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Objectives: Mild traumatic brain injury in the form of concussion is 
extremely common, and the potential effects on pulmonary prim-
ing have been underestimated. The aim of this study was to char-
acterize the pulmonary response following mild traumatic brain 
injury and assess the pulmonary susceptibility to lung injury after a 
subsequent innocuous pulmonary insult.
Design: Experimental in vivo study.
Setting: University research laboratory.

Subjects: Male CD1 mice.
Interventions: We developed a model of concussive traumatic 
brain injury in mice followed by pulmonary acid microaspiration. To 
assess the dependent role of neutrophils in mediating pulmonary 
injury, we specifically depleted neutrophils.
Measurements and Main Results: Lateral fluid percussion to 
the brain resulted in neuronal damage and neutrophil infiltration 
as well as extensive pulmonary interstitial neutrophil accumula-
tion but no alveolar injury. Following subsequent innocuous acid 
microaspiration, augmented alveolar neutrophil influx led to the 
development of pulmonary hemorrhage that was reduced follow-
ing neutrophil depletion.
Conclusions: This model shows for the first time that innocuous 
acid microaspiration is sufficient to induce neutrophil-mediated 
lung injury following mild concussion and that the extracranial 
effects of mild traumatic brain injury have been underestimated. 
(Crit Care Med 2018; XX:00–00)
Key Words: acid microaspiration; acute respiratory distress syndrome; 
concussion; inflammation; neutrophils; traumatic brain injury

Damage to the CNS in the form of traumatic brain 
injury (TBI) can lead to multiple organ dysfunc-
tion syndrome (1). The lung is the most frequent 

organ to be affected, manifested by the development of acute 
respiratory distress syndrome (ARDS) (1, 2). ARDS occurs 
in 20–25% of patients with isolated brain injury (3) and is 
a critical independent factor affecting mortality. The mecha-
nisms for ARDS development in this population remain to be 
defined. Lung-protective strategies can improve the outcome 
of TBI patients (4); however, life-threatening pulmonary dys-
function is extremely difficult to treat (5). Furthermore, this 
has major implications for lung transplantation, with less 
than one third of nonsurviving severe TBI patients considered 
suitable for lung donation, of which more than 80% fail to 
donate (6).

A “double hit” model has been hypothesized to explain the 
increased pulmonary susceptibility to injury after severe TBI DOI: 10.1097/CCM.0000000000003270
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(7) involving a sympathetic catecholamine storm that induces 
type II pneumocyte damage of the pulmonary endothelium (8). 
This, coupled with a systemic inflammatory response induced by 
increased intracranial proinflammatory mediator production and 
its release into the circulation (9), alongside activation of various 
receptors within the lung (Toll-like receptor 4 [TLR-4], receptor 
for advanced glycation end products [RAGEs]) by damage-asso-
ciated molecular pattern molecules (DAMPs) (10, 11), may drive 
the development of pulmonary injury through increased media-
tor production and infiltration of activated neutrophils (7, 12, 13).

In this study, we examined the effects of mild TBI on pul-
monary neutrophil priming. To our knowledge, this has never 
been investigated because most researchers have studied the 
pulmonary response to moderate/severe TBI models. We show 
for the first time that mild TBI induces massive pulmonary 
sequestration of interstitial neutrophils that then transmigrate 
into the alveolar compartment following a subsequent small 
inflammatory insult such as acid aspiration to induce injury. 
This has potential implications for considering earlier prophy-
lactic measures for targeting neutrophil migration from the 
interstitium to the alveolar space in patients with TBI.

METHODS

Animals
Eight-week-old male CD1 mice were purchased from Harlan 
(Harlan, United Kingdom) and given 1 week to acclimatize 
before experimentation. Mice were maintained in 12-hour 
light/12-hour dark cycles with free access to food and water. All 
experimental animal procedures were approved by the Univer-
sity of Edinburgh and were performed in accordance with Home 
Office guidelines (Animal [Scientific Procedures] Act 1986).

Fluid Percussion Injury
Adult (25–35 g) male CD1 mice were anesthetized with isoflu-
rane (Merial, Woking, United Kingdom) and prepared for a 1.5 
atmosphere fluid percussion injury (FPI) according to published 
methodology (14). For full details and flow charts outlining 
experimental protocols, see online data supplement (Supple-
mental Digital Content 1, http://links.lww.com/CCM/D740) and 
Supplementary Figure E1 (Supplemental Digital Content 2, 
http://links.lww.com/CCM/D741; legend, Supplemental Digital 
Content 1, http://links.lww.com/CCM/D740). Animals (n = 3–6 
per group) were retrieved at 0, 6, 24, and 48 hours post-FPI.

