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Abstract

Transition periods (TPs) are brief stages in CNS development where neural circuits can exhibit
heightened vulnerability to pathologic conditions such as injury or infection. This susceptibility is
due in part to specialized mechanisms of synaptic plasticity, which may become activated by
inflammatory mediators released under pathologic conditions. Thus, we hypothesized that the
immune response to lung injury (LI1) mediated synaptic changes through plasticity-like
mechanisms that depended on whether LI occurred just before or after a TP. We studied the impact
of LI on brainstem 2"-order viscerosensory neurons located in the nucleus tractus solitarii (nTS)
during a TP for respiratory control spanning (postnatal day (P) 11 — 15). We injured the lungs of
Sprague-Dawley rats by intratracheal instillation of Bleomycin (or saline) just before (P9 — 11) or
after (P17 — 19) the TP. A week later, we prepared horizontal slices of the medulla and recorded
spontaneous and evoked excitatory postsynaptic currents (SEPSCs/eEPSCs) in vitro from neurons
in the nTS that received monosynaptic glutamatergic input from the tractus solitarii (TS). In rats
injured before the TP (pre-TP), neurons exhibited blunted SEPSCs and TS-eEPSCs compared to
controls. The decreased TS-eEPSCs were mediated by differences in postsynaptic a.-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic-acid receptors (AMPAR). Specifically, compared to
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controls, LI rats had more Ca2*-impermeable AMPARs (CI-AMPARSs) as indicated by: 1) the
absence of current-rectification, 2) decreased sensitivity to polyamine, 1-Naphthyl-acetyl-
spermine-trihydrochloride (NASPM) and 3) augmented immunoreactive staining for the ClI-
AMPAR GIuA2. Thus, pre-TP-LI acts postsynaptically to blunt glutamatergic transmission. The
neuroimmune response to pre-TP-LI included microglia Ayper-ramification throughout the nTS.
Daily intraperitoneal administration of minocycline, an inhibitor of microglial/macrophage
function prevented Ayper-ramification and abolished the pre-TP-LI evoked synaptic changes. In
contrast, rat-pups injured after the TP (post-TP) exhibited microglia /ypo-ramification in the nTS
and had increased SEPSC amplitudes/frequencies, and decreased TS-eEPSC amplitudes compared
to controls. These synaptic changes were not associated with changes in CI-AMPARSs, and instead
involved greater TS-evoked use-dependent depression (reduced paired pulse ratio), which is a
hallmark of presynaptic plasticity. Thus we conclude that LI regulates the efficacy of TS=>nTS
synapses through discrete plasticity-like mechanisms that are immune-mediated and depend on
whether the injury occurs before or after the TP for respiratory control.
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1. Introduction

In many central nervous system (CNS) circuits, the mechanisms governing synaptic
plasticity of glutamatergic synapses transition during development. Stimuli applied before
versus after these transitions can alter synaptic efficacy through distinctly different
mechanisms (Nosyreva and Huber, 2005; Bellone and Nicoll, 2007; Corlew et al., 2007; Ho
etal., 2007). The timing of these transitions periods (TPs) often coincides with transient
shifts in glutamate-receptor subunit stoichiometry and the closure of critical periods for
CNS-circuit development (Crair and Malenka, 1995; Heynen et al., 2003; Bellone and
Nicoll, 2007). The plasticity expressed before the transitions can confer heightened
sensitivity to sensory-relevant stimuli, but may also render CNS-circuits more vulnerable to
lasting maladaptive changes caused by pathologic stimuli such as hypoxia, injury and
inflammation (Berardi et al., 2000; Hensch, 2005; Levelt and Hubener, 2012; Bavis and
MacFarlane, 2017).

In the current study we investigate the immune response to a neonatal lung injury (LI) and
its impact on brainstem (medulla oblongata) viscerosensory function to determine whether
discrete synaptic plasticity mechanisms are recruited when the injury occurs before versus
after a TP for the neural control of respiratory function (Bavis and MacFarlane, 2017). We
examined the impact of LI on viscerosensory projections of the tractus solitarii (TS), which
consist of vagal, glossopharyngeal and facial nerve pathways that synapse with 2"d-order
neurons in the nucleus tractus solitarii (TS=>nTS synapses). We elected to study these
glutamatergic synapses because: 1) they exhibit synaptic plasticity for a variety of pathologic
respiratory stimuli, which raises the possibility of LI-evoked changes (Chen et al., 2003;

Brain Behav Immun. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Litvin et al.

Page 3

Kline et al., 2007; Sekizawa et al., 2008a; Zhang et al., 2008; Kline, 2009; Pozo and Goda,
2010); 1) they are modulated by proinflammatory cytokines, which suggests the immune
response to LI may regulate synaptic efficacy (Xu et al., 2006; Marty et al., 2008; Jacono et
al., 2011; Rogers and Hermann, 2012; Razavi-Azarkhiavi et al., 2014; Skurikhin et al.,
2015); 111) They are developmentally regulated during the TP, in part through abrupt shifts in
the stoichiometry of low conductance Ca%*-impermeable (Cl) GIuR, containing AMPA
receptor (GIuA2s) (Liu and Wong-Riley, 2005; Balland et al., 2006). Based on work within
other CNS sites, this suggests the timing of the TP may serve as a point of demarcation
between immature and mature synaptic plasticity mechanisms in the nTS (Nosyreva and
Huber, 2005; Ho et al., 2007; Henley and Wilkinson, 2016); and 1V) The timing of the
GIuA2 shift also coincides with a window of heightened vulnerability to respiratory
challenges (P11-15), which suggests the transition process may underlie the enhanced
vulnerability (Bavis and MacFarlane, 2017). Taken together, this raises the possibility that if
an L1 is present during the TP, synaptic efficacy changes may occur through impairment of
developmentally regulated processes such as postsynaptic GIuA2 insertion/removal.

Our preliminarily evidence showed that L1 evoked in rat-pups by intratracheal bleomycin
(Bleo) just before the TP (P9-11, pre-TP) augmented GIuA2s in the nTS 7d after injury
(P16-18) (Litvin et al., 2016). Several recent studies have reported that GluA2-mediated
synaptic plasticity in some CNS-circuits can be evoked by peripheral and/or central
inflammation (Park et al., 2009; Zhang et al., 2014; Riazi et al., 2015; Sullivan et al., 2017).
Because Bleo LI can potentiate proinflammatory cytokine production in the peripheral
circulation or in the nTS, it raised the possibility that this immune response could evoke
GluA2-mediated synaptic plasticity at TS=>nTS synapses (Xu et al., 2006; Jacono et al.,
2011; Razavi-Azarkhiavi et al., 2014; Skurikhin et al., 2015). Thus, we hypothesized that the
immune response to pre-TP-LI contributed to a GluA2-dependent synaptic plasticity
mechanism that was not active in post-TP-LI rat-pups.

There is considerable evidence P11-15 represents a TP for breathing control in the rat-pup.
Firstly, during this period excitatory and inhibitory transmission systems within several
brainstem respiratory sites (including the nTS) undergo abrupt changes towards adult
neuronal expression levels (Wong-Riley and Liu, 2008; Liu and Wong-Riley, 2010a, 2012a,
2013; Turner and Johnson, 2015; Bavis and MacFarlane, 2017), which are similar to TPs in
other CNS sites (Kumar et al., 2002; Tyzio et al., 2007; Brill and Huguenard, 2008; Roberts
et al., 2009; Isoo et al., 2016). Secondly, the ventilatory responses to acute hypoxia or
hypercapnia become transiently blunted between P12 and P15 and exposure to chronic
hypoxia during this period can prolong the hypoxic insensitivity; this suggests the TP may
be an important step towards the development of some ventilatory functions (Liu et al.,
2009; Teran et al., 2014; Bavis and MacFarlane, 2017). Finally, several forms of respiratory
plasticity that are present in juvenile and adult rats become functional just after the end of
this TP (Dutschmann et al., 2009, 2014; Fuller et al., 2009; Bavis and MacFarlane, 2017).
We therefore induced LI in rat-pups at P9-11, which was just before the presumed onset of
the TP (at P11), so that progressively worsening LI would develop during the TP (Kaminski
et al., 2000; Borzone et al., 2001; Cutillo et al., 2002; Babin et al., 2011). We contrasted this
with the impact of LI initiated after the TP by inducing injury at P17-19. In these more
mature rat-pups, the LI progressively worsened during a time period when: I) several forms
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of mature respiratory plasticity are present (Dutschmann et al., 2009, 2014; Fuller et al.,
2009; Bavis and MacFarlane, 2017), 11) neurotransmitter and receptor expression changes in
brainstem respiratory sites become stabile (Liu and Wong-Riley, 2005, 2010a, 2010b, 2013;
Wong-Riley and Liu, 2008; Dufour et al., 2010), and I11) the vagally-mediated Hering
Breuer inflation reflex and inspiratory off-switch are active, indicating increased maturation
of respiratory control (Dutschmann et al., 2009, 2014).

We now report that LI weakens TS=>nTS synaptic transmission efficacy before and after the
TP. However, distinctly different synaptic plasticity mechanisms are responsible for this loss
of efficacy depending on the temporal relationship of the injury to the TP. In pre-TP-L1I rat
pups, the loss of efficacy occurs through a post-synaptic CI-AMPAR-dependent mechanism
that is concurrent with microglia Ayper-ramification in the nTS, all of which can be reversed
by the microglia/macrophage inhibitor minocycline. Alternatively, rats injured after the TP
(post-TP) exhibit microglia Aypo-ramification and a loss of synaptic efficacy that is CI-
AMPAR-independent and consistent with pre-synaptic plasticity (Kline, 2009). Together,
these data indicate mechanisms governing LI-evoked synaptic plasticity of viscerosensory
transmission undergo a developmental switch during the TP. This switch is analogous to that
exhibited by some forms of long term synaptic plasticity mechanisms; whereby a stimulus
(i.e. electrical, pharmacological or environmental) applied before versus after a TP can alter
synaptic efficacy at different sites (pre- vs. post-synaptically) or through different
mechanisms (LTD vs. LTP) depending on the temporal relationship of the stimulus to the TP
(Nosyreva and Huber, 2005; Bellone and Nicoll, 2007; Corlew et al., 2007; Ho et al., 2007).

2. Materials & Methods

2.1. Animals

Sprague Dawley dams with litters containing 10 cross-fostered male pups were purchased
from Envigo (Indianapolis, IN, USA), and delivered at least 24h prior to the induction of LI.
Rats were delivered pathogen free, and housed under specific-pathogen free conditions with
a 12h light/dark cycle. Even though rat-pups were cross-fostered, we controlled for litter
effects by ensuring that experimental treatments were distributed across multiple litters. 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.

2.2. Treatment Groups

Rat-pups referred to as pre-TP-LI received a single intratracheal (IT) instillation of Bleo or
Saline on P9 or 10 or 11, and were euthanized for electrophysiological or
immunohistochemical experiments 7d later on P16 or 17 or 18.

In a separate set of studies, a cohort of pre-TP-LI rat-pups also received once daily IP
minocycline or saline treatment for 7d. Pre-TP-L1I rats that received Bleo-IT and saline or
minocycline IP were referred to as B+S or B+M respectively, and sham-injured rat-pups that
received saline IT and saline or minocycline IP were referred to as S+S or S+M respectively.
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In the final set of studies, rat-pups referred to as post-TP LI received a single IT instillation
of Bleo or Saline on P17 or 18 or 19, and were euthanized for electrophysiological or
immunohistochemical experiments 7d later on P24 or 25 or 26.

The sample number required for each study was selected based on a power analysis (http://
www.stat.uiowa.edu/rlenth/Power) to achieve a desired power of 0.8 at 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).

2.3. Bleomycin induced lung injury

Bleomycin sulfate (Bleo) is a chemotherapeutic routinely used in animal models of acute
lung injury and pulmonary fibrosis (Borzone et al., 2001). The toxicity of Bleo is inversely
proportional to the cellular expression of its deactivating enzyme Bleomycin hydrolase,
which exhibits low expression in pulmonary alveolar cells (Schwartz et al., 1999). Following
intratracheal instillation, Bleo induces inflammatory and histological hallmarks associated
with LI that are detectable at 48h, and peak at 7d (Borzone et al., 2001).

The Bleo solution was freshly prepared ~30 min before instillation by dissolving 30 U (20
mg) of lyophilized Bleo powder (1.5 U/mg, BIOTANG Inc. Lexington, MA) in 0.5 ml sterile
saline (0.9% NacCl). Rat pups were sedated with 3% isoflurane at a flow-rate of 2 liters/min
(\Vetflo™, Kent Scientific, Torrington, CT, USA). Once anesthetized, rat pups were placed
on a surgical board, and anesthesia was maintained with 1.5 - 2 % isoflurane delivered
through a nose cone. The surgical site was disinfected with betadine, and the ventral surface
of the trachea was exposed via midline incision. In both pre-TP-LI and post-TP-LI rat-pups,
we intratracheally instilled 0.06 U of Bleo solution per gram body mass (or equivalent
volume of sterile saline in sham controls) using a 27G needle attached to a 1 ml syringe in a
Stepper™ Repetitive Dispensing Pipette (Indicon Inc., Brookfield, CT). The incision site
was sealed using (Vetbond™, St. Paul, MN, USA). Rats were observed during recovery and,
returned to the animal facility, and monitored daily. Rat-pups were considered injured if they
exhibited significant bilateral lesions on the lung surface associated with extravasated blood,
which was visualized post-mortem in both age-groups (Hattori et al., 2000). Due to the
secondary sequelae associated with LI (weight loss and tachypnea) electrophysiological and
immunohistochemical experiments were not blinded (Savani et al., 2001; Jarman et al.,
2013).

