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NEW & NOTEWORTHY The signals for neural plasticity in medullary respiratory centers underlying ventilatory acclimatization to
chronic hypoxia are unknown. We show that chronic hypoxia activates microglia and subsequently astrocytes. Minocycline, an antibiotic that blocks microglial activation and has anti-inflammatory properties, also blocks astrocyte activation in respiratory centers during
chronic hypoxia and ventilatory acclimatization. However, minocycline cannot reverse ventilatory acclimatization after it is established.
Hence, glial cells may provide signals that initiate but do not sustain
ventilatory acclimatization.
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(CH), an
increase in ventilation is observed, which persists even upon
return to normoxic conditions, and this is known as ventilatory
acclimatization to hypoxia (VAH; Powell et al. 1998). VAH
increases PaO2 and decreases PaCO2 relative to acute hypoxia by
further increasing ventilation resulting from plasticity in 1)
peripheral chemoreceptors and 2) brainstem nuclei processing
chemoreceptor afferent input. Carotid body peripheral chemoreceptors sense acute changes in PaO2 and PaCO2, but sustained
hypoxic exposure increases carotid body O2 sensitivity (Kumar
and Prabhakar 2012). This increases afferent input to the
brainstem respiratory center the nucleus tractus solitarius
(NTS), and plasticity within the central nervous system (CNS)
further increases ventilatory motor output for a given chemoreceptor input (Dwinell and Powell 1999; Pamenter et al.
2014a, 2014b; Pamenter and Powell 2016; Wilkinson et al.
2010). The mechanisms of such plasticity in the NTS involve
glutamatergic neurotransmission (Pamenter et al. 2014a,
2014b), but the signals for this plasticity are unknown. It is
clear from the literature that glial cells influence neuronal
transmission and central respiratory control (Erlichman et al.
2010; Fukushi et al. 2016; Funk et al. 2015; Hülsmann et al.
2000; Huxtable et al. 2010; Lorea-Hernández et al. 2016) and
thus may be important in the signaling cascade leading to
acclimatization.
Glial cells present in brainstem respiratory centers surround
the neural synapses and neighboring blood vessels and are
critical players in neuronal signaling and synaptic transmission
(Bezzi and Volterra 2001). Glial cells can be activated by
neurotransmitter release and, in turn, release their own gliotransmitters modulating synaptic transmission (Accorsi-Mendonça et al. 2013). Astrocytes are a heterogeneous population
of glial cells that regulate neurotransmitter availability in the
synapse, and some are chemosensitive (Gourine et al. 2010;
Panatier et al. 2011; Vesce et al. 1999). Microglia are thought
to be upstream of astrocytes in that, upon activation by neurotransmitters, microglia release small amounts of ATP, activating neighboring astrocytes, which then amplify neuronal
signaling (Pascual et al. 2012). In respiratory centers of the
brainstem, both microglia and astrocytes appear to be activated
by sustained hypoxia as shown by immunofluorescent staining
(Tadmouri et al. 2014). Inhibiting microglia activation with
minocycline inhibits VAH after 24 h of sustained hypoxia, as
well as astrocyte activation, further supporting the idea that
astrocyte activation is modulated by microglial activation
FOLLOWING EXPOSURE TO CHRONIC SUSTAINED HYPOXIA
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hypoxia. J Neurophysiol 117: 1625–1635, 2017. First published January 18, 2017; doi:10.1152/jn.00525.2016.—Ventilatory acclimatization to hypoxia (VAH) is the time-dependent increase in ventilation,
which persists upon return to normoxia and involves plasticity in both
central nervous system respiratory centers and peripheral chemoreceptors. We investigated the role of glial cells in VAH in male
Sprague-Dawley rats using minocycline, an antibiotic that inhibits
microglia activation and has anti-inflammatory properties, and barometric pressure plethysmography to measure ventilation. Rats received either minocycline (45mg/kg ip daily) or saline beginning 1
day before and during 7 days of chronic hypoxia (CH, PIO2 ⫽ 70
Torr). Minocycline had no effect on normoxic control rats or the
hypercapnic ventilatory response in CH rats, but minocycline significantly (P ⬍ 0.001) decreased ventilation during acute hypoxia in CH
rats. However, minocycline administration during only the last 3 days
of CH did not reverse VAH. Microglia and astrocyte activation in the
nucleus tractus solitarius was quantified from 30 min to 7 days of CH.
Microglia showed an active morphology (shorter and fewer branches)
after 1 h of hypoxia and returned to the control state (longer filaments
and extensive branching) after 4 h of CH. Astrocytes increased glial
fibrillary acidic protein antibody immunofluorescent intensity, indicating activation, at both 4 and 24 h of CH. Minocycline had no
effect on glia in normoxia but significantly decreased microglia
activation at 1 h of CH and astrocyte activation at 24 h of CH.
