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Abstract

The pathways for peripheral-to-central immune communication (P—C I-comm) following sterile
lung injury (SLI) are unknown. SLI evokes systemic and central inflammation, which alters
central respiratory control and viscerosensory transmission in the nucleus tractus solitarii

(nTS). These functional changes coincide with increased interleukin-1 beta (IL-1) in the area
postrema, a sensory circumventricular organ that connects P—C I-comm to brainstem circuits
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that control homeostasis. We hypothesize that IL-1f and its downstream transcriptional target,
cyclooxygenase-2 (COX-2), mediate P—C I-comm in the nTS. In a rodent model of SLI induced
by intratracheal bleomycin (Bleo), the sigh frequency and duration of post-sigh apnea increased

in Bleo-compared to saline-treated rats one week after injury. This SLI-dependent change in
respiratory control occurred concurrently with augmented IL-1p and COX-2 immunoreactivity
(IR) in the funiculus separans (FS), a barrier between the AP and the brainstem. At this barrier,
increases in IL-1p and COX-2 IR were confined to processes that stained for glial fibrillary

acidic protein (GFAP) and that projected basolaterally to the nTS. Further, FSradial-glia did not
express TNF-a or IL-6 following SLI. To test our hypothesis, we blocked central COX-1/2 activity
by intracerebroventricular (ICV) infusion of Indomethacin (Ind). Continuous ICV Ind treatment
prevented Bleo-dependent increases in GFAP+ and IL-1B+ IR, and restored characteristics of sighs
that reset the rhythm. These data indicate that changes in sighs following SLI depend partially on
activation of a central COX-dependent P—C I-comm via radial-glia of the FS.
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Introduction

Peripheral organ injury can induce local and systemic release of proinflammatory cytokines
through activation of the innate immune system (Frangogiannis et al., 2002; Xu et al.,
2006; Liu et al., 2008; Riazi et al., 2008; Butterworth, 2013). Due to absence of microbial
activators, this is referred to as sterile injury; the immune response is referred to as sterile
inflammation (Chen and Nufiez, 2010; Shen et al., 2013; Rubartelli et al., 2014; Engelhardt
etal., 2017).

In the inflammatory response to infections such as septicemia, circulating immune factors
communicate with the central nervous system (CNS) (EImquist et al., 1997; Ericsson

et al., 1997; Mastronardi et al., 2007; Wuchert et al., 2008; Jin et al., 2016; Yoshida

et al., 2016; Vargas-Caraveo et al., 2017). Peripheral inflammation evokes ‘sickness
behavior’ and neuro-inflammation through specific mechanisms via peripheral-to-central
immune communication (P—C I-comm). Neuro-inflammation affects homeostatic functions
including: i) thermoregulation (Evans et al., 2016), ii) feeding (Platha-Salaman, 2001),

iii) blood pressure (Wei et al., 2018), and iv) breathing (Hofstetter et al., 2007; Siljehav

et al., 2014). While initially compensatory and beneficial, persistent and excessive
neuroinflammation can disrupt homeostatic control (Vandendriessche et al., 2013; Huxtable
et al., 2015; Nardocci et al., 2015; Lorea-Hernandez et al., 2016; Tohyama et al., 2018).

In contrast to inflammation due to infection, the P—C I-comm for sterile inflammation
remains less articulated (Chen and Nufiez, 2010; Shen et al., 2013; Rubartelli et al., 2014;
Engelhardt et al., 2017), and may be mechanistically distinct (Lee et al., 2010; Gadani et

al., 2015; Fleshner et al., 2017). Yet similar to non-sterile inflammation, sterile inflammation
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can become dysregulated and disrupt homeostatic control (Butterworth, 2013; Nongnuch
etal., 2014; Li et al., 2015; Tsai et al., 2017; Vaseghi et al., 2017; Litvin et al., 2018).
Therefore, understanding the CNS immune response to sterile injury, and how this response
acts to modulate homeostatic control is an important line of scientific inquiry independent of
the CNS immune response due to infectious injury.

In the current study, we examine P—C I-comm after intratracheal bleomycin (Bleo-IT),
which causes sterile lung injury (SLI) and triggers robust peripheral inflammation (Adamson
and Bowden, 1974; Jiang et al., 2005, 2007; Hoshino et al., 2009; Chen and Nufiez, 2010).
SLI also evokes central immune activation that features microglia hyper-ramification and
IL-1p expression throughout the nucleus tractus solitarii (nTS), a collection of dorsomedial
(dm)-brainstem nuclei that function as central relays for viscerosensory input (Jacono et

al., 2011; Litvin et al., 2018). The nTS is a critical central immune hub because of its

ability to: i) rapidly detect various forms of peripheral immune activation (Dantzer et al.,
2008; Balan et al., 2011; Pavlov and Tracey, 2012a, 2017; Hsu et al., 2017), and ii) mediate
cardiorespiratory (Mollace et al., 2001; Balan et al., 2011; Waki et al., 2013), appetitive (Hsu
etal., 2017; Yang et al., 2017), and thermoregulatory (Goehler et al., 2000; Konsman, 2016)
changes related to sickness behavior. This ability to mediate physiologic changes depends in
part on the immune activation of various cytokine/chemokine receptors expressed within the
nTS (Sekiyama et al., 1995; Rummel et al., 2006; Laaris and Weinreich, 2007; Marty et al.,
2008; Ruchaya et al., 2012; Waki et al., 2013; Vance et al., 2015).

To understand the source of immune activation in the nTS, we focused on

inflammatory changes within the closely juxtaposed area postrema (AP), a dm-brainstem
circumventricular organ (CVO) that serves as a P—C I-comm pathway for the nTS (Lee et
al., 1998; Goehler et al., 2006; Tsai et al., 2014; Senzacqua et al., 2016; Hsu et al., 2017).
We focused on the AP (as opposed to other CVVOs) was based on evidence that: i) it receives
vagal afferent projections, projects to the nTS, and modulates cardiorespiratory functions
(Florez and Borison, 1967; Shapiro and Miselis, 1985; Sun and Spyer, 1991; Srinivasan et
al., 1993; Cunningham et al., 1994; Rogers et al., 1995; Chang et al., 2015); ii) it becomes
activated during sterile and non-sterile inflammation (Ericsson et al., 1997; Rummel et al.,
2004; Lee et al., 2010; Vargas-Caraveo et al., 2015); iii) immune-dependent activation of the
AP often directly precedes activation of the nTS (Quan et al., 1997, 1998; Herkenham et al.,
1998; Nakano et al., 2015), and iv) activation of the AP is a necessary step in transmitting
peripheral immune activation to the nTS (Lee et al., 1998; Tsai et al., 2014).

In response to peripheral inflammation, the AP produces soluble immune factors that diffuse
to adjacent nTS nuclei (Vitkovic et al., 2000; Erickson and Banks, 2018; Furube et al.,
2018). However, the ventrolateral surface of the AP is surrounded by the Funiculus Separans
(FS) (McKinley et al., 2003; Price et al., 2008; Maolood and Meister, 2009; Dallaporta et
al., 2010; Senzacqua et al., 2016; Fernandez et al., 2017; Guillebaud et al., 2017), which

is a diffusion barrier composed of polarized radial-glia and tanycytes. These cells restrict
flow of molecules larger than ~1 kDa into the nTS (Faraci et al., 1989; Gross et al., 1990;
Willis et al., 2007; Wang et al., 2008; Langlet et al., 2013b; Miyata, 2015). Thus, volume
diffusion from the AP is likely not a major source for the immune mediators upregulated

in the nTS under systemic inflammatory conditions (Nadjar et al., 2003; Waki et al., 2010,
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2013; Jacono et al., 2011; Tsai et al., 2017; Litvin et al., 2018). Alternatively, there is
compelling evidence the £S may mediate P—C I-comm via mechanisms for producing
and trafficking cytokines, as occurs at other glial-barriers (Sofroniew, 2015; Engelhardt

et al., 2017; Erickson and Banks, 2018); consequently, ~S radial-glia may function as
interlocutors between immune processes in the AP and nTS (Voss et al., 2007; Dallaporta
et al., 2009; Nakano et al., 2015; Vargas-Caraveo et al., 2017). Thus, we hypothesized

that following SLI, P—C I-comm occurs through the £Svia canonical pathways such as
cyclooxygenase-1/2 (COX-1/2) dependent prostaglandin E2 (PGE>) synthesis (Matsumura
et al., 1998; Ebersberger et al., 1999; Schiltz and Sawchenko, 2002; Akanuma et al., 2011;
Tachikawa et al., 2012; Liu et al., 2015; Wei et al., 2018).

Finally, lung injury disrupts normal breathing patterns; increasing respiratory frequency and
the predictability of the ventilatory waveform (Jacono et al., 2011; Young et al., 2019).

This occurs through central mechanisms that include integration of viscerosensory drive
(Vlemincx et al., 2013; Ramirez, 2014, Litvin et al., 2018). Moreover, serum immune factors
upregulated in response to lung injury may be involved, given their ability to disrupt central
cardiorespiratory circuits that include the nTS (Sekiyama et al., 1995; Rummel et al., 2006;
Laaris and Weinreich, 2007; Marty et al., 2008; Ruchaya et al., 2012; Waki et al., 2013;
Koch et al., 2015; Vance et al., 2015; Forsberg et al., 2016, 2017). Consequently, ventilatory
behaviors such as re-setting sighs that typically act to restore normal ventilatory patterning
may be less effective during SLI (Khoo, 2000; Nakamura et al., 2003; Baldwin et al.,

2004; Yamauchi et al., 2008; Nguyen et al., 2012; Vlemincx et al., 2012, 2013; Ramirez,
2014). Thus, we hypothesized that SLI would decrease the occurrence rate and effectiveness
of resetting sighs and that central application of indomethacin (Ind), a COX-1/2 inhibitor,
would reverse this effect.

2. Materials & Methods

2.1. Animals

Adult Sprague Dawley male rats (200-300g) were purchased from Envigo (Indianapolis, IN,
USA), and delivered pathogen free at least 48h before the induction of any procedure.

Rats were housed in separate cages under specific-pathogen free conditions where

ambient temperature (22-25°C), humidity (40-50%), and light/dark cycles (12h/12h) were
controlled. Rats had ad /ibitum access to food and water. All procedures were conducted in
accordance with the National Institute of Health guidelines for care and use of laboratory
animals and were approved by the Institutional Animal Care and Use Committee at Case
Western Reserve University (2016 — 0039).

2.2. Treatment groups

Rats received either bleomycin (Bleo) or saline intratrachially (IT), and were
plethysmographically recorded and euthanized for immunohistochemical experiments 7d
later. In a separate set of studies, a cohort of rats received ICV cannulas, which delivered
Indomethacin (Ind) or Vehicle (Veh) by subcutaneous mini-osmatic pump. Two days (2d)
following cannula/pump implantation, rats received Bleo-IT or saline-1T; We based the
2d recovery time on previous ICV cannula studies using osmotic pumps, and chose 2d
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to minimize constitutive COX-1/2 inhibition by Ind and to allow sufficient time for rats

to resume normal feeding and grooming behaviors (Jho et al., 2003; Kirkby et al., 2016;
Ineichen et al., 2017; Khansari and Halliwell, 2019). The Ind-ICV dose was based on

a survey of previous studies that acutely and/or chronically used central Ind infusion to
mitigate neuroinflammation (Catania et al., 1991; Komaki et al., 1992; Tanaka et al., 1993;
Bustamante et al., 1997; Netland et al., 1998; Schiltz and Sawchenko, 2002; Serrats et al.,
2017).

SLI rats that received Bleo-1T and Veh- or Ind- ICV are referred to as B+V or B+l
respectively, and sham-rats that received saline-1T and \Veh- or Ind- ICV are referred to
as S+V or S+ respectively. The sample size for each study was selected based on: i) our
previous studies (Litvin et al., 2018), ii) a power analysis to achieve a power of 0.8 with
an alpha value of 0.05; assuming an effect size of 30% and standard deviations that were
15-20% of the mean in a given treatment group (Lenth, 2001). We specify the number of
rats for each study with the presentation of group data.