2.4. Brainstem slice preparation

A week after inducing L1, rats were anesthetized with isoflurane and decapitated. The
brainstem was dissected in ice-cold artificial cerebrospinal fluid (aCSF); containing (in
mM): 116 NaCl, 3 KClI, 2 CaCl2, 1.2 MgS04, 1.5 NaHPO4, 25 NaHCO3, 11 D-glucose,
9-12 Mannitol, pH 7.4 (300 mOsm) gassed with carbogen (95 % 02, 5 % CO2, Airgas,
Radnor, PA, USA). After removing the meninges, the ventral surface of the brainstem was
attached to a mounting block with cyanoacrylate (Krazy Glue®, Elmer’s Products Inc., High
Point, NC, USA) and affixed in the vibratome. Horizontal brain slices (250 pM) containing
the nTS and TS fibers were cut and placed in ice-cold carbogen infused aCSF (Doyle et al.,
2004). Brainstem slices were transferred rapidly to a low profile (~2 mm height)
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polycarbonate chamber (26GLP, Warner Instruments, Hamden, CT, USA) and held in place
using a slice anchor (26GH/15 and 26H/15, Warner instruments, Hamden, CT, USA). The
chamber was fitted to the fixed stage of an Olympus BW50WI microscope (Center Valley,
PA, USA). The slice was visualized with a x10 (NA = 0.3) dry and x40 (NA = 0.8) water-
dipping contrast-enhancing objectives and was continuously perfused with carbogen-gassed
aCSF at 30-32°C at 3ml/min~1 (~0.5 ml bath volume). The slice equilibrated for
approximately 30 min.

2.5. NTS electrophysiological recordings

Experimental protocols were based on studies of CI-AMPARSs in other CNS sites (Liu and
Cull-Candy, 2002; Bellone and Liischer, 2006; Adesnik and Nicoll, 2007; Riazi et al., 2015),
and were adapted to protocols examining glutamatergic transmission at TS=>nTS synapses
(Balland et al., 2006, 2008; Khlaifia et al., 2013; Zhao et al., 2015). Blind (x20) and visual
(x40) whole-cell voltage-clamp recordings were made in the commissural and medial
subnuclei of the caudal nTS, which receive input from various viscerosensory projections.
Patch pipettes had a ~1 um tip diameter and 3 - 5 MQ resistance. The intrapipette solution
used throughout the entire study contained (in mM): 100 Cs-methanesulfonate, 10 CsCl, 5
NaCl, 1 MgCl,, 5 Tetraethylammonium-ClI, 8 EGTA, 1 CaCl,, 10 HEPES, 5 QX-314, 3
NaATP, 0.2 MgGTP, and spermine tetrahydrochloride (0.1 mM). The pH was adjusted to 7.3
with CsOH and osmolarity adjusted to 280 - 290 mOsmol with mannitol. All aCSF solutions
used throughout the study contained Picrotoxin (100 uM, sc-202765A, Santa Cruz
Biotechnology, Dallas, TX, USA), a selective GABA receptor antagonist that also shows
specificity for several chloride conducting inhibitory receptors (Pribilla et al., 1992; Das et
al., 2003; Erkkila et al., 2004; Wang and Slaughter, 2005) that have been reported in the nTS
(Smith and Uteshev, 2008; Liu and Wong-Riley, 2013). The micropipette was attached
directly to a pre- amplifier (EPC9, HEKA Elektronik, Bellmore, NY, USA) and was
maneuvered to the nTS location by micromanipulator (MP-285, Sutter Instruments, Novato,
CA).

The TS was stimulated with concentric bipolar electrode (FHC, Bowdoin, ME, USA),
delivering a square pulse from an isolation unit (PSIU6) attached to a stimulator (S48, Grass
Technologies, Warwick, RIl, USA). The tip of the bipolar electrode was positioned atop the
TS fiber bundle approximately 1.5 mm from the recording site. The duration of the stimulus
pulse was 0.1ms with an interval of 10s. The magnitude of the TS stimulus was determined
for each recording; TS stimulus intensity was increased until an EPSC was evoked and
further increased until a maximal EPSC was evoked (at ~50-250 pA) (Doyle and Andresen,
2001; Bailey et al., 2006; McDougall et al., 2009). TS-eEPSCs were considered maximal
when further increases in stimulus intensity were unable to elicit further amplitude increases.
There were no significant differences between maximally evoked TS-eEPSCs in any of the
treatment groups. NTS neurons with TS-eEPSCs exhibiting short, fixed latencies (jitter<250
us) that could follow pairs of closely timed shocks (10 pairs, 0.1s between shocks, 10s
between pairs) were considered monosynaptically connected to TS afferent terminals (Doyle
and Andresen, 2001). NTS neurons with jitter = 250 us were excluded.

Brain Behav Immun. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Litvin et al.

Page 7

All experiments were completed in the whole-cell voltage clamp configuration. TS=>nTS
synaptic recordings were accepted for analysis if access resistance was < 30 mQ. Recordings
were filtered at 10 kHz, amplified using an EPC-9 amplifier with “Pulse” (version 8.8
software; HEKA Electronik, Bellmore, NY, USA), digitized and recorded at 20 kHz with
PowerLab data acquisition system (PowerLab hardware and LabChart version 8 software,
AD Instruments, Colorado Springs, CO, USA).

We measured the AMPA to NMDA ratio (AMPA/NMDA) to determine the relative
contribution of AMPA and NMDA receptors to TS-eEPSCs; this also serves as a reliable
index for detecting changes in glutamatergic receptors (Bellone and Liischer, 2006; Hall et
al., 2007; Brill and Huguenard, 2008; Roberts et al., 2009; Riazi et al., 2015). All EPSCs
were evoked by maximal TS-stimulation (0.1ms duration, used in all studies). Following
successful break-in, ~10 min stabilization, and determination that putative 2"4-order neurons
were monosynaptic, we measured the NMDAR-component of TS-eEPSCs. To do this we
increased the membrane potential (+10 mV step size, 5s between steps) from baseline
(-60mV) to +40mV, where the cationic driving force produces outward currents. For each
cell, we measured the average TS-evoked outward current at 50 ms after the stimulus artifact
to determine the NMDAR component (Forsythe and Westbrook, 1988; Zhao et al., 2015);
the average was comprised of 10 TS-eEPSCs stimulated at 0.1 Hz. The membrane potential
was than returned to —60mV using —10mV steps (5s between steps) and the NMDAR
blocker DL-2-amino-5-phosphonopentanoic acid (DL-AP5, 50uM; #14539, Cayman
Chemical, Ann Arbor, MI, USA) was delivered into the perfusate. 5 min following DL-AP5
wash-on, we checked that input resistance changes greater than 20% were absent, and began
measuring the AMPAR component of TS-eEPSCs; this consisted of 10 TS-eEPSCs (0.1 Hz)
that were averaged. The average AMPAR and NMDAR components for each cell were
divided to determine their ratio.

To assess current rectification, maximally evoked TS-eEPSCs were recorded using the same
cesium based intrapipette solution as before, and with bath applied DL-AP5 and Picrotoxin.
Following stabilization, confirmation of monosynaptic status and measurement of input
resistance, the cell holding potential was decreased from —60 mV to —80 mV using 10 mV
hyperpolarizing steps (5 s between steps). The membrane potential was held for 20 s before
beginning TS-stimulation (10 TS-eEPSCs, 0.1 Hz). After TS-stimulation the holding
potential was increased using 10 mV depolarizing steps, and TS-eEPSCs were measured at
20 mV intervals between —80 mV and +60 mV. At positive holding potentials intracellular
spermine blocks the conductance pore of Ca2*-permeable AMPARSs (CP-AMPARSs), and
diminishes the magnitude of outward currents (Isaac et al., 2007). This spermine-dependent
reduction in outward conduction is referred to as inward-current rectification, and can be
quantified by making a ratio of the average TS-eEPSC amplitude evoked at +40 mV and —60
mV (Isaac et al., 2007). This is referred to as the rectification index (RI), where the
magnitude of inward-current rectification is inversely proportional to the RI. The RI can
detect changes in the contribution of CI- or CP-AMPARS to excitatory glutamatergic
synaptic currents (Isaac et al., 2007). We additionally, assessed current-rectification by
plotting the current-voltage (I-V) relationship, which normalizes all TS-eEPSCs measured
at varying holding potentials to value of TS-eEPSCs at —80 mV. Changes in rectification can
be visualized as shifts from a curvilinear I-V relationship to a more linear I-V relationship
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or vice-versa. This normalization provides a way to assess current rectification when
electrical normalization to a fixed eEPSC amplitude (using graded synaptic currents) cannot
be used (Doyle and Andresen, 2001; Bailey et al., 2006; McDougall et al., 2009).

To further investigate changes in the contribution of CI- or CP-AMPARS, we washed on
NASPM an antagonist of CP-AMPARSs that is more sensitive to changes in AMPAR
stoichiometry than inward-current rectification (Isaac et al., 2007). Changes in NASPM-
dependent current depression reflect changes in CP- and CI-AMPARS; where CI-AMPAR
expression is inversely proportional to the magnitude of NASPM-dependent depression
(Isaac et al., 2007). NASPM-dependent depression of TS-eEPSCs was measured at -60 mV
using the same cesium based intrapipette solution as before, and with bath applied DL-AP5
and Picrotoxin. The TS was stimulated every 30 s and the magnitude by which NASPM
depressed the amplitude of TS-eEPSCs from baseline (3 min average) to 13 min after wash-
on was measured. The access and input resistance were measured before and 13 min after
NASPM wash-on.

In post-TP-LI studies, 10Hz stimulation of the TS was used to measure use-dependent
depression and the paired-pulse ratio (PPR, eEPSC2/eEPSC1) (Kline et al., 2007; Almado et
al., 2012a). TS-eEPSCs were evoked at =60 mV in the presence of bath applied Picrotoxin.
The TS was stimulated (0.1 ms pulse duration) using a 500 ms train duration, 0.05 Hz train
frequency and 2 min protocol duration.

2.6. Minocycline treatment

Following intratracheal Bleo or saline instillation, P9-11 rats were randomly assigned to
groups that received IP minocycline hydrochloride (25 mg/kg, M9511, Sigma-Aldrich Co.,
St. Louis, MO, USA) or saline. Minocycline is highly acidic when reconstituted in water or
saline, which contributes to a painful response that may stimulate immune pathways in the
CNS (Ren and Dubner, 2010). The pH of our minocycline solution was adjusted with 10N
NaOH (to pH 7.4) to minimize pain from the IP injection. All rat-pups were closely
monitored and none exhibited any obvious signs of pain or discomfort. Rats received their
first IP minocycline or saline injection ~24h following instillation of Bleo or saline, and
continued to receive injections once daily until euthanized on day 7.

2.7. 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% saline + 0.1M
phosphate buffer, pH 7.4) followed by ice-cold 4% paraformaldehyde (RT15714, Electron
Microscopy Sciences, Hatfield, PA, USA). For histologic processing we: 1) removed the
brainstems, 2) post-fixed the tissue for 2h in ice-cold 4% PFA, 3) cryoprotected it in 30%
sucrose overnight, 4) trimmed the brainstem to reduce tissue size, 5) froze the tissue with
dry ice, 6) embedded in Tissue-Tek® OCT compound (Sakura Finetek, Torrance, CA,
USA), and then stored at =80 °C. Serial 20 um coronal sections (Leica CM1850 cryostat.
Leica Biosystems Inc., Buffalo Grove, IL, USA) were mounted on gelatin-coated slides and
stored at —20 °C.
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The slides containing sections were thawed, and rehydrated with PBS washes. Sodium
citrate buffer (L0mM tri-sodium citrate, 0.05 % tween-20, pH 6, heated to 75 °C) was used
for antigen retrieval. The sections were permeabilized with PBS containing 0.1 % Triton
X-100 (PBST), and incubated for 1h in blocking buffer (PBST, 5% bovine serum albumin (#
9048-46-8, Millipore Sigma, Temecula, CA, USA), and 5% normal donkey serum and then
incubated overnight at room temperature with primary antibody diluted in blocking buffer.
Dilutions and sources for the primary antibodies were as follows: rabbit anti-Iba-1 (1:500,
#019-19741, Wako Pure Chemical Industries, Osaka, Japan), mouse anti-GluR2 (1:100,
MAB397, Millipore Sigma), rabbit ant-GluR1 (1:1000, ABN241, Millipore Sigma), rabbit
anti-GluR4 (1:1000, AB1508, Millipore Sigma) and rabbit anti IL-1p, which detects both
the mature and pro-peptide versions of IL-1p (1:500, AB9722, Abcam). Following primary
antibody incubation, the slides were washed in PBST (5 x 5 min) and incubated in blocking
buffer containing donkey anti-rabbit Alexa 488 (1:500, # 111-545-144, Jackson
Immunoresearch Laboratories, West Grove, PA, USA) or donkey anti-mouse Alexa 488
(1:500, # 715-545-150, Jackson Immunoresearch Laboratories) secondary antibodies.
Following secondary antibody incubation, the slides were washed in PBST followed by
PBS, and cover-slipped with Prolong Gold™ anti-fading medium (P36930, ThermoFisher
Scientific, Waltham, MA). Slides were sealed with CoverGrip™ coverslip sealant (# 23005,
Biotium, Fremont, CA, USA) and stored in the dark at 4 °C until the time of imaging. All
brainstem sections from a particular study (e.g. pre-TP Bleo vs. saline) were immunostained
in parallel for a particular antibody. In particular, sections from comparable groups were
simultaneously incubated in the same: i) antigen retrieval solution, ii) blocking buffer, iii)
primary antibody, and iv) secondary antibody. This insured that IHC protocol variability did
not contribute to potential differences in immunostaining between Bleo- and saline-treated
rats.

For reasons unrelated to our experiment, we used two different inverted microscopes (TCS
SP8, Leica Biosystems Inc., Buffalo Grove, IL, USA for figures 3, 4, & 6; and a Leica TCS
SP2 for figures 8 and 10). For both confocal microscopes, brainstem sections were imaged at
x40 (APO, 1.3 NA, oil objective) using Argon (SP2) or “White Light” (SP8) lasers tuned for
Alexa 488. Brainstem sections imaged with the SP8 were never compared to brainstem
images acquired by SP2. Images used for quantification were acquired within the same
imaging session as 512 x 512 three-dimensional “z-stacks” with 8-bit resolution. Identical
confocal conditions were used to image brainstem sections within datasets (i.e. IL-1p IHC).
This included the same settings for: i) photomultiplier gain ii) pinhole (airy), iii) frame
average and accumulation, iv) optical section thickness (z-axis step-size), and v) z-stack
thickness. Three sections per rat were imaged bilaterally for all quantifications.
Representative images were displayed as 8-bit maximum projections at a pixel resolution of
1024 x 1024.

Quantification was done using the open-source image analysis software FI1JI (Schindelin et
al., 2012). For densitometric analysis, we used a thresholded binary image from each optical
slice within a z-stack and calculated the immunoreactive area within a region of interest
using the “measure” function in ImageJ software (Schindelin et al., 2012). Cell number and
area per cell were measured on maximum projected, segmented binary images using the
“analyze particle” function. Iba-1+ branch endpoints/cell, and total branch length/cell were
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quantified in a given region of interest using maximum projected binary masks that were
“skeletonized” and measured using the “analyze skeleton” function without “pruning”
(Arganda-Carreras et al., 2010; Morrison and Filosa, 2013).