These results support a role for glial cells, providing an early signal
for the induction but not maintenance of neural plasticity underlying ventilatory acclimatization to hypoxia.
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(Tadmouri et al. 2014). The studies presented here tested the
hypothesis that microglia activation is a critical signal for
ventilatory acclimatization to sustained hypoxia, and this precedes astrocyte activation in the NTS.
MATERIALS AND METHODS
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Animals. All animal experiments were carried out according to
protocols approved by the Institutional Animal Care and Use Committee of the University of California, San Diego (under the Guide for
Care and Use of Laboratory Animals; publication 85-23; NIH,
Bethesda, MD). Adult, male Sprague-Dawley rats (~10 wk of age;
250 –300 g; Harlan/Envigo) were housed up to three per standard cage
at room temperature, maintained on a 12-h:12-h light/dark cycle.
Testing was performed during the light cycle. Food and water were
available ad libitum except when animals were in the plethysmograph
to measure ventilation.
Experimental groups and minocycline administration. Two studies
were designed to assess effects of minocycline, an antibiotic and
putative microglia inhibitor, on ventilation during exposure to CH or
normoxia (CN). Minocycline (Sigma-Aldrich; M9511), a tetracycline
derivative antibiotic, is commonly used to suppress microglia activation (Blackbeard et al. 2007; Lorea-Hernández et al. 2016; MacFarlane et al. 2016; Tadmouri et al. 2014). Ventilation study 1
consisted of four groups of rats (n ⫽ 3 rats/group) under the following
individual conditions: CN-saline, CN-minocycline, CH-saline, or CHminocycline. CH exposure for study 1 was 7 days in a hypobaric
chamber (barometric pressure ⫽ 380 Torr, PIO2 ⫽ 70 Torr, [O2] ⫽
10%, temperature ⫽ 21°C with 40% relative humidity). Rats received
one prehypoxia dose of either saline or minocycline (45 mg/kg ip)
followed by daily doses of saline or minocycline (45 mg/kg ip) each
day in the hypobaric chamber, or in normoxia. At the end of the 7-day
hypoxia exposure time course, rats were placed in a whole body
plethysmograph for ventilation recordings. In ventilation study 2 rats
were exposed to 7 days of hypoxia and administered minocycline (45
mg/kg ip) in one of two regimes: Early minocycline, minocycline
days 0 –3 of hypoxia exposure and saline days 4 –7; and Late minocycline, saline days 0 –3 of hypoxia and minocycline days 4 –7 (n ⫽
3 rats/group). Ventilation was recorded using whole body plethysmography on day 4 (before treatment change) and on day 7, after the
final hypoxic day. The final minocycline or saline dose was administered at the start of the last 24 h in the chamber, for both ventilation
study 1 and ventilation study 2.
To obtain the time course of glial cell activation with varying
lengths of CH, rats (n ⫽ 3– 4/group) were exposed to CH and
euthanized for immunohistochemical or morphometric analysis at the
following time points: 30 min, 1 h, 4 h, 24 h, 4 days, and 7 days (Figs.
3 and 4). For shorter time points of 4 h or less, rats were placed in a
chamber with constant airflow maintained at 10% O2. For hypoxic
exposure of over 24 h or more, we used a hypobaric chamber as
described previously (Pamenter et al. 2014a, 2014b). The chamber
was held at half the normal sea level barometric pressure (barometric
pressure ⫽ 380 Torr, PIO2 ⫽ 70 Torr) and other environmental conditions inside comparable to those in the vivarium, laboratory, or
plethysmograph (temperature ⫽ 21°C with 40% relative humidity).
An additional minocycline administration study was set up to
assess the effect of minocycline (45 mg/kg ip) on glial cell activation
in respiratory centers during CH (Fig. 5). We studied the following
nine groups of rats (n ⫽ 3– 6/group): normoxia, normoxia ⫹ saline,
normoxia ⫹ minocycline, 1 h CH, 1 h CH ⫹ saline, 1 h CH ⫹
minocycline, 24 h CH, 24 h CH ⫹ saline, and 24 h CH ⫹ minocycline. Animals were euthanized, and tissue was processed for immunohistochemistry and morphometric analysis as described below in
Immunofluorescent labeling of brainstem microglia and astrocytes.
Plethysmography. Ventilatory responses to hypoxia and hypercapnia were measured in unrestrained rats using a whole body barometric
plethysmograph (7 l) modified for continuous flow (Pamenter et al.

2014a; Reid and Powell 2005). Briefly, flow was maintained constant
through the chamber while a pressure transducer (mMP45 with 2
cmH2O diaphragm, Validyne) recorded the changes attributable to the
warming and expansion of inhaled gases.