Bleomycin-induced lung injury

Rats received a single IT infusion of either: i) Bleo (3 units, BIOTANG Inc. Lexington,

MA\) dissolved in 40ul of physiologic saline (0.9%) or ii) 40pl of saline. The Bleo dose

was based on previous work in our lab (Jacono et al., 2006, 2011; Litvin et al., 2018),

and studies by others showing that Bleo-IT reliably produces dose-dependent injury to the
lung parenchyma (Kaminski et al., 2000; Borzone et al., 2001; Cutillo et al., 2002; Babin

et al., 2011). To induce SLI, rats were sedated with a ketamine, xylazine and acepromazine
cocktail (0.1ml per 50g body weight), and placed supine on a sterilized surgical board. The
surgical site was disinfected with betadine and a midline cervical incision (1cm) exposed the
trachea. Bleo or Saline was instilled through a 26-gauge needle that was inserted through the
tracheal wall. The incision site was sealed using surgical adhesive (\Vetbond™, St. Paul, MN,
USA). We observed the rats during recovery and once they were moving, we returned them
to the animal facility and monitored them daily. Post-surgical pain management involved
Bupivacaine for local analgesia (2 mg/kg), and Buprenorphine for systemic analgesia (0.02

mg/kg).

2.4. Placing the ICV cannula for Indomethacin treatment

Rats were anesthetized as above and placed prone in a stereotaxic frame (David Kopf
instruments, Tujunga, CA) to implant a cannula in the right lateral ventricle. Briefly, the
cannula was i) available in the brain infusion kit, (Alzet Osmotic Pumps, Cupertino, CA),
ii) positioned ICV using the following stereotaxic coordinates: 0.8mm posterior to Bregma,
1.5mm lateral to the midline and 3.5mm ventral to the surface of the skull; iii) affixed

to the skull with dental cement, and iv) connected to a vinyl catheter that was threaded
subcutaneously (aligned with the spine) to a mini-osmotic pump. The pump (0.5 pl/h, 200 pl
reservoir) contained either vehicle (\eh, 50% DMSO) or Ind (8.3 ug/ul) and was implanted
subcutaneously in the mid-scapular space. The incisions for the cannula and pump were
closed using surgical adhesive (Vetbond™, St. Paul, MN, USA). Rats were observed during
recovery and then returned to the animal facility and monitored daily. Two days following
cannula/pump implantation, rats received either Bleo-IT or saline-1T. The exact placement
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of the cannula was determined post-mortem by cryo-sectioning and imaging suprapontine
brain slices (100 um) to determine whether the path of the cannula dorsoventrally transected
the entirety of the primary motor cortex (M1) between Bregma: 0.2 mm and —0.77 mm. Of
the 33 cannula/pump implantations completed for the study, 5 (15%) were placed incorrectly
and these rats were excluded from the final analysis

2.5. Measurement of breathing patterns

2.6.

Respiratory waveforms were recorded in awake, freely moving rats using whole-body
plethysmography (pleth, (BUXCO Research Systems, Wilmington, NC, USA) (Jacono et al.,
2006, 2011). Pressure changes within the chamber were transmitted via pre-amplifier (Max
I, BUXCO Research Systems, Wilmington, NC, USA) and recorded at 200 Hz using a

data acquisition interface (Power1401, CED, Cambridge, UK) with chart recording software
(Spike 2, CED).

We identified post-sigh apneas as pauses in breathing that were preceded by an augmented
inspiration, which was defined as having an amplitude that was >1.5 x the resting amplitude.
The apnea had a duration >2.5 x the duration of baseline expiration (Mendelson et al., 1988;
Montandon et al., 2006; Litvin et al., 2018). We focused on a subset of sighs that reset the
respiratory pattern (Cherniack et al., 1981; Vlemincx et al., 2012, 2013; Ramirez, 2014).
We identified these sighs by a decrease in the variability of the respiratory frequency (fR)

in the breaths immediately after the sigh compared to those immediately before the sigh.

We calculated the coefficient of variability for fR (CVfR), which is a normalized measure
of variance (standard deviation divided by the mean fR) and is an established measure of
variability (Stromberg and Gustafsson, 1996; Yamauchi et al., 2008; Cruz et al., 2014). With
resetting sighs, the CVfR from the 10s period before the sigh decreased =10% in the 10s
period that after the sigh and CVfR was <20% after the sigh.

Immunohistochemistry (IHC), imaging and quantification

Rats were anesthetized deeply with isoflurane and euthanized by exsanguination and
transcardial perfusion of ice-cold phosphate buffered saline (PBS, 0.9% NaCl + 0.1M
phosphate buffer, pH 7.4) followed by ice-cold 4% paraformaldehyde (RT15714, Electron
Microscopy Sciences, Hatfield, PA, USA). Brainstems were: i) removed, ii) post-fixed for
2h in 4% paraformaldehyde at 4°C, iii) cryoprotected in 30% sucrose for 48h, iv) frozen
with dry ice, v) embedded in Tissue-Tek® OCT compound (Sakura Finetek, Torrance,

CA, USA), vi) stored at —80°C and vii) serially sectioned (20-um coronal sections, Leica
CM1850 cryostat, Leica Biosystems Inc., Buffalo Grove, IL, USA). Brainstem sections were
mounted onto gelatin-coated slides, and allowed to air-dry for ~45min before being placed
into a slide-box and stored at -20° C.

Brainstem sections were immunostained in parallel for a particular antibody. The antibody
that we used stained for IL-1p also can stain for pro-1L-1f so constitutive staining apparent
in figures of IL-1 staining may be due to staining pro-IL-1p. To stain sections, the slides
were thawed, rehydrated with 3x PBS washes, and incubated in sodium citrate buffer (10
mM tri-sodium citrate, 0.05% tween-20, pH 6, heated to 75° C) for antigen retrieval (Litvin
et al., 2018). The sections were then permeabilized with PBS containing 0.1% Triton X-100
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(PBST). Subsequently, sections were incubated for 1h in blocking buffer (PBST, 5% bovine
serum albumin), and 5% normal donkey serum. Then sections were incubated overnight at
room temperature with primary antibody diluted in blocking buffer. The next day, sections
were incubated for 2h in secondary antibodies (diluted in blocking buffer). Dilutions and
manufacturer information for primary and secondary antibodies are summarized in table 1.

For studies using fluorescent secondary antibodies, slides were a) washed, b) cover-slipped
c) sealed, and d) stored in the dark at 4°C until the time of imaging (Litvin et al., 2018).
For studies using biotinylated secondary antibodies, slides were rinsed and incubated in
the VECTASTAIN® Elite ABC (Vector Laboratories, Burlingame, CA) reagent for 2h; and
then rinsed and incubated for ~5 min in a fresh solution containing 3,3’ diaminobenzidine
(0.05%, DAB), nickel chloride (0.05%) and H,0, (0.015%) in PBS. Brainstem sections
for each particular study were immunostained in parallel (Litvin et al., 2018). To coverslip
slides we used ProLong® Diamond Antifade Mountant (ThermoFisher; P36965) and 1.5
coverslips. Following 48hr mountant curing, we used CoverGrip™ (Biotium; #23005) to
seal coverslips.

Brightfield and fluorescent images of the dorsomedial brainstem were acquired at x40
(APO, 1.3 NA, oil objective) using a fluorescence microscope (BZ-X710 Keyence
Corporation of America, Itasca, IL) or a confocal microscope (TCS-SP8, Leica Biosystems
Inc., Buffalo Grove, IL, USA). We used the same microscope to image brainstem sections
within datasets (i.e. IL-1p IHC). Quantification of fluorescent images was performed using
image analysis software FI1JI. Cell number and area per cell were measured on maximally
projected, segmented binary images using the “analyze particle” function. Iba-1+ branch
endpoints/cell, and total branch length/cell were quantified in a given region of interest
using maximally projected binary masks that were “skeletonized” and measured using the
“analyze skeleton” function without “pruning” (Arganda-Carreras et al., 2010; Morrison and
Filosa, 2013).

Immunostaining control experiments

We employed negative/positive controls to ensure the antibody specificity of IL-1p and
COX-2. Namely, we utilized: i) omission of primary antibodies, ii) primary antibody
pre-absorption with a 10-fold molar excess of the immunizing peptide antigen, and iii)
immunostaining tissue that endogenously/exogenously contained high protein expression
(O’Neill and Ford-Hutchinson, 1993; Rocca et al., 2002; Kirkby et al., 2013, 2016).

Negative controls for TNF-a and IL-6 consisted only of primary antibody exclusion. These
antibodies were selected based on the literature, which supported their use: i) throughout
the CNS/PNS, ii) with pre-absorption (TNF-a.: (Wei et al., 2008; Kato et al., 2009; Fuchs
etal., 2013); IL-6: (Leibinger et al., 2013; Wei et al., 2013b; Chen et al., 2018)), or iii) for
neutralization (TNF-a (Nadeau and Rivest, 2000; Wei et al., 2008; Wang et al., 2019); IL-6
(Faustino et al., 2011; Shrivastava et al., 2017; Sun et al., 2017; Wang et al., 2019)).

In co-localization studies, we took precautions to minimize potential cross-reactivity
between antibodies by utilizing a serial protocol (Guo et al., 2007; Wei et al., 2008; Jones
et al., 2019). Specifically, we first incubated brain slices with chicken anti-GFAP (overnight)
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followed by donkey anti-chicken Alexa Fluor 488 (2h) and following thorough washing
with PBS (5 X 10min), we incubated with rabbit anti-IL-1f (overnight) followed by donkey
anti-rabbit Alexa Fluor 647 (2h). Furthermore, we used secondary antibodies that were
affinity purified and cross-adsorbed. For confocal imaging, serial acquisition was used to
image co-labeled sections, whereby a given region was scanned separately for Alexa Fluor
488 labeled epitope (GFAP) and Alexa Fluor 647 labeled epitope (IL-1).

2.8. Data analysis

Statistical analyses were performed using GraphPad Prism 6. Statistical significance was
set at a P-value less than 0.05. The statistics included: i) unpaired two-tail t-test, ii) Kruskal-
Wallis test, a non-parametric analysis of variance with Dunn’s multiple comparisons test
(post-hoc), or iii) a one-way ANOVA with Tukey multiple comparisons test and are
identified with the presentation of the group data. For IHC experiments, measurements from
3-4 brainstem sections per rat were averaged. Data are presented as mean + SEM.

Brainstem sections immunostained with Iba-1 and DAB were analyzed with the optical
fractionator method of stereology to quantify volume density and expressed as cells per unit
volume (CPUV, 10° cells/um3) (Long et al., 1998; Beggs and Salter, 2007; Selenica et al.,
2013). Brainstem sections immunostained with Iba-1 and a fluorescent secondary antibody
were analyzed by acquiring a three-dimensional optical stacks confocally to quantify Iba-1+
cell morphology (Arganda-Carreras et al., 2010; Schindelin et al., 2012; Morrison and
Filosa, 2013) (Figure 1A3). The strategy for quantifying ramification involved ranking over
100 cells in a section by the number of their branches (Br#), taking the 100 cells with the
highest branch number and then averaging Br# and the corresponding numbers for branch
endpoints (BEPS) and total branch length (TBL). For these experiments, measurements from
3 — 4 brainstem sections per rat were averaged and compared between groups.

The group data are presented in a consistent format (Bleo-before Saline-IT rats) through the
text. The numbers of rats in the groups are the same for the sites analyzed in a particular
study. These numbers will be written with the first comparison but not repeated for each
comparison.

3. Results

3.1. Sterile lung injury (SLI) alters microglia morphology in the area postrema (AP) and
within adjacent dm-brainstem sites

Microglia in the AP mediate P—C I-comm. Under physiologic conditions, microglia
exhibit a Aypo-ramified phenotype at sites with contact to peripheral circulation; under
pathophysiologic conditions, microglia become further hypo-ramified in response to
circulating cytokines (Wuchert et al., 2008, 2009; Hermann et al., 2013; Nakano et al., 2015;
Takagi et al., 2017). We asked whether SLI evoked changes in the number and morphology
of Iba-1 positive microglia/macrophages in the AP (Figure 1A-D).

In the central zone of the AP (czAP), where fenestrated capillaries permit transmission
of humoral signals to sensory neurons within the AP parenchyma (Goehler et al., 2006;
Willis et al., 2007; Wang et al., 2008; Mannari et al., 2013), we observed Iba-1+ cells
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that often localized to perivascular spaces (seen as large cavitations), which suggested their
macrophage-related identity (Willis et al., 2007; Maolood and Meister, 2009; Willis, 2011).
The volume density of czAP Iba-1+ cells (CPUV) (Long et al., 1998) was similar in Bleo-
and saline-treated rats ((Figure 1B) Bleo: 94 + 5 CPUV, n = 7 vs. saline: 95 + 3 CPUV,
n=8,t13=0.17, P=0.87, Two-tail t-Test). The morphology of Iba-1+ cells in the czAP
developed a Aypo-ramified phenotype in response to SLI, which consisted of a reduced
branch number (Br#, Figure 1B,), reduced number of branch endpoints (BEP, Figure 1B3),
and a reduced total branch length (TBL) ((Figure 1B,4) Br#: Bleo, 25.1 £1.3,n =7, vs.
saline, 30.1 + 1.4, n = 8, t13 = 2.55, = 0.024; BEP: Bleo, 12.0 + 0.5, vs. saline, 13.9 + 0.6,
t13 = 2.43, P=0.03; TBL: Bleo, 5.0 + 0.3 x102 um, vs. saline, 6.3 = 0.4 x102 um, t;3 = 2.44,
P=0.031, Two-tail t-Test). Thus, microglia morphology becomes /Aypo-ramified in the czAP
in both sterile and non-sterile inflammatory conditions (Lee et al., 2010; Vargas-Caraveo et
al., 2015; Takagi et al., 2017).