2.8. Bronchial alveolar lavage fluid (BALF) acquisition and analysis

Rats-pups were euthanized with isoflurane and placed on a surgical board. The chest cavity
and trachea were surgically exposed and visualized. A 25 or 27 gauge needle was inserted in
the trachea and was sutured in place. A 1ml tuberculin syringe was used to inject and
withdraw (lavage) PBS (500 pl). Three aliquots from successive PBS flushes were pooled to
collect ~1.3 ml total volume of BALF per rat. The BALF was then centrifuged (1500 rpm,
10 min), and the pellet was re-suspended in PBS and stained with trypan blue to exclude
dead cells. Nucleated cells were counted using a hemocytometer. The supernatant was stored
at —80 °C protein analysis, for which 100 pl of BALF supernatant was incubated with 5 ml
of diluted modified Bradford Protein Assay (Bio-Rad Laboratories, Hercules, CA, USA) for
10 min and analyzed spectrophotometrically (595 nm). Protein concentration was
determined by comparing the BALF samples to standards. The results were expressed as
micrograms of protein per microliter of BALF. BALF was collected from a set of S+S, S+M,
B+S, and B+M rat-pups to quantitatively determine whether minocycline altered pulmonary
inflammation in conjunction with its systemic and/or central actions (Yrjanheikki et al.,
1999; Riazi et al., 2008, 2015). These rat-pups were not utilized in electrophysiological or
immunohistochemical studies because the process of BALF collection interfered with these
experimental procedures. As minocycline was not administered to post-TP-LI rat-pups,
BALF was not examined in the older age group.

2.9. Measurement of breathing patterns

We recorded respiratory waveforms in awake, freely moving rat-pups within a temperature
equilibrated whole-body plethysmographic (pleth) chamber (BUXCO Research Systems,
Wilmington, NC, USA) (Jacono et al., 2006, 2011). Pressure changes detected within the
chamber were transmitted through a pre-amplifier (Max 11, BUXCO Research Systems,
Wilmington, NC, USA) and recorded at 200 Hz by PowerLab data acquisition system
(PowerLab hardware and LabChart version 8 software, AD Instruments, Colorado Springs,
CO, USA).

Rat-pups were allowed to acclimate to the pleth chamber for at least 45 min before recording
commenced. Baseline breathing was measured for 30 min before testing ventilatory
responses to hypoxic-hypercapnia (H/H). To induce H/H exposure, inflow to the pleth
chamber was switched to the test gas (10% O,, 5% CO,) for 5 min followed by a 10 min
return to normoxia and an additional 5 min H/H exposure. The respiratory rate (breaths per
minute, bpm) during the 15t min of the H/H exposure was normalized to the baseline
respiratory rate to assess ventilatory responses and averaged between exposure episodes.
Apneas were defined as respiratory cycles with duration >2.5x baseline, and were quantified
manually in LabChart using the “Cyclic Measurements” function by plotting the
instantaneous period of respiratory cycles over time.
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2.10. Data analysis

3. Results

All statistical analysis was performed using GraphPad Prism 7. Data are presented here
mean + SEM. The probability for statistical significance was set at < 0.05. A D’Agostino-
Pearson omnibus normality test was performed on each data set to determine whether they
conformed to a Gaussian distribution. Parametric statistics were used for data sets
conforming to a Gaussian distribution. These statistics included an unpaired two-tail t-test, a
two-way ANOVA with Bonferroni’s repeated measure test, and a one-way ANOVA with
Tukey multiple comparisons test. When non-Gaussian distribution was present, the Kruskal-
Wallis test, a one-way ANOVA on ranks, was used with Dunn’s multiple comparison’s test.

In the patch-clamp studies, we initially pooled and plotted spontaneous EPSC (SEPSC, 60 s
recording) events from each cell in a given treatment group by cumulative probability graph.
Statistical differences were not tested for these graphs. For quantifying statistical differences
between treatment groups, the amplitude or frequency of SEPSC events were averaged from
a 60 s recording for a given cell and the difference in the distribution of these values between
treatment groups was tested for significance using two-tail t-tests. In presenting the origin of
the data, we show values for the number of neurons, followed by the number of slices from a
particular rat followed by the number of rats per group.

For immunohistochemical experiments, measurements from 3 - 4 brainstem sections per rat
were averaged and compared between groups.

3.1. Bleomycin (Bleo) lung injury (LI) induced prior to the transition period (TP) reduces
the efficacy of glutamatergic transmission to 2"%-order neurons in the nTS

We recorded TS-evoked (TS-e) excitatory postsynaptic currents (TS-eEPSCs) and measured
the AMPAR (=60 mV, inward) and NMDAR (+40 mV, outward) components of maximally
evoked currents using distal stimulation of the TS (Figure 1A). Figure 1B shows
representative raw traces of inward and outward currents recorded from the same 2"d-order
nTS neuron of a Bleo (magenta) and saline (black) treated rat-pup. The sign (—=/+) associated
with the amplitude of the TS-evoked current indicates direction rather than magnitude; at
more depolarized holding potentials the direction of cationic current flow is outward
(positive current), and at hyperpolarized holding potentials current flow is inward (negative
current).

We observed significantly smaller AMPAR-mediated TS-eEPSC amplitudes in the Bleo-
compared to the saline treated group ((Figure 1B, 1C) Bleo: 264.8 £ 12.4 pA,n=8 (1
neuron was recorded from 8 different slices from 8 different rats); saline: 534.8 + 60.3 pA, n
= 8 cells/slices/rats, t14 = 4.3, P=0.0006, Two-tail t-Test). Also, we observed significantly
larger NMDAR mediated TS-eEPSC amplitudes recorded from Bleo- compared to saline-
treated rats (Figure 1C) Bleo: 104.3 £ 15.6 pA vs. saline: 68.7 £ 5.6 pA, t14 = 2.2, P=0.049,
Two-tail t-Test). The AMPAR to NMDAR ratio serves as a reliable index for detecting
alterations in glutamatergic transmission mediated through receptor composition changes
(Bellone and Liischer, 2006). The AMPAR/NMDAR ratio of TS-eEPSCs was significantly
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lower in Bleo- compared to saline- treated rats ((Figure 1C) Bleo: 3.2 + 0.9; saline: 8.3
+ 0.9, t17 = 3.97, P=0.002, Two-tail t-Test).

Unlike TS-eEPSCs, the synaptic source of SEPSCs is comprised of TS and non-TS related
inputs, which allows sampling of a larger population of glutamatergic transmission to 2nd-
order neurons. We observed significantly smaller SEPSC amplitudes in Bleo versus saline
treated rats, which was reflected in a leftward shift of the cumulative probability plot
((Figure 1D, 1E) Bleo: 31.7 + 1.7 pA, n = 12 cells, 11 slices, 11 rats vs. saline: 39.6 + 2.0
PA, t5p=3.04, P=0.006, n = 10 cells/slices/rats, Two-tail t-Test). This decrease in SEPSC
amplitude occurred without significant changes in the SEPSC frequency ((Figure 1F, inset)
Bleo: 13.8 £ 2.0 Hz; saline: 16.1 + 3.4 Hz, t,g = 0.59, A= 0.56, Two-tail t-Test). Also, the
rise and decay times were not significantly different between measured groups (rise time:
Bleo: 3.7 £ 0.3 ms vs. saline: 3.3 + 0.2 ms, tyg = 0.97, P=0.345, Two-tail t-Test) (decay
time: Bleo: 3.9 + 0.3 ms vs. saline: 3.7 + 0.3 ms, tyg = 0.53, P=0.600, Two-tail t-Test).
These findings indicate that SEPSC transmission efficacy is depressed following LI, and
suggests that L1 affects TS and non-TS associated synaptic sites on the 2"d-order neuron
(Fortin and Champagnat, 1993).

3.2. Lung injury prior to the transition period enhances the contribution of Ca2*-
impermeable AMPA receptors to TS-evoked synaptic currents

We examined whether changes in GIuA2s or GIuR,-lacking AMPARs (non-GIluA2s) were
concurrent with altered efficacy; this was because pre-TP-LI evoked decreases in EPSC
amplitude were likely AMPAR dependent (Doyle and Andresen, 2001; Bailey et al., 2006).
To do this we took advantage of the sensitivity of non-GIluA2s to intracellular polyamines
such as spermine (Isaac et al., 2007). In the presence of intrapipette spermine, blockade of
non-GIluA2’s channel-pore occurs at positive holding potentials, which reduces outward
cationic current conduction (relative to inward conduction) (Bowie and Mayer, 1995; Isaac
et al., 2007). This is referred to as inward-current rectification and can be visualized as a
curvilinear plateau in a current-voltage (I-V) plot. Contrastingly, GIuA2s, which are
resistant to intracellular polyamine block, and conduct cations with similar efficacy at
positive and negative membrane potentials, are said to lack inward-current rectification. The
amino acid substitution that confers resistance to polyamine block in GluA2s precludes
Ca%*-conduction; GluA2s are therefore also referred to as CI-AMPARs, and exhibit a linear
I-V relationship.

TS-eEPSCs of Bleo treated rats exhibited a linear 1-V relationship and had a significantly
larger rectification index (RI, mean TS-eEPSCs at +40 mV/mean TS-eEPSCs at —60 mV,
where Rl is inversely proportional to inward current rectification) compared to saline treated
rats ((Figure 2A, 2B) Bleo: 0.7 £ 0.2, n = 10 cells/slices/rats; saline 0.21 £ 0.02, n = 9 cells/
slices rats, t17 = 2.9, £=0.008, Two-tail t-Test). This indicates pre-TP-LI promotes a loss of
inward-current rectification, and suggests changes in the stoichiometry of GIuA2s (increase)
or non-GluA2s (decrease) may be responsible (Liu and Cull-Candy, 2000; Mameli et al.,
2007).

We measured the effect of NASPM, an inhibitor of non-GIluA2s, to assess whether changes
in AMPAR subunits were related to the reduced TS-evoked currents (protocol in methods).
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Wash-on of NASPM (50 uM) caused a decrease in the amplitude of TS-eEPSCs in saline
treated animals (n = 6 cells/slices/rats), suggesting that non-GluA2s comprise a significant
amount of the AMPA-mediated current (Figure 2C, 2D). We observed that Bleo treated rats
(n=6 cells/slices/rats) were significantly less sensitive to NASPM, consistent with a decrease
in TS-eEPSC amplitude due to a difference in AMPAR subunit composition in the Bleo-
versus saline-treated rats ((Figure 2C, 2D) Bleo: 82.6 + 5.0 % of baseline; saline: 47.7

* 6.5 %, Two-way ANOVA with Bonferroni correction: treatment effect F 19 = 23.5,
NASPM effect F16,160 = 19.68, treatment*NASPM interaction F16,160 = 4.92, P<
0.0001). The blunted NASPM sensitivity and smaller current-rectification likely reflect
altered postsynaptic AMPAR function because AMPARSs in the nTS are exclusively
expressed postsynaptically (Kessler and Baude, 1999; Aicher et al., 2003; Lachamp et al.,
2003; Balland et al., 2006).

We next determined whether changes in current rectification and NASPM sensitivity were
related to alterations in specific AMPAR subunits by immunohistochemically labeling
AMPARSs containing GIuR1, 2 or 4 subunits in coronal brainstem sections (Figure 3). The
density of GIuUA2 positive (GIuA2+) immunostaining in the nTS was greater in Bleo- than in
saline- treated rats ((Figure 3C) Bleo: 0.19 = 0.01 AUs, n = 4; saline treated 0.10 £ 0.02 AUs
n =4, ts=3.3, P=0.02, Two-tail t-Test), but the densities of GluA1+ and GluA4+
immunostaining in the nTS were not significantly different between groups (GluAl+ (Figure
3B) Bleo: 0.052 + 0.01 AUs, n = 5; saline: 0.042 £ 0.004 AUs n =5, tg=0.89, A= 0.4, Two-
tail t-Test; and GluA4+ (Figure 3D) Bleo: 0.22 £ 0.01 AUs, n = 5; saline: 0.20 + 0.03 AUs, n
=5, tg3 =0.62, P=0.55, Two-tail t-Test). Together these results are consistent with a current-
rectification and NASPM-sensitivity decrease that is mediated through augmented
postsynaptic GIuUA2 expression rather than reduced non-GIuA2 expression.

3.3. Lung injury prior to the transition period promotes microglia hyper-ramification in the

nTS

Microglia can mediate synaptic plasticity under pathophysiological conditions by altering
postsynaptic GIuA2s (Zhang et al., 2014; Riazi et al., 2015). Therefore, we examined
whether microglia morphologic changes in the nTS were concurrent with the GIuA2
dependent synaptic depression. First we assessed whether pre-TP-LI altered microglia
number and morphology in the nTS, because changes in these variables can correlate with
changes to microglial synaptic engagement (Miyamoto et al., 2016; Sipe et al., 2016).
Coronal nTS-containing sections from Bleo and saline treated rats did not exhibit significant
differences in the average number of Iba-1 positive (Iba-1+) cells within a set region of the
nTS (186.2 x 10% um?) (Bleo: 162 + 5 cells, n = 5; saline: 150 + 12 cells, n = 5, tg = 0.88, P
= 0.4, Two-tail t-Test) (Figure 4A, 4B). However, the average area per Ibal+ cell did
increase significantly in the nTS from Bleo- compared to saline-treated rats (Bleo: 9.0 + 0.4
x 102 um?2, n = 5: saline: 6.9 + 0.6 x 102 um?2, n = 5, tg = 2.97, £=0.018, Two-tail t-Test)
(Figure 4C). This was associated with significant increases in the number of branch
endpoints (BEP) (Bleo: 11.2 + 1.4 BEP, n = 5; saline: 7.4 + 0.6 BEP, n =5, tg = 2.49, P=
0.04, Two-tail t-Test) (Figure 4D), and in the average total branch length in Bleo versus
saline treated rats (Bleo: 120.2 + 18.2 ym, n = 5 rats; saline: 67.5 + 7.9 um, n = 5, tg = 2.65,
P=0.03, Two-tail t-Test) (Figure 4E). Thus, in pre-TP-LI, microglia appear to express

Brain Behav Immun. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Litvin et al.

Page 14

hyper-ramification in their appendages, which raises the possibility that microglia may
contribute to altered TS=>nTS synaptic efficacy.

