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Microglia modulate brainstem serotonergic expression
following neonatal sustained hypoxia exposure:
implications for sudden infant death syndrome
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Key points

� Neonatal sustained hypoxia exposure modifies brainstem microglia and serotonin expression.
� The altered brainstem neurochemistry is associated with impaired ventilatory responses to

acute hypoxia and mortality.
� The deleterious effects of sustained hypoxia exposure can be prevented by an inhibitor of

activated microglia.
� These observations demonstrate a potential cause of the brainstem serotonin abnormalities

thought to be involved in sudden infant death syndrome.

Abstract We showed previously that the end of the second postnatal week (days P11–15)
represents a period of development during which the respiratory neural control system exhibits
a heightened vulnerability to sustained hypoxia (SH, 11% O2, 5 days) exposure. In the current
study, we investigated whether the vulnerability to SH during the same developmental time
period is associated with changes in brainstem serotonin (5-HT) expression and whether it can
be prevented by the microglia inhibitor minocycline. Using whole-body plethysmography, SH
attenuated the acute (5 min) hypoxic ventilatory response (HVR) and caused a high incidence of
mortality compared to normoxia rats. SH also increased microglia cell numbers and decreased
5-HT immunoreactivity in the nucleus of the solitary tract (nTS) and dorsal motor nucleus of
the vagus (DMNV). The attenuated HVR, mortality, and changes in nTS and DMNV immuno-
reactivity was prevented by minocycline (25 mg kg−1/2 days during SH). These data demonstrate
that the 5-HT abnormalities in distinct respiratory neural control regions can be initiated by
prolonged hypoxia exposure and may be modulated by microglia activity. These observations
share several commonalities with the risk factors thought to underlie the aetiology of sudden
infant death syndrome, including: (1) a vulnerable neonate; (2) a critical period of development;
(3) evidence of hypoxia; (4) brainstem gliosis (particularly the nTS and DMNV); and (5) 5-HT
abnormalities.
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Introduction

Postnatal maturation of brainstem respiratory neural
control regions involves changes in the expression of
several neurochemical factors, particularly during the
second postnatal week of life in the rat (approximately
postnatal day (P) 12 of age) (Liu & Wong-Riley, 2005;
Wong-Riley & Liu, 2005; Liu & Wong-Riley, 2010a,
2010c). The changes that occur during this critical
period of development, although apparently necessary for
adequate maturation of respiratory neural control, also
coincide with a heightened vulnerability to environmental
challenges. Specifically, we recently showed that sustained
hypoxia exposure (SH, 11% O2, 5 days) encompassing the
critical period (between P11 and 15) attenuated the acute
hypoxic (HVR) and hypercapnic (HCVR) ventilatory
response, and caused an unusually high degree of mortality
that occurred several days (at �P18) after SH exposure
ended (Mayer et al. 2014). The cause for the deleterious
effects of SH on respiratory control is unknown, so in
the current study we investigated whether it involves a
disturbance in brainstem neurochemistry.

There are considerable changes in constitutive
expression of various neurotransmitters that define
critical stages of postnatal brainstem development (Liu
& Wong-Riley, 2005). Serotonin (5-HT), GABA and
glutamate expression, for example, change abruptly in the
rhythmogenic network (pre-Bötzinger complex, preBötC)
and the nucleus of the solitary tract (nTS) (Liu &
Wong-Riley, 2002, 2010b,c) where carotid body chemo-
afferents terminate (Finley & Katz, 1992). The reasons
for the unique changes in brainstem neurochemistry that
occur during the critical stage of development are largely
unknown, although they appear necessary for ‘normal’
maturation of the respiratory neural control system. The
changes in brainstem 5-HT expression are of particular
interest because of 5-HT’s well-known modulatory effects
on HVR (Richter et al. 1999) and HCVR (Li et al. 2006;
Penatti et al. 2006; Hodges & Richerson, 2010a,b). Genetic
disruption of brainstem 5-HT expression increased the
incidence of apnoea and resulted in death several days
after birth (Hodges et al. 2009). Furthermore, 5-HT
abnormalities in brainstem cardio-respiratory control
regions, including the dorsal motor nucleus of the vagus
(DMNV) and the nTS, have been proposed to under-
lie the respiratory disturbances and mortality associated
with sudden infant death syndrome (SIDS) (Bejjani et al.
2013; Machaalani & Waters, 2014). Collectively, these
data indicate that a disturbance in brainstem (e.g. 5-HT)
neurochemistry during critical periods of development
could underlie the heightened vulnerability of the neonate
to hypoxia exposure (Mayer et al. 2014). Brain tyrosine
hydroxylase levels were reduced at 2–3 weeks of age in rats
born at altitude (Joseph et al. 2000), indicating at least the

