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A B S T R A C T

Inflammation inhibits the expression of some, but not all forms of respiratory motor plasticity. For example,
systemic application of lipopolysaccharide (LPS) inhibits the phrenic long-term facilitation induced by moderate-
intermittent hypoxia in vivo. There are multiple pro-inflammatory processes triggered by the systemic applica-
tion of LPS, including neuroinflammation in the CNS. Considering that microglia can be activated by the sys-
temic application of LPS, it is likely that this cell type influences the response of the respiratory circuits to
intermittent hypoxia (IH). Thus, we aimed to test whether modulators of microglial function would affect the
response to IH of the preBötzinger complex (preBötC) isolated in a brainstem slice preparation. This experi-
mental approach avoids the systemic influences of these microglial modulators and limits their effects on cells,
mostly microglia, included in the slice. First, we found that IH (3×5-min episodes of bubbling with 95% N2 and
5% CO2, mixed with 5-min normoxic intervals by bubbling with 95% O2 and 5% CO2) induces a long-lasting
increase in the respiratory rhythm frequency recorded directly from the preBötC, called in vitro long-term fa-
cilitation (LTF), which occurs simultaneously with a long-lasting decrease in burst amplitude. Moreover, we
found that bath applications of “microglial activators” (LPS and fractalkine), “microglial inhibitors” (minocy-
cline and fucoidan) and a microgliotoxin (liposomal clodronate) partially reduce in vitro LTF. These findings
reveal a complex scenario in which both the activation and the inhibition of microglia halts IH-induced preBötC
plasticity and suggest that experimental or pathological conditions that affect this cell type, almost in any way,
could affect breathing and its plastic responses.

1. Introduction

Inflammation associated with a variety of pathological conditions
affects neural functions, including breathing generation and control
(Herlenius, 2011; Lu et al., 2012; Tadmouri et al., 2014; Lorea-
Hernández et al., 2016; Stokes et al., 2017). Inflammation also affects
respiratory adaptations to physiological challenges (Tadmouri et al.,
2014; Stokes et al., 2017) and the respiratory plasticity that results from
some of them (Vinit et al., 2011; Huxtable et al., 2011, 2013; 2015;
2018; Agosto-Marlin et al., 2017). One respiratory plastic phenomenon
that is affected by inflammation is phrenic long-term facilitation
(pLTF), which consists of a long-lasting increase in the respiratory
phrenic motor output following acute intermittent hypoxia (IH; Vinit
et al., 2011; Huxtable et al., 2011, 2013; 2018; Agosto-Marlin et al.,
2017). Phrenic LTF is a highly complex phenomenon that includes
changes in burst frequency or amplitude (or both), mainly produced by
plastic changes at the motoneuron level (MacFarlane et al., 2008, 2009;

Navarrete-Opazo and Mitchell, 2014), and which can be dependent on
either adenosinergic or serotonergic modulation (MacFarlane et al.,
2008, 2009; Navarrete-Opazo and Mitchell, 2014; Agosto-Marlin et al.,
2017). IH is a feature of pathological conditions such as those en-
countered during sleep apneas (MacFarlane et al., 2008, 2009;
Navarrete-Opazo and Mitchell, 2014), but it can also be used as a
therapeutic approach to treat neurological dysfunctions when applied
in a moderate and controlled regime (Dale et al., 2014; Gonzalez-Rothi
et al., 1985). Interestingly, systemic inflammation elicited by lipopo-
lysaccharide (LPS) (Vinit et al., 2011; Huxtable et al., 2011, 2013;
2018; Agosto-Marlin et al., 2017) or several hours of IH (Huxtable et al.,
2015; 2018) abolishes serotonin-dependent pLTF. Despite the fact that
some cellular mechanisms related to this inhibition have started to
emerge (Huxtable et al., 2011, 2013; 2018; MacFarlane et al., 2014),
the cell types involved in this inhibition have yet to be revealed. It is
likely that microglia can modulate LTF generation, since systemic in-
flammation can activate microglial cells in the central nervous system
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(CNS), specifically in the brainstem (Huxtable et al., 2011; Tadmouri
et al., 2014; Stokes et al., 2017). The “microglial inhibitor” minocycline
(Peña-Ortega, 2017) affects pLTF (Huxtable et al., 2011), and microglia
modulates respiratory rhythm generation in vitro (Lu et al., 2012; Lorea-
Hernández et al., 2016).

As mentioned, peripheral inflammation can induce central neu-
roinflammation (Elmore et al., 2014; Henry et al., 2009; Liu et al.,
2012), which is a phenomenon partially mediated by microglial acti-
vation (Elmore et al., 2014; Henry et al., 2009; Liu et al., 2012). Mi-
croglial activation is a complex and dynamic phenomenon that renders
microglia in a variety of phenotypes that are not entirely described by
the classic M1 and M2 phenotypes and that can coexist in place and
time (Cherry et al., 2014; Shigemoto-Mogami et al., 2014; Peña-Ortega,
2017). Peripheral inflammation can be translated into the CNS by in-
flammatory molecules crossing the blood-brain barrier into the CNS via
active transport (Banks et al., 1991, 1994) or via circumventricular
regions that lack an effective blood-brain barrier (Wuchert et al., 2008,
2009). Circulating cytokines also bind to brain endothelial cells and
induce the production of proinflammatory molecules such as nitric
oxide (NO) or prostaglandins that cross the blood–brain barrier or in-
crease blood–brain barrier permeability (Ek et al., 2001; Engblom et al.,
2002; Herlenius, 2011). Peripheral inflammation can also be trans-
mitted to the CNS through vagus nerve activation (Ek et al., 1998;
Goehler et al., 2005; Balan et al., 2011). For instance, peripheral IL-1β
or LPS elicits brainstem inflammation (Johnson et al., 2018), which is
abolished by bilateral vagotomy (Layé et al., 1995; Bluthé et al., 1996).
Altogether, this evidence indicates that peripheral inflammation in-
duced by LPS or several hours of IH could induce neuroinflammation,
and perhaps contribute to pLTF inhibition (Vinit et al., 2011; Huxtable
et al., 2011, 2013; 2015; 2018).