Changes in microglia morphology are also associated with the production and release of
neuroinflammatory factors (Riazi et al., 2008, 2015; Roumier et al., 2008; Lewitus et al.,
2016). Therefore, we determined whether microglia /yper-ramification was associated with
changes in the levels of the inflammatory cytokine Interleukin 1 beta (IL-1p), which has
been shown to depress TS-eEPSC amplitude /7 vitro (Marty et al., 2008).
Immunohistochemical staining using an antibody that detected IL-1p and its inactive
precursor pro-1L-1p indicated that pre-TP-LI augmented IL-1p/pro-IL-1p immunoreactivity
throughout the nTS in Bleo- versus saline- treated rats ((Figure 5A, 5B) Bleo: 47.0 £ 8.3
AUs, n=7; saline: 16.4 £ 2.1 AUs, n = 8, t13 = 3.8, #=0.0022, Two-tail t-Test). The
apparent widespread increase in IL-1p/pro-IL-1p immunoreactivity in the nTS suggested
that the neuroimmune response to pre-TP-LI extended beyond respiratory viscerosensory
pathways in the nTS. We measured IL-1p/pro-IL-1p immunoreactivity on the same coronal
brainstem sections in the: I) area postrema (AP, Figure 5C), a circumventricular organ that
senses circulating immune factors and projects to the nTS, 1) gracile nucleus (Gr, Figure
5D), a non-respiratory medullary site with 2"9-order neurons receiving input from spinal
projections that are posterior to T6, and I11) dorsal motor nucleus of the vagus (DMNX,
Figure 5E), which receives input from the nTS and has a visceromotor efferent component
of the vagus nerve. These three sites had significant increases in IL-1p/pro-IL-18
immunoreactivity in Bleo-compared to saline treated rats (Bleo AP: 12.6 £ 2.5 AUS vs.
saline AP: 3.3+ 1.0 AUs, t;3 = 3.6 £=0.0032, Two tail t-Test; Bleo Gr: 10.9 + 2.9 AUs vs.
saline Gr: 2.04 £ 0.70 AUs, t13=3.2, = 0.0071; Bleo DMNX: 9.1 + 2.5 AUs vs. saline
DMNX: 2.1 + 0.8 AUs, t33 = 2.8, = 0.02). We conclude that LI evokes IL-1p/pro-IL-1p
production throughout the dorsal brainstem, which suggests that LI may impact CNS
function beyond respiratory or viscerosensory control. Furthermore, the augmented IL-1p/
pro-IL-1p immunoreactivity observed in the AP raises the possibility that systemically
released cytokines may be mediating CNS production of IL-1p in response to LI (Vitkovic et
al., 2000; Goehler et al., 2006).

3.4. Daily minocycline treatment during the course of pre-TP-LI prevents loss of synaptic
efficacy and microglia hyper-ramification

We next tested whether the systemic and/or central immune response to pre-TP-LI
contributed to synaptic changes in the nTS. A day after inducing pre-TP-LI we injected
minocycline (IP once daily for 7d), which is permeable to the blood brain barrier and
inhibits microglia/macrophages (Figure 6A) (Yrjanheikki et al., 1999; Colovic and Caccia,
2003; Buller et al., 2009). We had the following four groups of rats: 1) Bleo, IT and
minocycline IP, (B+M treated); 2) Bleo, IT and saline IP, (B+S treated); 3) Saline, IT and
minocycline IP, (S+M treated); and 4) Saline, IT and saline IP, (S+S treated). B+M treated
rats exhibited significantly larger TS-eEPSC amplitudes when compared to B+S treated rats
((Figure 6B, 6C) B+M: 382.6 + 53.3 pA, n = 7 cells/slices/rats vs. B+S: 171.6 + 17.4 pA, n
= 8 cells/slices/rats, P=0.0082, One-way ANOVA with Tukey test, treatment effect F3,24 =
9.75, P=0.0002). Further, TS-eEPSC amplitudes were not significantly different among B
+M-, S+S—, and S+M- treated rats ((Figure 6C) B+M vs. S+S: 41.7 + 2.6 pA, n = 12 cells,
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9 slices, 9 rats, P=0.999; B+M vs. S+M: 40.2 + 2.3 pA, n =9 cells, 7 slices, 7 rats, P=
0.373, One-way ANOVA with Tukey test). Consistent with our first experiments, TS-eEPSC
amplitudes from B+S treated rats were significantly less than those of S+S— and S+M-
treated rats.

Similarly, the amplitude of SEPSCs recorded from B+M treated rats was significantly greater
than B+S treated rats, and was not significantly different from S+S- or S+M- treated rats
((6D, 6E) B+M: 41.4 + 2.2 pA, n = 11 cells, 7 slices, 7 rats; vs. B+S: 31.4 pA+ 1.4,n =12
cells, 7 slices, 7 rats, P=0.01, One-way ANOVA with Tukey test). Further, B+M treated rats
were not significantly different from S+S- (S+S: 41.7 pA+ 2.6, n = 12 cells, 9 slices, 9 rats,
P=0.999) and S+M- (S+M: 40.2 pA+ 2.3, n =9 cells, 7 slices, 7 rats, P= 0.983) treated
rats. Finally, the amplitudes of SEPSCs recorded from B+S-treated rats were significantly
smaller than those recorded from S+S- and S+M- treated rats ((Figure 6D, 6E) B+S versus
S+S: P=0.006; B+S versus S+M: £P=0.041, One-way ANOVA with Tukey test: treatment
effect F3,40 = 5.42, £=10.0032). As we expected, the frequencies of SEPSCs were not
significantly different among the groups ((Figure 6D, 6F) B+M: 9.8 £ 2.3 Hz vs. B+S: 11.4
+ 3.6 Hz, P> 0.999, Kruskal-Wallis with Dunn’s test). There were also no significant
differences in the frequency of SEPSCs measured between B+M- and S+S- or S+M- treated
groups ((Figure 6D, 6F) B+M vs. S+S: 155+ 2.7 Hz, P=0.6; B+M vs. S+M: 13.5+ 3.0 Hz
P>0.999, Kruskal-Wallis with Dunn’s test, H = 4.4, P=0.2).

We quantified the number and morphology of Iba-1+ cells in the nTS (Figure 7A-D) to
assess whether microglia Ayper-ramification was altered by minocycline. Consistent with
our initial finding, the number of Iba-1+ cells did not significantly differ between groups
((Figure 7B) B+M: 114 + 20 cells, n =7, vs. B+S: 162 £ 17 cells,n =7, P=0.4; B+M vs. S
+S: 117 £ 16 cells, n =5, P> 0.999; B+M vs. S+M 119 + 11 cells, n =5, £>0.999,
Kruskal-Wallis with Dunn’s test, H = 5.1, = 0.17). Thus, minocycline treatment did not
impact the number of Ibal+ cells in the nTS.

In contrast, daily minocycline treatment significantly reduced the number of branch
endpoints per iba-1+ cell in B+M- compared to B+S treated rats, which were not
significantly different from S+S treated or S+M treated rats ((Figure 7C) B+M: 8.4 £ 0.8
BEP vs. B+S: 12 + 1.1 BEP, P=0.048; B+M vs. S+S: 8.4 £ 0.9 BEP, £>0.999; B+M vs. S
+M: 7.8 £0.9, P<0.97, One-way ANOVA with Tukey test, F3 o9 = 4.2, treatment effect P=
0.02). As before, the number of branch endpoints in B+S-treated rats were significantly
greater than those in S+M-treated rats, but did not attain significance when compared to S+S
treated rats ((Figure 7C) B+S vs. S+M: P=0.03; B+S vs. S+S: £=0.08, One-way ANOVA
with Tukey test).

We also measured the average total branch length for Iba-1+ cells and observed a significant
reduction in the average total branch length measured in B+M- compared to B+S treated
rats. This was not significantly different when compared to S+S or S+M treated rats ((Figure
7D) B+M: 68.1 £ 9.2 pm vs. B+S: 108.8 £ 10.4 um, £=0.02; B+M vs. S+S: 70.9 + 8.9 ym,
P=0.996; B+M vs. S+M: 61.8 £ 8.3 ym, P=0.97, One-way ANOVA with Tukey test, F3 5o
= 5.34, treatment effect = 0.007). The average total branch length per Iba-1 cell was
significantly greater in B+S treated rats compared to S+M treated rats but was not
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significantly different compared to S+S treated rats ((Figure 7D) B+S vs. S+M: £=0.014; B
+Svs. S+S: P=0.055, One-way ANOVA with Tukey test). Together this demonstrates that
minocycline treatment during the course of LI can attenuate the pre-TP-LI dependent Ayper-
ramification of microglia in the nTS. In summary, our electrophysiological and microglial
morphologic data indicate that minocycline treatment administered after inducing pre-TP-LI
can attenuate the L1-dependent depression to TS-eEPSCs and Ayper-ramification of
microglia in the nTS. Thus, brainstem inflammation is associated with depressed synaptic
efficacy at the synapse that integrates viscerosensory information from the periphery.

We also assessed the possibility that minocycline treatment may have preserved synaptic
efficacy and attenuated microglia/macrophage morphologic changes in the nTS by
mitigating LI rather than by acting centrally. Therefore, to quantify the severity of LI, we
sampled airway epithelial lining fluid by bronchial alveolar lavage and measured two
hallmarks of LI, protein leak into the lung (Figure 7E) and the number of nucleated immune
cells (Figure 7F) in the BALF (Jacono et al., 2006). Minocycline treatment did not
significantly affect protein concentration in BALF measured from B+M- compared to B+S-
treated rats ((Figure 7E) B+M: 0.51 £ 0.11 pg/pl, n = 6; vs. B+S: 0.26 £ 0.02 ug/ul,n =7, P
> 0.999, Kruskal-Wallis with Dunn’s test, H = 17.8, A= 0.0005). Both LI groups had higher
BALF protein concentrations compared to their respective control groups ((Figure 7E) B+M
vs. S+M: 0.05 = 0.01 pg/ul n =5, P=0.002; B+S vs. S+S: 0.03 + 0.01 pg/ul, n =5, P=0.04,
Kruskal-Wallis with Dunn’s test). Similarly, nucleated cell counts from the same BALF
indicated that B+M and B+S treated rats were not significantly different ((Figure 7F) B+M:
117.3 + 15.3 x10% cells vs. B+S: 94.9 + 6 x104 cells, 2= 0.3, One-way ANOVA with Tukey
test). Both LI groups showed greater cell counts when compared to their corresponding
control groups ((Figure 7F): B+M vs. S+M: 4.2 + 2.8 x104 cells, P < 0.0001; B+S vs. S+S:
58.4 + 5 x104 cells, P=0.048, One-way ANOVA with Tukey test, F3 19 = 13.5, treatment
effect P < 0.0001). Thus, minocycline treatment did not reduce vascular leak or immune cell
infiltration 7d following intratracheal instillation of Bleo. Our results indicate a magnitude
of similar LI in the untreated and minocycline treated groups.

3.5. Minocycline treatment prevents the enhanced contribution of Ca2*-impermeable
AMPARs evoked by pre-TP-LI

Microglia/macrophages can mediate synaptic depression or potentiation by reducing
postsynaptic GIUA2 expression (Zhang et al., 2014; Riazi et al., 2015). Therefore, we
assessed whether microglia/macrophages contributed to the reduced current-rectification and
NASPM sensitivity observed following pre-TP-LI. First we tested the impact of daily
minocycline treatment on current rectification (Figure 8A, 8B). The rectification index was
smaller in B+M- compared to B+S- treated rats B+M ((Figure 8A) B+M: 0.35+0.04,n =6
cells, 5 slices, 5 rats; B+M vs. B+S: 0.75 + 0.04, n = 8 cells/slices/rats, A< 0.0001, One way
ANOVA with Tukey test: F3 o5 = 39.6, treatment effect £ < 0.0001). The rectification index
did not differ between B+M-, S+S—, and S+M- treated groups ((Figure 8A, 8B) B+M vs. S
+S:0.23 £ 0.03, =0.19; B+M vs. S+M: 0.33 £+ 0.04, £=0.99). Consistent with our
previous results, the rectification index was greater in B+S- than in S+S— or S+M- treated
rats ((Figure 8A, 8B) B+S vs. S+S: P < 0.0001; B+S vs. S+M: P <0.0001). The S+S-and S
+M treated rats did not have different rectification indices ((Figure 8A, 8B) S+S vs. S+M: P
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= 0.26, One way ANOVA with Tukey test). These data indicate that microglia/macrophages
contribute to the loss of rectification evoked by pre-TP-L1I.

Second, we tested whether minocycline affected the loss of NASPM-sensitivity in TS-
eEPSCs that occurred after pre-TP-LI (Figure 8C, 8D). Treatment with minocycline
prevented the loss of the NASPM-dependent depression of TS-eEPSCs as evident by
comparing TS-eEPSCs of B+M- to: 1) those of B+S- treated rats, and 2) those of S+M-
and S+S- treated rats. TS-eEPSCs of B+M- were more depressed compared to those of B
+S- treated rats ((Figure 8C, 8D) B+M: 40.3 + 6.9%, (n = 7 cells/slices/rats) vs. B+S: 82.1
+6.1% (n = 8 cells/slices/rats), P < 0.0001); whereas TS-eEPSCs of B+M- were similar to
those from S+M- and S+S- treated rats (B+M vs. S+S: 41.9 + 3.6%, n =5 cells/slices/rats,
P=0.998; B+M vs. S+M: 32.1 £ 7.0%, n = 6 cells/slices/rats £=0.71, Two-way ANOVA
with Tukey test: treatment effect F3 21 = 16.6, NASPM effect F16 336 = 65.4,
treatment*NASPM interaction Fyg 336 = 3.97, < 0.0001). Also consistent with our earlier
findings, the normalized TS-eEPSC amplitudes were greater in B+S- than those in S+S-
and S+M- treated groups ((Figure 8C, 8D) B+S vs. S+S: £<0.0001; B+S vs. S+M: P <
0.0001, Two-way ANOVA with Tukey test). These data indicate that microglia/macrophages
contribute to the loss of NASPM sensitivity evoked by pre-TP-L1I.