dopaminergic system is uniquely vulnerable to prolonged
hypoxia exposure during development.

The respiratory control system is also vulnerable
to pro-inflammatory challenges during critical stages
of development. Rats treated with an intraperitoneal
injection of lipopolysaccharide (LPS) at P10 exhibited
an attenuated HVR, which was associated with a high
incidence of mortality, neither of which was observed in
younger (P5) or older (P20) rats treated with the same dose
of LPS (Rourke et al. 2014). Of interest was the similarity
in the timing of the heightened vulnerability between LPS
(P10) and SH (P11) exposure and the consistent effects
on the acute HVR and lethality (Mayer et al. 2014). One
explanation for the heightened vulnerability during the
critical period is a microglial-mediated disturbance in
brainstem neurochemistry, particularly in key respiratory
neural control regions. Brain 5-HT levels were reduced in a
neonatal rat model of hypoxia/ischaemia injury, but these
were prevented by treatment with the inhibitor of activated
microglia, minocycline, and the anti-inflammatory agent,
ibuprofen, demonstrating CNS neurochemistry can be
regulated by microglia activity and pro-inflammatory
responses (Wixey et al. 2011a,b, 2012). Therefore, we
investigated whether the attenuated HVR and lethality of
SH exposure during the critical period of development
are associated with decreased 5-HT expression in key
brainstem respiratory control regions, and whether they
can be prevented by the inhibitor of activated microglia,
minocycline.

Methods

Ethical approval

Experiments were performed on neonatal male Lewis
rats (Charles River, Wilmington, MA, USA; colony PO6)
maintained under standard housing conditions on a
12:12 h light–dark cycle. Pregnant dams were provided
with standard bedding, nesting material and food and
water ad libitum. All procedures were carried out in
accordance with the National Institutes of Health (NIH)
guidelines for care and use of laboratory animals and were
approved by the Animal Care and Use Committee at Case
Western Reserve University. The experiments reported in
the present study comply with the policies and regulations
of The Journal of Physiology (Drummond, 2009).

SH exposure and minocycline treatment

Time-pregnant rats were housed in the animal facility of
the institution, and allowed to give birth naturally. When
the pups reached P11, the litters were randomly assig-
ned to groups that received room air or SH (11% O2)
for 5 consecutive days (24 h per day) beginning at 09.00 h.
Within each litter, rat pups were also randomly assigned to
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be treated with (n = 15) or without (n = 13) minocycline.
Age-matched rats that received saline (n = 12) or
minocycline (n = 8), but were not exposed to SH, served
as normoxia controls. SH was achieved by placing the
mother and pups inside a plexiglass chamber connected
to adjustable rotameters for mixing air and nitrogen. Air-
flow through the chamber was maintained at �4 l min−1