Some plastic changes that may be related to pLTF can be reproduced
in the brainstem slice preparation containing the preBötzinger complex
(preBötC) by applying IH in vitro while directly recording preBötC-
generated respiratory rhythm in a brainstem slice (Blitz and Ramirez,
2002). This preparation allows for the direct evaluation of the influence
of CNS cell-types on the preBötC, without the “contamination” of the
effects that peripheral immune cells would have in more intact pre-
parations (Lu et al., 2012; Lorea-Hernández et al., 2016). Considering
that the pro-inflammatory processes triggered by the systemic appli-
cation of LPS are multifaceted and might include changes in the CNS
and, furthermore, considering that microglia can be activated by the
systemic inflammation induced by either LPS or IH, or by their direct
application to microglia (Pardo-Peña et al., 2018), we hypothesized
that microglia might influence the response of the respiratory circuits to
IH. Thus, here we aimed to characterize the effects of several mod-
ulators of microglial function on the changes induced by IH in the ac-
tivity of the preBötC isolated in a brainstem slice preparation, avoiding
the systemic effects of these modulators and limiting their actions to
cells, mostly microglia, included in this isolated preparation. Thus, we
tested the effects of modulators of microglial function, including “ac-
tivators”, “inhibitors” or a microgliotoxin (Peña-Ortega, 2017) on IH-
induced changes in preBötC activity. We found that IH induces a long-
lasting change in preBötC activity that is reduced by all microglial
modulators tested, suggesting that microglia modulate in vitro LTF and
that experimental or pathological conditions that affect this cell type,
almost in any way, could affect respiratory plasticity.

2. Experimental procedures

2.1. Ethics statement

The Bioethics Committee of the Institute of Neurobiology at
Universidad Nacional Autónoma de México approved all experimental
procedures, which were carried out in accordance with the guidelines
of the Institutional Animal Care and Use Committee Guidebook (NIH
publication 80-23, Bethesda, MD, USA, 1996).

2.2. Brainstem slice preparation

Details of the slice preparation have been previously reported (Peña
et al., 2004, 2008). Briefly, 6- to 8-day old male or female CD-1 mice
were anesthetized and decapitated, and brainstems were removed and
placed in ice-cold artificial cerebrospinal fluid (ACSF) bubbled with
carbogen (95% O2 and 5% CO2). The ACSF (pH 7.4) contained (in mM):
119 NaCl, 3 KCl, 1.5 CaCl2, 1 MgCl2, 25 NaHCO3 and 30 D-glucose.
Brainstems were mounted on a vibratome (The Vibratome Company, St.
Louis, MO) and serially sliced until the rostral boundary of the preBötC
was identified. A single slice (700 μm thick) per animal was obtained
and transferred into a perfusion chamber. Thus, each experimental
condition was tested in a set of preparations consisting of independent
slices obtained from different animals. Each slice was perfused by re-
circulating 30ml of ACSF bubbled with carbogen at a flow rate of
20ml/min (Peña et al., 2004, 2008). The temperature was maintained
at 29 ± 1 °C. Extracellular KCl was elevated from 3mM to 8mM over a
span of 30min before starting the recordings (Tryba et al., 2003). Hy-
poxic conditions were induced by removing carbogen and bubbling the
ACSF with a nitrogenous gas mixture (95% N2 and 5% CO2). IH con-
sisted of three periods of hypoxia (5 min) mixed with periods of car-
bogen bubbling (5min) (Blitz and Ramirez, 2002). After IH, reox-
ygenation was achieved by bubbling the ACSF with carbogen again for
at least 60min (Peña et al., 2004, 2008). IH was applied only to slices
that showed a stable rhythm for at least 30min; this was considered
“basal activity” or “pre-IH”. All drugs were bath applied and left in the
bath for at least one hour before any experimental manipulation, with
the exception of the microglial toxin liposomal clodronate (140 μg/ml;
n= 8; Kumamaru et al., 2012; Lorea-Hernández et al., 2016), which
was bath applied for at least 120min before any experimental manip-
ulation. We used the putative microglial activators lipopolysaccharide
200 ng/ml (LPS, from Escherichia Coli, Sigma-Aldrich; n= 8; Mayer
et al., 2014; Lorea-Hernández et al., 2016; Peña-Ortega, 2017) and
fractalkine 1 μg/ml (Biolegend, San Diego, CA; n=8; Sun et al., 2015;
Lorea-Hernández et al., 2016; Peña-Ortega, 2017), the putative mi-
croglial inhibitors minocycline 30 μM (Minocycline hydrochloride,
Sigma-Aldrich; n=10; Matsukawa et al., 2009; Lorea-Hernández et al.,
2016; Peña-Ortega, 2017) and fucoidan 5 μg/ml (FCD, Sigma-Aldrich;
n=8; Do et al., 2010; Lorea-Hernández et al., 2016; Peña-Ortega,
2017).

Liposomal clodronate was obtained by encapsulating clodronate
(Dichloromethylenediphosphonic acid disodium salt, Sigma-Aldrich) in
liposomes as previously described (van Rooijen and Sanders, 1996;
Pardo-Peña et al., 2018). Briefly, phosphatidylcholine 86mg and cho-
lesterol 8 mg were dissolved in chloroform 10ml and poured into a
round-bottom flask located in a roto-evaporator to separate the
chloroform from the lipids. The thin film that formed inside the flask
after high-vacuum rotary evaporation was dispersed in 10ml of clo-
dronate dissolved in distilled water at 0.6 M. To avoid lipid oxidation,
this solution was bubbled with nitrogen for 2 h. Non-encapsulated
clodronate was removed by centrifugation at 12,000 rpm for 15min.
The supernatant was removed, and the pellet was re-suspended in
sterile potassium buffer solution (PBS). This last procedure was re-
peated three times with centrifugation lasting 30min. The last sus-
pension containing liposomal clodronate in PBS was stored at 4 °C for
final use in a period not exceeding 2 weeks (van Rooijen and Sander
1996; Pardo-Peña et al., 2018).