On the experimental day, the rats were weighed and sealed into the
plethysmograph chamber along with a temperature and humidity
probe (Thermalert TH5, Physitemp). A constant gas flow (3 l/min)
was delivered with a mass flow controller and gas mixer (MFC-4
Sable Systems) upstream of the chamber. Gases exited the chamber
through a valve and into a vacuum pump (Model 25, Precision
Scientific) to isolate pressure changes from breathing in the chamber
during constant flow with high input and output impedances. This also
allows us to maintain chamber pressure near-atmospheric pressure
and reference pressure measurements (Validyne) in the chamber to
atmosphere. Inspired and expired oxygen and carbon dioxide fractions
were measured with an O2/CO2 mass spectrometer (RAMS M-100;
GE Marquette Medical Systems) sampling from the chamber.
Data acquisition and analysis. All ventilatory parameters were
recorded on an analog-digital acquisition system (PowerLab 8SP, AD
Instruments) and analyzed with the LabChart 8-Pro Software, sampling at a rate of 1 kHz. We analyzed a minimum of 30 s as part of
the region of interest between 10 and 15 min after changing gas
concentrations. The frequency (breaths/min) and tidal volume (ml)
were calculated from cyclic peaks in the plethysmograph pressure
pulses, and tidal volume was measured using 0.2-ml calibration
pulses; the equations were developed by (Drorbaugh and Fenn 1955).
The product of frequency and tidal volume is inspired ventilation (V̇I),
which was normalized to body mass ventilation (ml/min·kg).
Immunofluorescent labeling of brainstem microglia and astrocytes.
At the end of the specified time point, rats were first anesthetized
(Fatal Plus, Vortech, 150 mg/kg ip) to a deep surgical plane confirmed
by lack of response to a toe pinch. Animal tissues were fixed via
transcardial perfusion, first flushed with 0.9% saline/0.004% heparin,
followed by 4% paraformaldehyde (PFA). The brainstem was removed and postfixed in 4% PFA overnight followed by immersion in
30% sucrose. Brainstem tissue was mounted and frozen in optimal
cutting temperature compound (Tissue-Tek, Sakura) and sectioned on
a Leica cryostat in 40-M sections. For labeling with antibodies
against ionized calcium binding adaptor molecule 1 (Iba-1; microglia)
and glial fibrillary acidic protein (GFAP; astrocytes), sections were
incubated at 4°C for 2 days in a solution of PBS with 0.1% Triton, 1%
normal goat serum, Iba-1 (rabbit; 1:2,000; Wako), and GFAP
(chicken; 1:2,000; Life Technologies). After the 2-day primary incubation, sections were rinsed in PBS and incubated for 1 h at room
temperature with secondary antibodies Cy3-goat-anti-rabbit (1:1,000;
Jackson ImmunoResearch) and 488-goat-anti-chicken (1:500; Life
Technologies). Sections were mounted on slides and coverslipped
with ProLong Diamond anti-fade with DAPI. Images were acquired
using a Leica SP5 confocal system.
Quantifying microglia activation. We used IMARIS software (Bitplane, Oxford Instruments, v. 8.2) to quantify changes in microglia
morphology as measures of activation (Fontainhas et al. 2011; Morrison and Filosa 2013). Experimental groups were coded and blinded
during quantification to prevent investigator bias. Using the IMARIS
FilamentTracer, microglia cell bodies and branches were semiautomatically traced through the three-dimensional plane of the confocal
z-stack image. This tracing created a filament skeleton overlaying the
immunofluorescent Iba-1 antibody labeling microglia (see Fig. 3). The
NTS region was selected from the image and parameters to assess
microglia activation, including the average length of branches per
microglia and the average number of end points per microglia.
Microglia cell count was included in this analysis.
Selection of the NTS region was based on identification of the
central canal and area postrema. A rectangular region lateral to the
central canal and inferior to the area postrema was selected for each
individual image (see Figs. 3 and 4 for schematics). The total area
selected was the same for every image.
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RESULTS

Minocycline administration blocks VAH. Ventilation increased in chronically hypoxic rats compared with normoxic
control rats treated with saline (Fig. 1A), similar to previous
reports from our laboratory (e.g., Pamenter et al. 2014a;
2014b). Minocycline administered to rats during a 7-day CH
exposure significantly (P ⬍ 0.001) decreased ventilation in
hypoxia, so it was no different than normoxic control rats (Fig.
1A; at 10% inspired O2 hypoxia-saline V̇I ⫽ 2188.0 ⫾ 51.3
ml/min·kg, hypoxia-minocycline V̇I ⫽ 1397.7 ⫾ 147.7 ml/
min·kg, normoxia-saline V̇I ⫽ 1249.7 ⫾ 36.4 ml/min·kg, nor-

moxia-minocycline V̇I ⫽ 1255.8 ⫾ 17.3 ml/min·kg) while
having no effect on the hypercapnic ventilatory response (Fig.