and O2 levels were monitored (TED 60T, Teledyne
Analytical Instruments, City of Industry, CA, USA) and
adjusted if necessary to maintain a constant appropriate
level of SH. Rats received a 25 mg kg−1 subcutaneous
injection of minocycline or saline of equivalent volume
immediately before (at P11), once during (P13) and
again at the end (P15) of SH exposure (a total of three
injections throughout the SH exposure period). This
dose of minocycline was chosen based on the literature
(Wixey et al. 2011b). For the injections given during
the exposure, chambers were briefly opened, and rats
were removed, weighed and injected with the appropriate
dose of minocycline (or saline). At the end of the day
5 of exposure, the rats were removed from the chamber
and allowed to recover in room air overnight and then
assessed for acute HVR and HCVR using whole-body
plethysmography. The HVR and HCVR of SH-treated rats
were compared to age-matched normoxic raised rats that
also received saline or minocycline. After plethysmography
measurements were made, a subset of rats were killed
with an overdose injection (intraperitoneal) of urethane
(3 g kg−1), perfused with paraformaldehyde and brain-
stems removed for later immunohistochemical analysis of
microglia (Iba1) and serotonin expression. Additional rats
were used to assess whether minocycline also prevented
mortality after SH exposure; these rats did not undergo
measurements of plethysmography and were simply used
to assess mortality. In these experiments, rats were allowed
to recover in room air until weaning (�P28). In the
instances in which the animals died, death was sudden,
unexplained even after a veterinary consult and occurred
without any apparent signs of distress or discomfort
approximately 3 days after SH exposure. Specifically, the
rats exposed to SH typically died during the night of
day 17, and thus for ethical reasons determination of
mortality was kept to a minimum number of animals
and because of a lack of an explanation for the
death.

Whole-body plethysmography

The day after the rats were removed from SH,
individual pups were separated from the litter and
placed inside a custom-made Perspex plethysmograph
chamber as described previously (Mayer et al. 2013, 2014).
Temperature inside the chamber was maintained (�28°C)
at all ages by adjusting a water bath (Isotemp 3013S,
Fisher Scientific, PA, USA) that circulated water to a heat

pad positioned underneath the plethysmograph. Airflow
through the chamber was held constant (450 ml min−1)
using a mass flow controller (0–2 l min–1; Aalborg,
NY, USA). Prior to each experiment, the chamber
was assessed for adequate seal by observing stability
of the square pressure change following injection of a
calibration volume (50 μl) using a glass micro-syringe
(Hamilton, Harvard Apparatus, Holliston, MA, USA). The
same injection volume was used later for calibration of
tidal volume changes associated with breathing. Rectal
temperature was monitored continuously throughout
the experiment with a fine temperature thermocouple
(Physitemp, Clifton, NJ, USA), which was held securely
in place with tape adhered to the base of the tail.
Measurement of minute ventilation (V̇E ) was made
during baseline, hypoxia and hypercapnia. Rats were
allowed �25 min to acclimatise to the plethysmograph
before receiving 10% O2 (5 min), followed by hypercapnia
(5% CO2, 5 min). Ventilation was measured when the
plethysmograph was sealed during the last 30 s of each
exposure. Chambers were sealed by turning stopcocks
upstream and downstream of the plethysmograph. The
corresponding pressure signal associated with breathing
during the time the chamber was sealed was calibrated to
calculate tidal volume as previously described (Drorbaugh
& Fenn, 1955; Mayer et al. 2013). The coefficient of
variation (CV) was calculated from the baseline period
breathing room air immediately prior to receiving acute
hypoxia.

Immunohistochemistry

Rats were killed via a urethane overdose and perfused
transcardially with 0.9% saline in 0.1 M phosphate buffer,
pH 7.4, followed by ice-cold 4% paraformaldehyde in
0.1 M phosphate buffer, pH 7.4. The brains were quickly
removed, post-fixed in the same fixative for 2 h at
4°C, and cryoprotected in 30% sucrose until they lost
buoyancy (�48 h). The brainstems were then embedded
in OCT compound (Sakura Finetek, Alphen aan Den
Rijn, Netherlands), frozen and stored at −80°C until
sectioning. Sections were cut using a Leica CM1850
cryostat. Serial coronal brainstem sections were then cut
at 20 μm and mounted on gelatin-coated slides and
stored at −20°C until immunohistochemical staining
was performed. Brainstem sections were collected from
the caudal region of the area postrema and extended
through to the merging of the central canal with the
4th ventricle. Brainstem regions of interest included the
nTS, DMNV and the raphe obscurus (ROb) because of
their suspected role in SIDS (Kinney, 2009; Kinney et al.
2009; Kinney & Thach, 2009; Bejjani et al. 2013). Analysis
was also extended to include a diversity of other brain
regions with various functions to ascertain whether there
are selective effects of SH on neurochemical expression
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that occur within distinct regions. These brain regions
include the hypoglossal motor nucleus (XII, a respiratory
motor region), the cuneate nucleus (CN, a non-respiratory
region that receives inputs from the digits of the front
paws), the nucleus ambiguus (nAmb, a multifunctional
region that includes parasympathetic neurons for the
heart) and the rhythmogenic network, the preBötC.