2.3. Electrophysiological recordings

Population activity of the preBötC was recorded with glass suction
electrodes positioned on the surface of the slice at the level of the
preBötC (Peña et al., 2004, 2008). The signal was amplified and filtered
(low pass, 0.25 KHz; high pass, 5 Hz) using a wide-band AC amplifier
(Grass Instruments, Quincy, MA). The signal was also rectified and in-
tegrated by using an electronic filter (time constant of 30–50ms;
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designed by JFI electronics at The University of Chicago) (Zavala-
Tecuapetla et al., 2008; 2014). The experimental protocol consisted of
30min of basal recording, followed by the IH protocol described before
(Blitz and Ramirez, 2002) with a reoxygenation period of at least
60 min.

2.4. Data analysis and statistics

Signals were digitalized at 5000 Hz using an analog-to-digital con-
verter (BNC-2110, National Instruments) and stored on a personal
computer for offline analysis. Signal amplitude was expressed in arbi-
trary units (a.u.). To calculate the irregularity score we used the fol-
lowing formula: Sn = ABS (Pn − Pn-1)/Pn-1, where Sn is the score of the
nth cycle, Pn represents its period, Pn-1 is the period of the preceding
burst, and ABS is the absolute value. We calculated the coefficient of
variation (CV) of the amplitude and frequency as follows: CV =
(standard deviation/mean) (Ramírez-Jarquín et al., 2012). Recordings
were analyzed using IGOR-Pro (WaveMetrics, Lake Oswego, OR). Data
were normalized to pre-IH conditions (defined as 100%) in most cases
and to basal activity for the non-treated slices left unperturbed. The
results are expressed as the mean ± SEM and comparisons were drawn
using the Kruskal-Wallis test followed by Dunn’s test when comparing
several experimental groups. When comparing two groups, the Mann-
Whitney U test was used. When comparing quantifications within the
same group, the Wilcoxon test was used. For the data presented in
graphs, statistical comparisions were performed on the normalized
data. For the data presented in Table 1, statistical comparisions were
performed on the non-normalized data. We used non-parametric sta-
tistics because our data lacked normal/Gaussian distribution and our
sample sizes were small (between 8 and 10). Statistical analyses were
performed using GraphPad Prism (version 5.0), and differences were
considered significant with p < 0.05.

3. Results

3.1. Acute intermittent hypoxia induces long-term facilitation in vitro

The fictive respiratory rhythm recorded from the preBötC in control
slices (in the absence of any drug) showed a frequency of
0.43 ± 0.09 Hz and an amplitude of 1.52 ± 0.19 a.u. under basal
conditions (n=17; Fig. 1). To test the stability of this activity under in
vitro conditions, a subgroup of non-treated slices was left unperturbed
in the chamber while recording their activity for two hours (n=7). The
basal respiratory rhythm frequency of these slices was 0.32 ± 0.05 Hz
(irregularity (IR) of 0.32 ± 0.04 and variation coefficient (CV) of
0.24 ± 0.03, Table 1) and their burst amplitude was 1.82 ± 0.20 a.u.
(CV of 0.14 ± 0.02, Table 1). These values remained unchanged after
two hours of continuous recording, as the slices exhibited a respiratory
rhythm frequency of 0.33 ± 0.05 Hz (104.87 ± 5.44% of basal;
n= 7; p < 0.05, Fig. 1A) and a burst amplitude of 1.79 ± 0.22 a.u.
(97.29 ± 2.99% of basal; n= 7; p < 0.05, Fig. 1A), which is not
different from the variables quantified at the beginning of the experi-
ments (p > 0.05). The variability measurements (IR and CV) did not
change after two hours either (p > 0.05; n=7; Fig. 1A). For com-
parison purposes, these long-term quantifications will be referred to as
“control” for the rest of the experiments.

To corroborate that IH induces LTF in vitro (Blitz and Ramirez,
2002), an independent group of non-treated slices, with a basal re-
spiratory rhythm frequency of 0.50 ± 0.09 Hz (CV of 0.26 ± 0.03 and
IR of 0.32 ± 0.04; n= 10; Table 1) and a burst amplitude of
1.30 ± 0.11 a.u. (CV of 0.16 ± 0.02; n= 10; Table 1), were treated
with IH, which induces a long-lasting change in respiratory rhythm
characterized by an increase in respiratory rhythm frequency. This
frequency reaches statistical significance starting at 5min after IH
(148.66 ± 14.41% of basal; n= 10; p < 0.05, Fig. 1B). The increase
in respiratory rhythm frequency occurs simultaneously with a decrease
in burst amplitude, which reaches statistical significance starting at

Table 1
Parameters of the respiratory rhythm generated under the different experimental conditions tested in this study.

Condition Amplitude
(a.u.)

Amplitude
CV

Frequency
(Hz)

Frequency
CV

Frequency
Irregularity

Basal activity
Control (n=7) 1.82± 0.20 0.14± 0.02 0.32±0.05 0.24± 0.03 0.32±0.04
IH (n=10) 1.30± 0.11 0.16± 0.02 0.50±0.09 0.26± 0.03 0.32±0.05
LPS (n=8) 2.09± 0.25 0.10± 0.01 0.27±0.05 0.31± 0.04 0.33±0.05
FKN (n=8) 2.00± 0.18 0.10± 0.01 0.34±0.05 0.25± 0.03 0.29±0.03
MIN (n=10) 1.81± 0.14 0.16± 0.02 0.27±0.07 0.25± 0.04 0.32±0.06
FCD (n=8) 1.54± 0.21 0.18± 0.02 0.51±0.07 0.41± 0.10 0.43±0.08
Lip-Clo (8) 1.94± 0.19 0.13± 0.02 0.36±0.05 0.23± 0.03 0.27±0.03

After treatment
Control (n=7) 1.79± 0.22 0.15± 0.01 0.33±0.05 0.51± 0.20 0.36±0.04
IH (n=10)
LPS (n=8) 1.69± 0.24 0.19± 0.04 0.33±0.02 0.25± 0.01 0.35±0.02
FKN (n=8) 1.73± 0.18 0.14± 0.02 0.40±0.06 0.28± 0.03 0.35±0.06
MIN (n=10) 1.54± 0.18 0.18± 0.02 0.36±0.08 0.35± 0.05 0.44±0.07
FCD (n=8) 1.36± 0.19 0.18± 0.02 0.58±0.08 0.47± 0.07 0.49±0.09
Lip-Clo (8) 1.46± 0.18 0.17± 0.02 0.47±0.07 0.27± 0.06 0.29±0.06

