)
Bronchoalveolar lavage (BAL) samples were collected 
24 h after the final i.n. exposure in the assigned treatment 
group. BAL was performed by cannulation of the tra-
chea and gentle instillation/aspiration (3 times) of 1.0 ml 
of PBS with protease inhibitor cocktail tablets (Roche, 
Indianapolis, IN). The lavage fluid was centrifuged at 
4000  rpm for 5  min, and the supernatant was stored at 
-80 °C for later protein content assessment. The cell pel-
let was treated with red-blood-cell lysing buffer (BD Bio-
sciences, San Diego, CA), washed, and resuspended in 
200 µl of PBS. Total cell counts were determined with a 
hematology analyzer (Scil Vet ABC, Gurnee, IL), centrif-
ugated onto cytoslides (Cytospin 3, Shandon Inc, Pitts-
burg, PA) and stained with Diff-Quick (Dade-Behring 
Inc., Newark, DE). Differential cell counts were obtained 
by microscopic counting of a minimum of 200 cells/slide, 
using standard morphological and staining criteria. The 
total protein in the BALF was measured with a Qubit 3.0 
Fluorometer (Invitrogen, Waltham, MA).

Real-Time PCR (qPCR)
Brains were harvested from wild-type C57BL/6J mice 
24 h after the final i.n. dose of their assigned treatment 
group. Brain tissue was homogenized in a NextAdvance 
bullet blender at 4 °C in Eppendorf Safe-Lock tubes, fol-
lowed by extraction of total RNA from the homogenates 
using the RNeasy Lipid Tissue Mini Kit from Qiagen 
(Germantown, MD, USA) following the manufactur-
er’s instructions. cDNA synthesis was performed right 
after the RNA isolation with the High-Capacity RNA-
to-cDNA Kit (Applied Biosystems, Foster City, CA) 
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following the manufacturer’s instructions, using 200 ng 
of RNA per 20  µl cDNA reaction. The resultant cDNA 
was analyzed using TaqMan® Gene Expression Assays 
(Applied Biosystems, Foster City, CA, USA) in 10 µl reac-
tions. Thermal cycling was performed with the Real-Time 
PCR system QuantStudio 5 (AppliedBiosystems). Each 
sample was performed in triplicates and normalized to 
the endogenous Act-b gene expression. The CT value of 
each well was determined using the QuantStudio 5 soft-
ware and relative quantification was determined by the 
ΔΔCT method. Specific TaqMan® assays used are listed 
in Supplementary Table S4.

Flow cytometry
Cell pellets were resuspended in FACS buffer (1% 
BSA + 2.5 mM EDTA in 1x PBS), and Trypan Blue (Ther-
moFisher; cat: 15250061) stained aliquots were counted 
on a hemacytometer. After counting, aliquots of 5E6 cells 
were first blocked with 20 µg of Fc block (ThermoFisher; 
cat: 14-9161-73) for 30 min on ice. The cells were pelleted 
at 300 xg for 5  min at 4  °C and resuspended in FACS 
buffer with fluorophore-conjugated primary antibod-
ies (CD11b PE-TexasRed, ThermoFisher, cat: RM2817; 
Ly-6G/Ly-6 C, AlexaFluor700, cat: 56-5931-82) validated 
for flow cytometry. Staining reactions were performed 
in the dark at 4 °C with buffers and reagents kept on ice 
until use. The cells were pelleted at 300 xg for 5 min at 
4  °C and washed via resuspension in FACS buffer and 
centrifugation at the same conditions. The cells were then 
fixed via resuspension in 100 µL of 2% PFA in FACS buf-
fer and incubated in the dark at room temperature for 
10 min. The cells were then pelleted and resuspended in 
500 µL of FACS buffer. Samples were run on a FACSym-
phony A1™ (BD Biosciences) controlled by FACS Diva 
software (BD Biosciences). Results were processed using 
FCS Express™ (De Novo Software). Details for peripheral 
blood collection and sample handling can be found in the 
Supplementary Materials.