For staining, the slides were first thawed at room
temperature for 45 min, at which time a hydrophobic
barrier (pap pen) was applied to the outer surface of
the slide. Slides were then rehydrated in PBS (pH 7.4)
for three washes lasting 5 min each. Antigen retrieval
was then performed using 80°C citrate buffer (10 mM

citric acid, 0.05% Tween 20, pH 6.0). Slides were then
permeabilised with three washes in PBS containing 0.01%
Triton X-100 (PBST), incubated for 1 h in blocking
buffer (PBS containing 5% BSA, 5% normal donkey
serum and 0.01% Triton X-100), and then incubated
overnight at room temperature in either 1:5000 rabbit
anti-Iba1 (Wako, Tokyo, Japan) antibody or a 1:500 rabbit
anti 5-HT (Chemicon, Temecula, CA, USA) diluted in
blocking buffer for microglia or 5-HT, respectively. A
subset of slides with either 5-HT or Iba-1 antibodies
were co-incubated with a guinea pig anti-neurokinin-1
receptor (NK-1R; 1:500, EMD Millipore, Billerica, MA,
USA) antibody to aid in the localisation of the preBötC and
nAmb (Stornetta et al. 2003). After rinsing in PBST, slides
were incubated for 2 h with secondary donkey anti-rabbit
Alexa fluor 488 (1:500) diluted in blocking buffer. In
NK-R1 co-labelling experiments, a donkey anti-guinea pig
Alexa fluor 633 (Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA, USA) was used in addition to the
Alexa fluor 488 secondary antibody. After rinsing in PBS,
slides were cover-slipped with Prolong Gold anti-fading
medium (Life Technologies, Carlsbad, CA, USA). Tissue
processing and staining with each antibody for all animals
and sections from each treatment group were performed
on the same day.

Tissue sections were photographed for quantification
using a Leica TCS SP2 at 20× magnification at 512 × 512
resolution. However, 40× images at 1024 × 1024
resolution were also taken to provide representative images
within specific brain regions for illustrative purposes.
An argon laser beam allowed imaging of 488 nm
emission. Gain and offset of the photomultiplier tube were
adjusted to allow only a few saturated pixels, as per the
manufacturer’s recommendations. Images were captured
as single optical slices (xy) located at the approximate
z-axis middle of a tissue section. Digital images for analysis
between treatment groups for a given brain region were
performed on the same day on compressed z-stacks of the
images. Brain regions of interest were located according
to the atlas of Paxinos & Watson (1998), and included
the caudal nTS, adjacent DMNV, XII motor nucleus,

the preBötC, ROb, and CN. Semi-quantification of Iba1
and 5-HT expression was performed via fluorescence
densitometry including microglia cell counts within each
brain region for all four treatment groups using three
sections per animal.

5-HT and Iba-1 quantification

Densitometry was performed on 20× images by photo-
graphing (Retiga EXI camera) an area within each brain
region at the same light intensity and the same exposure
time with QImaging software. Images were loaded into
ImageJ and the background was corrected to the same
level for all images. A circle (100 pixels in diameter for
nTS, XII and CN, and 50 pixels in diameter for DMNV,
preBötC and adjacent nAmb) was then placed in the
pertinent brainstem region and the average pixel intensity
within the circle was measured and defines the area of
interest (AOI). Measurements were collected for three
anatomically equivalent sections in each animal and then
averaged to yield n = 1 per animal. The investigator was
then unblinded and the results compared between the four
treatment groups.