Finally, we measured the density of GIuA2+ immunostaining in the nTS to determine if
rescuing inward current rectification and NASPM-sensitivity was correlated with GIUA2
expression (Figure 9A, 9B). GIuA2+ immunostaining in the nTS was lower in B+M- than in
B+S-, greater than that in S+S—, and did not differ from that in S+M- treated rats ((Figure
9A,9B) B+M: 1.2+ 0.2 AUs, n =7 vs. B+S: 1.9 £ 0.2 AUs, n =7, P=0.008; B+M vs. S+S:
0.4+0.1 AUs,n=5, P=0.0079; B+M vs. S+M: 0.75 £ 0.13 AUs, n = 5, P=0.234, One-
way ANOVA with Tukey test, F3 5o = 18.6, treatment effect #< 0.0001). Similar to our
results from pre-TP-LI rats without treatment, GluA2+ immunostaining in the nTS increased
after LI (B+S treatment) compared to controls ((Figure 9A, 9B) B+S vs. S+S: P <0.0001; B
+S vs. S+M: P=0.0002). Finally, S+S- and S+M- treated groups did not differ ((Figure
9A, 9B) S+S vs. S+M: P=0.419, One-way ANOVA with Tukey test). These results indicate
that the minocycline dependent rescue of current rectification and NASPM sensitivity
following pre-TP-LI is concurrent with reduced GIuA2 expression in the nTS.

In summary, the rectification index and NASPM sensitivity data demonstrate that daily
minocycline treatment prevents the enhanced contribution of CI-AMPARs, which occurs at
TS=>nTS synapses following pre-TP-LI. The immunohistochemistry data suggest: 1)
microglia/macrophages enhance the contribution of CI-AMPARS to TS—=>nTS synapses
following pre-TP-LI by augmenting postsynaptic GIuA2 expression, I1) microglia/
macrophages reduce synaptic efficacy following pre-TP-L1I, and I11) microglia/macrophages
do not developmentally regulate postsynaptic GIuA2 insertion/removal during the TP.

3.6. Lung injury in pre-TP-LI rats promotes apnea and loss of ventilatory sensitivity to
acute Hypercapnic-Hypoxia, which is ameliorated by minocycline treatment

The induction of LI during a window of vulnerability to respiratory challenges raised the
possibility that pre-TP-LI promoted changes in neurally controlled respiratory functions
(Feldman et al., 2003; Ramirez et al., 2013; Li et al., 2016). Moreover, changes in TS=>nTS
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synaptic efficacy have been attributed to altered cardiorespiratory control (Kline, 2008). We
first recorded respiratory patterns in awake, freely moving pre-TP-LI rat-pups using whole-
body plethysmography (pleth). Representative pleth traces from pre-TP-LI rat-pups showed
B+S treatment augmented the number of apneas (defined as breaths >2.5x longer than
baseline cycle duration) when compared to saline-treated controls, which was prevented by
minocycline treatment ((Figure 10A, 10C): B+S:17+3,n=9vs. S+S:6+1,n=5, P=
0.041; B+Svs. S+M: 6+ 1, n=5, P=0.041; B+Svs.B+M: 7+ 2,n=9, P=0.027, One
way ANOVA with Tukey test, F3 24 = 4.48, treatment effect = 0.012). There were no
significant differences in apnea number between the B+M treated group and saline-treated
controls (B+M vs. S+S: £=0.998; B+M vs. S+M: P=0.998). We next examined the
breathing rate of pre-TP-L1I rats in normoxia and during an acute (5 min) hypercapnic-
hypoxic (H/H) (10% O, with 5% CO,) episode, which is commonly present during LI
(Carlo, 2007; Ragaller and Richter, 2010; Vadasz and Sznajder, 2017), and has been used to
examine the neural control of breathing (Dergacheva et al., 2014; Dyavanapalli et al., 2014)
(Figure 10A, 10B, 10D, and 10E). LI promoted significant breathing frequency increases
(breaths per minute, bpm) in Bleo-treated rats compared to saline-treated controls, which
were irrespective of minocycline treatment (B+S: 235.5 £ 10.5 bpm vs. S+S: 136.4 £ 6.5
bpm, £<0.0001; B+S vs. S+M: 145.3 + 4.9 bpm, £=0.0002; B+M: 213.2 + 18.1 bpm vs. S
+S: P=0.002; B+M vs. S+M: P=0.0078; One way ANOVA with Tukey test, F3 24 = 9.3,
treatment effect 2= 0.0003). Minocycline treatment did not significantly alter the breathing
frequency in Bleo-treated rats (B+S vs. B+M: £=0.718, One way ANOVA with Tukey test).
In all treatment groups, H/H exposure significantly increased (relative to baseline (BL)) the
respiratory rate during the 15t min (1m) of exposure ((Figure 10B, 10D) S+S BL vs. 1m: P<
0.0001; S+M BL vs. 1m: £< 0.0001; B+S BL vs. 1m: < 0.0001; B+M BL vs. 1m: P<
0.0001, Two-way ANOVA with Sidak’s test). However, Bleo-treated rats responded with a
significantly smaller rate increase compared to rat-pups from saline-treated control groups;
this effect was prevented by minocycline treatment ((Figure 10B, and 10E) B+S: 21.0
+2.7%vs. S+S: 72.5 £ 5.8 %, P=0.0008; B+S vs. S+M: 74.7 + 6.1 %, P=0.0005; B+S
vs. B+M: 48.7 + 10.5 %, P = 0.04; One way ANOVA with Tukey test, F3 24 = 10.41,
treatment effect £=0.0001). There were no significant differences in the ventilatory
response to H/H in B+M measured rat-pups compared to the saline treated control groups (B
+M vs. S+S: P=0.187; B+M vs. S+M: P=0.131). Together these data indicate LI increases
the propensity for respiratory pausing while decreasing the ventilatory response to acute H/H
exposure in pre-TP rat-pups. These effects are prevented by minocycline treatment, which
suggests the neuroimmune response to pre-TP-LI alters central control of respiration.

3.7. Lung injury induced in rats after the transition period exerts a dual modulatory role on
synaptic efficacy that is mechanistically distinct

So far, we have focused on the mechanisms by which LI evokes synaptic depression before a
TP for respiratory control. Comparing these mechanisms of pre-TP-LI to those stimulated by
post-TP-LI revealed that discrete synaptic plasticity-like changes were active in each of
these age groups. In post-TP-LI studies Bleo or saline was IT instilled in rats aged P17-19
and euthanized 7d later (P24-26) (Figure 11A). The amplitudes of TS-eEPSCs (at —60 mV)
were smaller in 2"9-order neurons from Bleo- than from saline- treated rats ((Figure 11B,
11C) Bleo: 263.7 + 29.5 pA n = 10 cells, 8 slices, 8 rats vs. saline: 455.9 + 57.6 pA, n =10
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cells, 8 slices, 8 rats, t1g = 2.96, A= 0.007, Two-tail t-Test). However, the amplitudes of
SEPSCs were greater in Bleo- than those form saline- treated rats ((Figure 11D, 11E) Bleo
59.0 + 4.4 pA, n =16 cells, 13 slices, 13 rats vs. saline: 42.4 + 3.6 pA, n = 16, 13 slices, 13
rats, t3; = 2.94, P=0.006, Two-tail t-Test). Further, the frequencies of SEPSCs were greater
in Bleo- than saline-treated rats ((Figure 11D, 11F) Bleo: 29.6 + 3.5 Hz vs. saline: 19.9

+ 2.4, 139 = 2.25, P=0.03, Two-tail t-Test). Thus, contrary to the depression in SEPSC
amplitudes demonstrated in pre-TP-LlI, these findings showed that post-TP-LI potentiated
the amplitude and frequency of SEPSCs.

We measured the rectification index and GluA2+ immunostaining in the nTS to assess
whether CI-AMPARs contributed to the decrease in synaptic efficacy in post-TP-LI rats.
Unlike pre-TP-LI, the TS-eEPSC rectification index did not differ between LI and control
rats ((Figure 12A, 12B) Bleo: 0.25 £ 0.02, n = 7 cells, 6 slices, 6 rats, vs. saline: 0.3 £ 0.02,
n =9 cells, 6 slices, 6 rats, t15 = 1.62, £=0.13, Two-tail t-Test). Further, GluA2+
immunostaining in the nTS did not differ between Bleo- and saline- treated rats ((Figure
12C, 12D) Bleo: 6.2 + 1.3 x102 AUs, n = 5 rats, vs. saline: 4.8 + 0.9 x102 AUs, n = 7 rats,
t10 = 0.80, P=0.44, Two-tail t-Test). Together these results indicate that GIuA2 are unlikely
to be the source of the TS-eEPSC depression or the SEPSC amplitude potentiation following
post-TP-L1I.

In post-TP rats, short-term, use-dependent depression at TS=>nTS synapses was mediated
presynaptically when a train of stimuli exceeded 3 Hz (Zhao et al., 2015). This depression
can be altered by pathologic conditions that impact presynaptic efficacy in the nTS (Kling,
2009). Therefore, we determined whether post-TP-L1 altered the ability to evoke short-term
depression of TS=>nTS synapses. At 10 Hz TS-stimulation (full protocol in methods), we
evoked use-dependent depression of the amplitude of TS-eEPSC in both injured and sham
rats ((Figure 13A, 13B) Bleo: comparing stimulus 1 to responses to stimuli 2, 3, 4, & 5 were
depressed, n = 6 cells, 5 slices, 5 rats, £< 0.0001; saline: stimulus 1 vs. 2,3,4&5,n=7
cells, 6 slices, 6 rats, £< 0.0001, Two-way ANOVA with Tukey test). However, the TS-
eEPSCs were depressed more after the 219, 314, and 5% stimuli in Bleo- than saline- treated
rats ((Figure 13A, 13B) Bleo: stimulus 2: 31.5 + 2.7 %, stimulus 3: 27.3 + 2.9 %, stimulus 5:
28.7 £ 3.7 %; vs. Saline: stimulus 2: 46.0 + 2.3 %, stimulus 3: 39.0 £ 2.3 %, stimulus 5: 38.8
+ 3.2 %, P=0.0008, A=0.009 and P = 0.032 respectively, Two-way ANOVA with Tukey
test, treatment effect Fq 11 = 11.34, P=0.006; stimulus effect F4 4 = 456.4, P< 0.0001,
treatment*stimulus interaction F4 44 = 4.02, = 0.0072). The paired-pulse ratio (EPSC 2/
EPSC 1) was reduced in Bleo- compared to saline- treated rats ((Figure 13C) Bleo: 0.31
+0.03, n =6 vs. saline: 0.47 £0.02, n =7, t1; = 4.48, £=0.0009, Two-tail t-Test).

We measured the inverse coefficient of variation squared (1/CV?) for stimulus-evoked
EPSCs at 10 Hz. This analysis detects changes in synaptic efficacy due to alterations in the
release probability (p) and the number of release sites (1), where the quantal content (/7 0)
is directly proportional to the 1/CV2 (Malinow and Tsien, 1990; Kerchner and Nicoll, 2008;
Almado et al., 2012b). This analysis has been applied in studies examining pathologically
evoked synaptic efficacy changes at TS=>nTS synapses (Kline et al., 2007; Almado et al.,
2012b; Accorsi-Mendonca et al., 2015). The 1/CV?2 of EPSCs evoked by 10Hz TS-
stimulation was less in Bleo- compared to saline-treated rats ((Figure 13D) Bleo: 1.95
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+0.32,n=6vs. saline: 3.85+0.53,n =7, t;; = 1.69, P=0.013, Two-tail t-Test). These
findings indicate that post-TP-LI depresses TS-evoked synaptic transmission in a GIuA2-
independent manner, which increases use-dependent depression, while reducing the PPR and
1/CV2. These data suggest diminished quantal content causes synaptic depression following
post-TP-LI. Thus, unlike pre-TP-LI, post-TP-LI synaptic depression has a presynaptic
mechanism.

Finally, we wanted to test whether post-TP-LI altered the morphology and number of
microglia in the nTS (Figure 14). The number of Iba-1+ cells did not differ between Bleo-
and saline- treated rats (Bleo: 145.9 £ 18.3, n = 7, vs. saline: 163.0+7.2,11;,=0.82,n=6, P
= 0.431, Two-tail t-Test) (Figure 14B). Further, in distinct contrast to pre-TP-LI the number
of branch endpoints/Iba-1+ cells decreased in Bleo- compared to saline- treated rats (Bleo:
6.9 £ 0.7 BEP vs. saline: 9.6 £ 0.4 BEP, t11 = 3.23, £=0.008, Two-tail t-Test) (Figure 14C).
There was also a significant decrease in the average total branch length/Iba-1+ cell in Bleo
treated rats compared to saline treated rats ((Figure 14D) Bleo: 53.8 + 7.7 um vs. saline:
75.4 + 3.4 um, t1; = 2.41, P=0.035, Two-tail t-Test). Thus LI after the TP causes microglia
hypo-ramification rather than Ayper-ramification evoked by pre-TP-LI.

4. Discussion

4.1. Summary of our findings

We used a well-established model of bleomycin-based murine lung injury (Matute-Bello et
al., 2008; Physiol et al., 2013) to examine its impact on 2"d-order viscerosensory integration
within the dorsal medulla oblongata. We determined pre-TP-LI reduced the efficacy of
AMPAR-mediated TS=>nTS transmission. This loss of synaptic efficacy occurred through
an enhanced contribution of CI-AMPARs with increases in GIuA2, a CI-AMPAR, in the
nTS. Treatment with minocycline, an inhibitor of microglia/macrophages, reduced the
increase in GIUA2 expression and CI-AMPAR contribution and prevented the loss of
synaptic efficacy, suggesting that these changes are mediated by the immune response to LI.
In contrast, post-TP-LI augmented spontaneous transmission and blunted evoked synaptic
transmission to 2"%-order neurons in the nTS. This post-TP-LI effect occurred in a Cl-
AMPAR-independent manner. Interestingly, the observed alterations in post-TP-LI synaptic
function shared similarities with functional changes at TS=>nTS synapses evoked by other
pathologic stimuli in adult rats (Kline, 2009). Taken together, these findings suggest that LI
is a potent pathological stimulus that down-regulates fast glutamatergic signaling to 2
order neurons in the nTS. Furthermore, the timing of the LI stimulus is important, as distinct
synaptic mechanisms function just before and after the P11-15 TP.