1B). Minocycline also had no effect on normoxic animals
treated for 7 days (Fig. 1, A and B), thus there are no effects of
minocycline on ventilation in the absence of CH. In examination of the pattern of breathing, minocycline significantly (P ⬍
0.001) decreased frequency (Fig. 1C; at 10% inspired O2
hypoxia-saline 190.0 ⫾ 4.2 breaths/min, hypoxia-minocycline
133.3 ⫾ 1.3 breaths/min, normoxia-saline 128.9 ⫾ 4.8 breaths/
min, normoxia-minocycline 116.8 ⫾ 11.9 breaths/min), with
no effect on tidal volume (Fig. 1D) after 7 days of CH.
Early microglia activation required for VAH. To determine
whether minocycline exerts an effect on VAH at specific times
during CH, we administered minocycline either Early or Late
during 7 days of CH. Early minocycline administration for the
first 3 days of CH blocked the increase in ventilation (P ⬍
0.05) in hypoxia on day 4; note in Fig. 2A, V̇I breathing 10%
O2 after Early minocycline (e, dashed line; at 10% inspired O2
V̇I ⫽ 1459.1 ⫾ 158.0 ml/min·kg) is not significantly greater
than in a normoxic control rat illustrated with the thin solid
gray line (V̇I ⫽ 1249.7 ⫾ 36.4 ml/min·kg). However, stopping
minocycline treatment during days 5 to 7 of CH allowed
ventilatory acclimatization to proceed with increased ventilation in normoxia and hypoxia on day 7 (Fig. 2A, , solid line;
at 10% inspired O2 V̇I ⫽ 1678.1 ⫾ 99.4 ml/min·kg).
In contrast, Late minocycline administration during days
4 –7 of CH was not able to reverse VAH (Fig. 2D). There was
no difference between the elevated levels of ventilation relative
to normoxic controls (thin line in Fig. 2D) after 4 days of saline
(Fig. 2D, Œ, dashed line) vs. minocycline during days 5 to 7
(Fig. 2D, , solid line).
The effects of minocycline on ventilation are explained
mainly by changes in breathing frequency (Fig. 2, B and E),
whereas tidal volume was not affected (Fig. 2, C and F). Early
minocycline resulted in lower breathing frequency (P ⬍ 0.01)
after 4 days of CH relative to the value reached after saline

Fig. 1. Systemic minocycline administration
blocks ventilatory acclimatization to hypoxia (VAH) in 7-day chronic sustained hypoxia (CH). Following exposure to 7 days of
CH, ventilation significantly increased in saline-treated rats compared with salinetreated normoxic control rats (A). Minocycline administration significantly blocked
VAH in CH with no effect on ventilation in
the minocycline-treated normoxic control
rats (A), and no effect of minocycline was
observed in the hypercapnic ventilatory response (B). Minocycline administration
blocked the hypoxia-induced increase in
breathing frequency with CH (C), with no
effect on tidal volume (D). All data are presented as means ⫾ SE, n ⫽ 3– 4 animals/
group; #P ⬍ 0.001, 2-way ANOVA across
groups (normoxic-saline vs. hypoxic-saline,
and hypoxic-saline vs. hypoxic-minocycline).
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Quantifying astrocyte activation. We quantified astrocyte activation as mean GFAP immunofluorescent intensity using ImageJ (FIJI;
software v. 2.0.0) freely available by the NIH. This approach is based
on previous work showing that astrocytes upregulate GFAP protein
during activation (Eng and Ghirnikar 1994). Experimental groups
were coded and blinded during quantification to prevent investigator
bias. We used the Analyze-Measure tool in FIJI to analyze the mean
fluorescence intensity of the GFAP-positive area within the selected
NTS region. All images were background corrected based on their
own fluorescent staining by subtracting the background region of the
individual image from the GFAP-positive selection. To address the
question of astrocyte proliferation, an astrocyte count was performed
with a colocalization cell count of GFAP and DAPI.
Statistics. All statistics are based on raw data values, and all data
are presented as means ⫾ SE. All statistical analysis was performed
using PRISM software (Graphpad Software, v. 5.0d). Ventilation data
sets were analyzed by two-way ANOVA with Bonferroni posttest.
Astrocyte and microglia activation across CH time points were analyzed by one-way ANOVA with Dunnett’s posttest. Two-way
ANOVA with Bonferroni posttest was used to assess the effects of
intraperitoneal saline and intraperitoneal minocycline on glial cell
activation in normoxia, 1 h of hypoxia, and 24 h of hypoxia, and a
one-way ANOVA with Bonferroni multiple-comparisons posttest was
used to assess effects of CH alone. Statistical tests, P values, and
symbols are noted in each figure legend.
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treatment for days 4 –7 of CH (Fig. 2B, 133.0 ⫾ 2.6 breaths/
min vs. 158.5 ⫾ 3.5 breaths/min at 10% inspired O2). There
were no differences in breathing frequency of tidal volume
with Late minocycline treatment, consistent with no differences in ventilation (Fig. 2, D–F). These results are consistent
with a minocycline-sensitive signal initiating the plasticity
involved in acclimatization, but, once acclimatization is established, blocking the signal does not reverse it.