The ventral-most segment of the AP forms the dorsal border (“roof”) of the central canal
(dbCC), and thus provides a potential conduit for AP immune activation to reach circulating
cerebrospinal fluid (Glattfelder et al., 2007; Miller and Loewy, 2014; Nakano et al., 2015).
In contrast to the czAP, volume density of Iba-1+ cells in the dbCC increased in Bleo-
compared to saline-treated rats ((Figure 1A, & 1Cq) Bleo: 11 £ 2 CPUV, n=7; saline: 6 £
1,n =8, t13=2.71, P=0.018, Two-tail t-Test). In further contrast, Iba-1+ cells in the dbCC
of Bleo-IT rats exhibited a /yper-ramified phenotype with increased: i) Br# Bleo: 12.4 £ 0.9
vs. saline: 9.0 £ 1.0, t13 = 2.49, P=0.027, ii) BEP Bleo: 7.4 £ 0.5 vs. saline: 5.9 £ 0.4, t;3
=2.18, P=0.049, and iii) TBL Bleo: 1.2 + 0.2 x102 um vs. saline: 0.8 + 0.1 x102 pm, t;3 =
2.35, P=10.035, Two-tail t-Test (Figures 1C,_4)

Finally, we examined the microglia morphology in two efferent nuclei: 1) dorsal motor
nucleus of the vagus (DMNX), whose neurons make contact with the CC (McLean and
Hopkins, 1985; Browning et al., 2005); and 2) the phrenic motor nucleus, located more
caudally in the cervical spinal cord (Boulenguez et al., 2007; Mantilla et al., 2007; Anderson
et al., 2009). We found no significant difference in the volume density of Iba-1+ cells
measured in Bleo-versus saline-1T rats ((Figure 1D;) Bleo: 143 £ 8 CPUV vs. saline: 152 +
11 CPUV, t13 = 0.64, P=0.53). Similar to the czAP, the absence of a change in the number
of Iba-1+ cells was associated with a /ypo-ramified phenotype ((Figure 1Dy — 1Dy) i) Br#:
Bleo: 20.74 + 1.56 vs. saline: 28.97 £ 2.2, t1, = 3.051, A= 0.01; ii) BEP: Bleo: 11.6 £ 0.74
vs. saline: 15.4 + 0.99, t1» = 3.05, A= 0.0; iii) TBL: Bleo: 0.96 + 0.1 X102 pm vs. saline: 1.4
+ 0.1 x102 pym, t1o = 2.94, P=0.012, Two-tail t-Test). In contrast, microglia in the phrenic
motor column of Bleo-IT rats had no morphological differences compared to saline-IT rats
(Supplemental (Sup) Methods, Sup Figure 3).

In summary, our data showed regional differences in the volume density and morphology
of Iba-1+ cells in response to SLI. In the czAP and DMNX, the number of Iba-1+ cells
was similar in the SLI and Sham groups but their morphology exhibited a Aypo-ramified
phenotype. However in the dbCC, the number of Iba-1+ cells after SLI although small was
nearly double than that in Sham rats. Further, the Iba-1+ cells in the dbCC exhibited a
hyperramified morphology following SLI. Together this provides evidence that the AP is a
target for the immune response to SLI.
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3.2. SLl augments Interleukin-1p (IL-1B) immunoreactivity in the dm-brainstem

Previously we showed that Bleo-IT increased IL-1p in the dm-brainstem after 48h in adult
rats (Jacono et al., 2011) and after 7d in neonatal rats (Litvin et al., 2018). Because this
proinflammatory cytokine is released by “activated” microglia and may mediate the CNS
response to peripheral immune challenges, we determined if IL-1f increased at sites that
could mediate P—C I-comm following SLI (Ericsson et al., 1997; Schiltz and Sawchenko,
2002; Goehler et al., 2006; Gabriel Knoll et al., 2017). Therefore we evaluated IL-1p+ IR
in the: i) the czAP, ii) the dbCC, which is surrounded by iii) the funiculus separans and
compared IL-1p+ IR in Bleo- (n = 5) and saline- (n = 5) IT rats (Miller and Loewy, 2014;
Nakano et al., 2015) ((Figure 2D-F). Quantitative data for each site were as follows: i)
czAP: Bleo: 20.9 + 4.4 AUs vs. saline: 8.5 £ 2.5 AUs, tg = 2.5, P=0.039; ii) dbCC: Bleo:
34.4 +5.3 AUs vs. saline: 15.9 + 4.6 AUs, n = 5, tg = 2.64, £ =0.03; iii) £S: Bleo: 17.5 =
3.5 AUs vs. saline: 5.4 £ 0.7 AUs, tg = 3.402, P =0.0093, Two-tail t-Test). Further, IL-1p+
IR increased in adjacent nuclei ((Figure 2G, 2H) i) nTS: Bleo: 28.0 + 6.4 AUs, vs. saline:
9.6 £ 1.9 AUs, tg = 2.77, P=0.024, Two-tail t-Test; ii) DMNX: Bleo: 24.1 £ 5.4 AUs, n =
5vs. saline: 6.3 = 3.0 AUs, tg = 3.35, £ =0.01, Two-tail t-Test). In both treatment groups,
IL-1B+ IR was restricted to radial-glial varicosities in the doCC and funiculus separans. A
subset of these varicosities originated from or near the ependymal layer of the CC (Pecchi et
al., 2007), and projected basolaterally to the nTS or DMNX (Figure 2B).

In the dbCC, immunostaining for the IL-1p converting enzyme Caspase-1 (CASP-1) was
not localized to radial-glia in Bleo- (n = 8) and saline- (n = 8) IT treated rats (Sup Figure
1D-H). Rather, increased CASP-1+ IR was restricted to cuboidal-like cells at the perimeter
(ependymal layer) of the CC (£ =0.048, Two-tail t-Test) (Sup Figure 1D white arrowheads,
1F). In the czAP or £S, CASP-1+ IR did not differ between groups ((Sup Figure 1E, 1F)
CzAP: P =0.7, FS: P=0.995, Two-tail T-test).

Double labeling of brainstem sections from Bleo-IT treated rats (n = 3) with IL-1p and glial
fibrillary acidic protein (GFAP) showed co-localization in the dbCC, funiculus separans, and
medial nTS in Bleo-IT (n = 3) but not saline-IT (n = 3) rats (Sup Figure 11). Dm-brainstem
sections obtained at 24h (n = 2 each in Bleo- & saline-IT groups), 48h (n = 4 each group),
and 72h (n = 2, each group) following treatments, had basolaterally projecting radial-glia
processes positive for IL-1f at 48 and 72h, but not 24h (Sup Figure 1A—C). Analogously, in
the median eminence, a CVO that mediates P—C I-comm to the hypothalamus, Bleo-IT (n
= 4) but not saline-IT (n = 3) rats had IL-1p+ IR localized to radial-glia and tanycyte tight
junctions at the base of the 3rd ventricle (Sup Figure 1J) (Langlet et al., 2013b). Moreover,
this radial-glial IR pattern was completely absent in saline-treated rats (Sup Figure 1J).
These data indicate that CVVOs in addition to the AP respond to SLI.

Finally, we sought to determine whether other proinflammatory cytokines that: i) are
systemically upregulated following lung injury (Tzouvelekis et al., 2005; Meduri et al.,
2009), ii) exhibit P—C I-comm (Erickson and Banks, 2018) and, iii) modulate nTS
cardiorespiratory circuits (Mollace et al., 2001; Hermann and Rogers, 2009; Takagishi et
al., 2011; Rogers and Hermann, 2012), also showed IR specific to FSradial glia following
SLLI. Surprisingly, IL-6 and TNF-a. immunostaining were absent in £Sradial-glia (and their
processes) of Bleo-IT and saline-IT treated rats at 48h (n = 3; Sup Figure 2A&2C) and 7d
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(Bleo-IT: n =4, Saline-IT: n = 5; Sup Figure 2B&2D), despite being present throughout the
dm-brainstem in both treatment groups. Together these findings indicate that while not all
proinflammatory cytokines exhibit localization to ~S radial-glia following SLI, IL-1B IR is
augmented within radial-glia at the barrier between the AP and adjacent dm-brainstem sites.

3.3. SLI promotes COX-2 expression in the glial-barrier of the AP and in adjacent sites in
the dm-brainstem

Previous studies have demonstrated that structural changes to radial-glial processes can

be mediated by cyclooxygenases (Prevot et al., 2003, 2010; de Seranno et al., 2004,

2010), which are downstream transcriptional targets for IL-1p signaling (Catania et al.,
1991; Schiltz and Sawchenko, 2002; Mastronardi et al., 2007; Gosselin and Rivest, 2008).
Therefore, we determined whether cyclooxygenase-2 (COX-2+) was differentially expressed
at AP barrier sites and localized to radial processes. In Bleo- (n=7) compared to saline-
(n=7) IT rats, COX-2+ IR staining was greater in the dbCC, FS, czAP, and DMNX ((Figure
3B1 - 3B4) 1) czAP: Bleo: 37.6 £ 5.9 vs. saline: 6.1 £ 1.9 AUs, t;o = 5.02, £=0.0003; 2)
dbCC: Bleo: 30.7 £ 4.3 vs. saline: 8.8 + 3.4 AUs, t;p = 3.96, P=0.0019; 3); £S. Bleo: 24.4
+ 3.6 vs. saline: 5.2 £ 0.9 AUs, t1, = 5.15, £#=0.0003; 4) DMNX: Bleo 18.9 + 3.9 vs. saline:
3.5+ 1.8 AUs, t1p = 3.55, P=0.004, Two-tail t-Test). In Bleo-IT treated rats, heightened
COX-2+ IR observed in the DMNX localized to the soma of motor neurons.

COX-2+ IR amplified by a nickel-DAB reaction showed COX-2 localized to radial-glial
cells within the dbCC and F£S. Further in Bleo- and not saline-IT rats, we noted a sparse
population of COX-2+ radial-glia with basolateral projections at 24h (n = 2 each group),
which became more apparent at 48h (n = 4 each group), and 72h (n = 2 each group)
following SLI (Figure 3C-E). Together these findings show that COX-2+ IR spatially and
temporally mirrors IL-1p+ IR throughout the radial-glial barrier separating AP and nTS, and
suggests that COX-2 activation in the DMNX may also play a role in the CNS response to
SLI.

3.4. SLI augments GFAP immunoreactivity at the AP glial-barrier and in adjacent dm-
brainstem sites

Given that IL-1p co-localized with GFAP+ IR, we asked if GFAP+ IR was different in the
glial-barrier in Bleo- (n = 7) compared to saline-IT (n = 7) rats (Figure 4). In both treatment
groups, we observed robust GFAP+ IR in the £Sand dbCC, and IR was greater in Bleo-1T
than saline-1T rats ((Figure 4A, 4D&E) FS. Bleo: 36.9 + 2.3 AUs vs. saline: 26.2 + 2.8 AUs,
t10 = 3.02, P=0.0098; dbCC Bleo: 42.3 + 3.8 AUs vs. saline: 30.2 + 3.8 AUs, t1o = 2.23,
P=0.044, Two-tail t-Test). However, in the czAP GFAP+ IR staining was not robust, nor
different between groups ((Figure 4F) Bleo: 2.93 £ 0.38 AUs vs. saline: 2.76 £ 0.41 AUs,
t12 =0.29, P=0.77, Two-tail t-Test). In the DMNX and nTS, GFAP+ IR was greater in
Bleo-versus saline-treated rats ((Figure 4G, 4H) DMNX: Bleo: 12.01 + 1.25 vs. saline: 8.2 +
1.2,t10=2.23, P=0.044; nTS: Bleo: 57.3 + 3.1 AUs vs. saline: 45.6 + 3.8 AUs, t1p = 2.4, P
= 0.034; Two-tail t-Test).

With co-labeling for GFAP and NeuN in Bleo (n = 3) and saline (n = 3) treated rats, nTS
neurons with proximity to the £Sappeared to contact the barrier’s laterally projecting glial
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processes (Figure 4B). Similarly, neurons in the DMNX apposed the glial barrier near the
dbCC (Figure 4C).