4.2. Loss of synaptic efficacy following pre-TP-LI

Our findings demonstrate that synaptic sites associated with TS-evoked and spontaneous
excitatory glutamatergic transmission become blunted by L1 when the injury coincides with
a TP for respiratory control and a window of heightened vulnerability to respiratory
challenges (Bavis and MacFarlane, 2017). These findings are the first to demonstrate that LI
can impact CNS function, broadly affecting a brainstem site where pulmonary afferents
terminate (Berger and Dick, 1987). Previous work has shown that TS-evoked action
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potential generation becomes blunted following ozone exposure in the neonatal rhesus
macaque (Chen et al., 2003). Because 0zone exposure at comparable doses has been shown
to produce lung injury, it suggests our findings may be related (Connor et al., 2012).

There are indications that early-life respiratory challenges can impair viscerosensory
integration in the nTS when they occur during a period of neurodevelopmental transition in
the rat (P11-15) (Bavis and MacFarlane, 2017). Consequently, the timing of this
developmental epoch has also been referred to as a period of respiratory vulnerability; that
is, rodents faced with respiratory challenges are unable to produce a physiologically
appropriate ventilatory response (Bavis and MacFarlane, 2017). Clinical studies also suggest
respiratory insults in pre-term or full-term infants may cause deficits related to impaired
brainstem viscerosensory integration; this includes apneas (Martin et al., 1986; Warren et al.,
2010) reduced ventilatory drive (Reuter, 2014), blunted oral-motor reflexes (Stumm, 2008),
and diminished parasympathetic tone (Smith et al., 2005). Our findings demonstrating that
LI promotes reduced ventilatory sensitivity to acute H/H exposure and an increase in the
number of apnea, mirror the observations of several of these studies. This raises the
possibility that loss of TS=>nTS synaptic efficacy may contribute to impairments in
ventilatory function during ear-life LI.

4.3. Reduced contribution of CI-AMPARs following pre-TP-LI

We found smaller current rectifications and a reduced sensitivity to the non-GluA2
antagonist NASPM, suggesting that pre-TP-LI enhances the contribution of CI-AMPARSs
upon TS-evoked transmission. These CI-AMPAR related changes were concurrent with
augmented staining throughout the nTS for the low conductance CI-AMPAR subunit GIuR2.
Notably, changes to GIuR1 or GluR4 were not observed. Taken together, these
electrophysiological and immunohistochemical data suggest that the loss of synaptic
efficacy is directly related to the enhanced contribution of CI-AMPARs. However, a
contribution from non-stoichiometric changes in AMPAR-subunit function cannot be
entirely excluded, as changes in transmembrane AMPAR regulatory proteins (TARPS) can
modulate rectification and polyamine sensitivity (Soto et al., 2007, 2009).

At TS=>nTS synapses, efficacy changes evoked under pathological or environmental
conditions have commonly been attributed to mechanisms of prolonged neurophysiological
adaptation known as long-term (LT) synaptic plasticity. These mechanisms can occur in the
range of hours to days, and can depress (LTD) or potentiate (LTP) synaptic transmission
efficacy (Kline et al 2008). Our finding of a reduction in AMPAR-dependent currents
following pre-TP-LI suggests that L1 evokes a form of postsynaptic LTD, by lowering the
sensitivity of 2"d-order neurons to presynaptically released glutamate. Several groups have
reported GluA2-mediated LTD in other CNS sites, which raises the possibility that it may
also be occurring in the nTS following pre-TP-LI (Liu and Cull-Candy, 2000; Ho et al.,
2007; Mameli et al., 2007; Liu et al., 2010). This form of postsynaptic LTD can be evoked /in
vitro through NMDAR or mGIuR activation. Because postsynaptic mGIuR-LTD is not
inducible at TS=nTS synapses, it suggests our findings, if attributable to LTD, likely occur
through an NMDAR-dependent mechanism (Chen et al., 2002; Jin et al., 2004). This is
supported in part by /n-vitro studies showing that low frequency TS-stimulation in P3-21
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aged rats or PO mice can evoke an NMDAR-dependent LTD, which reduces postsynaptic
AMPAR currents (Zhou et al., 1997; Poon et al., 2000). We observed a rise in NMDAR-
dependent currents following pre-TP-LI, which is also consistent with this form of LTD

(Yashiro and Philpot, 2008).

4.4. Evidence for a neuroimmune response to pre-TP-LI

Previous studies labeling specific viscerosensory pathways identified that
pathophysiologically evoked changes occurred at labeled and unlabeled synapses (de Paula
etal., 2007; Accorsi-Mendonca et al., 2015). This is consistent with our finding that pre-TP-
LI reduced synaptic efficacy in neurons that likely received input from a diverse range of
afferent pathways. This apparent lack of specificity could be explained in part by the
incomplete blood brain barrier (fenestrated capillaries) found within the caudomedial nTS,
which allows central access to circulating factors (Gross et al., 1990). Thus, it is possible
that the peripheral immune response to LI could promote widespread synaptic changes
within and beyond the nTS (Lin et al., 1999; Sekizawa et al., 2008b; Park et al., 2009;
Thibault et al., 2014; Riazi et al., 2015). Consistent with this, pre-TP-LI evoked changes in
microglia within the nTS. Although there was no change in the number of microglia in the
nTS, we did observe an increase in the average area per microglia. This increase in area was
concurrent with an increase in branch endpoint number and total branch length. These
changes indicate microglia Ayper-ramification, which is consistent with the presence of
hypertrophied processes that occurs in response to some noxious conditions (Streit et al.,
1999; Hinwood et al., 2013; Karperien et al., 2013; Hellwig et al., 2016). Although
microglia Ayper-ramification is not well understood, several studies have suggested that it is
not associated with a pro-inflammatory role for microglia (Hinwood et al., 2013; Hellwig et
al., 2016). However, we observed augmented immunoreactivity for IL-1p/pro-1L-1p within
the nTS and more generally throughout the dorsal brainstem in respiratory (DMNX) and
non-respiratory (Gr, and AP) related nuclei. Because the antibody used to detect IL-1p
exhibits specificity for both the inactive precursor and active mature version of the cytokine,
it is unclear whether L1 causes IL-1p release or simply provides greater substrate availability
for the NLRP3 inflammasome (He et al., 2016; Kiernan et al., 2016). It remains an open
question whether the described neuroimmune-related changes represent a
pathophysiological event or a physiological adaptation to LI.

4.5. Preventing synaptic efficacy changes with minocycline

To further assess the role of microglia/macrophages and the neuroimmune response
following pre-TP-LI, we examined the effect of minocycline treatment on the observed
depression of glutamatergic transmission to 2"d-order nTS neurons. Daily IP minocycline
treatment during the course of LI prevented TS-eEPSC and sSEPSC amplitude reductions.
Moreover, minocycline prevented augmented GIuA2 expression in the nTS, and the loss of
TS-eEPSC rectification and NASPM-depression. Together this argues for an immune
mediated mechanism governing synaptic depression in pre-TP-LI, which acts by enhancing
the postsynaptic contribution of CI-AMPARs at TS=>nTS synapses. Because we observed
that minocycline treatment concurrently prevented microglia Ayper-ramification, this
provides an indirect link between microglia activation by LI and CI-AMPAR-dependent
changes to glutamatergic transmission. Importantly, minocycline did not significantly alter
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the augmented protein concentrations and cell counts measured in BALF from injured rat-
pups, indicating comparable injury severity. The similar magnitude of LI suggests
minocycline prevented synaptic efficacy changes through immune mechanisms beyond the
lung, acting instead to inhibit the peripheral (Xu et al., 2006; Razavi-Azarkhiavi et al., 2014;
Skurikhin et al., 2015) and/or central (Jacono et al., 2011) immune responses to intratracheal
Bleo treatment. Together these findings are novel because they are the first to demonstrate
that the immune response to a neonatal LI participates in synaptic plasticity of
viscerosensory circuit function in the nTS. Furthermore, our data suggest that microglia/
macrophages are critical to the described GluA2-dependent LTD-like mechanism following
pre-TP-LI.

Some caution is required in attributing the proposed GluA2-dependent efficacy loss
specifically to microglia/macrophages, given that minocycline may have more than one
mechanism of action. On the one hand, there are indications that minocycline (at varying
doses) can recapitulate many of the immune effects associated with microglia/macrophage
specific perturbations such as: 1) genetic deletion of complement receptor C3R (Schafer et
al., 2012), 1) antagonism of the fractalkine receptor (Clark et al., 2015), or 1) microglia
depletion (Miyamoto et al., 2016; Szalay et al., 2016). Moreover, microglia specific
complement receptors or fractalkine receptors have been shown to mediate synaptic
plasticity of glutamatergic synapses (Riazi et al., 2015; Lewitus et al., 2016); this includes a
C3R-mediated form of LTD that contrastingly involves GIuA2 internalization (Zhang et al.,
2014). On the other hand, there are indications that minocycline also acts to inhibit protein
kinase C (PKC) and mitogen-activated protein kinase (MAPK) signaling pathways primarily
in microglia/macrophages (Nikodemova et al., 2006, 2007), but potentially also in neurons
(Cho et al., 2012). This raises the possibility that minocycline prevented LI-dependent
synaptic efficacy changes through direct inhibition of these pathways in neurons, which
could regulate the AMPAR trafficking used in some forms of synaptic plasticity (Lischer
and Malenka, 2012; Chater and Goda, 2014). However, neuronal PKC or MAPK inhibition
is less likely given that minocycline treated control rat-pups (S+M) did not exhibit signs of
altered synaptic physiology relative to saline treated control rat-pups (S+S) (Gottschalk et
al., 1999; Lanuza et al., 2002; Newbern et al., 2011; Sen et al., 2016; Sugawara et al., 2017)
Nonetheless, we cannot fully exclude the involvement of minocycline-dependent PKC or
MAPK inhibition in our study.

4.6. The Impact of post-TP-LI on TS=»nTS synapses

Our study also examined viscerosensory function when the LI was induced after the TP to
determine whether distinct synaptic mechanisms were involved. Our findings show that
post-TP-LI promotes a reduction in the amplitude of TS-eEPSCs. This indicates that
glutamatergic transmission efficacy through the TS is also reduced in more mature post-TP-
LI rats. However, contrary to pre-TP-LI rat-pups, we observed augmented sEPSC amplitude
and frequency in rats injured after the TP. This suggests LI discretely affects synaptic sites
receiving spontaneous vs. evoked glutamatergic transmission in post-TP rats (Sara et al.,
2011; Lalanne et al., 2016). In further contrast, there were no differences in TS-eEPSC
inward rectification or GIuR2 immunoreactivity measured between Bleo- and saline treated
post-TP-LI rat-pups. This indicates that TS-eEPSC amplitude reductions in post-TP-LI rats
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are not mediated through changes in AMPAR stoichiometry. Taken together, these data
suggest that discrete synaptic mechanism underlying the loss of efficacy occur depending on
the temporal relationship of the LI to the TP. Tellingly, post-TP Bleo treated rat-pups
exhibited greater TS-evoked short-term use-dependent depression compared to saline treated
rat-pups. This was associated with a reduced PPR and 1/CV/2, which are common hallmarks
of presynaptic changes at TS=>nTS synapses (Kline et al., 2007; Zhang et al., 2009a; Li et
al., 2015). For example in adult rats, exposure to chronic intermittent hypoxia (CIH) elicits
adaptive depression of TS=>nTS synapses, reducing the amplitude and 1/CV/2 of TS-
eEPSCs, while increasing the frequency of SEPSCs (Kline et al., 2007). This plasticity is
mediated presynaptically by calcium-calmodulin kinase Il (CaMKII) a molecular switch
involved in use-dependent LTD and could also be involved in mediating synaptic changes in
post-TP-LI rat-pups (Ninan and Arancio, 2004; Lu and Hawkins, 2006).

Somewhat unexpectedly, microglia in the nTS from post-TP-L1I rats had morphologic
changes that were consistent with Aypo-ramification, rather than the Ayper-ramification
observed following pre-TP-LI. This morphological response is consistent with the
appendage retraction often attributed to phagocytic microglia during systemic or CNS
inflammation (Yrjanheikki et al., 1999; Riazi et al., 2008; Karperien et al., 2013; Chen et al.,
2014; Stokes et al., 2017). This suggests that the developmental status of nTS microglia
could dictate their response to pathologic challenges. Related findings have been reported
for microglia morphologic changes in the nTS of P10 vs. P25 rat-pups with chorda tympani
transection, and could explain in part why P10 rat-pups are unable to regain sensory function
(Sollars, 2005; Riquier and Sollars, 2017). It is tempting to attribute the divergent microglia
morphologic changes following pre-TP- vs. post-TP-LI to the shift in synaptic plasticity-like
changes we observed in these age groups. However, it is unclear whether mechanisms of
synaptic plasticity that are evoked by microglia also undergo developmental regulation. This
will be a focus of future investigation.

4.7. Technical caveats

In the nTS, AMPARSs are exclusively postsynaptic (Kessler and Baude, 1999; Aicher et al.,
2003; Lachamp et al., 2003; Balland et al., 2006). Thus, the observed changes to AMPAR-
mediated TS-eEPSCs and SEPSCs, which were concurrent with changes to the polyamine
sensitivity of AMPAR-currents strongly suggests a postsynaptic site of action. This does not
exclude the possibility that presynaptic mechanisms may also be active during pre-TP-LI.
For example, we reported that the amplitude of NMDAR-mediated TS-eEPSCs was
augmented in Bleo treated rats, which could be mediated through changes in presynaptic
NMDARs (Chen et al., 1999). However, because AMPAR TS-eEPSCs were recorded under
low frequency stimulation (0.1Hz) with AP5 and Mg2" in the perfusate, it is unlikely that
changes to presynaptic NMDARs were misattributed to AMPARs (Zhao et al., 2015).

We stimulated the TS with a current injection intensity required to maximally evoke EPSCs
from 2"d-order neurons, as has been done in previous studies of these synapses (Kline et al.,
2007; McDougall et al., 2009; Zhang et al., 2009b; Clark et al., 2011; Almado et al., 2012a;
Li et al., 2015). This approach was used in lieu of a standardized eEPSC threshold as there is
well-established evidence demonstrating 2"d-order neurons in the nTS rely primarily on
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single, and sometimes double or triple converging inputs from the TS, which evoke unitary
(non-graded) EPSCs (Doyle and Andresen, 2001; Bailey et al., 2006; McDougall et al.,
2009). This is in contrast to other CNS sites tasked with higher-order sensory integration
(i.e. cortex), which rely upon the recruitment of many convergent inputs to produce graded
eEPSCs (Allen and Stevens, 1994) that can be standardized to stimulus intensity (Kumar et
al., 2002).