Iba1-positive cells were automatically quantified by a
blinded experimenter using the open source NIH software
Image J and its ‘analyse particles’ function to define a
threshold and particle size/circularity for each section
that enforced recognition of microglia located completely
within the section and focal plane. The same particle size
and threshold was used to analyse every section across all
animals and treatment groups. A similar approach was
used to quantify the number of 5-HT-positive neurons in
the ROb. The ROb was identified based on the presence of
large 5-HT neuron cell bodies and according to the Paxinos
& Watson (1998) atlas. 5-HT neuron counts are expressed
as the number of neurons per brainstem section. The
expression of 5-HT within the ROb was also quantified
within an outline of the region also in accordance with the
atlas; the same outline was used as a template for the AOI
in all sections across all treatment groups. The investigator
was then unblinded and the results were averaged from the
three cryo-sections to yield n = 1 per animal and expressed
as mean ± SD. 5-HT and Iba1 analysis within preBötC
and nAmb were performed by identifying the clustering
of NK-1R-immunoreactive neurons in the rostral ventral
lateral medulla, which is anatomically indicative of the
preBötC.

Statistical analysis

Statistical comparisons were made between treatment
groups using two-way ANOVA and a Student–
Newman–Keuls post hoc analysis. Differences were
considered significant at P < 0.05. All values are expressed
as mean ± 1 SD.
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Table 1. Body weight (BW), body temperature (Tb) and baseline ventilatory variables in P16 rats after 5 days of SH exposure (P11–15);
mortality was determined from the number of rats that had survived through to weaning (P28)

Variable

Treatment BW (g) Tb (°C) VE (ml g−1 min−1) VT (ml g−1) fB (breaths min–1) Mortality (%)

Normoxia Saline (n = 12) 35.2 ± 3.1 36.9 ± 0.4 1.06 ± 0.23 0.0077 ± 0.0013 137.8 ± 12.9 0
Minocycline (n = 8) 30.8 ± 1.6∗ 36.9 ± 0.3 1.04 ± 0.16 0.0078 ± 0.0009 132.6 ± 12.7 0

SH Saline (n = 12) 22.6 ± 4.9∗ 36.5 ± 0.9 1.51 ± 0.46∗ 0.0113 ± 0.0019∗ 132.8 ± 27.8 50
Minocycline (n = 15) 24.1 ± 5.0∗ 37.1 ± 0.4 1.47 ± 0.39∗ 0.0109 ± 0.0025∗ 137.4 ± 24.6 12

Values are mean ± 1SD.
∗Significant difference from normoxia saline-treated rats (P < 0.05).

Results

Baseline rates of ventilation, mortality and breathing
variability

Body weights and values for baseline breathing parameters
are provided in Table 1. SH significantly reduced body
weight (BW) in both saline (22.6 ± 4.9 g; P < 0.001)
and minocycline (24.1 ± 5.0 g; P = 0.003) treated rats
compared to normoxia (35.2 ± 3.1) controls. Interestingly,
compared to saline treatment, minocycline also tended to
decrease BW in normoxia (30.8 ± 1.6 g; P = 0.04) but not
SH rats. Resting body temperature was the same between
all treatment groups, although baseline minute ventilation
(V̇E ) and tidal volume (VT) were significantly higher for
all SH rats compared to normoxia controls. Breathing
frequency (fB) was similar between groups (Table 1).

There was a considerable degree of mortality in
SH-treated rats (Table 1), which typically occurred at
�P18, �3 days after being removed from SH (at the end of
P15) and 2 days after measurements of plethysmography
(P16). Only 1 of the 8 rats treated with minocycline expired
following SH, reducing the incidence of mortality from
50% to �12%.

To determine if SH affected variability of breathing, the
coefficient of variation (CV) of fB was determined during
baseline (Fig. 1A). SH increased the CV of fB (0.27 ± 0.18;
P = 0.04) compared with normoxia saline (0.14 ± 0.12)
rats. The CV was no longer significantly elevated in SH
rats treated with minocycline (0.16 ± 0.13). The CV in
normoxia rats treated with minocycline (0.12 ± 0.05) was
not different from saline rats. Representative breathing
traces are also provided (Fig. 1B–D).