To further investigate SLI-dependent changes within the FSwe triple immuno-labeled
brainstem sections from Bleo-IT rats (n = 3) for: i) GFAP (green), ii) MAP2, a dendritic
microtubule marker (blue), and iii) vGIuT2, a presynaptic glutamatergic marker (red)
(Figure 41). In Bleo-treated rats, glial processes localized to the £Swere near both
glutamatergic terminals and dendrites (Figure 41). Similarly, glial processes emanated from
the £Sthat apposed glutamatergic terminals and dendrites in the commissural nTS (Figure
41). These data indicate that SLI augments GFAP expression at the perimeter of the AP
and at adjacent dorsomedial brainstem sites; in particular: i) glutamatergic synapses target
the funiculus separans, interweaving with dendrites that arise from nTS neurons, and ii)
radial-glia originating from the ~£Sterminate near to glutamatergic synaptic sites in the nTS.
Thus, SLI may potentially alter either of these connections.

3.5. Lung injury increases sighs in general but reduces sighs that ‘reset’ the respiratory

rhythm

We identified sighs based on the following three characteristics: 1) an augmented
inspiration, 2) increased expiratory airflow and 3) prolonged expiration, which is referred
to as post-sigh apnea (Figure 5B, top tracing dashed box). The uninjured groups of rats
(S+V, n=7; S+1, n=7 rats) had 134 and 145 sighs, respectively; and injured groups

(B+V n=7 & B+, n=7 rats) had 301 and 371 (Figure 5C). Sighs occurred episodically
throughout the recording; preferentially at the beginning; and then decreased as the rats
became acclimatized to the chamber. Overall, the frequencies of sighs were greater in SLI
than sham rats ((Figure 5C) B+V: 45.0 + 4.4 vs. S+V: 29.8 + 2.3 sighs/h, £=0.03; B+I: 52.0
+ 5.2 vs. S+1: 32.6 £ 0.7 sighs/h, P=0.005; Kruskal-Wallis test with Dunn’s post hoc). The
frequencies of sighs were not different between sham groups ((Figure 5C) S+V vs. S+I: P >
0.94; Kruskal-Wallis test with Dunn’s post hoc)) nor between untreated and treated SLI rats
((Figure 5C) B+V vs. B+l, = 0.53; Kruskal-Wallis test with Dunn’s post hoc)).

Our subsequent analysis focused on a subset of sighs that act to ‘reset’ the respiratory
rhythm; particularly, in sighs associated with a decrease in fR variability (Vlemincx et

al., 2012, 2013). By our definition, a sigh associated with resetting the respiratory rhythm
would: 1) decrease in CV{R at least = 0.1 from before to after the sigh and 2) have a
post-sigh CVfR < 0.2 (Figure 5B and points contained in the highlighted area in Figure
5G1-5G4). Our criteria excluded a change in fR although fR generally decreased following
a sigh in uninjured rats. ‘Resetting’ sighs (Figure 5B) occurred in each group (S+V, S+,
B+V & B+I; n =7 rats in each group). In the saline-groups, 26.1% of the sighs in the S-V
group and 29.5%, in the S+I group met the criteria for resetting sighs (highlighted in Figure
5G1-5G2 respectively). In contrast, in the lung-injured groups, only 7.3% of the sighs in the
B-V group and 10.0% for the B+l group met the criteria for resetting sighs (highlighted in
Figure 5G3-5G4 respectively).

We characterized the post-sigh apnea and pre-sigh CV{R for the resetting sighs. In this
subgroup of sighs, the post-sigh apneas were less in SLI than sham rats in three of four
comparisons between SLI and sham groups ((Figure 5D) B+V: 1.37 + 0.90 vs. S+V: 1.91
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+0.875s, P=0.05; B+1: 1.04 £ 0.81 vs. S+1: 1.64 + 0.61 s, P = 0.05; B+1 vs. S+V
Kruskal-Wallis test with Dunn’s post hoc). The post-sigh apneas were not different between
B+V and S-1, nor between sham groups ((Figure 5D) S+V vs. S+l: P > 0.94; Kruskal-Wallis
test with Dunn’s post hoc)) nor between untreated and treated SLI rats ((Figure 5C) B+V
vs. B+, P = 0.53; Kruskal-Wallis test with Dunn’s post hoc)). In Bleo-IT rats that received
Veh-ICV, the pre-sigh CVfR for the 10 s epoch preceding the sigh was not significantly
different from either of the saline-IT control groups, nor from Bleo-IT rats that received
Ind-ICV ((Figure 5E) B+V: 0.35 + 0.02 vs. S+V: 0.49 £ 0.04, P=0.27; B+V: vs. S+1: 0.48
+0.03, P=0.06; B+V vs. B+1: 0.29 £ 0.01, A= 0.29; Kruskal-Wallis test with Dunn’s
post-hoc). However, pre-sigh CVR for B+ rats was less than those for the control groups
((Figure 5E) B+I vs. S+I: < 0.0001; B+l vs. S+V: £< 0.0001).

The post-sigh CVfR for the 10 s epoch after the sigh (and apnea) was greatest in injured
untreated rats. The post-sigh CVfR of the Bleo-IT rats that received Veh-1CV was more

than those of the control groups and that of the Bleo-IT treated rats that received Ind-ICV
((Figure 5F) B+V: 0.16 + 0.01 vs. S+V: 0.10 £ 0.01, £< 0.0001; B+V: vs. S+I: 0.1 £ 0.01, P
<0.0001; B+V vs. B+1: 0.13 £ 0.01, £=0.007; Kruskal-Wallis test with Dunn’s post-hoc).
In contrast, the post-sigh CVfR of the Bleo-IT rats that received Ind-ICV treatment was
significantly greater when compared to those of the control groups ((Figure 5F) B+l vs.

S+l: P=0.002; B+l vs. S+V: P=0.005). Thus, Ind-ICV treatment did not fully restore the
incidence or magnitude of the effect of resetting sighs in Bleo-IT rats.

Finally we plotted all the pre- against the post- sigh CVfR. First, the distribution of points
differed between SLI and sham plots in that the points for the SLI rats were clustered and
those for the sham animals had a broad distribution. Second, the values for post-sigh CVfR
of the BLEO-IT + Veh-ICV were shifted to the right (Figure 5G3, red arrowhead). This was
reversed in those Bleo-IT + Ind-ICV treated rats (Figure 5G4, red arrowhead).

Intracerebroventricular infusion of Ind during the course of SLI prevents GFAP and

IL-1B expression in the FS and dbCC

We determined whether COX-1/2 activity was required for changes in GFAP and IL-1p

at the glial-barrier using brainstem sections from rats that were euthanized following the
plethysmographic recording studies (Figure 5). Consistent with our previous results (Figure
4), the B+V group had increased GFAP+ IR in the dbCC compared to S+V and S+l groups.
The increase in GFAP+ IR was prevented by Ind-ICV infusion ((Figure 7A & B) B+V: 16.4
+28AUs, n=10vs. S+V: 7.1+ 0.6 AUs,n=7, P=0.008; B+V vs. S+ 1: 7.7 £ 1.0 AUs,
n=7,P=0.014; B+V vs. B+l: 6.5+ 1.0 AUs, n = 14, A= 0.0005, One-way ANOVA with
Tukey test, F3 35 = 7.61, treatment effect ~ =0.0005). Additionally, GFAP+ IR in the dbCC
of the B+l group was not different from the S+V and S+1 groups, indicating that Ind fully
abrogated the augmented GFAP+ IR ((Figure 7A&B) B+l vs. S+V: P =0.995; B+I vs. S+I:
P =0.969, One-way ANOVA with Tukey test).

This effect of Ind ICV was evident in the other glial-border elements examined in the study.
In the B+V group, GFAP+ IR in the FS (Figure 6C) and the DMNX (Figure 6D) increased
compared to the other groups S+V, S+l and B+l (FS. B+V: 26.4 £ 4.9 AUs vs. S+V: 8.1 +
1.2 AUs, P=0.0042; B+V vs. S+I: 11.1 £ 2.2 AUs, P=0.02; B+V vs. B+1: 13.3+ 2.1, P=
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0.03, One-way ANOVA with Tukey test, F3 309 = 5.89, treatment effect 7= 0.0028) (DMNX:
B+V:11.9+ 1.7 AUs vs. S+V: 5.6 £ 0.7 AUs, P=0.026; B+V vs. S+1: 5.3+ 1.0 AUs, P=
0.019; B+V vs. B+1: 5.3 £ 1.2, P=0.003, One-way ANOVA with Tukey test, F3 35 = 5.96,
treatment effect #=0.0021). In both FSand DMNX, GFAP+ IR was not different among the
B+, and S+V and S+I groups ((Figure 6C&D) FS. B+l vs. S+V: P=0.714; B+l vs. S+I: P=
0.972; DMNX: B+l vs. S+V: £>0.999; B+1 vs. S+I: £>0.999).

Next we determined whether Ind treatment in SLI rats altered IL-1p expression in the
glial-barrier structure of the dm-brainstem (Figure 7). In the B+V group, IL1p+ IR increased
in the FSand dbCC. This was prevented by continuous Ind-ICV treatment ((Figure 7A&C)
FS. B+V: 228+ 2.9 AUs,n =10 vs. S+V: 8.2+ 1.9 AUs, n = 8, £< 0.0001; B+V vs. S+I:
7.1+1.0 AUs, n =38, P<0.0001; B+V vs. B+l: 8.7 £ 1.0 AUs, n = 13, £<0.0001, One-way
ANOVA with Tukey test, F3 35 = 17.5, treatment effect < 0.0001) (dbCC: B+V: 155+ 2.7
AUs vs. S+V: 3.3+ 1.2 AUs, P=0.0001; B+V vs. S+1: 2.3 £ 0.6 AUs, < 0.0001; B+V vs.
B+1: 4.9 + 1.0 AUs, £<0.0001, One-way ANOVA with Tukey test, treatment effect F3 35 =
13.16, £< 0.0001). In the FSand dbCC, IL 1B+ IR was not significantly different between
the B+l group and S+V and S+I groups (Figure 7B, 7C) (B+l FSvs. S+V £S. P=0.997,;
B+l FSvs. S+I FS: P=10.92, One-way ANOVA with Tukey test; B+l dbCC vs. S+V dbCC:
P=0.905; B+l dbCC vs. S+1 dbCC: P=0.76, One-way ANOVA with Tukey test).

Finally, in the B+V group, IL-18+ IR increased in the czAP and DMNX compared to the
S+V and S+I groups. This was also prevented by continuous Ind-1CV treatment ((Figure
7D&E) czAP: B+V: 22.8 £ 8.1 AUs vs. S+V: 0.6 + 0.3 AUs, A= 0.006; B+V vs. S+1: 0.3
+0.1 AUs, P=0.005; B+V vs. B+l: 4.8 £ 2.0 AUs, £ =0.011, One-way ANOVA with
Tukey test, treatment effect, F3 39 = 6.28, £=0.002) (DMNX: B+V: 17.4 + 4.2 AUs vs.
S+V: 3.0+ 0.8 AUs, P=0.0008; B+V vs. S+1: 2.3+ 1.0, £=0.0004; B+V vs. B+l: 2.8 +
0.8 AUs, P<0.0001, One-way ANOVA with Tukey test, treatment effect F3 35 = 11.04, P
< 0.0001). Similar to our previous findings, IL-1p+ IR in the B+I group did not differ from
S+V and S+l groups ((Figure 7D&E) czAP: B+l vs. S+V: £=0.876; B+1 vs. S+1 czAP: P
= 859, One-way ANOVA with Tukey test; DMNX: B+1 vs. S+V: P=0.999; B+l vs. S+I:
P=0.997, One-way ANOVA with Tukey test). Together these data indicate that central Ind
treatment prevents the SLI-dependent increase in IL-1p in the barrier separating AP from
other dm-brainstem sites.