Microglia and astrocyte activation time course during CH.
The effect of Early minocycline administration on VAH and
the lack of a reversal effect on established VAH with Late
minocycline administration led us to investigate the timeline of
microglia and astrocyte activation in the NTS with sustained
hypoxia. To measure the time course of microglia activation,
we quantified the change in microglia morphology from a
ramified (resting) state to an amoeboid (activated) state by
measuring two parameters: 1) the average branch length per
microglia and 2) the average number of end points per microglia. The NTS region of interest for analysis is outlined with
the dashed white rectangle in Fig. 3A. Figure 3B shows how we
measured branch length (red lines) from the soma (blue circle)
to end points (green circles), and example skeletons are superimposed on the bottom two images of Fig. 3C. We compared
both parameters across different time points of CH exposure
and observed a significant (P ⬍ 0.01) shift in microglia
morphology indicative of activation at 1 h of CH, with a
decrease in the branch length (Fig. 3D; normoxia 169.8 ⫾ 22.1

m; 1 h CH 107.3 ⫾ 10.9 m) and decrease in the number of
end points (Fig. 3E; normoxia 11.9 ⫾ 1.7; 1 h CH 7.2 ⫾ 0.8).
A return to a ramified state indicative of resting microglia was
seen by 24 h of CH (Fig. 3D), when there was a significant
overshoot (P ⬍ 0.05) in the number of end points (Fig. 3E;
normoxia 11.9 ⫾ 1.7; 24 h CH 15.6 ⫾ 1.1), but this returned to
baseline by 4 days also. The number of microglia did not
change over 7 days of CH (Fig. 3F).
Astrocyte activation was quantified by measuring the average mean fluorescence intensity of GFAP protein in the NTS
(Fig. 4). The NTS region of interest is outlined with a white
dashed rectangle in Fig. 4A, and representative images from
selected time points are shown in Fig. 4B. Astrocyte activation
peaked (P ⬍ 0.05) at 4–24 h of CH but decreased and was not
significantly different from normoxia at 4–7 days (Fig. 4C;
normoxia 6.0 ⫾ 0.8; 4 h CH 9.3 ⫾ 1.7; 24 h CH 9.7 ⫾ 1.3).
The number of astrocytes did not change throughout CH
exposure (Fig. 4D). Summarizing, microglia are activated
before astrocytes by CH, and both types of glia return to
control states by 4–7 days of CH when acclimatization
occurs.
Minocycline inhibits glial cell activation in the NTS. Given
the differences in microglia and astrocyte activation over 1–24
h of sustained hypoxia (Figs. 3 and 4), we tested the effects of
minocycline on microglia and astrocyte activation by CH
during this period. We chose 1 h of CH as the peak of
microglia activation with no change in astrocytes and 24 h as
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Fig. 2. Minocycline blocks the initiation but not maintenance of VAH. Early minocycline administration initially blocked VAH on day 4, but, after saline
administration during the final days of hypoxic exposure, ventilation increased (A), which was a frequency-dependent effect (B), with no effect on tidal volume
(C). Late minocycline administration had no effect on ventilation (D), breathing frequency (E), or tidal volume (F) after VAH was already established. Thin solid
lines (A and D) show data from normoxic rats (from Fig. 1) for comparison. All data are presented as means ⫾ SE, n ⫽ 3 animals/group; #P ⬍ 0.05, ##P ⬍
0.01, 2-way ANOVA across groups; *P ⬍ 0.05, **P ⬍ 0.01, 2-way ANOVA with Bonferroni posttest comparing inspired O2%.
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a time when astrocytes were activated but microglia had
returned to control. Figure 5, A and B, shows microglia changing to an activated shape with 1 h of CH (similar to Fig. 3), but
this is blocked by minocycline. At 1 h of CH, minocycline
administration blocked the decrease in branch length (Fig. 5A;
P ⬍ 0.001; 1 h CH no treatment 143.9 ⫾ 17.8 m; 1 h CH
saline 142.2 ⫾ 6.4 m; 1 h CH minocycline 188.6 ⫾ 18.7 m)
and number of end points (Fig. 5B; P ⬍ 0.01; 1 h CH no
treatment 9.9 ⫾ 1.3; 1 h CH saline 10.3 ⫾ 1.3; 1 h CH minocycline 13.6 ⫾ 1.5) to more closely resemble the normoxic
animal values (branch length: normoxia no treatment
216.8 ⫾ 13.0 m; normoxia saline 225.6 ⫾ 10.5 m; normoxia minocycline 208.8 ⫾ 27.5 m; and number of end

points: normoxia no treatment 15.7 ⫾ 1.6; normoxia saline
17.0 ⫾ 0.6; normoxia minocycline 14.9 ⫾ 2.8). No effect of
minocycline was observed at 24 h of CH, when microglia are
no longer in their “active” amoeboid shape (Fig. 5, A and B),
and minocycline had no effect on microglia number at 1 h of
hypoxia (saline ⫽ 50.330 ⫾ 4.933, minocycline ⫽ 47.330 ⫾
6.110) or 24 h of hypoxia (saline ⫽ 42.670 ⫾ 4.726, minocycline ⫽ 43.330 ⫾ 5.033) compared with normoxic control
(43.670 ⫾ 3.512).