Brain Histology and Immunohistochemistry 
Preparation
For histologic and immunohistochemical assessment of neuro-
nal damage and cellular infiltration, brains were frozen in −38°C 
isopentane (277258-1L; Sigma-Aldrich Company, St. Louis, 
MO) before being placed in storage at −80°C. Tenmicrom-
eter coronal cryostat sections were cut using the Leica CM1900 
(Leica, Wetzlar, Germany) before being mounted on Leica Sur-
gipath X-tra Adhesive (3800050, Leica) precleaned micro slides 
and stored at −80°C. Light microscopy images were obtained 
using a Zeiss Axioskop (Carl Zeiss, Welwyn Garden City, United 

Kingdom) light microscope connected to a Qimaging Micro-
publisher 3.3 camera (Qimaging, Surrey, BC, Canada).

Acid Fuchsin
To assess neuronal damage, brain sections were stained with acid 
fuchsin. Frozen 10-µm coronal cryostat sections were dried at 
40°C overnight before being fixed in cold 4% paraformaldehyde 
in PBS for 1 hour. Slides were washed in phosphate-buffered 
saline (3 × 5 min) before being stained for 30 seconds in 1% Acid 
Fuchsin (A3908; Sigma-Aldrich Company, St. Louis, MO) with 
three drops per 100 mL of glacial acetic acid. Slides were washed 
with water, dehydrated through 70%, 90%, and 100% ethanol for 
2 minutes each, and cleared in xylene for 2 minutes before being 
mounted with Pertex (3808707E; Leica, Wetzlar, Germany). To 
quantify neuronal damage, three sections located throughout 
the hippocampus of each animal were imaged, with acid fuch-
sin positive cells counted using Image J (National Institutes of 
Health, Bethesda, MD).

Myeloperoxidase Immunohistochemistry
To assess neutrophil infiltration, myeloperoxidase immuno-
histochemistry was performed. For full details, see online data 
supplement (Supplemental Digital Content 1, http://links.lww.
com/CCM/D740).

Flow Cytometric Analysis of Brain and Lung Tissues
Tissue digests and flow cytometry methods are detailed in 
the online data supplement (Supplemental Digital Content 1, 
http://links.lww.com/CCM/D740).

Bronchoalveolar Lavage
Bronchoalveolar lavage fluid (BALF) was collected according 
to a published protocol (15). For full details, see online supple-
ment (Supplemental Digital Content 1, http://links.lww.com/
CCM/D740).

Enzyme-Linked Immunosorbent Assay
Enzyme-linked immunosorbent assay (ELISA) kit for the 
measurement of interleukin (IL)-1β in BALFs (DuoSet; R&D 
Systems, Minneapolis, MN) was used according to the manu-
facturers’ instructions.

Total Protein
Total protein within BALF was performed using a Pierce BCA 
Total Protein Assay Kit (23227; Thermo Scientific, Waltham, 
MA) as per the manufacturers’ instructions.

Hydrochloric Acid Microaspiration Model
To model acid microaspiration following TBI, a subclini-
cal hydrochloric acid (HCl) aspiration model was developed 
(16, 17). HCl (318965; Sigma-Aldrich Company, St. Louis, 
MO) was diluted to pH 1.75 in saline (0.9% sodium chloride, 
UKF7124; Baxter, Deerfield, IL), and 50 µL was administered 
via an “intratracheal” route. 11.25 µl of HCl was instilled in a 
volume of 50 µL. An equivalent scaling factor in humans for 
lung weight and size is approximately 700-fold; therefore, the 
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equivalent volume in a human would be approximately 7 mL. 
After receiving HCl, a preemptive intraperitoneal injection of 
saline (200 µL) was given. Mice were then placed in a warm 
humidified oxygen chamber (2 L/min flow rate) for 30 min-
utes before reversal of anesthesia. Mice were kept on a heat mat 
before retrieval 6 hours later. To model acid microaspiration 
following TBI, the HCl model was applied immediately follow-
ing FPI after recording the righting time.

Neutrophil Depletion—Anti-Lymphocyte Antigen 6 
Complex Locus G6D Antibody
Neutrophil depletion was achieved with an anti-lymphocyte 
antigen 6 complex locus G6D (LY-6G) monoclonal antibody 
(clone IA8; BioXCell, West Lebanon, NH) as described (15). 
For details of flow cytometric analysis of blood, see online data 
supplement, (Supplemental Digital Content 1, http://links.
lww.com/CCM/D740).

Cytokine Bead Array
Cytokine levels within BALF were measured using the BD Cyto-
metric Bead Array Mouse Inflammation Kit (552364; BD Biosci-
ences, San Jose, CA) as per the manufacturers’ instructions.

Statistics
Data are represented as mean ± sd or sem. Quantification of 
histology/immunohistochemistry was performed blinded 
by the investigator. Statistical comparisons were made using 
two-tailed Student t test or one-way/two-way analysis of vari-
ance with Bonferroni posttest for multiple comparisons. A 
p value of less than 0.05 was considered statistically significant 
(*p < 0.05, **p < 0.01, ***p < 0.001). All graphs and statistics 
were performed using the statistical package Graphpad Prism 
5 for Windows (Graphpad Software, La Jolla, CA).