60min after intermittent hypoxia
Control (n=7)
IH (n=10) 0.94±0.08 0.20± 0.03 0.77±0.08 0.40± 0.06 0.53±0.09
LPS (n=8) 1.57± 0.21 0.21± 0.03 0.41± 0.02 0.29± 0.02 0.35±0.04
FKN (n=8) 1.31± 0.14 0.16± 0.02 0.47± 0.08 0.24± 0.03 0.30± 0.03
MIN (n=10) 1.44± 0.22 0.20± 0.03 0.46± 0.09 0.42± 0.07 0.63±0.17
FCD (n=8) 1.24±0.16 0.20± 0.02 0.65±0.07 0.58± 0.09 0.59±0.09
Lip-Clo (8) 1.37± 0.19 0.16± 0.01 0.49±0.05 0.29± 0.04 0.36±0.06

a.u. Arbitrary units; CV, coefficient of variation; IH, intermittent hypoxia; LPS, lipopolysaccharide; FKN, fractalkine; MIN, minocycline; FCD, fucoidan; Lip-Clo,
liposomal clodronate. Underlined numbers denote a significantly difference vs previous condition; bold numbers denote a significantly difference vs control group;
numbers in italics denote a significantly difference vs IH group (p<0.05 for the non-normalized data included in the Table).
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30min after IH (83.58 ± 5.34% of basal; n= 10; p < 0.05 vs control,
Fig. 1B). One hour after the application of IH, respiratory rhythm fre-
quency increased to 0.77 ± 0.08 Hz (185.65 ± 20.15% of basal;
n= 10; p < 0.05 vs control, Fig. 1). Respiratory rhythm frequency
variability also significantly increased one hour after IH (CV of
0.40 ± 0.06; p < 0.05 vs control; n= 10; Table 1). One hour after the
application of IH, burst amplitude decreased to 0.94 ± 0.08 a.u.
(74.16 ± 5.63% of basal; n= 10; p < 0.05 vs control, Fig. 1). Burst
amplitude variability significantly increased one hour after IH (CV of
0.20 ± 0.03; p < 0.05; n=10; Table 1). The long-lasting increase in
respiratory rhythm frequency after IH coincides with the LTF reported
by Blitz and Ramirez (2002) under similar experimental conditions. For
comparison purposes, these quantifications will be referred to as
“control IH” for the rest of the experiments.

3.2. Microglial activators partially inhibit long-term facilitation in vitro

To evaluate whether common pharmacological tools used to acti-
vate microglia (Peña-Ortega, 2017) could modulate in vitro LTF, we pre-
treated slices with either LPS or fractalkine and recorded their long-
lasting response to IH in vitro. The fictive respiratory rhythm recorded
from the preBötC in slices pre-treated with LPS showed a frequency of
0.33 ± 0.02 Hz and an amplitude of 1.69 ± 0.24 a.u. under normoxic
conditions before IH (basal; n= 8; Fig. 2). While burst frequency tends
to be faster than the one recorded in the absence of LPS
(0.27 ± 0.05 Hz, p=0.08; n= 8; Table 1), burst amplitude was sig-
nificantly smaller than the one recorded in the absence of LPS
(2.09 ± 0.25 a.u., p < 0.05; n=8; Table 1), as previously reported
(Lorea-Hernández et al., 2016). The burst amplitude CV increased in

the presence of LPS (from 0.10 ± 0.01 to 0.19 ± 0.04; n=8;
Table 1). Application of IH to these slices induced an increase in re-
spiratory rhythm frequency with no change in burst amplitude when
compared to control slices. In LPS pre-treated slices, respiratory rhythm
frequency increased to 0.41 ± 0.02 Hz one hour after the application
of IH (132.11 ± 7.53% of basal; n= 8; p < 0.05 vs control, Fig. 2).
Burst amplitude remained unchanged after IH at 1.57 ± 0.21 Hz
(97.76 ± 9.41% of basal; n= 8; p > 0.05 vs control, Fig. 2). The
variability of burst amplitude and frequency did not change after IH in
this group (Table 1; n= 8; p > 0.05). Although LPS pre-treated slices
exhibited in vitro LTF, this long-lasting increase in respiratory rhythm
frequency tends to be smaller than the one observed in non-pre-treated
slices when normalized data are tested (p=0.0506 vs control IH;
n=8; Fig. 2) but is significantly smaller when non-normalized data are
tested (p < 0.05 vs control IH; Table 1). Moreover, the burst amplitude
observed in LPS pre-treated slices is significantly larger than the one
observed in control slices after IH (p < 0.05 vs control IH; n=8;
Fig. 2).

The fictive respiratory rhythm recorded from the preBötC in slices
pre-treated with fractalkine showed a frequency of 0.40 ± 0.06 Hz and
an amplitude of 1.73 ± 0.18 a.u. under normoxic conditions before IH
(basal; n= 8; Fig. 2). While burst frequency remained unchanged
compared to the one recorded in the absence of fractalkine
(0.34 ± 0.05 Hz; n= 8; p > 0.05, Table 1), burst amplitude was sig-
nificantly smaller than the one recorded in the absence of fractalkine
(2.00 ± 0.18 a.u.; n= 8; p < 0.05, Table 1) as previously reported
(Lorea-Hernández et al., 2016). The variability of burst and frequency
did not change in the presence of fractalkine (n=8; Table 1). Appli-
cation of IH induced a decrease in the respiratory rhythm burst