Minocycline also significantly (P ⬍ 0.001) inhibited astrocyte activation at 24 h of CH and even significantly (P ⬍ 0.05)
reduced GFAP expression relative to normoxic values at 1 h of
hypoxia (Fig. 5C; relative GFAP intensity values at 1 h CH
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Fig. 3. Quantifying changes in microglia morphology in the rat nucleus tractus solitarius (NTS) during sustained hypoxia. IMARIS software was used to trace
a skeleton of microglia filaments through the selected NTS region (white dashed outline), z-stack confocal image (A). The average branch length per microglia
(tracing the red skeleton from the blue soma to green end point) and average number of end points per microglia (green circles) (B) are shown. C: examples of
tracings include the following: top: z-stack confocal image of blue immunofluorescent staining of microglia labeled with Iba-1. Bottom: IMARIS red skeleton
overlaying the blue fluorescent staining. Scale bar ⫽ 20 m in all 4 images. After 1 h of hypoxia, the microglia have shorter branches (D) and a decrease in
end points (E) in the NTS. The number of microglia remained constant throughout the time points of hypoxia exposure (F); n ⫽ 3– 4 animals/group; 1-way
ANOVA with Dunnett’s posttest; *P ⬍ 0.05; **P ⬍ 0.01.
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Fig. 4. Astrocyte activation quantification in the rat NTS following sustained hypoxia. Astrocyte activation was assessed in the NTS region outlined by the
white-dashed rectangle (A). The mean glial fibrillary acidic protein (GFAP) antibody intensity increased after 4 h and remained elevated at 24 h of sustained
hypoxia exposure in the NTS (B and C). The number of astrocytes did not change throughout selected time points of interest in the NTS (D); n ⫽ 3– 4
animals/group; 1-way ANOVA with Dunnett’s posttest; *P ⬍ 0.05.

saline 1.20 ⫾ 0.16; 1 h CH minocycline 0.91 ⫾ 0.12; 24 h CH
saline 1.30 ⫾ 0.15; 24 h CH minocycline 0.76 ⫾ 0.02). These
results are consistent with microglia in the NTS responding to
CH before astrocytes and microglial activation providing a
signal for astrocyte activation.
DISCUSSION

The presented results show the following: 1) glial cell
activation in the NTS, which is an important medullary respiratory center, occurs during the first hours to day of chronic

hypoxia; 2) VAH does not occur when microglia and astrocyte
activation is blocked by minocycline, during Early exposure to
CH; 3) minocycline administered after 4 days of CH does not
reverse VAH; and 4) microglia activation in sustained hypoxia
precedes astrocyte activation, and astrocytes are not activated
when microglia activation is blocked by minocycline. Together
these data support a working model for ventilatory acclimatization that requires early microglia and then astrocyte activation by sustained hypoxia to initiate neural plasticity in brainstem respiratory centers.
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Glia and central respiratory control. The data presented
here add to the evolving story of glial cell involvement of
respiratory control and VAH. In the present study, minocycline
administered to rats during a 7-day CH exposure significantly
decreased ventilation in hypoxia, mainly by an effect on
breathing frequency, but it did not depress the persistent
hyperventilation when normoxia is restored acutely. We also

show that, once VAH is established, glial cell inhibition by
minocycline cannot reverse VAH, suggesting that glia are
involved in the early steps of neural plasticity that develops in
the NTS with CH. This is consistent also with neurophysiological measurements indicating that an increase in firing of
NTS neurons following 24 h of CH is mediated by glial cells
(Accorsi-Mendonça et al. 2015).
The NTS serves as an integration center for peripheral
chemoreceptor primary afferents and second-order neurons,
sending projections to other brain regions contributing to respiratory control in hypoxia (Accorsi-Mendonça and Machado
2013; Chitravanshi and Sapru 1995; Donoghue et al. 1984;
Mifflin 1992). Thus activation of glia in the NTS by primary
afferents from the carotid body could have profound effects on
ventilatory control. Astrocytes have already been shown as key
mediators in peripheral chemoreflex pathways (AccorsiMendonça et al. 2013; Lin et al. 2013), and both microglia and
astrocytes are activated in the NTS in CH (Tadmouri et al.