4. Discussion

4.1. Summary of our findings

Using a rodent model of bleomycin-induced SLI (Kaminski et al., 2000; Borzone et

al., 2001; Cutillo et al., 2002; Babin et al., 2011), we showed that the dbCC and
funiculus separans, cellular interfaces separating the AP from neighboring dm-brainstem
sites, respond to this peripheral immune challenge by promoting IL-1p accumulation
within radial-glial processes. The increase in IL-1f within AP barrier radial-glia occurred
concurrently: i) with increases in the astrocyte/tanycyte/ependymal marker GFAP, ii) with
increases to COX-2, a downstream transcriptional target for IL-1R signaling, and iii) in
the absence of proinflammatory cytokines TNF-a or IL-6, which can also mediate P—C
I-comm (Herz and Kipnis, 2016). Thus, analogous to other BBB neuroimmune pathways,
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AP radial-glia exhibited specificity for inflammatory stimuli and the immune-mediators they
use to transmit inflammation to the CNS (Erickson and Banks, 2018). This specificity may
have consequences for cardiorespiratory control. Bleo-IT treated rats had an augmented sigh
frequency but a decreased in sighs that reset the rhythm. Continuous central infusion of Ind,
a COX-1/2 inhibitor, during the course of the SLI restored a decrease the variability of fR

in the post-sigh breathing pattern. Concurrently, Ind-treatment prevented the SLI-dependent
increase to GFAP and IL-1p IR within the glial-barrier and also in adjacent dm-brainstem
sites. Together these findings demonstrate that the AP and its radial-glia respond to the
immune response following SLI, and by virtue of their direct contact with autonomic control
sites, likely contribute to changes in cardiorespiratory function.

Microglia/macrophage response within the AP and in adjacent dm-brainstem sites

following SLI

4.3.

In CVO sites that contact fenestrated capillaries, microglia/macrophages exhibit distinct
morphologic characteristics relative to microglia/macrophages in adjacent sites (Takagi
etal., 2017), and can be activated by some forms of sterile inflammation (Lee et al.,

2010). Iba-1+ cells within the AP exhibited discrete morphologic changes following SLI,
which corresponded to glial-barrier sites interfacing with fenestrated capillaries (funiculus
separans) or CSF (dbCC). Microglia/macrophages localized to the dbCC were increased
following SLI, and exhibited Ayper-ramified morphology; this was indicated by an increased
length and number of appendages (Streit et al., 1999; Hinwood et al., 2013; Karperien et al.,
2013; Hellwig et al., 2016; Litvin et al., 2018). Although it is unclear whether the increase
in Iba-1+ cells is due to recruitment or proliferation at the dbCC, SLI caused immune
activation of cells lining the CC. This may reflect inflammatory transmission from the AP to
the dbCC; or alternatively, inflammatory transmission from the CSF to the dbCC (Furube et
al., 2018); or both.

In contrast, microglia/macrophages localized to the czAP did not differ in number and
exhibited Aypo-ramified morphology, decreased length and number of appendages. The
hypo-ramified morphology was also observed in the DMNX following SLI, and was
reminiscent of morphology changes we reported previously (Litvin et al., 2018). Thus,

SLI promotes similar microglial morphology changes in the DMNX and the czAP. Indeed,
peripheral immune activation by LPS does promote microglia/macrophage changes in CVOs
that are “mirrored” in neighboring brain regions, and absent in more distal CNS sites
(Furube et al., 2018). Our findings suggest this mirroring can also be present during SL1I, but
may occur through separate mechanisms from those used by non-sterile inflammation.

IL-1B8 and COX-2 activation at glial-barrier sites following SLI

In settings of sterile or non-sterile peripheral inflammation, P—C I-comm can occur through
an IL-1p-mediated COX-2 dependent PGE, synthesis at BBB endothelium (Laflamme et al.,
1999; Ek et al., 2001; Engstrdom et al., 2012; Wilhelms et al., 2014), which can also occur in
CVOs such as the AP (EImquist et al., 1997; Ericsson et al., 1997; Schiltz and Sawchenko,
2002; Dallaporta et al., 2007). In the current study, a similar pathway could be active within
CVOs following the immune response to SLI (Chen and Nufiez, 2010; Shen et al., 2013;
Rubartelli et al., 2014). In particular, our findings indicated IL-1p+ IR was present not only
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at the site of interface between peripheral circulation and AP parenchyma (czAP), but also at
glial-barrier sites contacting the CC, nTS and DMNX. At these barrier sites, IL-1p+ IR was
restricted to radial-glia processes and co-localized with GFAP. The identity of these IL-1p+
IR glia is informed in part by the pattern of IL-18 immunostaining in the median eminence,
a CVO featuring GFAP+ tanycytes, which similarly separate peripheral circulation from
brain parenchyma and CSF (Erickson and Banks, 2018). Importantly, a major function

of median eminence tanycytes is the transport of circulating factors into hypothalamic
parenchyma and/or CSF (Langlet et al., 2013a; Balland et al., 2014). For example uptake

of fluorescently labeled leptin by median eminence tanycytes shows localization within thin
elongated processes (Balland et al., 2014), which simulates the pattern of IL-1f IR observed
following SLI. This raises the possibility that radial-glia in the AP mediate IL-1p uptake

and transport into the CNS rather than de-novo synthesis. Indeed, several mechanisms for
IL-1B uptake have been reported (Lowenthal and MacDonald, 1986; Qwarnstrom et al.,
1988; Blanton et al., 1989; Brissoni et al., 2006; Pan et al., 2011; Sadowska et al., 2015). For
example, ERK signaling could mediate radial-glia uptake and release of IL-1f (Qwarnstrom
et al., 1988; Brissoni et al., 2006; Skinner et al., 2009). This mechanism is intriguing
because of evidence that Ind can block ERK signaling (Pan and Hung, 2002; Nikolopoulou
et al., 2014). Thus, Ind-treatment in SLI rats may attenuate the release of endocytosed IL-18
(by radial-glia) into the dorsomedial brainstem following SLI.

Consistent with this interpretation, CASP-1+ IR in the dbCC and £S did not exhibit any
localization to radial-glia in either treatment group, and was not significantly altered by SLI;
the heightened CASP-1+ IR in the dbCC was strictly associated with cuboidal ependymal-
like cells interfacing with the CSF that lacked long processes (Pecchi et al., 2007).
Contrastingly to barrier sites, we observed heightened CASP-1 IR in the DMNX, suggesting
de-novo IL-1p synthesis may influence efferent vagal pathways. Importantly, immune-
dependent changes to DMNX cardio-pulmonary efferent pathways may not contribute
directly to the SLI-dependent changes in respiratory patterning (Kalia and Mesulam, 1980;
Kalia, 1981; Pérez Fontan et al., 2000), but could act indirectly through control of airway
caliber (Lai et al., 2016) or anti-inflammatory reflexes (Abe et al., 2017; Pavlov and Tracey,
2017).

We also demonstrated that following SLI, COX-2+ IR is concurrently elevated within the
same dm-brainstem sites as IL-1p. The processes governing these immune mediators may
be functionally linked (Ek et al., 2001). However, a strict serial progression from IL-1p to
COX-2 is not necessary. For example, COX-2 expression can: i) occur independently of
IL-1p release (Prevot et al., 2003; Rummel et al., 2006; Eskilsson et al., 2014a; Xia et al.,
2015), ii) occur in timescales too rapid for cytokine production — especially in the regulation
of cerebral blood flow (Takano et al., 2006; Macvicar and Newman, 2015; Masamoto et

al., 2015), and iii) act reciprocally to regulate IL-1p release (Hua et al., 2015; Daniels

et al., 2016). Consistent with this non-linear view, we observed inhibition of augmented
IL-1B immunoreactivity in SLI rats treated with Ind. This suggests alternative central COX-
mediated signaling pathways may also play a role in transmitting SLI to the brain.

In Bleo-IT rats, we observed a significant increase in COX-2+ IR within the £S, dbCC,
czAP, and also in the DMNX. Analogous to our IL-1p findings, COX-2 IR in £Sand dbCC
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of Bleo-treated rats exhibited a progressive accumulation within radial-glia processes. A
subset of these processes also projected basolaterally into dm-brainstem sites. COX-2+ IR
in the DMNX of Bleo-treated rats was localized to neurons, which was largely absent in
saline-treated rats. This raises the possibility of its involvement in processes related to: i)
cell-survival or apoptosis, ii) synaptic plasticity, and/or iii) homeostatic functions associated
with febrile responses (Kaufmann et al., 1996; Samad et al., 2001; Chen et al., 2002; Marty
et al., 2008; Strauss, 2008; Tian et al., 2008; Yang and Chen, 2008; Lacroix et al., 2015).
Recent work from our lab demonstrated a SLI-dependent microglia/macrophage-mediated
depression of acute hypoxic-hypercapnic ventilatory sensitivity and post-synaptic depression
of viscerosensory transmission to the nTS. In the context of our current findings, it is
possible that these functional changes are COX-2 mediated, and that similar changes in
glutamatergic transmission may be occurring in the DMNX (Litvin et al., 2018).

4.4. SLl-dependent increase in GFAP within the glial-barrier

We demonstrated that radial-glia comprising the barrier between AP parenchyma and
neighboring dm-brainstem sites exhibited augmented GFAP+ IR following SLI. However,
we did not observe significant differences in GFAP+ IR localized to the czAP, which also
shows close association with fenestrated capillaries (Langlet et al., 2013b; Mannari et al.,
2013; Morita et al., 2016). GFAP+ glia within the czAP contribute to immune-surveillance
of the peripheral circulation; however, exposure to a particular morbidity factor (i.e. LPS)
did not necessarily cause morphologic changes (EImquist et al., 1997; Mannari et al., 2013;
Nakano et al., 2015; Yoshida et al., 2016). Thus, stimulation of czAP astrocytes/tanycytes by
SLI may not necessarily be reflected in GFAP+ IR changes. Additionally, the comparatively
low GFAP expression present within the czAP may have encumbered our ability to detect
potential IR differences between treatment groups.

Changes in GFAP+ IR were not restricted to the AP-barrier sites, as dm-brainstem sites
directly adjacent to the funiculus separans also exhibited augmented IR. Moreover, neurons
and glutamatergic synapses in close proximity to barriers appeared to share greater contact
with GFAP+ processes projecting basolaterally from the barrier. This suggests radial-glia
in the £Sand dbCC may participate directly in gating viscerosensory circuit function in

the nTS/DMNX (Mcdougal et al., 2012; Accorsi-Mendonca et al., 2015; Matott et al.,
2016). It also suggests the peripheral immune response to Bleo-IT (Xu et al., 2006; Razavi-
Azarkhiavi et al., 2014; Skurikhin et al., 2015) may promote functional changes in adjacent
dorsomedial brainstem sites (Litvin et al., 2018) by stimulating the glial-barrier. Analogous
findings have been reported in other CVOs following peripheral LPS administration
(Sofroniew, 2015). These findings are important because they are the first to demonstrate
that a form of lung injury, which exhibits a sterile inflammatory response (Adamson and
Bowden, 1974; Jiang et al., 2005, 2007; Hoshino et al., 2009; Chen and Nufiez, 2010), can
evoke changes to GFAP expression within brainstem sites critical for coordinating febrile
response and sickness behavior (Goehler et al., 2006; Wuchert et al., 2008).

4.5. Alterations in sighs after SLI are partially mediated through central COX activation

Inflammation in the dorsal vagal complex alters respiratory and autonomic control during
systemic inflammation (Gordon, 2000; Hermann et al., 2002; Blatteis, 2007; Jacono et
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al., 2011; Pavlov and Tracey, 2012b; Babic and Browning, 2013; Nardocci et al., 2015;
Hsu et al., 2017; Litvin et al., 2018). Two obvious changes are that respiratory frequency
(fR) and rate of sigh occurrences increased 7d following SLI. However, even though both
occurred, in the majority of rats frequency of spontaneous sighs does not correlate to fR
(see supplemental data). While this appears inconsistent with COX-1/2 playing a critical
role in eliciting sighs, this interpretation assumes that the Ind-1CV reaches the ventrolateral
medulla, which contains the Pre-Botzinger Complex, which is an inspiratory-facilitatory
nucleus essential for sighs (Baertsch et al., 2019). Further, sighs are not a single entity;

but rather, they have multiple physiologic (relief of atelectasis) and psychological (relief of
anxiety) functions; and are associated with arousal. Numerous neuromodulators, including
PGE?2 elicit sighs (Koch et al., 2015; Forsberg et al., 2016; Li et al., 2016). Thus, distinct
neural circuits evoke sighs for various reasons.

We focused on sighs that reset the respiratory rhythm, specifically because resetting sighs
require vagal input to evoke the response (Widdicombe, 2003). In our prior studies (Litvin et
al., 2018; Getsy et al., 2019), we showed that 7d after SLI the neuroimmune response to the
injury reduced the efficacy of synaptic transmission between vagal afferents and 2nd-order
nTS neurons. Thus, in understanding mechanisms of variability, neural inflammation in the
dm medulla would reduce the ‘loop gain’ of the vagal feedback, which would attenuate
capability of vagal input resetting the rhythm in the SLI rats (Cherniack et al., 1981; Khoo,
2000). In contrast, the persistence of post-sigh apnea, which occurs even in sigh occurring
in vitro indicate their duration is not as dependent on the strength of vagal input (Ramirez,
2014).