Fig. 1. Temporal stability of the respiratory
rhythm and its long-term response to inter-
mittent hypoxia in vitro. (A) On the left, re-
presentative recordings of the respiratory
rhythm generated in a brainstem slice at the
start (upper trace; basal) and end of a 2-h re-
cording (lower trace). On the right, the quan-
tification of respiratory rhythm frequency and
amplitude 2 h after starting the recordings are
show as % of basal (set as 100%; n= 7). (B)
On the left, representative recordings of the
respiratory rhythm generated in a brainstem
slice under control conditions (upper trace;
basal) and 1 h after the application of inter-
mittent hypoxia (IH). On the right, the time-
course of the change in respiratory rhythm
frequency (black dots) and amplitude (gray
dots) after IH is shown (n= 10). (C) The
quantification of respiratory rhythm frequency
(right graph) and amplitude (left graph) 1 h
after IH is shown as % of basal (set as 100%;
n=10). * denotes a significant difference
compared to the control group (slices not
treated with IH; i.e., those in panel A), & de-
notes a significant difference compared to its
own basal activity (p < 0.05 for normalized
data).
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amplitude with no change in its frequency when compared to control
slices. In fractalkine pre-treated slices, respiratory rhythm frequency
remained unchanged one hour after the application of IH, when com-
pared to control slices, at 0.47 ± 0.08 Hz (114.21 ± 6.54% of basal;
n= 8; p > 0.05 vs control, Fig. 2). However, this frequency is sig-
nificantly higher than the one observed in the same slices before IH
(p < 0.05 vs own basal; n= 8). In fractalkine pre-treated slices, burst
amplitude was reduced to 1.31 ± 0.14 a.u. one hour after the appli-
cation of IH (78.89 ± 5.29% of basal; n= 8; p < 0.05 vs control,
Fig. 2). The variability of burst amplitude and frequency did not change
after IH in this group (Table 1; n= 8; p > 0.05). However, the
variability of burst frequency in these slices was smaller than the one
observed in non-pre-treated slices after IH (Table 1; n=8; p<0.05 vs
control IH). Even though fractalkine pre-treated slices exhibited a slight
long-lasting increase in respiratory rhythm frequency after IH, this in-
crease is significantly smaller than the one observed in non-pre-treated
slices (p < 0.05 vs control IH; n=8; Fig. 2). The decrease in burst
amplitude after IH was similar to the one observed in non-pre-treated
slices (p > 0.05 vs control IH; n=8; Fig. 2).

3.3. Microglial inhibitors partially inhibit long-term facilitation in vitro

To evaluate whether pharmacological tools used to inhibit microglia
(Peña-Ortega, 2017) could modulate in vitro LTF, we pre-treated slices
with either minocycline or fucoidan and recorded their long-lasting
response to IH in vitro. The fictive respiratory rhythm recorded from the
preBötC in slices pre-treated with minocycline showed a frequency of
0.36 ± 0.08 Hz and an amplitude of 1.54 ± 0.18 a.u. under normoxic
conditions before IH (basal; n= 10; Fig. 3). Respiratory rhythm fre-
quency was faster than the one recorded in the absence of minocycline
(0.27 ± 0.07 Hz; n=10; p < 0.05, Table 1). Burst amplitude after
application of minocycline was significantly smaller than the one re-
corded in the absence of the drug (1.81 ± 0.14 a.u.; n= 10; p < 0.05,
Table 1) as previously reported (Lorea-Hernández et al., 2016). The
variability of burst amplitude and frequency did not change in the
presence of minocycline (Table 1; n= 10; p > 0.05). Application of IH
to these slices induced an increase in respiratory rhythm frequency with

no change in burst amplitude when compared to control slices. In
minocycline pre-treated slices, respiratory rhythm frequency increased
to 0.46 ± 0.09 Hz one hour after the application of IH
(134.32 ± 9.24% of basal; n= 10; p < 0.05 vs control, Fig. 3),
whereas burst amplitude remained unchanged, when compared to
control slices, at 1.44 ± 0.22 Hz (90.79 ± 5.71% of basal; n= 10;
p > 0.05 vs control, Fig. 3). However, this amplitude tended to be
smaller than the one observed in the same slices before IH (n= 10;
p=0.0801). The variability of burst amplitude and frequency did not
change after IH in this group (Table 1; n=10; p > 0.05). Despite the
fact that minocycline pre-treated slices exhibited in vitro LTF, this long-
lasting increase in respiratory rhythm frequency is smaller than the one
observed in non-pre-treated slices (p < 0.05 vs control IH; n= 10;
Fig. 3). Moreover, the burst amplitude observed in minocycline pre-
treated slices is significantly larger than the one observed in control
slices after IH (p < 0.05 vs control IH; n= 10; Fig. 2).

The fictive respiratory rhythm recorded from the preBötC in slices
pre-treated with fucoidan showed a frequency of 0.58 ± 0.08 Hz and
an amplitude of 1.36 ± 0.19 a.u. under normoxic conditions before IH
(basal; n= 8; Fig. 3). While burst frequency tended to be faster than the
one recorded in the absence of fucoidan (0.51 ± 0.07 Hz; n=8;
p=0.06, Table 1), burst amplitude was significantly smaller than the
one recorded in the absence of fucoidan (1.54 ± 0.21 a.u.; n= 8;
p < 0.05, Table 1) as previously reported (Lorea-Hernández et al.,
2016). The variability of burst amplitude and frequency did not change
in the presence of fucoidan (Table 1; n= 8; p > 0.05). Application of
IH induced no major changes in frequency or amplitude of the re-
spiratory rhythm when compared to control slices. In fucoidan pre-
treated slices, respiratory rhythm frequency remained unchanged one
hour after the application of IH, when compared to control slices, at
0.65 ± 0.07 Hz (115.21 ± 5.84% of basal; n= 8; p > 0.05 vs con-
trol, Fig. 3). However, this frequency is significantly higher than the
one observed in the same slices before IH (p < 0.05 vs own basal;
n= 8). In fucoidan pre-treated slices, burst amplitude remained un-
changed at 1.24 ± 0.16 a.u. one hour after the application of IH
(99.48 ± 15.98% of basal; n= 8; p > 0.05 vs control, Fig. 3). Re-
spiratory rhythm frequency after IH in fucoidan-treated slices was

Fig. 2. Microglial activators partially block the
long-term change in respiratory rhythm in-
duced by intermittent hypoxia in vitro. (A) On
the left, representative recordings of the re-
spiratory rhythm generated in a brainstem
slice in the presence of lipopolysaccharide
(LPS; upper trace; basal) and 1 h after the ap-
plication of intermittent hypoxia (IH) in the
continuous presence of LPS (lower trace). On
the right, representative recordings of the re-
spiratory rhythm generated in a brainstem
slice in the presence of fractalkine (FKN; upper
trace; basal) and 1 h after the application of
intermittent hypoxia (IH) in the continuous
presence of FKN (lower trace). (B) The quan-
tification of respiratory rhythm frequency
(right graph) and amplitude (left graph) 1 h
after IH is shown as % of basal (set as 100%;
n= 8 in both cases). The corresponding
quantifications of each variable are included as
a white dot for the control group and as a black
dot for the IH control group. * denotes a sig-
nificant difference compared to the control
group (p < 0.05 for normalized data). # de-
notes a significant difference compared to the
IH control group (p < 0.05 for normalized
data). The p value for the comparison between
the normalized of the IH control group vs the
LPS group is also shown.
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significantly lower than the one observed in non-pre-treated slices
(p < 0.05 vs control IH; n= 8; Fig. 3), although burst amplitude was
similar to the one observed in non-pre-treated slices (p > 0.05 vs
control IH; n=8; Fig. 3). The irregularity of respiratory rhythm fre-
quency increased after IH in the presence of fucoidan (Table 1; n=8;
p < 0.05), while variability of burst amplitude did not change after IH
in this group (Table 1; n= 8; p > 0.05).