2014). Additionally, astrocytes present in brainstem chemosensitive areas release ATP in response to physiological decreases
in pH (Gourine et al. 2010). Given the very pronounced presence and activity of glial cells in the chemical control of
ventilation, we propose that it will be productive to investigate
other well-known functions of glia in neural plasticity of
chemoreflexes, such as new synapse connections or synaptic
pruning of overactive neurons (Allen 2014; Ji et al. 2013;
Kettenmann et al. 2013).
Microglia and astrocyte activation timeline in hypoxia.
Given previous reports of different times for activation of
astrocytes vs. microglia in the NTS during 24 h of hypoxia and
the effect of minocycline to block increases in the hypoxic
ventilatory response (HVR) between 6 and 24 h of hypoxia
(Tadmouri et al. 2014), we hypothesized that the sequence of
glial activation in the NTS is important for VAH. Tadmouri et
al. (2014) found astrocyte activation first at 1 h of CH,
followed by microglia activation at 6 h. In contrast, using a
morphology-based method for quantifying microglial activation, we found that microglia were activated before astrocytes
during the first hours of sustained hypoxia, and with days of
hypoxia both types of glia return to control states when
acclimatization occurred. Tadmouri et al. (2014) used an increase in colocalization of Iba-1 and CD11b as a marker of
microglia activation. This is based on the observation that
microglia increase their cell surface expression of CD11b via
reactive oxygen species in neuroinflammatory disease states
(Roy et al. 2008). However, CD11b is also detected in “resting” microglia (González-Scarano and Baltuch 1999), so colocalization with Iba-1 does not necessarily indicate activation.
Also, as discussed in more detail below, newer evidence
supports the view that microglia are never resting but rather
they have different functions associated with their morphology;
thus the morphological assessment of activation we used
should be more accurate than immunohistochemistry alone.
In the time course of NTS microglia and astrocyte activation
illustrated in Figs. 3 and 4, the first activation response is in
microglia as they shift from a ramified, extended branching
form to an amoeboid morphology. In a ramified state, the
extended microglia processes are continually retracting and
expanding to survey their surrounding environment (Hanisch
and Kettenmann 2007; Nimmerjahn et al. 2005; Tremblay et al.
2011). When microglia react to extracellular signals, they
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Fig. 5. Minocycline inhibits microglia and astrocyte activation in CH. Microglia morphology and astrocyte activation was assessed in the NTS region at 1
h and 24 h of CH with either saline or minocycline. Normoxic animals with
either intraperitoneal saline or minocycline are presented as controls. Following 1 h of CH, microglia displayed a more amoeboid shape with shorter (A) and
fewer branches (B), and minocycline administration blocked this morphology
shift with branch length and number of end points more closely resembling the
normoxic animal values. Minocycline also significantly inhibited astrocyte
activation at 24 h of CH and at the 1 h CH time point (C); n ⫽ 3– 6
animals/group; 2-way ANOVA comparing treatments; *P ⬍ 0.05; **P ⬍ 0.01;
***P ⬍ 0.001. 1-way ANOVA with Bonferroni multiple-comparisons posttest
to compare normoxia vs. hypoxic conditions; #P ⬍ 0.001 and ␦P ⬍ 0.05.
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microglia in VAH is to use other, more specific, methods to
block microglia activation (Elmore et al. 2014).
Another methodological issue that may affect our conclusions is the difference in the methods used to quantify activation of astrocytes and microglia. Astrocyte activation is generally quantified by measuring an increase in GFAP protein
expression with immunohistochemistry for GFAP, which is
increased in activated astrocytes (Eng and Ghirnikar 1994).
Microglia activation, on the other hand, has been quantified by
a number of methods, including Iba-1 protein expression (Chen
et al. 2012; Ito et al. 2001; Stokes et al. 2013), immunohistochemistry to colocalize Iba-1 with macrophage proteins often
expressed during microglia activation such as CD68, CD11b,
or CD45 (Perego et al. 2011; Tadmouri et al. 2014; Turtzo et
al. 2014), and morphological changes similar to those we used
(Fontainhas et al. 2011; Morrison and Filosa 2013). Because
we are quantifying activation of two different cell types using
two different metrics (protein expression in astrocytes vs.
morphological change of microglia), the response times of
these two metrics needs to be considered. Changes in GFAP
protein expression should occur quickly, however, because
GFAP is ~50 kDa in size and could undergo transcription and
translation in as quickly as a few minutes. Upregulation of
GFAP protein expression has been shown as early as 1 h in
both rat tissue (Amaducci et al. 1981) and human blood (Papa
et al. 2016). Similarly, microglia begin to retract their processes within 30 min of activation (Rupalla et al. 1998; Stence
et al. 2001). The earliest time point in our studies was 1 h, so
we conclude that the different methods cannot explain our
results. However, further study is warranted.