RESULTS

A 1.5 ATM FPI in Mice Induces a Unilateral Cortical 
Insult With Cerebral Inflammatory Cell Influx and No 
Measureable Clinical Sequelae
Mice received a lateral FPI using an established methodol-
ogy (14). Sham and FPI were significantly different in righting 
times (time to turn prone from supine), indicating that a sig-
nificant cortical impact had occurred (Supplementary Fig. E2, 
Supplemental Digital Content 3, http://links.lww.com/CCM/
D742; legend, Supplemental Digital Content 1, http://links.lww.
com/CCM/D740). However, once the mice had recovered after 
the impact (within 15 min), no behavioral or physical differ-
ences could be distinguished between the two groups. To assess 
neuronal injury, brain sections were stained with acid fuchsin. 
Homogenous staining and cells with regular morphology were 
seen following sham treatment, indicating no neuronal dam-
age (for all histology and flow cytometry plots, see Supple-
mentary Fig. E3, Supplemental Digital Content 4, http://links.
lww.com/CCM/D743; legend, Supplemental Digital Content 1, 
http://links.lww.com/CCM/D740). However, significant neuro-
nal damage, evident by the appearance of triangularly shaped, 

intensely stained neurons with condensed cellular morphol-
ogy and pyknotic nuclei, could be seen 6 and 24 hours after FPI 
(Fig. 1A). Damage was located to the injury site and the parietal 
cortex within the ipsilateral hemisphere. No damage was evident 
within the contralateral hemisphere or within the corpus callo-
sum or hippocampus following FPI or sham procedures.

Neuronal injury following FPI was associated with signifi-
cant neutrophil infiltration in the ipsilateral hemisphere adjacent 
to the injury/craniotomy site compared with sham treatment 
(Fig. 1B). This was confirmed using flow cytometry, which iden-
tified significant yet mild infiltration into the ipsilateral (injured) 
hemisphere following FPI at all time points (Fig. 1C). The tempo-
ral quantification of infiltration differed slightly to that seen with 
immunohistochemistry, most likely due to the increased sensi-
tivity of flow cytometry and its ability to count neutrophils that 
were extravasating from blood vessels. When healthy, untouched 
brains were digested, no neutrophils were detected.

Mild Fluid Percussion Cortical Injury Induces Massive 
Pulmonary Interstitial Neutrophil Migration Without 
Pulmonary Vascular Leak
Lungs from FPI and sham animals were assessed for evidence of 
inflammation. Both the alveolar and interstitial compartments 
were evaluated at 0, 6, 24, and 48 hours after FPI. In BALF, only 
resident alveolar macrophages were present from sham- or FPI-
treated animals (Supplementary Fig. E4, Supplemental Digital 
Content 5, http://links.lww.com/CCM/D744; legend, Supple-
mental Digital Content 1, http://links.lww.com/CCM/D740). 
No differences in BALF cell counts, alveolar IL-1β levels, or 
vascular permeability were observed between FPI- and sham-
treated animals (Supplementary Fig. E5, Supplemental Digital 
Content 6, http://links.lww.com/CCM/D745; legend, Supple-
mental Digital Content 1, http://links.lww.com/CCM/D740).

To quantify pulmonary interstitial myeloid cell accumulation, 
whole lungs were digested after perfusion and lavage for mul-
tiparametric flow cytometric analysis as previously described 
(17). Significant neutrophil accumulation occurred within 
the interstitium 6 and 24 hours after FPI compared with sham 
treatment (Fig. 2A; and Supplementary Fig. E6, Supplemental 
Digital Content 7, http://links.lww.com/CCM/D74; legend, 
Supplemental Digital Content 1, http://links.lww.com/CCM/
D740). This was confirmed using immunohistochemistry for 
myeloperoxidase (Fig. 2B). To investigate one potential mecha-
nism driving high interstitial neutrophil accumulation, the 
intercellular adhesion molecule (ICAM)-1 expression of circu-
lating and pulmonary neutrophils was assessed. No detectable 
changes in ICAM-1 expression were identified (Supplementary 
Fig. E7, Supplemental Digital Content 8, http://links.lww.com/
CCM/D747; legend, Supplemental Digital Content 1, http://
links.lww.com/CCM/D740). BALF was also analyzed on a pro-
teome profiler array to characterize cytokine expression. Pooled 
samples from three mice per group were assessed. FPI was 
shown to increase the expression of 105 proteins, including neu-
trophil chemokines chemokine (C-C motif) ligand 2 (CCL2)/
monocyte chemotactic protein (MCP)-1, chemokine (C-X-C 
motif) ligand 2 (CXCL2)/macrophage inflammatory protein 
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(MIP)-2, IL-6, and tumor necrosis factor (TNF), all of which 
were absent following sham treatment, as well as an increase 
in RAGE expression (Supplementary Fig. E8, Supplemental 
Digital Content 9, http://links.lww.com/CCM/D748; legend, 
Supplemental Digital Content 1, http://links.lww.com/CCM/
D740; and Supplementary Table E1, Supplemental Digital 
Content 1, http://links.lww.com/CCM/D740).