Evoked currents in nTS neurons have been shown to exhibit minimal inward-rectification
and NASPM-depression (Balland et al., 2006; Li et al., 2015). However, in our study, we
observed that TS-eEPSCs exhibited pronounced inward rectification and NASPM-dependent
depression. These differences may be attributable to the differing internal/external
polyamine sensitivities that can occur in distinct pathways sharing common neuronal targets
(Saraetal., 2011; Lalanne et al., 2016). For example, in coronal-brainstem slices,
stimulation may have recruited glutamatergic release from monosynaptic inputs of
interneurons and collaterals in addition to TS-projections (Mifflin and Felder, 1988; Davis et
al., 2004; Doyle et al., 2004; Fernandes et al., 2011). Thus, differences in experimental
protocol may underlie the differing current-profiles observed between studies.

We recorded AMPAergic transmission in the presence of the NMDAR inhibitor DL-APV
and GABAAR inhibitor Picrotoxin, which was based on previous studies in the nTS and
other CNS sites (Liu and Cull-Candy, 2002; Balland et al., 2006; Bellone and Liischer, 2006;
Adesnik and Nicoll, 2007; Brill and Huguenard, 2008; Zhang et al., 2009b; Riazi et al.,
2015; Zhao et al., 2015). Picrotoxin is also an antagonist of some but not all chloride
conducting ionotropic ligand-gated receptors (Pribilla et al., 1992; Das et al., 2003; Erkkila
et al., 2004; Wang and Slaughter, 2005) that have been reported in the nTS (Smith and
Uteshev, 2008; Liu and Wong-Riley, 2013). This raises the possibility that some Glycinergic,
Cholinergic and/or Serotonergic inhibition remained in our recordings of EPSCs. Based on a
calculated chloride reversal potential (Ege,) of —40 mV we would have expected chloride-
related inward currents at holding potentials below Ere, and outward currents at holding
potentials above Egey; either could mask detection of glutamatergic EPSCs. However,
assessment of TS-eEPSCs at Ege, (from rectification studies), where chloride-related
currents would expectedly be minimized (data not shown), yielded similarly significant
effects to those measured at =60 mV. Thus it is unlikely that chloride-related currents are a
significant source for the LI-induced TS-eEPSC changes reported in our study.

TS transmission is almost exclusively glutamate dependent, but is modulated by a variety of
inhibitory transmitters (Kline, 2008). These inhibitory inputs may converge with TS-
afferents onto 2"d-order neurons, and likely constitute targets for synaptic efficacy changes
(Tsukamoto and Sved, 1993; Kline, 2008). Investigating changes in GABA or Glycine-
dependent transmission was beyond the scope of the present work. Although it is unlikely
that inhibitory inputs contributed to the observed differences in glutamatergic transmission
efficacy, we cannot completely exclude the possibility that LI also impacts inhibitory
pathways. Future studies can address these possibilities.

Our findings (within both age-groups) represent a form of pathologically evoked
viscerosensory synaptic depression. It is possible that this synaptic plasticity underlies
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respiratory system plasticity occurring as a result of LI; increased apnea frequency and H/H
ventilatory desensitization have been attributed to changes in brainstem respiratory control
(Huang et al., 2005; Kamendi et al., 2009; Herlenius, 2011; Johnson et al., 2017). However,
this remains an open question as we did not assess whether the 2"d-order neurons in our
study project downstream to respiratory or non-respiratory circuits (Kubin, 2006; King et al.,
2012; Dutschmann et al., 2014; McDougall et al., 2017). Further, the presence LTD-like
changes is consistent with a Hebbian rather than homeostatic synaptic plasticity mechanism
(Pozo and Goda, 2010). However, the apparent lack of specificity for LI-dependent
viscerosensory pathway depression suggests a non-Hebbian mechanism (Naka et al., 2013;
Clark et al., 2015). This form of plasticity has been reported in spinal nociceptive pathways
that exhibit primary hyperalgesia following injury, which can spread to nearby non-
stimulated pathways and promote secondary hyperalgesia (Sandkuhler, 2009; Naka et al.,
2013; Kronschlager et al., 2016). The mechanism governing this form of non-Hebbian
plasticity involves IL-1p release by microglia (Clark et al., 2015). In the nTS, exogenous
IL-1B application /n vitro depresses the amplitude of TS-evoked transmission to 2"d-order
neurons without apparent specificity for viscerosensory pathways (Marty et al., 2008). Thus,
it is possible that IL-1p upregulation following LI may promote a form of non-Hebbian
plasticity in the nTS.

The primary aim of the current study was to investigate L1-evoked synaptic efficacy changes
within a window of respiratory vulnerability. Post-TP-LI results were included simply as
evidence for a switch in synaptic plasticity mechanisms during the TP. Thus, experiments
involving minocycline treatment in post-TP-LI rat-pups were not undertaken.
Developmental regulation of microglia/macrophage-mediated synaptic mechanisms is an
important but separate question. Future studies will examine microglial-dependent
mechanisms throughout development.

4.8. Conclusions

We identified that the timing of LI relative to a TP for the neural control of respiratory
function results in a switch in the mechanisms governing the plasticity of TS=>nTS
synapses. This conclusion is supported by a shift from post- to pre-synaptic mechanisms
underlying the loss of synaptic efficacy when L1 is induced before versus after the TP. These
findings suggest P11-15 is a TP for TS=>nTS plasticity as well. Further, our data support a
novel role for microglia/macrophages in mediating a synaptic LTD-like mechanism that
augments the contribution of CI-AMPARSs to early life respiratory insults. Future studies will
address whether these LI-induced neuroimmune-related changes in synaptic plasticity
represent a pathophysiological event or a physiological adaptation.
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LI

pre-TP LI
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BALF

PBST
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nucleus tractus solitarii

tractus solitarii

excitatory post synaptic current
TS-evoked EPSC
GluR,-containing AMPA receptors

a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor

Ca2*-impermeable AMPA receptors
Ca2*-permeable AMPARS

Bleomycin

lung injury

lung injury induced before transition period
lung injury induced after transition period
intratracheal

intraperitoneal

Saline IT + saline IP

saline IT+ minocycline IP

Bleomycin IT + saline IP

Bleomycin IT + minocycline IP
1-Naphthyl-acetyl-spermine-trihydrochloride
N-Methyl-D-Aspartate Receptors
Interleukin 1 beta

branch end points

artificial cerebrospinal fluid

transition period

bronchial alveolar lavage fluid

phosphate buffered saline + triton-x

central nervous system
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BEP branch endpoints
RI rectification index
AP area postrema
DMNX dorsal motor nucleus of the vagus
Gr gracile nucleus
LTD long term depression
LTP long term potentiation
PPR paired-pulse ratio
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Highlights

. Lung injury (L) decreases synaptic efficacy and evokes inflammation in the
nTS.

. Mechanisms decreasing glutamatergic synaptic efficacy depend on
maturation.

. In P9-11 rats, LI causes microglia to Ayper-ramify and post-synaptic
depression.

. Minocycline treatment prevents Ayper-ramification and synaptic depression.

. In P17-19 rats, LI evokes microglia to /ypo-ramify and pre-synaptic
depression.
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Figure 1.
Lung injury in pre-transition period rats-pups depresses the amplitude of spontaneous and

evoked excitatory postsynaptic currents (SEPSCs and eEPSCs), but not the frequency of
SEPSCs recorded from neurons located in the nucleus Tractus Solitarii (n'TS) that receive
monosynaptic input from the Tractus Solitarii (TS=>nTS synapses).

A Protocol. Neonatal rats (P9-11) received Bleomycin (Bleo) or saline intratracheally,
recovered and were euthanized 7-days later for electrophysiological recordings from nTS
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neurons in a horizontal brainstem slice that retained TS-fibers; which were stimulated using
a bipolar electrode.

B Representative raw recordings showing TS-evoked (TS-e) AMPAR and NMDAR
components of TS-eEPSCs from a Bleo-treated (magenta) and saline-treated rat (black). The
NMDAR component of TS-eEPSCs was recorded at +40 mV in the presence of Picrotoxin
(100 pM), and was considered NMDAR-dependent at 50 ms from the stimulus artifact. The
AMPAR component of TS-evoked currents was recorded at =60 mV in the presence of
Picrotoxin and AP5 (50 uM). All TS-evoked currents were recorded with a cesium based
intrapipette solution containing spermine (0.1 uM) and QX-314 (5 uM).

C The mean amplitude of TS-eEPSCs recorded at —60 mV (AMPAR-dependent) was
significantly reduced in the Bleo-treated group (n = 8 cells/slices/rats) compared to the
saline-treated group (n = 8 cells/slices/rats, *~ = 0.03). The amplitude of TS-eEPSCs
recorded at +40 mV (NMDAR-dependent) was significantly increased in Bleo-treated rats
compared to saline-treated rats (* 2= 0.018). The AMPAR/NMDAR ratio in Bleo-treated
rats was significantly reduced (**P = 0.002, Two-tail t-Test.). Graphs presented as mean +
SEM.

D Representative raw SEPSC traces recorded 7-days following intratracheal Bleo (magenta)
or saline (black) instillation made from nTS neurons receiving monosynaptic TS-input.

E Cumulative probability graph for amplitudes of SEPSC recorded from Bleo-treated
(magenta, n = 12 cells, 11 slices, 11 rats) and saline-treated (black, 10 cells/slices/rats) rats.
The Bleo-treated group was shifted to the left from the saline treated group. Inset: The mean
of means for the SEPSC amplitude was reduced in Bleo compared to saline treated rats (** P
= 0.006, Two-tail t-Test).

F The cumulative probability graph of interevent-intervals overlapped and (inset) the mean
of means for the frequency of SEPSCs was not significantly different for Bleo-treated and
saline-treated (black) treated rats (P = 0.56, Two-tail t-Test).
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Figure 2.
Lung injury in pre-transition period rats-pups increases the contribution of Ca2*-

impermeable AMPA Receptors at TS=>nTS synapses.

A Current-voltage plots for TS-eEPSCs recorded from Bleo-treated (magenta, n = 10 cells/
slices/rats) and saline-treated (black, n = 9 cells/slices/rats) rats. Rectification was assessed
in the presence of bath applied Picrotoxin (100 uM) and DL-AP5 (50 uM), and with a
cesium based intrapipette solution containing spermine (0.1 pM) and QX-314 (5 pM). TS-
eEPSCs were normalized to responses at —80 mV. The rectifying current was less in the
Bleo-treated compared to saline-treated rats.

B top: raw representative traces of TS-eEPSCs recorded from Bleo-treated and saline-treated
rats at holding potentials ranging from —80 to +60 mV. bottom: The rectification index;
defined as the ratio of TS-eEPSC at +40 to that at —-60 mV, was greater in Bleo-treated than
saline-treated rats (**P= 0.008, unpaired two-tail t-test).

C Average normalized amplitude of TS-eEPSCs from Bleo-treated (n = 6 cells/slices/rats)
and saline-treated (n = 6 cells/slices/rats) rats at baseline (0-3 min) and for 13 min after bath
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application of NASPM (at 3 min), an antagonist of Ca2*-permeable AMPARs. NASPM-
dependent depression was evident in the TS-eEPSCs from saline-treated rats and was
significantly reduced in Bleo-treated rats (P < 0.0001, Two-way ANOVA with Bonferroni
correction).

D Representative raw recordings of TS-eEPSCs from saline-treated and Bleo-treated rats at
0 min and 16 min (13 min after NASPM application).

Brain Behav Immun. Author manuscript; available in PMC 2019 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Litvin et al.

A

Page 43

o
—
b4
S
(7))
=
S
-
>
| -
©
—
bt
0O
| -
<C

Saline-IT
"Gr '

i LS
----’-----_---

S(Em

O
00
*

2 m Saline-IT
. m Bleo-IT

-~
~

0 0
GIuR1 GluR2 GluR4

Figure 3.
Lung injury in pre-transition period rats-pups augments GluR,-containing AMPA receptor

(GluA2) expression in the nTS

A Representative images of coronal brainstem sections from saline-treated (black) and Bleo-
treated (magenta) groups showing immunohistochemical staining that is GIuA2+ in
commissural (SolC), medial (SolM) and dorsomedial (SolDM) subnuclei of the nTS.

B GluAl+ staining in the nTS was not significantly different in Bleo-treated (n = 5) and
saline-treated (n = 5) rats (P= 0.40, Two-tail t-Test).

C GluA2+ staining in the nTS was significantly greater in Bleo-treated (n=4), than of saline-
treated rats (n=4, *£=0.016, Two-tail t-Test).
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D GluA4+ staining in the nTS was not significantly different in Bleo-treated (n=5) and
saline-treated (n = 5) rats (P = 0.55, Two-tail t-Test)
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Figure 4.

Ll?ng injury in pre-transition period rats-pups promotes Ayper-ramification of Iba-1+
microglia in the nTS and IL-1p/pro-IL-1p production throughout the dorsomedial brainstem.
A Representative images of coronal brainstem sections from saline-treated (black) and Bleo-
treated (magenta) groups (7-days after injury) showing immunohistochemical staining for
Iba-1+ cells (microglia) in the commissural (SolC), and dorsomedial (SolDM) subnuclei of
the nTS. Inset: magnified images showing microglia localized to a medial region of the nTS.
B The number of microglia in the nTS was not significantly different in Bleo-treated (n = 5)
or saline-treated (n = 5) rats (P= 0.411, Mean + SEM, Two-tail t-Test).

C The area of individual microglia from Bleo-treated rats was greater than that of saline-
treated rats (*~=0.018, Two-tail t-Test).

D The number of branch endpoints per microglia increased in Bleo-treated compared to
saline-treated rats (*/~ = 0.038, Two-tail t-Test).

E The total branch length per microglia increased in Bleo-treated compared to saline-treated
rats (*£ = 0.03, Two-tail t-Test).
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Figure 5.

Ll?ng injury in pre-transition period rats-pups promotes IL-1p/pro-1L-1f production
throughout the dorsomedial brainstem.

A Representative images of coronal brainstem sections from saline and Bleo-treated groups
that show immunohistochemical staining with an antibody that shows specificity for
interleukin 1 beta and its pro-peptide (IL-1p/pro-IL-1p) throughout the nTS.

B Bleo-treated rats (n = 7) exhibited a significant increase in IL-1p/pro-IL-1p
immunoreactivity throughout the nTS when compared to saline-treated rats (n = 8, **P=
0.0022, Two-tail T-test).

C Bleo-treated rats exhibited a significant increase in IL-1p/pro-IL-1p immunoreactivity in
the area postrema (AP) compared to saline-treated rats (**/~ = 0.0032).