Hypoxic and hypercapnic ventilatory responses

SH exposure significantly attenuated the acute
HVR (expressed as a delta (�) baseline;
0.12 ± 0.45 ml g−1 min−1; P = 0.001) compared
to normoxia controls (0.63 ± 0.31 ml g−1 min−1;
Fig. 2A). The attenuated HVR of SH rats was caused by
a reduced VT (−0.0008 ± 0.0017 ml g−1; P = 0.001;

Fig. 2B) and a trend (P = 0.07) toward a reduction
in fB (21.5 ± 28.1 breaths min−1) although it was
not significantly different from normoxia control
(37.1 ± 20.4 breaths min−1) rats (Fig. 2C). The HVR of SH
rats treated with minocycline (0.39 ± 0.31 ml g−1 min−1)
was not significantly different from normoxia, suggesting
minocycline prevented the attenuated SH-induced HVR.
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Figure 1. Variability of breathing frequency and respiratory
pattern following SH and minocycline treatment
Values for the coefficient of variation (A) and representative
respiratory traces (B–E) of P16 rats breathing room air after being
raised in normoxia (Nx) or exposed to SH between P11 and P15, and
treated with minocycline (M) or saline (S; control). Values in A are
means ± SD; P < 0.05.
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In the SH rats, minocycline prevented the trend for
decreased fB (53.8 ± 22.3 breaths min−1) caused by SH,
whereas VT remained reduced (−0.0011 ± 0.0022 ml g−1)
compared to normoxia rats. In fact, fB following
minocycline in SH rats was higher than in the saline
group (P < 0.001). Minocycline did not affect breathing
compared to saline treatment in room air rats. The
breathing pattern and the magnitude of HCVR was
similar between normoxia and SH rats (Fig. 3).
Compared to saline-treated rats, minocycline also did not
affect HCVR in either normoxia or SH rats.

Brainstem microglia and 5-HT immunoreactivity

nTS and DMNV. SH increased Iba-1 densitometry
compared to normoxia control rats in both the nTS
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Figure 2. Hypoxic ventilatory responses following SH and
minocycline treatment
Ventilation (A; V̇ E ), tidal volume (B; VT) and breathing frequency
(C; fB) of P16 rats during acute hypoxia (10% O2, 5 min) after being
raised in normoxia (NX) or exposed to SH between P11 and P15, and
treated with minocycline (M) or saline (S; control). Note the
attenuated HVR (A) following SH compared to control rats, which
was prevented by minocycline treatment. Values are means ± SD
and expressed as a delta baseline; P < 0.05.

and the DMNV (Fig. 4). Furthermore, SH also increased
the number of Iba-1-positive (i.e. microglia) cells in the
nTS (89.9 ± 8.8 cells per AOI; P < 0.001) and the
DMNV (48.1 ± 10.6 cells per AOI; P < 0.001) compared
to normoxia rats (nTS: 61.0 ± 17.7 cells per AOI,
DMNV: 25.5 ± 9.1 cells per AOI; Fig. 4A and B). The
increased Iba-1 expression and the number of micro-
glia following SH in both brainstem regions were pre-
vented by minocycline treatment (nTS: 72.8 ± 9.6 cells
per AOI, DMNV: 34.8 ± 8.8 cells per AOI). However, in
SH rats, there was only a moderate reduction (P = 0.06)
in Iba-1 densitometry compared to saline rats (Fig. 4A).
Minocycline did not affect Iba-1 densitometry in
normoxia control rats in either the nTS or the DMNV,
with the exception that it increased the number of
Iba-1-positive cells in the nTS (Fig. 4A; P = 0.02).
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Figure 3. Hypercapnic ventilatory responses following SH and
minocycline treatment
Ventilation (A; V̇ E ), tidal volume (B; VT) and breathing frequency
(C; fB) of P16 rats during acute hypercapnia (5% CO2, 5 min) after
being raised in normoxia (NX) or exposed to SH between P11 and
P15, and treated with minocycline (M) or saline (S; control). Values
are means ± SD and expressed as a delta baseline; P < 0.05.
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SH decreased 5-HT immunoreactivity in the nTS
(P = 0.01) and DMNV (P = 0.003) compared to normoxia
control rats (Fig. 5), which inversely correlated with the
increased microglia expression in the same brain regions
(see Fig. 4). Minocycline prevented the decreased 5-HT
expression in SH-treated rats in both the nTS and the
DMNV (Fig. 5A and C). In fact, 5-HT immunoreactivity
in SH rats treated with minocycline was significantly
higher than for corresponding saline-injected rats in both
brainstem regions (nTS, P = 0.02; DMNV, P = 0.007).
Minocycline did not affect 5-HT expression in normoxia
control rats in either the nTS or the DMNV (Fig. 5A and C).