Physiological significance. As discussed above, our data add
to the growing evidence for inflammatory signaling and glial
cell activation in medullary respiratory centers during sustained hypoxia, and this is important for ventilatory acclimatization to hypoxia (Hocker et al. 2017). We hypothesize that
glial activation is an important step in generating inflammatory
signals that appear necessary for neural plasticity during acclimatization to hypoxia. Evidence for this includes a significant
decrease in the HVR of healthy humans acclimatizing to high
altitude when they receive ibuprofen (a nonsteroidal antiinflammatory drug) from the onset of high-altitude exposure
(Basaran et al. 2016). Similarly, ibuprofen administered to rats
during chronic hypoxia completely blocks their normal timedependent increase in HVR and also blocks increased expression of inflammatory cytokine genes (IL-1␤, IL-6) in the NTS
(Popa et al. 2011). Recently, we observed that minocycline
treatment during 24 h of sustained hypoxia blocks increased
TNF-␣ and IL-6 gene expression in the NTS (Hocker et al.
2017). Here we show that the putative effect of minocycline to
block microglial activation also blocks ventilatory acclimatization to hypoxia (Fig. 1) although it cannot reverse it (Fig. 2).
Microglia activation precedes astrocyte activation in the NTS
during CH (Figs. 3 and 4), both of which are blocked by
minocycline (Fig. 5), but minocycline has no effect on microglia or astrocytes in the NTS during normoxia (Fig. 5). Taken
together, the results support that microglial activation is a
signal or source for inflammatory signals that are necessary for
plasticity in VAH.
Here we focus on the NTS for glial cell activation because
plasticity in this central respiratory center has been shown to be
important for VAH (Accorsi-Mendonça et al. 2015; Pamenter
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change morphology to an amoeboid, reactive form (Kreutzberg
1996), where they can take on many roles, including release of
cytokines or other gliotransmitters, or phagocytose apoptotic
cells (Hanisch and Kettenmann 2007). Microglia can release
small amounts of ATP, which binds to P2Y1R on astrocytes,
which can then lead to amplification of ATP release by astrocytes (Pascual et al. 2012), further propagating the initial
neuronal stimuli. In accordance with previous reports (Tadmouri et al. 2014), we also found that minocycline administration inhibited both microglia and astrocytes, suggesting
cross-talk between the two types of glia when activated by
hypoxia.
One additional finding of note in this study was the significant increase in the number of microglia end points after 24 h
of hypoxia compared with normoxic control, as they recovered
from the ramified and activated state at 4 h of hypoxia (Fig.
3D). We speculate that this could be due to higher levels of
ATP in the extracellular space subsequent to astrocyte activation or an increase in neuronal activation, as ATP has been
shown to promote increased branching and heightened surveillance by microglia (Dissing-Olesen et al. 2014). Microglia
distribution is heterogeneous (Lawson et al. 1990), and their
phenotypic heterogeneity is related to their local environment
(Kapoor et al. 2016; Nikodemova et al. 2014); thus assessing
microglia number and specific morphology in other respiratory
regions of the brain in normoxia and hypoxia could provide
further insight into their roles in VAH and central respiratory
control.
Critique of methods. We used minocycline as a pharmacological tool to inhibit microglia based on previous published
research taking the same approach (Blackbeard et al. 2007;
Lorea-Hernández et al. 2016; MacFarlane et al. 2016; Tadmouri et al. 2014). However, a recent review of the literature
on minocycline and microglia (Möller et al. 2016) considers
the general anti-inflammatory effects of this antibiotic and the
challenges in determining whether physiological responses to
minocycline result from molecular mechanisms of such antiinflammatory effects independent of microglia. Although microglia activation can lead to increased cytokine production
and inflammatory responses, inflammatory cytokines can stimulate microglia as well (Hanisch and Kettenmann 2007). This
reciprocal effect is particularly relevant to consider for our
experiments because we know that nonsteroidal anti-inflammatory drugs (e.g., ibuprofen) can block increases in the HVR
with chronic hypoxia (Basaran et al. 2016; Popa et al. 2011)
and minocycline blocks increases in mRNA for inflammatory
cytokines interleukin-6 and TNF-␣ (Hocker et al. 2017).
Therefore, it is impossible to attribute the effects of minocycline on ventilatory acclimatization to hypoxia to microglia
unequivocally. However, the effect of minocycline to block
microglial activation is widely supported by the literature, and
minocycline is the only pharmacological tool we presently
have to block microglia activation in vivo for experiments such
as ours. Importantly, Lorea-Hernández et al. (2016) recently
studied the effects of various putative microglial activators and
inhibitors on neural generation of the respiratory rhythm in
vitro and in vivo and found that the effects of minocycline were
consistent with an inhibitory effect on microglial activation vs.
anti-inflammatory effects on respiratory center neurons. Hence,
we need to qualify our conclusions about the effects of minocycline, and a logical next step to determine the role of
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