Two-photon intravital microscopy
2P intravital microscopy was performed on Catchup mice 
with somatosensory cortical cranial windows implanted 
at least 30 days prior to induction of assigned i.n. expo-
sure group. Full details on cranial window surgery can be 
found in the Supplementary Materials.

An Olympus Fluoview FVMPE-RS Twin-Laser Gan-
try multiphoton microscope system equipped with two 
tunable lasers (Spectra-Physics; MaiTai HP DeepSee and 
InsightX3) was used for intravital imaging. Two-pho-
ton excitation was achieved using 100 fsec laser pulses 
(80  MHz) tuned to 840  nm with a power of ∼50 mW 
measured at the sample focal plane. For anesthetized 
imaging sessions, mice were anesthetized via i.p. delivery 
of a fentanyl cocktail prepared with the same protocol 

used for cranial window implantation. To visualize the 
brain vasculature, 100 µL of high molecular weight 
(2,000  kDa) FITC-Dextran was introduced via tail vein 
injection at a concentration of 50  mg/mL in 0.9% NaCl 
saline solution 5  min before intravital imaging. Rodent 
body temperature was maintained at 37 °C with a heating 
pad, and the animal’s eyes were protected with lubricant 
ointment. Intravital imaging was performed using 4x dig-
ital zoom at 512 × 512-pixel resolution. Stacks contain-
ing 41 slices (1 mm step size) were imaged every 90 s for 
15 min to obtain 4D (x, y, z, t) “hyperstack” data used for 
analysis using ImageJ. Full details available in the Supple-
mentary Materials.

Immunofluorescence
IHC staining of paraformaldehyde (PFA)-fixed brain 
slices (40 μm thick) was performed as previously 
reported [85]. Sections were washed to remove cryo-
protectant and reduce autofluorescence. Sections were 
subsequently incubated in blocking buffer (1.5% BSA, 3% 
normal goat serum, 0.5% Triton-X, and 1.8% NaCl in 1X 
PBS) containing primary antibodies at room temperature 
overnight. After washing, sections were then incubated 
overnight in Alexa Fluor conjugated secondary antibod-
ies (ThermoFisher 1:750) in the same blocking buffer 
composition. Finally, sections were washed three times 
with 1X PBS + 1.8% NaCl, mounted on glass slides with 
Prolong Diamond Antifade Reagent (Invitrogen P36961). 
For dextran leakage from small and large vessels 40 kDa 
FITC-Dextran (ThermoFisher; cat: D1845) was injected 
5 min prior to perfusion. Full details of the IHC staining 
protocol can be found in the Supplementary Materials.

Immunocytochemistry of the murine MPS were 
stained similarly to previous protocols [86], where the 
cells were briefly rinsed with ice-cold 1x DPBS and then 
fixed for 12 min at room temperature with 4% PFA in 1x 
PBS. The cells were washed, blocked with 5% BSA, and 
stained via an indirect (primary and secondary) immuno-
labeling protocol before the MPS was disassembled and 
the membranes mounted onto coverglass for imaging. 
Full details of the murine MPS staining protocol can be 
found in the Supplementary Materials.

Both IHC and ICC prepared samples were imaged on 
the “grid-confocal” structured illumination acquisition 
system detailed in the Supplementary Materials.

Image analysis
ICC and IHC images were analyzed for semi-quantitative 
analysis using a combination of Volocity 3DM Quantita-
tion Software (Quorum Technologies) and various pack-
ages in ImageJ (NIH). A summarized workflow includes 
an initial illumination correction and “fine noise filter” 
over all images. Immunoreactive objects were deter-
mined as signal at least n standard deviations above the 
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mean intensity in each channel. Intensity, volume, and 
position details were summarized in the software and 
exported to Excel for further workup before import-
ing the data into GraphPad Prism for statistical analysis. 
Image panels were assembled using Affinity Designer. 
Full details are available in the Supplementary Materials.

Assembly of Microphysiological Systems
Model murine and human MPSs were assembled follow-
ing previously published protocols of culturing human-
derived cells on µSiM devices in either an open well or 
flow cell configuration [52, 87–89]. The murine MPS 
experiments were conducted using an open well config-
uration. The human MPS experiments were conducted 
using the flow cell configuration. Full details of µSiM 
assembly can be found in the Supplementary Materials.