We evaluated respiratory frequency (fR) before and after sighs and identified those that
decreased the coefficient of variation of fR (CVfR) 210% and resulted in a post-sigh CVfR
<20%. We used these criteria to define resetting sighs as the respiratory rhythm became
more regular after compared to before the sigh. We found that resetting sighs as a percentage
of the total number of sighs, decreased dramatically in SLI compared to sham rats. The
incidence of resetting sighs doubled in SLI rats treated with Ind ICV, and was halfway
between the sham and the untreated SLI groups. Further, while resetting sighs reduced
pattern variability much more in sham than SL1I rats, treatment with Ind-ICV restored
partially the magnitude of reduction CVfR following sighs in SLI rats. In summary, Ind
restored characteristics of resetting sighs but did not modest effect on the occurrence of
sighs.

Limitations of the study

4.6.1. Ind-ICV administration—A key finding of this study was that SLI induced
up-regulation of IL-1p within the nTS represented not only an important step in P—C
I-comm, but also a mechanism for modulating respiratory pattern. However, the use of
Ind-ICV as a pharmacological intervention to block central COX-1/2 signaling raises several
important caveats necessary for interpreting our findings. First, 7d after the induction of

SLI the respiratory pattern changes that were blunted with continuous Ind-ICV treatment,
were associated with two distinct (but likely related) immune-dependent mechanisms. These
mechanisms involve: i) the neuromodulatory action of immune mediators in the nTS,
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which can acutely alter cardiorespiratory and synaptic activity similar to conventional
peptides/transmitters in the CNS (Laaris and Weinreich, 2007; Marty et al., 2008;
Takagishi et al., 2011; Huda et al., 2018), and ii) the neuroplastic action of immune
mediators in the nTS, which can promote lasting changes to cardiorespiratory and synaptic
activity through plasticity-like mechanisms such as postsynaptic receptor insertion/removal
(Accorsi-Mendonca et al., 2015; MacFarlane et al., 2016; Hockera et al., 2017; Litvin et al.,
2018; Getsy et al., 2019). Thus, ICV-Ind treatment during the course of SLI could affect
both the acute and chronic impact of immune activation on the dm-brainstem.

Second, the anti-inflammatory capacity of Ind has been primarily attributed to reversible
binding at the COX-1/2 active site; this prevents binding of its endogenous substrate
arachidonic acid, blocking Prostaglandin-G2/H2 (PGG2/PGH2) formation (Kurumbail et
al., 1996). Its lack pharmacologic specificity raises the possibility that both isoforms may be
involved in P—C I-comm following SLI (Griffin et al., 2013; Calvello et al., 2017). Indeed
there is evidence that central COX-1 has discrete immune regulatory functions (Choi et al.,
2009, 2010, 2013; Aid et al., 2010) and may be selectively induced by IL-1p (Griffin et al.,
2013). However COX-2 was elevated in the dm-brainstem following SLI and was a likely
target of Ind-ICV treatment. Alternatively, in addition to COX-1, COX-2 is constitutively
expressed in the CNS/PNS, and may be functionally distinct from inducible COX-2 (Niwa et
al., 2000; Ghilardi et al., 2004; Choi et al., 2009). Thus, inhibition of COX-2 48h before the
induction of SLI raises the possibility that Ind-ICV’s inhibition of constitutive (rather than
inducible) COX-2 was responsible for blunting the neuroimmune response observed at 7d.

Third, Ind can act upon multiple sites in the prostaglandin pathway as follows: i) upstream
of COX-1/2, by inhibiting Phospholipase A2 dependent release of arachidonic acid (Kaplan
et al., 1978; Singh et al., 2004; Dahan and Hoffman, 2007); ii) downstream of COX-1/2

by inhibiting Prostaglandin Reductase (PTGR2), a terminal step in the inactivation of
prostaglandins (Clish et al., 2001; Wu et al., 2008); iii) Ind can mimic endogenous
functionality of 15-keto-PGE2 (substrate for PTGR2) as an agonist for Peroxisome
proliferator-activated receptors (PPAR) a/y (Lehmann et al., 1997; Sastre et al., 2003;

Wau et al., 2008), which can blunt CNS immune activation (Bernardo and Minghetti,

2006; Villapol, 2018). Thus, Ind’s anti-inflammatory capacity is largely dependent upon
the modulation of prostaglandin (PG) biosynthesis pathways.

Further, Ind-ICV can act independently of PG-related processes. For example, Ind can
inhibit: i) NF-xB signaling (Poligone and Baldwin, 2001; Sung et al., 2004), ii) activation
of the NLRP3 inflammasome (Elliott and Sutterwala, 2015; Hua et al., 2015; Daniels et
al., 2016; Hoseini et al., 2018), and iii) ERK signaling (Pan and Hung, 2002; Nikolopoulou
et al., 2014). Thus, caution is necessary in fully attributing SL1-dependent P—C I-comm
specifically to COX-1/2, or more generally to PG-related processes.

Fourth, Ind-ICV could potentially blunt peripheral inflammation through its central action
on the (splenic) cholinergic anti-inflammatory pathway (CAP). This pathway includes
bulbospinal C1 neurons and their axonal projections to the DMNX (Inoue et al., 2016; Abe
etal., 2017; Pavlov and Tracey, 2017; Komegae et al., 2018; Murray et al., 2019). Indeed,
there is evidence COX-1/2 and PGE2 can modulate brainstem CAP circuits (Ericsson
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etal., 1997; Iyonaga et al., 2019). The SLI-dependent inflammatory changes observed
in the DMNX that were inhibited by Ind-ICV, bolster this possibility. Thus, we cannot
fully exclude the potential role for Ind-ICV in also blunting SLI-dependent peripheral
inflammation by acting centrally on the CAP pathway.

Fifth, it is unclear whether central Ind administration also exerted influence over the
peripheral immune response to SLI via efflux across the BBB. Ind exhibits weak BBB
permeability that is restricted by its albumin binding (Parepally et al., 2006; Banks, 2019).
However, NSAIDs undergo CSF—Blood reverse trancytosis (Stock et al., 2006; Dvir et al.,
2007; Mannila et al., 2007). These factors raise the possibility of Ind-ICV efflux into the
periphery. To test the effect of Ind efflux across the BBB, Catania et al. administered Ind
centrally at a dose that was effective when delivered peripherally. Central Ind failed to affect
the peripheral immune response (Catania et al., 1991). The daily dose of Ind delivered ICV
that we used was an order of magnitude less than that used by Catania et al. (1991). Thus,
efflux of Ind is unlikely to have affected the peripheral response.

Sixth, while most drugs undergo rapid convection (bulk flow) through CSF flow tracts,

this is often conflated with the rate of drug diffusion from the CSF into CNS parenchyma,
which contrastingly is significantly slower (Blasberg et al., 1975; Mak et al., 1995; Mannila
et al., 2005, 2007; Pardridge, 2011, 2012; Di et al., 2013; Metzger et al., 2017). Indeed,
drug diffusion into the CNS decreases exponentially with distance from the surface and is
further constrained by factors such as molecular weight, drug metabolism, binding at the
CNS surface, and glymphatic uptake (Pardridge, 2011; Hladky and Barrand, 2014; Banks,
2019). In practical terms, this means ependymocytes/radial-glia at the interface between the
CSF and CNS are maximally exposed to Ind-ICV (Blasberg et al., 1975; Pardridge, 2011),
while CNS sites deeper than ~1mm are likely minimally affected (Blasberg et al., 1975;
Mannila et al., 2005; Pardridge, 2011; Di et al., 2013). This suggests a majority of the CNS
parenchyma was not directly exposed to Ind-ICV, but does not exclude multiple brainstem
sites associated with respiratory control that are <1 mm from the ventral surface (Feldman et
al., 2003; Dick et al., 2018).

Indeed, in addition to evidence for respiratory-control modulation by PG-biosynthesis
pathways in the nTS, there is also evidence implicating these immune mediators in direct
control of: 1) rhythmogenesis via the pre-Bétzinger complex (preBotC) (Koch et al., 2015;
Forsberg et al., 2016), and 2) CO,-sensitivity via the retrotrapezoid nucleus/parafacial
respiratory group (RTN/pFRG) (Forsberg et al., 2017). Thus, neuroimmune activation in
either the preB6tC or RTN/pFRG (rather than the nTS) could be responsible for the changes
in respiratory activity observed following SLI. Moreover, both the preB6tC and the RTN/
pFRG receive direct synaptic input from the nTS, which raises the possibility that central
immune activation within the nTS could promote axonal release of PGs at downstream
ventromedullary respiratory circuits, and undergo inhibition by Ind-ICV (Wang et al., 2005).

Finally, Ind is largely insoluble in aqueous solution; this necessitated the use of the organic
solvent dimethyl sulfoxide (DMSO), which at a concentration of <50% (v/v) is compatible
with Alzet® osmotic pumps (Williams, 2007). However, DMSO is an antioxidant that

has been reported to exhibit both anti-inflammatory (DeForge et al., 1992; Santos et al.,
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2003; Elisia et al., 2016) and pro-inflammatory (DeForge et al., 1992; Xing and Remick,
2005; Xiang et al., 2018) properties. Further, there is some evidence DMSO can selectively
up-regulate IL-1p transcription (Xing and Remick, 2005), however we did not observe
increased IL-1p+ IR in the Ind-ICV control group that received saline-1T. Nonetheless, it
is possible that inhibition of SLI-dependent neuroinflammation, which was attributed to
Ind-ICV treatment, could have arisen from the use of DMSO as our vehicle.

4.6.2. Further considerations—This set of findings represents a brief snapshot of
neuroimmune status, focusing primarily on the peak pulmonary immune response to Bleo-IT
(at day 7) (Kaminski et al., 2000; Borzone et al., 2001; Cutillo et al., 2002; Babin et al.,
2011). It is unclear whether brainstem IL-1p upregulation at 48h post Bleo-1T (Jacono et

al., 2011) is also dependent on central COX activation and thus potential positive feedback.
Further, there are multiple mechanisms by which administration of Ind into CSF circulation
(during SLI) may have inhibited IL-1p expression at both “sides” of the glial-barrier
between the AP and adjacent brainstem regions. This could occur through 4th-ventricle

CSF diffusion into: i) the AP parenchyma, where it could block FS COX-1/2 from the
“outside”, ii) the dm-brainstem parenchyma that sits lateral to the AP (medial nTS), where it
could block £S5 COX-1/2 from the “inside”, and iii) the central canal, where it could diffuse
into the dorsal brainstem and also act from the “inside”. Additional mechanisms include
decreased permeability and/or active transport across the BBB, reduced local production of
IL-1B, or impaired neural transport of cytokines, (Loscher and Potschka, 2005; Hladky and
Barrand, 2014; Novakova et al., 2014; Erickson and Banks, 2018).

Given that the AP is a circumventricular organ that receives neural innervation, it is a
confluence of circulating and neural pathways (Shapiro and Miselis, 1985). We have focused
on blood borne cytokine induction but viscerosensory projections to the AP/nTS likely
contribute to the central immune response characterized in our study. Vagal pathways can
trigger central inflammatory cascades in response to peripheral inflammation (Ek et al.,
1998, 2001; Balan et al., 2011). For example, vagal afferent fibers form a neural pathway
from the trachea and project to the ventrolateral AP. Thus, the AP may serve as a common
node mediating multiple pathways to neural inflammation.

There is also sufficient evidence for activation of multiple CVOs following peripheral
inflammation (Breder et al., 1994; EImquist et al., 1997; Quan et al., 1997; Rummel et

al., 2004; Erickson and Banks, 2018; Furube et al., 2018). Despite evidence that CVO
control of sickness behaviors (i.e. fever, anorexia, hyperalgesia, or tachypnea) exhibits
functional overlap/redundancy, sites are specialized for secretion (ME, SCO, or the pineal
gland), others are specialized for peripheral humorosensory activity (AP, SFO, or OVLT),
and discrete physiologic functions can be attributed to each of the CVVOs under pathologic
conditions (Wei et al., 2013a; Tsai et al., 2014; Parkash et al., 2015; Konsman, 2016; Hsu et
al., 2017). For example, growth differentiation factor (GDF)-15 is a cytokine in the TGF-p
superfamily, which is upregulated in the lungs and circulation following pulmonary injury
(Verhamme et al., 2017, 2019; Zhang et al., 2019). The central anorexic effects evoked by
peripherally circulating GDF-15 are mediated exclusively through an AP/nTS transmission
pathway that activates neurons in the lateral parabrachial nucleus (Tsai et al., 2014; Hsu et
al., 2017; Yang et al., 2017; Mullican and Rangwala, 2018). Such specificity for a P—C

Brain Behav Immun. Author manuscript; available in PMC 2022 March 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Litvin et al.