3.4. The microglia toxin liposomal clodronate partially blocks long-term
facilitationin vitro

To further support that microglia modulate in vitro LTF, we tested
whether liposomal clodronate, a microglial toxin (Peña-Ortega, 2017),
could modulate this plastic phenomenon. The fictive respiratory
rhythm recorded from the preBötC in slices pre-treated with liposomal
clodronate showed a frequency of 0.47 ± 0.07 Hz and an amplitude of
1.46 ± 0.18 a.u. under normoxic conditions before IH (basal; n= 8;
Fig. 4). Respiratory rhythm frequency became faster than the one re-
corded in the absence of liposomal clodronate (0.36 ± 0.05 Hz; n=8;

p < 0.05, Table 1). The burst amplitude recorded in the presence of
liposomal clodronate was smaller than the one recorded in the absence
of the microgliotoxin (1.94 ± 0.19 a.u.; n= 8; p < 0.05, Table 1) as
previously reported (Lorea-Hernández et al., 2016). The burst ampli-
tude CV increase in the presence of liposomal clodronate (from
0.13 ± 0.02 to 0.17 ± 0.02; n=8; Table 1). Application of IH did not
induce major changes in frequency or amplitude of the respiratory
rhythm, compared to control slices. In slices pre-treated with liposomal
clodronate, one hour after IH application, the respiratory rhythm fre-
quency remained at 0.49 ± 0.05 Hz (109.57 ± 4.40% of basal; n= 8;
p < 0.05 vs control, Fig. 4), whereas the burst amplitude also remained
unchanged, when compared to control slices, at 1.37 ± 0.19 a.u.
(87.58 ± 4.87% of basal; n= 8; p < 0.05 vs control, Fig. 4). How-
ever, this amplitude is significantly smaller than the one observed in the
same slices before IH (p < 0.05 vs own basal; n= 8). The respiratory
rhythm frequency after IH in slices pre-treated with liposomal clo-
dronate is significantly lower than the one observed in non-pre-treated
slices (p < 0.05 vs control IH; n=8; Fig. 4), whereas the burst am-
plitude was significantly higher than the one observed in non-pre-

Fig. 3. Microglial inhibitors partially block the
long-term change in respiratory rhythm in-
duced by intermittent hypoxia in vitro. (A) On
the left, representative recordings of the re-
spiratory rhythm generated in a brainstem
slice in the presence of minocycline (MIN;
upper trace; basal) and 1 h after the applica-
tion of intermittent hypoxia (IH) in the con-
tinuous presence of MIN (lower trace). On the
right, representative recordings of the re-
spiratory rhythm generated in a brainstem
slice in the presence of fucoidan (FCD; upper
trace; basal) and 1 h after the application of IH
in the continuous presence of FCD (lower
trace). (B) The quantification of the respiratory
rhythm frequency (right graph) and amplitude
(left graph) 1 h after IH is shown as % of basal
(set as 100%; n=8 for FCD and n=10 for
MIN). The corresponding quantifications of
each variable are included as a white dot for
the control group and as a black dot for the IH
control group. * denotes a significant differ-
ence compared to the control group (p < 0.05
for normalized data). # denotes a significant
difference compared to the IH control group
(p < 0.05 for normalized data).

Fig. 4. The microgliotoxin liposomal clo-
dronate blocks the long-term change in re-
spiratory rhythm induced by intermittent hy-
poxia in vitro. (A) Representative recordings of
the respiratory rhythm generated in a brain-
stem slice in the presence of liposomal clo-
dronate (Lip-Clo; left trace; basal) and 1 h after
the application of intermittent hypoxia (IH) in
the continuous presence of Lip-Clo (right
trace). (B) The quantification of the respiratory
rhythm frequency (right graph) and amplitude
(left graph) 1 h after IH is shown as % of basal
(set as 100%; n= 8). The corresponding
quantifications of each variable are included as
a white dot for the control group and as a black
dot for the IH control group. * denotes a sig-
nificant difference compared to the control
group (p < 0.05 for normalized data). # de-
notes a significant difference compared to the
IH control group (p < 0.05 for normalized
data).
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treated slices (p < 0.05 vs control IH; n= 8; Fig. 4). The irregularity of
respiratory rhythm frequency increased after IH in the presence of li-
posomal clodronate (Table 1; n=8; p < 0.05), while variability of
burst amplitude did not change after IH in this group (Table 1; n=8;
p > 0.05).

4. Discussion

Our results show that in vitro LTF induced upon IH application to
brainstem slices containing preBötC is highly susceptible to pharma-
cological manipulations that affect microglial function. One explana-
tion for these findings is that normal microglial activity is required for
the induction and/or maintenance of in vitro LTF and that either its
activation or its inhibition drives microglia away from this normal
regulation. This shared effect would be enough to inhibit in vitro LTF
but, due to the variety of cellular mechanisms affected by the experi-
mental manipulations used, these pharmacological treatments produce
not identical effects on burst frequency or amplitude, even for drugs
that are similarly categorized (i.e. “activators” or “inhibitors”). An al-
ternative explanation is that the pharmacological manipulations used in
this study affect a variety of cell mechanisms, not necessarily limited to
microglial function, that end up inhibiting the induction and/or
maintenance of in vitro LTF.