Intratracheal Acid 
Aspiration After FPI 
Results in Alveolar 
Neutrophilia and 
Pulmonary Hemorrhage
The observation that mild con-
cussive FPI results in massive 
interstitial neutrophil accumu-
lation without alveolar neutro-
phil ingress suggested that the 
intra-alveolar compartment may 
be primed for subsequent intra-
pulmonary insult. To test this, we 
established a “double hit” model 
in which mice received a small 
volume of HCl, which in naive 
mice caused no lung injury, 
directly into the lungs immedi-
ately after FPI or sham injury.

In naive mice, intratracheal 
HCl (pH, 1.75) induced no 
increase in BALF cell counts 
when compared with PBS 
(Fig. 3A). However, after mild 
concussive FPI, HCl adminis-
tration significantly increased 
alveolar cell counts. This was 
associated with significant pul-
monary hemorrhage (Fig. 3, 
B and C). Quantification of 
neutrophils confirmed sig-
nificant alveolar infiltration in 
FPI-HCl–treated mice com-
pared with sham-HCl (Fig. 3D). 
Nonsignificant neutrophil levels 
were detected within the pul-
monary interstitium following 
HCl administration alone or in 
sham-HCl mice; however, levels 
were significantly increased fol-
lowing FPI-HCl (Fig. 3E).

Neutrophil Depletion 
With Anti-LY-6G Depleting 
Antibody Attenuates FPI-
HCl Injury
To determine if neutrophils had 
a direct association with alveolar 
pulmonary hemorrhage, neu-

trophil depletion studies were performed using an anti-LY-6G 
depleting antibody as described (15). Time course experiments 
confirmed that 24 hours after injection, anti-LY-6G–depleting 
antibody successfully depleted neutrophils within the pulmonary 
interstitium (Fig. 4A; and Supplementary Fig. E9, Supplemental 
Digital Content 10, http://links.lww.com/CCM/D749; legend, Sup-
plemental Digital Content 1, http://links.lww.com/CCM/D740). 

Figure 1. Characterization of mild fluid percussion-induced brain injury. Individual hemispheres were digested 
6, 24, and 48 hr after receiving fluid percussion injury (FPI)/sham procedures for flow cytometry or processed 
for histology. A, Neuronal damage via acid fuchsin. Significant neuronal damage was detected in the ipsilateral 
hemisphere 6 and 24 hr after receiving FPI. B, Myeloperoxidase (MPO) immunohistochemistry on brain sections 
24 hr after sham/FPI procedure. Significant neutrophil infiltration was seen at 24 hr after FPI. C, Ipsilateral 
neutrophil quantification via flow cytometry. A small number of neutrophils were detected in the ipsilateral 
hemisphere 6, 24, and 48 hr after FPI. Data are represented as mean ± sem or sd (Figure 1C) and were 
analyzed using two-way analysis of variance (n = 3–5 per group, *p < 0.05, **p < 0.01, ***p < 0.001).

Figure 2. Pulmonary interstitial infiltration of neutrophils following concussion fluid percussion injury (FPI). 
Interstitial lung tissue was collected 6, 24, and 48 hr after FPI/sham procedure to assess signs of pulmonary 
injury/inflammation. A, Interstitial neutrophils. Significant neutrophil accumulation was present 6 and 24 hr 
after FPI procedure. B, Myeloperoxidase (MPO) immunohistochemistry on lung sections following sham/FPI 
procedure. Significantly more neutrophils were seen 6 hr after FPI, which confirmed the findings seen with flow 
cytometry. Data are represented as mean ± sd or sem (B) and were analyzed using two-way analysis of variance 
(n = 3–6 per group, *p < 0.05, ***p < 0.001).
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Total depletion of circulating neutrophils was confirmed through-
out the duration of the double hit experiment (Fig. 4B).

A significant reduction in BALF cell counts was seen in the 
FPI-HCl double hit following neutrophil depletion (Fig. 5A). 
BALF macrophage levels remained unchanged (Supplementary 
Fig. E10, Supplemental Digital Content 11, http://links.lww.
com/CCM/D750). This reduction in neutrophil number was 
associated with a decrease in pulmonary hemorrhage (Fig. 5B). 
Addition of anti-LY-6G–depleting antibody resulted in signifi-
cant depletion of interstitial neutrophils (Fig. 5C).

The increase in vascular 
permeability observed in FPI-
HCl–treated mice was prevented 
following neutrophil depletion 
(Fig. 5D). When inflammatory 
cytokine levels were assessed, a 
trend of increased TNF, MCP-
1, and IL-6 was seen in FPI-
HCl–treated mice compared 
with sham-HCl (Supplementary 
Fig. E10, Supplemental Digital 
Content 11, http://links.lww.
com/CCM/D750; legend, 
Supplemental Digital Content 
1, http://links.lww.com/CCM/
D740). Neutrophil depletion 
resulted in a reduction in TNF 
and IL-6 levels, however, had no 
effect on MCP-1 levels.