Neutrophil engagement and activation in murine MPS
The murine MPS models were constructed by culturing 
immortalized murine brain endothelial cell line (bEnd.3) 
purchased from ATCC (cat: CRL-2299) on µSiM devices. 
All MPS maintenance and exposure periods to treat-
ments were conducted in an incubator with 5% CO2 at 
37  °C. Full details of bEnd.3 cell line maintenance and 
murine MPS setup can be found in the Supplementary 
Materials.

The bEnd.3 monolayers in the murine MPS were stimu-
lated with CytoMix, a cytokine cocktail comprised of 150 
ng/mL IL-1β (PeproTech; cat: 211-11B) and 150 ng/mL 
TNFα (PeproTech; cat: 315–01 A) in Dulbecco’s Modi-
fied Eagle Medium (ThermoFisher; cat: 10567022) + 1% 
fetal bovine serum (Atlas Biologicals; cat: F-0500-D). The 
selection of IL-1β and TNFα were based on reports of 
their elevation in serum samples of studies related pul-
monary disease [90–92]. Prior to stimulation, the cells 
were first serum deprived in this 1% serum composition 
without CytoMix overnight. After 6 h of stimulation, 
freshly isolated neutrophils from “vehicle” and “ALI” 
C57BL/6J mice of either sex were added to the MPS and 
incubated for 3 h before fixation, immunocytochemical 
staining, and imaging. Approximately 175,000 neutro-
phils in 75 µL were added to each open well murine MPS. 
Full details can be found in the Supplementary Materials.

Neutrophil transmigration in human MPS
Human MPS models were constructed using extended 
endothelial cell culture method-brain microvascular 
endothelial cell like cells (EECM-BMECs) differentiated 
from IMR90-4 hiPSCs (WiCell; cat: iPS(IMR90)-4) and 
cultured in µSIM devices as previously described [52, 
87–89]. Full details on the culturing the human MPS 
models can be found in the Supplementary Materials.

Neutrophil trafficking studies were performed using 
previously described methods [93, 94]. Briefly, whole 

blood was drawn from consenting donors and neutro-
phils were subsequently isolated using a density separa-
tion gradient (1-Step Polymorphs, Accurate Chemical & 
Scientific Co., Westbury, NY). Following isolation, neu-
trophils were used within three hours to ensure viabil-
ity. For experimentation, freshly isolated neutrophils 
were incorporated into hESCR media at a concentra-
tion of 3 million cells/mL, deposited into µSiM devices 
with EECM-BMECs, and placed into an incubation stage 
(Okolab s.r.l., Pozzuoli, Italy) set to a physiological tem-
perature of 37 °C. The stage was part of a phase-contrast 
microscopy system (Nikon Ti2E Inverted Microscope, 
Nikon Corporation, Tokyo, Japan) and transmigration 
studies were recorded for 30 min at a framerate of 0.25 
Hz with a 40x long working distance lens (NA 0.55). Fol-
lowing recording, neutrophil transmigration at t = 0 and 
t = 30 minutes was characterized for control and treated 
devices respectively via manual counting. Additionally, 
neutrophil association with the endothelial barrier was 
assessed at t = 30 minutes via manual counting. Statisti-
cal comparisons were made with a two-way ANOVA with 
Tukey’s multiple comparison correction and unpaired 
t-test respectively.

Statistical analysis
One- and two-way analysis of variance (ANOVA) with 
Holm-Sidak’s or Tukey’s post-hoc corrections for mul-
tiple comparison tests were used to analyze all data. The 
specific chosen analysis and post-hoc corrections for the 
independent data sets are identified, with accompanying 
rationale, in the appropriate figure legends. All data are 
presented as mean ± standard error (SEM) with signifi-
cance at p ≤ 0.05, and all data points representing biologi-
cal replicates plotted. The sample sizes are identified in 
the figure legends for each respective dataset.
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