D Bleo-treated rats exhibited a significant increase in IL-1p/pro-IL-1B immunoreactivity in
the gracile nucleus (Gr) compared to saline-treated rats (**/~=0.0071).

E Bleo-treated rats exhibited a significant increase in IL-1p/pro-IL-1p immunoreactivity in
the dorsal motor nucleus of the vagus (DMNX) compared to saline-treated rats (*P=
0.0145).
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Figure 6.
Minocycline treatment in pre-transition period lung-injured rat-pups prevents synaptic
depression.

A Protocol. Neonatal rats (P9-11) were intratracheally (IT) instilled with Bleomycin (Bleo)
or saline and then intraperitoneally (IP) injected once daily with minocycline or saline for 7-
days, and euthanized for electrophysiological experiments on day 7.

B Representative raw traces showing AMPAR mediated TS-eEPSCs (at -60 mV) from
saline-1T + saline-IP (S+S, black, n=7 cells/slices/rats), saline-1T + minocycline-IP (S+M,
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grey, n = 6 cells/slices/rats), Bleo-IT + saline-IP (B+S, magenta, n = 8 cells/slices/rats),
Bleo-IT + minocycline-IP (B+M, blue, n = 7 cells/slices/rats) treated groups.

C Minocycline treatment prevented the lung-injury dependent reduction in TS-eEPSC
amplitude. B+M treated rats exhibited significantly greater TS-eEPSC amplitudes compared
to B+S treated rats (**£~ = 0.0082), which was not significantly different from S+S- (P=
0.999) or S+M- treated rats (P= 0.373, Mean + SEM, One-way ANOVA with Tukey test).
D Representative raw traces showing spontaneous (s) EPSCs recorded from S+S—, (n = 12
cells, 9 slices, 9 rats), S+M- (n = 9 cells, 7 slices, 7 rats), B+S— (n = 12 cells, 7 slices, 7
rats), and B+M- treated rats (n = 11 cells, 7 slices, 7 rats).

E Cumulative probability graph for the amplitude of SEPSCs shows that the leftward shift in
distribution exhibited by B+S-treated rats was absent in B+M-treated rats. The mean SEPSC
amplitude was significantly reduced in B+S treated rats, compared to B+M- (*P=0.01), S
+S- (**P=0.006), and S+M-treated rats (*P = 0.041, One-way ANOVA with Tukey test).
F Cumulative probability graph for the interevent interval of SEPSCs. Inset bar graph shows
B+S treatment did not promote significant changes in mean frequency of SEPSCs when
compared to B+M—- (P=0.999), S+S- (P=0.47) and S+M- treated rats (£ > 0.999,
Kruskal-Wallis with Dunn’s test).
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Figure 7.
Minocycline treatment in pre-transition period lung-injured rat-pups prevents Ayper-

ramification of Iba-1+ microglia, but does not significantly alter protein levels or the number
of nucleated cells measured in BAL fluid.

A Representative images of coronal brainstem sections from saline-1T + saline-IP (S+S,
black, n = 5), saline-IT + minocycline-IP (S+M grey, n = 5) Bleo-IT + saline-IP (B+S,
magenta, n = 7) Bleo-IT + minocycline-IP (B+M, blue, n = 7) treated groups showing
immunohistochemical staining in the commissural (SolC), medial (SolM), and dorsomedial
(SolDM) subnuclei of the nTS.

B The number of microglia localized to the nTS was not significantly different in B+S-
compared to B+M- (P=0.353), S+S— (P =0.499), or S+M-treated rats (P = 0.499, Kruskal-
Wallis with Dunn’s test).

C The number of branch endpoints per microglia in B+M-treated rats was significantly
reduced compared to B+S treated rats (*/~ = 0.048), but not significantly different compared
to S+S- (P> 0.999) or S+M- treated rats (P= 0.967, One-way ANOVA and Tukey multiple
comparison’s correction).

D The total branch length per microglia in B+M treated rats was significantly reduced
compared to B+S treated rats (*/~=0.0198), but was not significantly different compared to
S+S- (P=0.996) and S+M- treated rats (P=0.967, One-way ANOVA and Tukey test).

E The protein concentration present in bronchial alveolar lavage fluid (BALF) was
augmented by lung injury, but not affected by minocycline treatment. The B+M- and B+S—
treated rats exhibited significantly higher protein concentrations compared to their
corresponding saline controls (B+M: n =6 vs. S+M: n =5, **P=0.0016; B+S: n=7vs. S
+S: n =5, *P=0.035), but were not significantly different from eachother (B+M vs. B+S: P
> 0.999, Kruskal-Wallis with Dunn’s test).

Brain Behav Immun. Author manuscript; available in PMC 2019 May 01.

Bleo-IT + Minocycline-IP

e,

Saline Bleo



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Litvin et al.

Page 50

F The number of nucleated cells in BALF was augmented by lung injury, but was not
affected by minocycline treatment. B+M and B+S treated rats exhibited significantly greater
cell counts compared to their respective controls (B+M vs. S+M, ****P < (0.0001; B+S vs. S
+S, *P=0.0479), however the number of nucleated cells in B+M- and B+S- treated rats
was not significantly different (P=0.287, One-way ANOVA with Tukey test).
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Figure 8.
Minocycline treatment in pre-transition period lung-injured rat-pups prevents loss of current-

rectification and diminished polyamine sensitivity at TS=>nTS synapses.

A Current-voltage plots for TS-eEPSCs recorded from saline-1T + saline-IP (S+S, black; n =
7 cells, 5 slices, 5 rats), saline-IT + minocycline-1P (S+M, grey; n = 8 cells/slices/rats),
Bleo-IT + saline-IP (B+S, magenta; n = 8 cells/slices/rats), and Bleo-IT + minocycline-1P (B
+M, blue; n = 6 cells, 5 slices, 5 rats) treated rats.

B top: Raw representative traces of TS-eEPSCs recorded at —60mV and +40 mV (circled in
the I-V plot) bottom: B+M treated rats exhibited a significant reduction in the rectification
index compared to B+S treated rats (****P < 0.0001), which was not significantly different
from S+S (P =0.187) or S+M treated groups (P = 0.985, One-way ANOVA and Tukey test).
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C Average normalized amplitudes of TS-eEPSCs from S+S- (n = 5 cells/slices/rats), S+M-
(n = 6 cells/slices/rats), B+S (n = 8 cells/slices/rats), and B+M-treated (n = 7 cells/slices/
rats) rats at base line and for 13 min after bath application of NASPM (after the 3'd min). B
+M treated rats exhibited significantly greater NASPM dependent depression compared to B
+S treated groups at 16 min (****P < 0.0001, Two-way ANOVA and Tukey test).

D Representative raw recordings showing TS-eEPSCs at baseline (0 min) and 13 min after
bath application of NASPM.
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B
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Figure 9.
Minocycline treatment in pre-transition period lung-injured rat-pups reduces GluA2+

immunostaining in the nTS

A Representative images showing coronal brainstem sections from saline-IT + saline-IP (S
+S, n = 5) saline-IT + minocycline-IP (S+M, n = 5), Bleo-IT + saline-IP (B+S, n=7) and
Bleo-IT + minocycline-IP (B+M, n = 7) treated groups immunostained for GIUA2 in
commissural (SolC), medial (SolM) and dorsomedial (SolIDM) subnuclei of the nTS.

B GluA2+ staining in the nTS was significantly reduced in B+M (blue) treated rats
compared to B+S (magenta) treated rats (**/~ = 0.008), but significantly greater than S+S
(black) treated rats (**~=0.0079), and was not significantly different from S+M (grey)
treated rats (P = 0.234, One-way ANOVA with Tukey multiple comparisons test). There
were no significant differences between S+S and S+M treated groups (P = 0.419).
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Figure 10.

Prge-transition period lung-injury promotes apnea and blunts the ventilatory response to acute
hypoxic-hypercapnea (H/H) exposure.

A Representative baseline plethysmographic traces recorded in normoxia from saline-IT +
saline-1P (black, S+S, n = 5) saline-IT + minocycline-1P (grey, S+M, n = 5), Bleo-IT +
saline-IP (magenta, B+S, n=9) and Bleo-IT + minocycline-IP (blue, B+M, n = 9) treated rat-
pups.

B Representative plethysmographic traces for S+S—, S+M-, B+S—, B+M- treated rats that
were recorded during the 15t min of an acute (5 min) H/H exposure (5% CO,, 10% CO5).

C. B+S treated rats exhibited a significantly higher number of apneas (>2.5x baseline
respiratory cycle length) compared to S+S or S+M treated rats, which was significantly
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lower in B+M treated rats (B+S: vs. S+S: £=0.041; B+S vs. S+M: P=0.041; B+Svs. B
+M: P=0.027, One way ANOVA with Tukey test). There were no significant differences in
the number of apneas measured in the B+M treated group and saline-treated controls (B+M
vs. S+S: £=0.998; B+M vs. S+M: P=0.998).

D. LI promoted significant increases to the respiratory frequency (breaths per minute) in
both Bleo-treated groups (B+S vs. S+S: £< 0.0001; B+S vs. S+M: £=0.0002; B+M vs. S
+S: P=0.002; B+M vs. S+M: P=0.0078, Two-way ANOVA with Sidak’s test). In all
treatment groups, the 15t min of acute H/H exposure promoted significant respiratory rate
increases from baseline (baseline vs. 15t min H/H: S+S: £<0.0001; S+M: £<0.0001; B+S: P
<0.0001; B+M: P<0.0001, Two-way ANOVA with Sidak’s test).

E. B+S treated rat-pups exhibited a significantly smaller respiratory rate increase during the
15t min of H/H compared to S+S or S+M treated rats, which was significantly increased in B
+M treated rats (B+S: vs. S+S: P=0.0008; B+S vs. S+M: £=0.0005; B+S vs. B+M: P=
0.04; One way ANOVA with Tukey test). There was no significant difference in the
ventilatory response to H/H in B+M-treated rats compared to rats from saline-treated control
groups (B+M vs. S+S: £=0.187; B+M vs. S+M: P=0.131).
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Figure 11.

Lt?ng injury in post-transition period rat-pups alters TS=>nTS synaptic efficacy by
attenuating the amplitude TS-eEPSCs and potentiating the amplitude and frequency of
SEPSCs.

A Protocol. More mature rats pups (P17-19) received Bleo or saline intratracheally,
recovered and where euthanized 7-days later (P24—26) for electrophysiological recordings.
B Representative raw recordings showing TS-eEPSCs (at —60 mV) from Bleo-treated
(magenta) and saline-treated rats (black).
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C The mean amplitude of TS-eEPSCs recorded at —60 mV was significantly smaller in Bleo-
treated rats than in saline-treated rats (Bleo: n = 10 cells, 8 slices, 8 rats vs. saline: n = 10
cells, 8 slices, 8 rats, £=0.007, Two-Tail T-test)

D Representative raw traces showing SEPSCs from Bleo-treated (magenta, n = 16 cells, 13
slices, 13 rats) and saline-treated rats (black, n = 16 cells, 13 slices, 13 rats).

E The cumulative probability graph for the amplitude of SEPSCs was rightward shifted in
Bleo treated rats. Inset: The mean amplitude of SEPSCs was significantly increased in Bleo-
treated rats compared to saline-treated rats (**/~=0.0061, Two-Tail T-test).

F The cumulative probability graph for the SEPSC interevent-interval was leftward shifted in
Bleo-treated rats. Inset: The mean sSEPSC frequency was significantly increased in Bleo-
treated rats compared to saline-treated rats (*P = 0.0322, Two-Tail T-test).
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Figure 12.
Lung injury in post-transition period rat-pups alters TS=>nTS synaptic transmission through

a GluA2-independent mechanism.

A Current-voltage plots for TS-eEPSCs recorded from Bleo-treated (magenta, n = 7 cells, 6
slices, 6 rats) and saline-treated rats (black, n = 9 cells, 6 slices, 6 rats).

B top: raw representative traces of TS-eEPSCs recorded at holding potentials ranging from
-80 to +60 mV. bottom: The rectification index was not significantly different between
Bleo- and saline- treated groups (P = 0.1259, Two-tail t-Test).

C Representative images showing coronal brainstem sections from Bleo-treated and saline-
treated rats with GluA2+ immunostaining in commissural (SolC), medial (SolM) and
dorsomedial (SolDM) subnuclei of the nTS.

D GluA2+ staining in the nTS was not significantly different between Bleo-treated (n = 5)
and saline-treated (n = 7) rats (P = 0.4405, Two-tail t-Test).
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Figure 13.
Lung injury in post-transition period rat-pups augments short-term use-dependent depression

and reduces the paired pulse ratio and 1/CV?2.

A Representative raw TS-eEPSCs (events) from a 10 Hz stimulus train applied to Bleo-
treated (n = 6 cells, 5 slices, 5 rats) and saline-treated rats (n = 7 cells, 6 slices, 6 rats).

B Bleo treatment promoted significant depression in normalized TS-eEPSC amplitudes
within bleo-treated (stimulus 1 vs. 2, 3,4 & 5, P < 0.0001) and saline-treated (stimulus 1 vs.
2,3,4 &5, P<0.0001, Two-way ANOVA with Tukey test), which was significantly greater
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in Bleo-treated than saline-treated rats between stimulus 2 (***£ = 0.0008), stimulus 3 (**P
=0.0091), and stimulus 5 (*P = 0.0318, Two-way ANOVA with Tukey test.

C The paired pulse ratio (PPR; TS-eEPSC 2/TS-eEPSC 1) for Bleo-treated rats was
significantly reduced compared to saline-treated rats (***2 = 0.0009, Two-Tail T-test).

D The 1/CV?2 (measured at 10 Hz) was significantly reduced for Bleo-treated rats compared
to saline-treated rats (*~ = 0.0128, Two-Tail T-test).
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Figure 14.

Lung injury in post-transition period rat-pups promotes microglia /4ypo-ramification in the
nTsS.

A Representative images of coronal brainstem sections from Bleo-treated (n = 7) and saline-
treated (n = 6) rats stained for the microglia marker Iba-1.

B The number of microglia in the nTS was not significantly different in Bleo-treated and
saline-treated rats (P = 0.431, Two-Tail T-test).
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C The number of branch endpoints per microglia decreased in Bleo-treated versus saline-
treated rats (**/~ = 0.0080, Two-Tail T-test).

D The total branch length per microglia decreased in Bleo-treated compared to saline-
treated rats (*£=0.0345).
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