DISCUSSION
Lung injury following TBI is 
a common and serious con-
sequence. Understanding the 
pathophysiologic mechanisms 
that underlie the development 
of lung injury after TBI may 
help identify novel therapeu-
tic avenues because current 
treatment interventions are 
limited. The brain-lung axis 
has been postulated to involve 
complex reciprocal cross talk 
(18), and pulmonary dysfunc-
tion is a predictor of poor 
neurologic outcome and mor-
tality (3). Hence, it is now well 
recognized that ventilatory 
strategies after brain injury 
should include lung-protective 
approaches (19), which also 
have the potential to increase 
the number of eligible lungs 
for donation (20). We show 
for the first time that mild TBI 
increases pulmonary suscepti-

bility to a secondary innocuous insult such as miniscule acid 
microaspiration. Even more importantly, we identify pulmo-
nary interstitial neutrophils as the key cells responsible for 
driving augmented injury.

To explore the brain-lung axis, we hypothesized that sub-
clinical pulmonary priming may contribute to subsequent lung 
injury. To test this, we developed an experimental model of TBI 
and subsequently delivered acid to the lung. An injury force of 
1.5 ATM was chosen because this was expected to produce a 
moderate yet fully clinically reversible phenotype mimicking a 

Figure 3. Bronchoalveolar lavage fluid (BALF) and interstitial analysis following fluid percussion injury (FPI) 
and intratracheal hydrochloric acid (HCl). Fifty-microliter pH 1.75 HCl was instilled via an intratracheal route 
immediately after FPI/sham procedure and lungs retrieved 6 hr later. A, FPI-treated mice had significantly 
higher BALF cell counts 6 hr after receiving HCl compared with controls. B, BALF cell differential. HCl 
administration after both FPI and sham treatments resulted in neutrophil influx; however, FPI-treated mice 
had significant pulmonary hemorrhage. C, Representative sham-HCl and FPI-HCl cytocentrifuge preparations. 
Neutrophils and resident alveolar macrophage are the predominant cells present within sham-HCl BALF. 
RBCs, however, were also present following FPI-HCl. D, BALF neutrophil count. FPI-HCl–treated mice 
had significantly more neutrophils within the BALF than in controls. E, Interstitial neutrophil accumulation. 
Significant neutrophil accumulation was seen following FPI-HCl. Data are represented as mean ± sd and 
were analyzed using one-way analysis of variance (n = 4 per group, *p < 0.05). Scale bar represents 100 μm.
PBS = phosphate-buffered saline.

http://links.lww.com/CCM/D750
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concussion (21). To ensure sufficient cortical injury, the right-
ing times for mice to recover following FPI/sham procedure 
were recorded as previous studies in rats have shown correlation 
between length of unconsciousness and degree of pathologic 
consequences (22). An exclusion time of 270 seconds was cho-
sen (23); hence, any animal receiving FPI with a righting time 
less than 270 seconds was removed from the study. At an injury 
level of 1.5 ATM, righting times were well above 270 seconds, 
no mortality was seen and no immediate or long-term clinical 
sequelae were observed once the mice began to mobilize.

To characterize the cerebral injury, brains were sectioned 
and stained with acid fuchsin, an anionic dye that stains aci-
dophilic irreversibly damaged neurons a dark red (24, 25). 
Damage was observed directly below the injury site, result-
ing from the fluid pulse. By 24 hours, neuronal damage had 
increased in size, suggesting secondary injury. This was associ-
ated with significant neutrophil infiltration 6, 24, and 48 hours 
after FPI in the ipsilateral hemisphere. Neutrophils, capable of 
secreting neurotoxic substances (26), exacerbate excitotoxic 
insults and increase neuronal death in vitro (27). DAMPs (11) 
and proinflammatory cytokines (IL-1β, IL-6, and TNF) (28) 
released from the injured brain attract inflammatory cells to 
contused cerebral tissue.

The extent of neuronal damage (confined only to cortex 
and small cell number), small degree of neutrophil infiltration 
(< 500 cells), and lack of any overt clinical signs between FPI 
and sham groups demonstrated that this injury was more rep-
resentative of mild “concussive” TBI, even though 1.5 ATM has 
been previously considered within the moderate severity range 
in mice (21).

BALF differential cell counts showed no differences in alve-
olar cell count between FPI- and sham-treated animals at any 
time point. Alveolar neutrophil infiltration was absent, and no 
differences were observed in vascular permeability.