Page 22

I-comm pathway is unexpected given evidence the GDF-15 receptor is present not only
within the AP/nTS but also at other CNS sites including CVOs (Schober et al., 2001; Uhlen
etal., 2005, 2015; Lein et al., 2007; Sunkin et al., 2013; Emmerson et al., 2017; Hsu et al.,
2017; Kostuk et al., 2019). Analogously, activation of an AP/nTS dependent P—C I-comm
pathway may be necessary for mediating aspects of the altered respiratory pattern evoked by
SLI.

Reciprocal connectivity exists between AP and nTS (Cunningham et al., 1994; Cai et al.,
1996; Abegg et al., 2017; Kawai, 2018; Ito and Seki, 1998; Kawai, 2018) and between nTS
and DMNX (Willis et al., 1996; Babic and Browning, 2013; van der Kooy and Koda, 1983;
Babic and Browning, 2013) and from AP to DMNX (Vigier and Portalier, 1979; Ito and
Seki, 1998; Abegg et al., 2017). There has also been some evidence indicating that ~S radial
glia ramifications may make contact with nTS neurons (Guillebaud et al., 2017). However,

it is unclear whether these contacts serve to further connect the AP and nTS. In published
studies Dil and/or other retrograde tracers that readily label astrocytes and tanycytes did

not label radial glia in the ~S following injection in the AP even though fibers of passage
between affiliated brainstem sites were labeled following the injection (Shapiro and Miselis,
1985; Chauvet et al., 1995; Ito and Seki, 1998; Malatesta et al., 2000; Sun and Jakobs, 2013;
Abegg et al., 2017; Kawai, 2018). Elucidating the connectivity between FSand these regions
will require a targeted approach such as: i) partial surgical resection of the AP for direct
placement of Dil crystals onto the £S (without damaging the £~S), or ii) greater knowledge of
specific peptides expressed by radial glia of the £Ssuch as Rax (Pak et al., 2014; Chen et al.,
2017), which could be targeted virally in a CRE-dependent manner.

Finally, the variability of physiologic signals has been used extensively as a biometric

for health status; this includes ventilatory pattern variability (Kelsen et al., 1982; Coumel
and Leenhardt, 1991; Seely and Christou, 2000; Schmidt et al., 2001; Parati et al., 2013;
Haack et al., 2014; Manning et al., 2015; Warren et al., 2018). Furthermore, we and others
(Yamauchi et al., 2008; Vlemincx et al., 2012, 2013; Ramirez, 2014) theorize that sighs
can reset the breathing pattern and this depends on the sensory signaling of the pulmonary
stretch receptors and results in a reduction of the ventilatory pattern variability; resetting of
the respiratory rhythm is defined by a reduction in variability following the sigh. This was
assessed using coefficient of variability for the respiratory frequency (CVfR), a normalized
measure of variance (standard deviation divided by the mean fR), which is an established
measure of variability. Our focus on the variability of the pattern after the sigh was based
on evidence that the neuroimmune response to SLI reduced synaptic transmission between
vagal afferent fibers and 2nd-order neurons in the nTS (Litvin et al., 2018; Getsy et al.,
2019). This loss of synaptic efficacy is consistent with the reduction in ‘resetting sighs’; a
subset of sighs in which the CVfR had to have decrease =0.1 from before to after the sigh,
and CVT{R after sigh was <0.2. Consistent with our hypothesis, the resetting” sighs were
more effective in the B+l than the B+V.

4.7. Conclusions

In the current study we demonstrated a pathway to central inflammation activated by
a peripheral injury that occurs in the absence of microbial activators. This pathway: i)
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activates radial-glia in the dbCC and FS, which is a target for the immune response to

SL1I, ii) is mediated by IL-1p and COX-1/2 within the glial-barrier separating peripheral
circulation from autonomic control circuits in the dm-brainstem, and iii) contributes to the
increase in post-sigh apneas following SLI. Together this suggests P—C I-comm pathways
utilized by sterile immune challenges target AP border radial-glia and may contribute to
changes in cardiorespiratory function by virtue of their direct contact with autonomic control
sites. These mechanisms are summarized in a conceptual model (Figure 8). Additional
studies should examine mechanistic similarities and differences of sterile and non-sterile
P—C I-comm pathways.
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Highlights

. Sterile lung injury (SLI) activates radial-glia that separate area postrema from
CNS

. After SLI, IL-1B & COX-2 localize to radial-glia, which project basolaterally
into CNS

. Inhibition of COX-1/2 in the CNS blocks the increases in GFAP and IL-18
after SLI

. Inhibition of COX-1/2 restores sighs that reset the respiratory rhythm
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Sterile lung injury (SLI) promotes microglia/macrophage morphologic changes throughout
the dorsomedial brainstem
Al. Representative images of coronal brainstem sections from saline- (orange) and
Bleo-treated rats (red) immunostained for Iba-1 and amplified using avidin/biotin + 3,3’-

diaminobenzadine (DAB). DAB visualized Iba-1+ IR was used to count cells in the dorsal

brainstem.

A2. Magnified representative images of Iba-1+ cells in the dorsal border of the Central
Canal (dbCC, left panel) and Area Postrema (AP, right panel).
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B1. The number of Iba-1+ cells in the czAP was not significantly different in Bleo-compared
to saline-treated rats (P = 0.87, Two-tail t-Test).

B2. The branch number (Br#) in the czAP decreased in Bleo-compared to saline-treated rats
(P=0.024, Two-tail t-Test).

B3. Bleo-treated rats had fewer branch endpoints (BEPS) in the czAP compared to saline-
treated rats. (P= 0.03, Two-tail t-Test).

B4. The total branch length (TBL) in the czAP was reduced in Bleo-compared to saline-
treated rats (P = 0.031, Two-tail t-Test).

C1. The number of Iba-1+ cells in the dorsal border of the CC (dbCC) increased in Bleo- (n
= 7) compared to saline- (n = 8) treated rats (= 0.018, Two-tail t-Test).

C2. The BN#/Iba-1+ cell (Br#) located in the dbCC increased in Bleo-compared to saline-
treated rats (P=0.027, Two-tail t-Test).

C3. The number of BEPs/Iba-1+ cell (BEPS) in the dbCC increased in Bleo-compared to
saline-treated rats (P = 0.049, Two-tail t-Test).

C4. The TBL/Iba-1+ cell in the dbCC increased in Bleo-compared to saline-treated rats (P=
0.035, Two-tail t-Test).

D1. The number of Iba-1+ cells in the Dorsal Motor Nucleus of the Vagus (DMNX) was not
significantly different between Bleo- and saline-treated rats (£ = 0.53, Two-tail t-Test).

D2. The Br# in the DMNX was reduced in Bleo-compared to saline-treated rats (= 0.01,
Two-tail t-Test).

D3. Bleo treated rats exhibited reduced BEPs in the DMNX in comparison to saline-treated
rats (P= 0.01, Two-tail t-Test).

D4. The TBL in the in the DMNX was reduced in Bleo-compared to saline-treated rats (P=
0.012, Two-tail t-Test).
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Figure 2:

SLI promotes IL-1p+ IR at the glial-barrier separating area postrema from adjacent

Dorsal Border of
Central Canal (dbCC)

50+
40+
30"
20+

dorsomedial brainstem sites.
A. Representative images of coronal brainstem sections from saline-treated rats (Left panel,

orange text) and Bleo-treated rats (right panel, red text) immunostained for IL-1p. Small
numbered boxes (orange, i - iii; red, iv - vi) indicate magnified sites in the dorsal border
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B. Magnified representative images showing IL-1p+ immunoreactivity (IR) in the dbCC of
saline (orange i) and Bleo (red iv) treated rats.

C. Magnified representative images showing IL-1p+ IR in the £S of saline- (orange ii) and
Bleo-(red v) treated rats.

D. IL-1p+ IR in the central zone of the AP (czAP) was augmented in Bleo-treated rats (n =
5) compared to saline-treated rats (n = 5) (P= 0.039, Two-tail t-Test).

E. IL-1p+ IR in the dbCC was augmented in Bleo-treated rats compared to saline-treated
rats (P =0.03, Two-tail t-Test).

F. IL-1p+ IR in the FSwas augmented in Bleo-treated rats compared to saline-treated rats (P
=0.0093, Two-tail t-Test).

G. IL-1B+ (IR) in the nTS was augmented in Bleo-treated rats compared to saline-treated
rats (P = 0.024, Two-tail t-Test).

H. IL-1p+ IR in the Dorsal Motor Nucleus of the Vagus (DMNX) was augmented in
Bleo-treated rats compared to saline-treated rats (2 =0.01, Two-tail t-Test).
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Figure 3:
SLI augments cyclooxygenase-2 (COX-2) at the glial-barrier separating area postrema from

neighboring dorsomedial brainstem sites.

A. Representative images of coronal brainstem sections from saline- (left panel, orange

text) and Bleo-treated rats (right panel, red text) that were fluorescently immunostained for
COX-2

B1. COX-2+ IR was significantly augmented in the central zone of the AP (czAP) of Bleo (n
=7) treated rats compared to saline (n = 7) treated rats (£ = 0.0003, Two-tail t-Test)
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B2. COX-2+ IR was significantly augmented in the dorsal border of the central canal
(dbCC) of Bleo-compared to saline-treated rats (2= 0.0019, Two-tail t-Test).

B3. COX-2+ IR was significantly augmented in the funiculus separans (FS) of Bleo-
compared to saline-treated rats (P = 0.0003, Two-tail t-Test).

B4. COX-2+ IR was significantly augmented in the dorsal motor nucleus of the vagus
(DMNX) of Bleo-compared to saline-treated rats (£ = 0.004, Two-tail t-Test).

C. Representative images showing COX-2+ IR in coronal brainstem sections from rats
that received intratracheal Bleo (n = 2, right panel) or saline (n = 2, left panel) and were
euthanized 24h later. Insets show a magnified view of COX-2+ IR in the dbCC of Bleo- (red
box) and saline-(orange box) treated rats.

D. Representative images showing COX-2+ IR in coronal brainstem sections from rats
that received intratracheal Bleo (n = 4, right panel) or saline (n = 4, left panel) and were
euthanized 48h later. Insets show a magnified view of the dbCC at 48h. Red arrowheads in
the red box indicate COX-2 IR within basolaterally projecting radial-glia.

E. Representative images showing COX-2+ IR in coronal brainstem sections from rats
that received intratracheal Bleo (n = 2, right panel) or saline (n = 2, left panel) and were
euthanized 72h later. Insets show a magnified view of the dbCC at 72h. Red arrowheads
indicate COX-2+ IR within basolaterally projecting radial-glia.
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Figure 4:

SLI augments glial fibrillary acidic protein (GFAP) expression in the dorsal vagal complex.
A. Representative images of coronal brainstem sections from saline- (left panel) and Bleo-
treated rats (right panel) immunostained for GFAP. Both groups exhibited strong GFAP+ IR
within the funiculus separans (FS) and dorsal border of the central canal (dbCC)

B. Representative images showing co-labeling for GFAP (green) and the neuronal marker
NeuN (red) in coronals brainstem sections containing the £Sand medial nucleus tractus
solitarii (NTS) of Bleo- (right panel, n = 3) and saline- (left panel, n = 3) treated rats.
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C. Representative images showing co-labeling for GFAP and NeuN brainstem sections in
the dbCC and adjacent dm-brainstem sites of Bleo- (right panel, n = 3) and saline- (left
panel, n = 3) treated rats.

D. GFAP+ IR in the £FSwas increased in Bleo- (n = 7) compared to saline- (n = 7) treated
rats (P = 0.0098, Two-tail t-Test).

E. GFAP+ IR in the dbCC was increased in Bleo-treated rats compared to saline-treated rats
(P=0.044, Two-tail t-Test).

F. GFAP+ IR in the central zone of the AP (czAP) was not significantly different in
Bleo-compared to saline-treated rats (P= 0.773, Two-tail t-Test).

G. GFAP+ IR in the DMNX was increased in Bleo-compared to saline-treated rats (P=
0.044, Two-tail t-Test).

H. GFAP+ IR in the nTS was increased in Bleo-compared to saline-treated rats (P = 0.034,
Two-tail t-Test).

I. (IHC) Co-labeling of GFAP (green), the neuronal marker MAP2 (Blue) and the
glutamatergic presynaptic marker vGluT2 (magenta), showed radial-glia and astrocytes to
be in close apposition to neurons and presynaptic terminals in the medial nTS.
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Figure 5:

SLI increases sigh frequency and modifies sigh dynamics, which is partially restored by ICV
Indomethacin treatment.