Here we corroborated that application of IH to the preBötC isolated
in a brainstem slice preparation produces a long-lasting increase in the
respiratory rhythm frequency (Blitz and Ramirez, 2002), which con-
stitutes an in vitro LTF. To the best of our knowledge, there are only two
reports (including this one) showing that IH induces preBötC plasticity,
which contrast with the extensive evidence of IH-induced LTF of a
variety of respiratory motor outputs, mainly the phrenic nerve
(MacFarlane et al., 2008, 2009; Navarrete-Opazo and Mitchell, 2014;
Agosto-Marlin et al., 2017). As already mentioned, pLTF is a very
complex phenomenon that includes changes in burst frequency and
amplitude, mainly produced by plastic changes at the motor neuron
level (MacFarlane et al., 2008, 2009; Navarrete-Opazo and Mitchell,
2014). These changes can be dependent on either adenosinergic or
serotonergic modulation (MacFarlane et al., 2008, 2009; Navarrete-
Opazo and Mitchell, 2014; Agosto-Marlin et al., 2017). Extensive re-
search is needed to begin comparing in vitro LTF with the different
forms and mechanisms of pLTF. Moreover, our finding that microglia
modulate in vitro LTF does not necessarily mean that this is the case for
pLTF. The interpretations of our findings obtained in vitro must also
consider the caveat that microglia might change in slice preparations
(Stence et al., 2001; Brawek et al., 2017). The process to obtain the
slices and maintain them in vitro may induce their activation (Stence
et al., 2001; Brawek et al., 2017), mainly on the surface of the slice
(Stence et al., 2001; Bernier et al., 2014; Brawek et al., 2017).

Even though the pharmacological profiles of all drugs used in this
study share microglia as their common target (Möller et al., 2016; Peña-
Ortega, 2017), it must be acknowledged that none of them is com-
pletely specific to microglia (Möller et al., 2016; Peña-Ortega, 2017)
and that they affect a wide variety of cellular mechanisms (Nikodemova
et al., 2006; Möller et al., 2016; Peña-Ortega, 2017), which could
produce not identical changes in burst frequency and/or amplitude. It
must be noticed that the reduction of respiratory burst amplitude upon
the application of all microglial modulators tested here closely re-
produces our own previous findings (Lorea-Hernández et al., 2016),
which indicate that, despite the type of pharmacological modulation,
changing microglial function consistently impacts neural network me-
chanisms controlling respiratory burst amplitude (Lorea-Hernández
et al., 2016) or duration (Lu et al., 2012). However, the effects of these
same modulators on respiratory rhythm frequency are highly variable,
as previously described (Lu et al., 2012; Lorea-Hernández et al., 2016).
It is possible that the non-microglial-mediated effects of these drugs
could contribute to the later variability in a preparation-by-preparation
basis. The microglial activators used in this study act through different

receptors and activate different transductions pathways (Peña-Ortega,
2017). Despite the fact that the major LPS receptor TLR4 is abundantly
expressed in microglia (Lehnardt et al., 2003; Song et al., 2011; Lin
et al., 2012), it has also been found in some neurons (Tang et al., 2008),
mainly under pro-inflammatory conditions (Tang et al., 2008) and in
some astrocytes (El-Hage et al., 2011), always in smaller amounts to
those in microglia (Song et al., 2011; Lin et al., 2012). Similarly, the
fractalkine receptor CX3CR1 is almost exclusively expressed in micro-
glia (Harrison et al., 1998; Meucci et al., 1998). However, its expression
has also been reported in subsets of neurons (Hughes et al., 2002;
Meucci et al., 1998) and in cultured astrocytes (Maciejewski-Lenoir
et al., 1999). The microglial inhibitors used in this study act through
different cellular targets (Peña-Ortega, 2017). Fucoidan is an unspecific
scavenger receptor antagonist that can certainly inhibit microglia (Do
et al., 2010; Peña-Ortega, 2017), but scavenger receptors are also ex-
pressed in astrocytes (Alarcón et al., 2005). Minocycline has classically
been defined as a “microglial inhibitor” (Möller et al., 2016; Peña-
Ortega, 2017), but recent evidence indicates that it could directly or
indirectly affect astrocytes, oligodendrocytes and neurons (Möller et al.,
2016; Choi et al., 2015). Finally, although the liposomal preparation of
clodronate seems to constitute a specific microglial toxin (Kumamaru
et al., 2012), clodronate in its free form (non-encapsulated in lipo-
somes) could damage astrocytes (van Neerven et al., 2010; Kumamaru
et al., 2012). Thus, although our results indicate that microglia could
modulate in vitro LTF, we cannot discard that the effects achieved by the
pharmacological tools used in this study could also involve changes in
other cell types, including other kinds of glia or even neurons (Möller
et al., 2016; Peña-Ortega, 2017).