Surprisingly, mild TBI 
induced extensive intersti-
tial neutrophil accumulation, 
which remained elevated 24 
hours after FPI. There were 
no observable differences in 
pulmonary vascular perme-
ability, suggesting that a sym-
pathetic catecholamine storm 
was not responsible for driv-
ing high interstitial neutrophil 
accumulation in this model 
as endothelial dysfunction is a 
recognized major component 
of sympathetic catecholamine 
storms. TBI has previously 
been shown to increase lev-
els of pulmonary IL-1β, IL-6  
(13), prostaglandin-synthesiz-
ing enzyme cyclooxygenase-2 
(5), and leukotriene B

4
; the lat-

ter being particularly chemo-
tactic for neutrophils (13). Despite no differences in IL-1β being 
seen in this model at 6 hours post-FPI, increased expression of 
other direct or indirect neutrophil chemoattractants were iden-
tified using the proteome profiler array (CCL2/MCP-1, CXCL1/
KC, CXCL2/MIP-2, IL-6, TNF) (13, 29–31). RAGE was also 
up-regulated following FPI. This receptor has been implicated 
with the development of pulmonary inflammation following 
TBI through its interaction with high-mobility group box-1, a 
DAMP released from the injured brain that leads to sustained 
activation of nuclear factor κ-light-chain-enhancer of acti-
vated B cells (leading to proinflammatory cytokine production) 
and increased RAGE expression to ensure amplification of the 
inflammatory signal (11, 32). TLR-4 activation by DAMPs may 
also account for the increase in proinflammatory cytokines (10).

Seeing as no differences in ICAM-1 expression were 
detected in circulating and pulmonary neutrophils, reverse 
transmigration of neutrophils from the injured brain to the 
lung was ruled out (33).

To investigate whether mild TBI increased susceptibility to 
pulmonary injury, an acid microaspiration “double hit” model 
was established. Acid microaspiration is a common sequelae in 
patients who are concussed or lose airway protection as dam-
age to the CNS has been associated with an increased risk of 
stomach content microaspiration (4). To model acid micro-
aspiration following TBI, HCl (pH 1.75 in sodium chloride 
resembling the acidity and osmolality similar to that of patient 
gastric sections) (34) was administered via an intratracheal 
route immediately following FPI (after recording the righting 
time). Pulmonary consequences were evaluated 6 hours later.

As expected, HCl administration in naive mice was innocuous 
due to the large size of mice (25–35 g) and high pH when compared 
with previous work (16). HCl following FPI, however, resulted in 
a significant increase in alveolar neutrophil infiltration which was 
not seen in sham-HCl mice. This was accompanied with increases 

Figure 4. Confirmation of neutrophil depletion with anti-lymphocyte antigen 6 complex locus G6D (LY-6G). Mice 
were preinjected with anti-LY-6G 24 hr before receiving fluid percussion injury. A, Pulmonary interstitial neutrophils. 
Neutrophils could still be identified following isotype control; however, anti-LY-6G successfully depleted 
neutrophils within the lung. B, Intravascular neutrophil mobilization. Anti-LY-6G injection resulted in total depletion 
of circulating neutrophils throughout the experiment. Data are represented as mean ± sd and were analyzed using 
Student t test and one-way analysis of variance (n = 3–6 per group, *p < 0.05, **p < 0.01, ***p < 0.001).
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in the proinflammatory cytokines TNF, MCP-1, and IL-6 and sig-
nificant interstitial neutrophil accumulation. Alveolar and inter-
stitial neutrophil accumulation were associated with pulmonary 

hemorrhage and increased vas-
cular permeability. Neutrophil-
specific depletion with an 
anti-LY-6G antibody confirmed 
neutrophil dependence of vascu-
lar leak.

Neutrophil-mediated lung 
injury is central to the patho-
genesis of many lung condi-
tions including ARDS (17, 35, 
36), and the data presented 
here suggest that even in mild 
experimental TBI, neutro-
philic interstitial infiltration 
is an important prelude to 
subsequent innocuous intra-
pulmonary microaspiration. 
Although the mechanisms 
remain to be delineated, inhibi-
tion or attenuation of neutro-
phil recruitment/activity may 
be a potential therapeutic inter-
vention following TBI. These 
data suggest that TBI patients 
with reduced consciousness 
may be susceptible to the 
immediate effects of microaspi-
ration or indeed to other inju-
rious iatrogenic insults such 
as ventilation-induced stretch 
that could direct the intra-alve-
olar recruitment of neutrophils 
from the interstitial pool.

The findings in this article 
support the underlying hypoth-
esis that the brain-lung axis may 
contribute to priming for sec-
ondary neutrophil-dependent 
lung injury. To investigate mech-
anisms of neutrophil recruit-
ment, further experiments 
include blocking key neutrophil 
pathways that may contribute 
to recruitment and activation 
such as phosphatidylinositide 
3-kinase and inhibitors of early 
alarm cytokines such as TNF. 
Additionally, augmenting neu-
trophil clearance through pro-
moting apoptosis is also a viable 
experimental intervention (37). 
Early administration of gluco-
corticoids may also help reduce 

inflammation; however, care must be given to the dosage and 
timing because glucocorticoids also promote neutrophil survival, 
thus potentially prolonging inflammation.