A. Protocol. Rats received stereotaxic surgery to implant ICV cannulas attached to
subcutaneously implanted mini-osmotic pumps (0.5 pl/h, 200 pl reservoir), which contained
either vehicle (Veh, 50% DMSO) or Indomethacin (Ind, 8.3 pg/ul). 2d following
cannulation, rats received Bleomycin (Bleo) or saline (Sal) intratracheally (I1T); 7d later
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ventilatory pattern was recorded via whole body plethysmography and rats were euthanized
for IHC experiments. Group data are from 7 rats in each group.

B. Representative sighs for each group. The mean * standard deviation of: i) the respiratory
frequency for the 10s before and after the sigh is included for each sigh, and the coefficient
of variation for the respiratory frequency (CVfR). In the top tracing, we identified sighs
based on three (highlighted) criteria: 1) an augmented inspiration, 2) augmented initial
expiration and 3) a prolonged expiration, which is referred to as a post-sigh apnea.

C. The frequency of sighs was significantly greater in Bleo-1T treated rats that received
Veh-ICV (B+V) when compared to saline-1T treated that received Veh- or Ind- ICV (S+V
or S+l), and was not significantly different compared to Bleo-IT treated rats that received
Ind-ICV (B+l) (B+V vs. S+V: P=0.03; B+V vs. S+I: £=0.104; B+V vs. B+l, P=0.532).
The frequency of sighs was also significantly greater in B+l treated rats compared to either
of the control groups (B+I vs. S+I: = 0.005; B+l vs. S+V: £=0.0013; Kruskal-Wallis test
with Dunn’s post hoc).

D. The duration of the apnea that followed a ‘resetting’ sigh was shorter in injured rats
compared to sham rats, but Ind-ICV treatment did not alter apnea duration in Bleo- or
saline-treated rats ((Figure 5D) B+V vs. S+V: £=0.04; B+l vs. S+I: A= 0.0008; B+l vs.
B+V: P=0.89; S+V vs. S+I: P> 0.999; Kruskal-Wallis test with Dunn’s post-hoc).

E. The CVfR before a resetting sigh was not significantly different in B+V treated rats
compared to either of the saline-IT control groups, or Bleo-IT rats that received Ind-ICV
(B+V vs. S+V: P=0.27; B+V vs. S+I: P=0.06; B+V vs. B+I: £=0.29). However, the
pre-sigh CVfR for B+ rats compared to either of the control groups (B+l vs. S+I: P<
0.0001; B+l vs. S+V: £<0.0001; Kruskal-Wallis test with Dunn’s post-hoc).

F. The CVIR after a resetting sigh was significantly increased in B+V treated rats compared
to control groups and was significantly reduced in B+l (B+V vs. S+V: A< 0.0001; B+V: vs.
S+l: P<0.0001; B+V vs. B+l: £=0.007). However, Ind-ICV treatment did not fully restore
post-sigh CVIR in SLI rats; the CVfR of B+I rats was significantly greater compared to
either of the control groups (B+1 vs. S+I: £=0.002; B+l vs. S+V: £=0.005; Kruskal-Wallis
test with Dunn’s post-hoc).

G. Plots of pre-sigh CVfR vs. post-sigh CVfR for G1) S+V, G2) S+l, G3) B+V, G4) B+I
treated rats. ‘resetting’ sigh was bounded by definition at 0.2. Both sham (S+V and S+l)
groups and the injured group treated with Ind (B+I) had less variability in fR than the B+V
group. Thus, the ‘resetting” sighs were more effective in the B+l than the B+V group.
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Figure 6:

Chronic intracerebroventricular (ICV) Indomethacin (Ind) infusion prevents the SLI-
dependent increase in GFAP immunoreactivity.

A. Representative images of coronal brainstem sections showing GFAP+ IR throughout the
dorsal brainstem for rats treated with Sal-IT + Veh-ICV (S+V, n = 7, orange), Sal-IT +
Ind-ICV (S+I, n = 7, magenta), Bleo-IT + Veh-ICV (B+V, n = 11, red), Bleo-IT + Ind-ICV
(B+1, n = 14, blue).

B. GFAP+ IR was significantly increased in the dbCC of Bleo-IT + Veh-ICV treated rats
compared to Sal-IT controls and was reduced in Bleo-IT + Ind-ICV treated rats (B+V vs.
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S+V: P=0.0079; B+V vs. S+ I: P=0.014; B + V vs. B+l: £=0.0005, One-way ANOVA
with Tukey test).

C. GFAP+ IR in funiculus separans was augmented in Bleo-1T + \eh-ICV treated rats
compared to Sal-1T controls and was significantly reduced in Bleo-IT + Ind-ICV treated
rats (B+V vs. S+V: P=0.0042; B+V vs. S+I: £=0.02; B+V vs. B+l: £=0.03, One-way
ANOVA with Tukey test)

D. GFAP+ IR in the DMNX was augmented in Bleo-IT + Veh-ICV (B+V) treated rats
compared to Sal-IT controls and was significantly reduced in Bleo-IT + Ind-ICV (B+I)
treated rats (B+V vs. S+V: P=0.026; B+V vs. S+I: P=0.019; B+V vs. B+l: £=0.003,
One-way ANOVA with Tukey test).
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Continuous intracerebroventricular (ICV) Indomethacin (Ind) infusion prevents the SLI-
dependent increase in IL-1p immunoreactivity.
A. Representative images of coronal brainstem sections showing IL-1p+ IR throughout the
dorsal brainstem for S+V (n =7, orange), S+l (n = 7, magenta), B+V (n = 10, red), and B+I

(n =13, blue) rats.

B. IL-1p+ IR was greater in the dbCC of B+V compared to S+V and S+l rats and compared
to B+l rats (B+V vs. S+V: £=0.0001; B+V vs. S+I: £<0.0001; B+V vs. B+l: £<0.0001,

One-way ANOVA with Tukey test).

C. IL-1p+ IR was greater in the funiculus separans of B+V compared to S+V and S+ rats
and compared to B+l rats (B+V vs. S+V: < 0.0001; B+V vs. S+1: £<0.0001; B+V vs.
B+l: < 0.000, One-way ANOVA with Tukey test).
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D. IL-1B+ IR was greater in the czAP of B+V compared to S+V and S+ rats and compared
to B+l rats (B+V vs. S+V: £=0.006; B+V vs. S+I: £=0.005; B+V vs. B+l: £ =0.011,
One-way ANOVA with Tukey test).

E. IL-1p+ IR was significantly increased in the DMNX of B+V compared to S+V and S+I
rats and compared to B+l rats (B+V vs. S+V: £=0.0008; B+V vs. S+I: = 0.0004; B+V vs.
B+l: < 0.0001, One-way ANOVA with Tukey test).
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Figure 8:
Proposed maodel for peripheral to central immune transmission following SLI

A) i. Sterile lung injury can trigger local immune activation within the lung parenchyma
(Cavarra et al., 2004; Matute-Bello et al., 2008; Hoshino et al., 2009; Ryzhavskii and Lebed,
2016), but may also directly activate vagal pathways that project to the nucleus tractus
solitarii (NTS), and area postrema (AP) (Florez and Borison, 1967; Coleridge et al., 1976;
Kubin et al., 1991; Srinivasan et al., 1993; Coleridge and Coleridge, 1994; Schelegle et al.,
2001; Jung et al., 2018).

ii. If injury to the lung is severe, a systemic inflammatory response can occur (Tzouvelekis
et al., 2005; Hoshino et al., 2009; Cross and Matthay, 2011; Dolinay et al., 2012; Matthay
and Howard, 2012; Van Den Brule et al., 2014; Skurikhin et al., 2015). Transmission of
SLI-dependent systemic inflammation to the CNS may occur through several pathways that
are: a) mediated by altered permeability or immune signaling pathways at Blood Brain
Barrier endothelium, b) mediated by circumventricular organs such as the AP, median
eminence (ME) or subfornical organ (SFO), or ¢) vagally mediated through the nodose
ganglia (Erickson and Banks, 2018).

iii. Data from our current study suggests part of the systemic immune response to SLI is
transmitted from the periphery to the CNS via the funiculus separans (FS), a barrier between
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the AP and the dorsal brainstem composed of polarized radial glia (McKinley et al., 2003;
Price et al., 2008; Maolood and Meister, 2009; Dallaporta et al., 2010; Senzacqua et al.,
2016; Fernandez et al., 2017; Guillebaud et al., 2017).

iv. Transmission of SLI-dependent peripheral inflammation to dorsomedial (dm) brainstem
nuclei likely mediates the respiratory and autonomic components of sickness behavior
(Sekiyama et al., 1995; Rummel et al., 2006; Laaris and Weinreich, 2007; Marty et al., 2008;
Ruchaya et al., 2012; Waki et al., 2013; Vance et al., 2015).

B) Interleukin-1 Beta (IL-1p) is systemically upregulated following SLI (Meduri et al.,
1995; Tzouvelekis et al., 2005), but is likely prevented from diffusing directly into the AP
parenchyma due to permeability restrictions imposed by fenestrated capillaries (Peruzzo et
al., 2000; Willis et al., 2007; Quan, 2008; Willis, 2011; Morita et al., 2016). Alternatively,
fenestrated capillaries can indirectly transmit IL-1p to the AP through IL-1 receptor
signaling at their luminal surface; this involves cyclooxygenase (COX)-1/2 dependent
synthesis of prostaglandin E2 (PGEy), followed by its release into the AP parenchyma
(Elmquist et al., 1997; Matsumura et al., 1998; Schiltz and Sawchenko, 2002; Rummel

et al., 2004; Quan, 2008) (1). Microglia located in close proximity to AP fenestrated
capillaries express PGE; receptors (EP3R), and can release IL-1p in response to PGE,
binding (EImquist et al., 1997; Eskilsson et al., 2014b) (2). This PGE,-dependent IL-1p
release can “activate” (dark blue) other AP-localized microglia in order to amplify the

local immune response, which in turn may alter radial glial structure/function at the FS

(3). We propose two potential mechanisms by which FSradial glia participate in immune
transmission to dm brainstem nuclei (4a and 4b); IL-1p binding to its cognate receptor on
the apical surface of FSradial glia promotes: 4a) COX-1/2 dependent PGE, release into

the basolaterally facing dm-brainstem, or 4b) uptake, transcytosis, and basolateral release of
IL-1pB into the dm brainstem. Finally, PGE, released directly by radial glia (5a) or through
nearby microglia (COX-1/2 mediated) (5b), can alter neuronal activity in dm-brainstem sites
such as the nTS.
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Table. 1:

Primary and secondary antibodies utilized in the current study.

1° Antibody Species Dilution Manufacturer Product #
COX-2 Goat (Gt) 1: 1000 Abcam ab23672
GFAP Chicken (Ch) 1:1000 Abcam ab4674
Iba-1 Rabbit (Rb) 1:1000 Wako 019-19741
IL-1 1B/Pro-IL-1B Rb 1:500 Abcam ab9722
IL-6 Gt 1:500 R&D AF506
MAP-2 Rb 1:5000 Abcam ah32454
NeuN Alexa® Fluor 647 Rb 1:1000 Abcam ah190565
TNF-a Gt 1:2000 R&D AF-510-NA
VGIuT2 Guinea Pig (GP)  1:2000 Millipore AB2251-1
2° Antibody Species Dilution Manufacturer Product #
Anti-Ch Alexa® Fluor 488 Donkey (DK) 1:1000 Jackson ImmunoResearch (JIR)  703-545-155
Anti-Gt Alexa® Fluor 647 Dk 1: 1000 JIR 705-295-003
Anti-Gt Biotinylated Bt Dk 1:5000 JIR 705-065-003
Anti-GPTRITC Dk 1:1000 JIR 706-545-148
Anti-Rb Alexa® Fluor 488 Dk 1:1000 JIR 711-475-152
Anti-Rb Alexa® Fluor 647 Dk 1:1000 JIR 711-295-152
Anti-Rb Bt Dk 1:5000 JIR 711-065-152
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Abbreviations are as follows: Cyclooxygenase-2 (COX-2); Glial fibrillary acidic protein (GFAP); lonized calcium-binding adapter molecule
(Iba-1); Interleukin-1 beta (IL-1B); Interleukin-6 (IL-6); Microtubule associated protein 2 (MAP2); Neuronal Nuclei (NeuN); Tumor necrosis
factor-alpha (TNF-a); vesicular glutamate transporter 2 (VGIuT2).
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