Without ignoring the caveats mentioned in the previous paragraphs,
our data suggest that normal microglial activity is required for the in-
duction and/or maintenance of in vitro LTF. However, based on the
findings that fucoidan and minocycline are anti-inflammatory drugs
with inhibitory effects on microglia (Do et al., 2010; Möller et al., 2016)
and that LPS and fractalkine are pro-inflammatory drugs with micro-
glial activating properties (Peña-Ortega, 2017), it was expected that
both groups of drugs would have opposite effects on in vitro LTF. Thus,
the finding that all these microglial modulators, as well as the micro-
glial toxin liposomal clodronate, inhibit in vitro LTF suggests a more
complex scenario. First of all, it has to be considered that microglia can
exhibit a variety of phenotypes which are not entirely described by the
classic M0, M1 and M2 phenotypes and that these phenotypes can co-
exist even in the absence of inflammation (Cherry et al., 2014;
Shigemoto-Mogami et al., 2014; Peña-Ortega, 2017). The simplest ex-
planation for the apparent contradiction raised by the similar effects of
microglial inhibitors and activators is that all pharmacological manip-
ulations tested in this study have a shared effect on microglia under our
experimental conditions. For instance, fractalkine, which was con-
sidered here as a microglial activator (Sun et al., 2015), can produce
anti-inflammatory effects (Lyons et al., 2009; Ślusarczyk et al., 2016)
and even inhibit microglial activity (Lyons et al., 2009; Ślusarczyk
et al., 2016). In contrast, the variety of pharmacological manipulations
used in this study to inhibit or deplete microglia could also have pro-
inflammatory effects (Jin and Yu, 2015; Vetvicka and Vetvickova,
2017). For instance, fucoidan normally inhibits the activation of im-
mune-responsive cells, including microglia (Do et al., 2010), but it can
have activating effects on macrophages and neutrophils, contributing to
the release of pro-inflammatory mediators, including cytokines (Do
et al., 2010; Jin and Yu, 2015; Stefaniak–Vidarsson et al., 2017;
Vetvicka and Vetvickova, 2017), in a similar fashion to LPS (Jin and Yu,
2015; Vetvicka and Vetvickova, 2017). Regarding other similarities
with LPS, fucoidan can induce toxic effects on microglia at a slightly
higher dose than the one used in our study (50 μg/ml; Do et al., 2010),
which coincides with the toxicity that high concentrations of LPS can
have on microglia (Mayo and Stein, 2007; Wu et al., 2015; Chan et al.,
2017). Similarly, aside from its anti-inflammatory and antioxidant ef-
fects (Möller et al., 2016; Peña-Ortega, 2017), minocycline can induce
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paradoxical microglial activation in the developing brain (Arnoux et al.,
2014; Strahan et al., 2017) that could increase pro-inflammatory cy-
tokine release (Zhao et al., 2015). The paradoxical minocycline-induced
microglial activation in the developing brain is relevant for this study
considering that we used slices obtained from neonates for the experi-
ments. Another similarity is that minocycline can be pro-apoptotic
(Ueno et al., 2013; Arnoux et al., 2014; Inta et al., 2016; Strahan et al.,
2017) like LPS (Mayo and Stein, 2007). Treatment with liposomal
clodronate can also have similar effects to those induced by LPS since
liposomes, regardless of their content, can induce early inflammation
(Pervin et al., 2016). Furthermore, derivatives of phosphatidylcholine
(i.e., lysophosphatidylcholine), the main lipid used in our liposomal
preparation, can induce microglial activation (Schilling et al., 2004;
Scholz and Eder, 2017). Microglial activation can be also induced by
cholesterol (Xue et al., 2007), the other lipid used in our liposomal
preparation. Thus, it is possible that all pharmacological manipulations
used in this study could lead to some degree of microglial activation
and/or toxicity, which produces a similar inhibition of in vitro LTF. It
must be acknowledged that minocycline (Zhou et al., 2011) and cho-
lesterol (Koudinov and Koudinova, 2003) inhibit other plastic changes
in neural circuits, such as LTP, which is also inhibited by LPS (Nolan
et al., 2004) and fractalkine (Maggi et al., 2009). Regarding breathing,
minocycline blocks the respiratory adaptation to sustained hypoxia
(Stokes et al., 2017). Therefore, it should not be surprising that both
LPS and minocycline inhibit in vitro LTF (this study), as has been al-
ready reported for pLTF recorded in vivo, which is inhibited by systemic
application of both LPS and minocycline (Huxtable et al., 2011).
However, in this particular case it was suggested that the inhibitory
effect of minocycline on pLTF might be due to the inhibition of protein
kinase C isoforms (Nikodemova et al., 2006; Huxtable et al., 2011).

Our data could also suggest that the alteration of normal microglial
activity either by its activation or by its inhibition could divert them
from their normal modulatory function in the preBötC (Lu et al., 2012;
Lorea-Hernández et al., 2016). It is possible that the pharmacological
manipulations used in this study could lead microglia to different, and
perhaps opposite, states that would impede the induction and/or
maintenance of in vitro LTF by diverse mechanisms, including differ-
ential changes in the levels of microglial mediators (Peña-Ortega,
2012). For instance, it is well known that microglial activation leads to
IL-1β release (Choi et al., 2015), which could reduce the probability of
LTF induction due to its inhibitory effects on breathing (Olsson et al.,
2003). This may also be the case for other cytokines or prostaglandins,
which are released upon microglial modulation (Allen et al., 1982;
Henry et al., 2009; Liu et al., 2012; Elmore et al., 2014) and are known
to inhibit breathing (Ballanyi et al., 1997, 1999; Olsson et al., 2003).
Alternatively, the inhibition of microglial function could lead to a de-
crease in the release of molecules that promote breathing generation
and whose reduced modulation could contribute to the inhibition of
LTF induction (MacFarlane et al., 2008, 2009; Peña-Ortega, 2012;
Pardo-Peña et al., 2016). For instance, it is well known that ROS, NO
and BDNF are necessary for pLTF induction (MacFarlane et al., 2008,
2009; 2014). ROS, NO and BDNF are constantly released by microglia
even in the absence of activating signals (Zhang et al., 2007; Gomes
et al., 2013; Quintas et al., 2014; Pardo-Peña et al., 2018). Moreover,
they can modulate breathing generation (Pyatin and Miroshnichenko,
2001; Bouvier et al., 2008; Garcia et al., 2011), which opens the pos-
sibility that a reduction of the levels of these mediators, as a con-
sequence of microglial inhibition, could contribute to the disturbance of
LTF generation in vitro. This may also be the case for histamine or
prostaglandins that are released by microglia even in resting conditions
(Katoh et al., 2001; Zhang et al., 2009; Wang et al., 2011) and that are
known to modulate breathing generation (Dutschmann et al., 2003;
Koch et al., 2015). To support this possibility, we have recently shown
that minocycline reduces the basal extracellular levels of hydrogen
peroxide in brainstem slices (Pardo-Peña et al., 2018), which seems to
be the case for other pro-inflammatory mediators (Dunston et al., 2011;

Kobayashi et al., 2013; Scholz et al., 2015) and neurotrophic factors
(Ueno et al., 2013). Even though our findings require a more cell-spe-
cific corroboration of the precise role of microglia on LTF in vitro, the
pharmacological experiments presented in this study strongly suggest
that microglia modulate not only basal preBötC activity (Lu et al., 2012;
Lorea-Hernández et al., 2016) but also the plastic changes that this
circuit undergoes in response to IH. Microglial modulation of re-
spiratory rhythm plasticity has to be considered when treating condi-
tions associated with IH, such as sleep apneas (MacFarlane et al., 2008,
2009; Navarrete-Opazo and Mitchell, 2014), or in therapeutic ap-
proaches that use IH as a beneficial tool (Dale et al., 2014; Gonzalez-
Rothi et al., 2015).
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