Figure 5. Hydrochloric acid (HCl) double hit at righting time with anti-lymphocyte antigen 6 complex locus 
G6D (LY-6G). Mice were preinjected with anti-LY-6G 24 hr before receiving fluid percussion injury (FPI)-HCl. 
Bronchoalveolar lavage fluid (BALF) was retrieved 6 hr after FPI. A, BALF analysis. Administration of anti-LY-6G 
resulted in a significant drop in BALF cell count due to a reduction in BALF neutrophils. B, BALF cell differential 
and representative cytocentrifuge preparations of FPI-HCl and FPI-HCl + anti-LY-6G. Anti-LY-6G resulted in 
a significant drop in BALF neutrophils and a nonsignificant reduction in pulmonary hemorrhage. C, Interstitial 
neutrophil accumulation. Administration of anti-LY-6G resulted in a significant reduction in interstitial neutrophil 
accumulation. D, BALF total protein. An increase in vascular permeability was observed in FPI-HCl–treated 
mice compared with sham-HCl. Neutrophil depletion resulted in a reduction in vascular permeability. Data are 
represented as mean ± sd and were analyzed using Student t test and one-way analysis of variance (n = 3–6 per 
group, *p < 0.05, **p < 0.01, ***p < 0.001). Scale bar represents 100 μm.
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Furthermore, in the clinical setting, it will be necessary to prove 
whether these observations also prevail after minor TBI. Human 
experimental studies are now warranted to quantify the accumu-
lation of neutrophils in the lung post-TBI through human molec-
ular imaging approaches including both whole-body approaches 
such as positron emission tomography (38) and evolving endo-
microscopic approaches that have the potential to visualize neu-
trophil accumulation at the bedside in critical care (39). These 
studies would enable targeted therapeutic intervention.

ACKNOWLEDGMENTS
We thank the Queen’s Medical Research Institute Flow Cytom-
etry and Histology Facilities at the University of Edinburgh for 
assistance.

REFERENCES
 1. Zygun DA, Kortbeek JB, Fick GH, et al: Non-neurologic organ dys-

function in severe traumatic brain injury. Crit Care Med 2005; 
33:654–660

 2. Mascia L, Sakr Y, Pasero D, et al; Sepsis Occurrence in Acutely Ill 
Patients (SOAP) Investigators: Extracranial complications in patients 
with acute brain injury: A post-hoc analysis of the SOAP study. 
Intensive Care Med 2008; 34:720–727

 3. Holland MC, Mackersie RC, Morabito D, et al: The development 
of acute lung injury is associated with worse neurologic outcome 
in patients with severe traumatic brain injury. J Trauma 2003; 
55:106–111

 4. Baigelman W, O’Brien JC: Pulmonary effects of head trauma. 
Neurosurgery 1981; 9:729–740

 5. Weaver LC, Bao F, Dekaban GA, et al: CD11d integrin blockade 
reduces the systemic inflammatory response syndrome after trau-
matic brain injury in rats. Exp Neurol 2015; 271:409–422

 6. Kemp CD, Cotton BA, Johnson JC, et al: Donor conversion and organ 
yield in traumatic brain injury patients : Missed opportunities and 
missed organs. J Trauma Inj Infect Crit Care 2008; 64:1573–1580

 7. Mascia L: Acute lung injury in patients with severe brain injury: A dou-
ble hit model. Neurocrit Care 2009; 11:417–426

 8. Theodore J, Robin E: Pathogenesis of neurogenic pulmonary edema. 
Lancet 1978; 306:749–751

 9. McKeating EG, Andrews PJ, Signorini DF, et al: Transcranial cytokine 
gradients in patients requiring intensive care after acute brain injury. 
Br J Anaesth 1997; 78:520–523

 10. Andersson U, Tracey KJ: HMGB1 is a therapeutic target for sterile 
inflammation and infection. Annu Rev Immunol 2011; 29:139–162

 11. Weber DJ, Gracon AS, Ripsch MS, et al: The HMGB1-RAGE axis 
mediates traumatic brain injury-induced pulmonary dysfunction in lung 
transplantation. Sci Transl Med 2014; 6:252ra124

 12. Avlonitis VS, Fisher AJ, Kirby JA, et al: Pulmonary transplantation: 
The role of brain death in donor lung injury. Transplantation 2003; 
75:1928–1933

 13. Kalsotra A, Zhao J, Anakk S, et al: Brain trauma leads to enhanced 
lung inflammation and injury: Evidence for role of P4504Fs in resolu-
tion. J Cereb Blood Flow Metab 2007; 27:963–974

 14. Carbonell WS, Maris DO, McCall T, et al: Adaptation of the fluid 
percussion injury model to the mouse. J Neurotrauma 1998; 
15:217–229

 15. Dhaliwal K, Scholefield E, Ferenbach D, et al: Monocytes control 
second-phase neutrophil emigration in established lipopolysaccha-
ride-induced murine lung injury. Am J Respir Crit Care Med 2012; 
186:514–524

 16. Patel BV, Wilson MR, Takata M: Resolution of acute lung injury 
and inflammation: A translational mouse model. Eur Respir J 2012; 
39:1162–1170

 17. Dorward DA, Lucas CD, Doherty MK, et al: Novel role for endoge-
nous mitochondrial formylated peptide-driven formyl peptide receptor 

1 signalling in acute respiratory distress syndrome. Thorax 2017; 
72:928–936

 18. Mrozek S, Constantin JM, Geeraerts T: Brain-lung crosstalk: 
Implications for neurocritical care patients. World J Crit Care Med 
2015; 4:163–178

 19. Lopez-Aguilar J, Blanch L: Brain injury requires lung protection. Ann 
Transl Med 2015; 3:S5

 20. Mascia L, Pasero D, Slutsky AS, et al: Effect of a lung protective strat-
egy for organ donors on eligibility and availability of lungs for transplan-
tation: A randomized controlled trial. JAMA 2010; 304:2620–2627

 21. McIntosh TK, Vink R, Noble L, et al: Traumatic brain injury in the rat: 
Characterization of a lateral fluid-percussion model. Neuroscience 
1989; 28:233–244

 22. Morehead M, Bartus RT, Dean RL, et al: Histopathologic conse-
quences of moderate concussion in an animal model: Correlations 
with duration of unconsciousness. J Neurotrauma 1994; 
11:657–667

 23. Carbonell WS, Grady MS: Evidence disputing the importance of exci-
totoxicity in hippocampal neuron death after experimental traumatic 
brain injury. Ann N Y Acad Sci 1999; 890:287–298

 24. Auer RN, Kalimo H, Olsson Y, et al: The temporal evolution of hypo-
glycemic brain damage. I. Light- and electron-microscopic findings in 
the rat cerebral cortex. Acta Neuropathol 1985; 67:13–24

 25. Cortez SC, McIntosh TK, Noble LJ: Experimental fluid percussion 
brain injury: Vascular disruption and neuronal and glial alterations. 
Brain Res 1989; 482:271–282

 26. Nguyen HX, O’Barr TJ, Anderson AJ: Polymorphonuclear leukocytes 
promote neurotoxicity through release of matrix metalloprotein-
ases, reactive oxygen species, and TNF-alpha. J Neurochem 2007; 
102:900–912

 27. Dinkel K, Dhabhar FS, Sapolsky RM: Neurotoxic effects of polymor-
phonuclear granulocytes on hippocampal primary cultures. Proc Natl 
Acad Sci U S A 2004; 101:331–336

 28. Helmy A, Carpenter KL, Menon DK, et al: The cytokine response 
to human traumatic brain injury: Temporal profiles and evidence for 
cerebral parenchymal production. J Cereb Blood Flow Metab 2011; 
31:658–670

 29. Frevert CW, Huang S, Danaee H, et al: Functional characterization of 
the rat chemokine KC and its importance in neutrophil recruitment in a 
rat model of pulmonary inflammation. J Immunol 1995; 154:335–344

 30. Williams AE, José RJ, Mercer PF, et al: Evidence for chemokine syn-
ergy during neutrophil migration in ARDS. Thorax 2016; 10:1–8

 31. Smart SJ, Casale TB: Pulmonary epithelial cells facilitate TNF-alpha-
induced neutrophil chemotaxis. A role for cytokine networking. J 
Immunol 1994; 152:4087–4094

 32. Bopp C, Bierhaus A, Hofer S, et al: Bench-to-bedside review: The 
inflammation-perpetuating pattern-recognition receptor RAGE as a 
therapeutic target in sepsis. Crit Care 2008; 12:201

 33. Woodfin A, Voisin MB, Beyrau M, et al: The junctional adhesion mol-
ecule JAM-C regulates polarized transendothelial migration of neutro-
phils in vivo. Nat Immunol 2011; 12:761–769

 34. Folkesson HG, Matthay MA, Hébert CA, et al: Acid aspiration-induced 
lung injury in rabbits is mediated by interleukin-8-dependent mecha-
nisms. J Clin Invest 1995; 96:107–116

 35. Matthay MA, Ware LB, Zimmerman GA: The acute respiratory dis-
tress syndrome. J Clin Invest 2012; 122:2731–2740

 36. Dorward DA, Felton JM, Robb CT, et al: The cyclin-dependent kinase 
inhibitor AT7519 accelerates neutrophil apoptosis in sepsis related 
acute respiratory distress syndrome. Thorax 2016; 0:1–5

 37. Leitch AE, Riley NA, Sheldrake TA, et al: The cyclin-dependent 
kinase inhibitor R-roscovitine down-regulates Mcl-1 to override pro-
inflammatory signalling and drive neutrophil apoptosis. Eur J Immunol 
2010; 40:1127–1138

 38. Locke LW, Chordia MD, Zhang Y, et al: A novel neutrophil-spe-
cific PET imaging agent: cFLFLFK-PEG-64Cu. J Nucl Med 2009; 
50:790–797

 39. Craven T, Walton T, Akram A, et al: In-situ imaging of neutrophil 
activation in the human alveolar space with neutrophil activation 
probe and pulmonary optical endomicroscopy. Lancet 2016; 
387:S31