Raphe obscurus. SH exposure did not affect Iba-1
densitometry or the number of microglia in the ROb
compared to normoxia control rats (Fig. 6A). However,
within the SH-treated rats, minocycline reduced Iba-1
densitometry compared to saline-treated rats (P = 0.004;
Fig. 6A). There was no difference in the number of 5-HT

neurons between treatment groups (Fig. 6D). Notably,
there was considerable variability in the normoxia control
group in which 2 of the 7 rats exhibited in excess of
30 cells per area, which was more than 5-fold greater
than the median (6.3 cells per AOI) for this group. These
two rats reduced the statistical power to detect significant
differences between groups because when a re-analysis was
performed in which we intentionally excluded these two
rats, the increased number of 5-HT neurons in the SH
group was now statistically higher than control (data not
shown). Minocycline did no appear to affect the number
of 5-HT neurons in either normoxia or SH-treated rats
(Fig. 6D). The expression of 5-HT within the ROb was
also not different between treatment groups (Fig. 6D).

PreBötC and nAmb. Double labelling of Iba-1 and 5-HT
with NK-1R was performed to identify the preBötC and
nAmb. There was no effect of SH on Iba-1 densitometry
or the number of microglia in either the preBötC
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Figure 4. Microglia (Iba-1) expression in the nTS and DMNV following SH and minocycline treatment
Changes in expression of the microglia marker Iba-1 in the (A) nTS and (C) DMNV of P16 rats after being raised
in normoxia (NX) or exposed to SH between P11 and P15, and treated with minocycline (M) or saline (S; control).
Representative images of the (B) nTS and (D) DMNV of rats from each treatment group are also provided. Iba-1
expression was assessed via fluorescence densitometry (i) and by the number of Iba-1-positive cells per AOI (ii).
Note the increased Iba-1 expression in the nTS and the DMNV following SH compared to control rats, which was
prevented by minocycline treatment. Inset: higher magnification of microglia within each representative treatment
group for nTS and DMNV. A low-magnification image to illustrate orientation of the nTS and DMNV is provided in
Fig. 6C. Values are means ± SD; P < 0.05.
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(Fig. 7A) or the nAmb (Fig. 7B) compared to normoxia
control rats. However, in rats exposed to SH, there was
a slightly greater number of Iba-1-positive cells in the
preBötC following minocycline treatment (30.8 ± 6.7 cells
per AOI) compared to saline rats (21.3 ± 7.9 cells per
AOI, P = 0.04; Fig. 7A). There was also a slightly higher
Iba-1 densitometry in the preBötC in normoxia rats
treated with minocycline compared to saline (P = 0.04;
Fig. 7A). Neither minocycline or SH exposure affected
Iba-1 immunoreactivity in the nAmb (Fig. 7B). Similarly,
there was no effect of SH or minocycline on 5-HT
immunoreactivity in the preBötC or the nAmb (Fig. 8).

Hypoglossal motonucleus and cuneate nucleus. Neither
SH nor minocycline affected Iba-1 densitometry or the
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Figure 5. Serotonergic expression in the nTS and DMNV
following SH and minocycline treatment
Changes in densitometric expression of serotonin (5-HT) in the (A)
nTS and (C) DMNV of P16 rats after being raised in normoxia (NX) or
exposed to SH between P11 and P15, and treated with minocycline
(M) or saline (S; control). Representative images (B) of the nTS and
(D) DMNV of rats from each treatment group are also provided. Note
the decreased 5-HT expression in the nTS and the DMNV following
SH compared to control rats, which were prevented by minocycline
treatment. Inset: higher magnification of 5-HT within each
representative treatment group for nTS and DMNV. A
low-magnification image to illustrate the anatomical orientation of
the nTS and DMNV is provided in Fig. 6F. Values are means ± SD
and expressed as arbitrary units of mean fluorescence intensity
within the AOI; P < 0.05.

number of microglia in either the XII (Fig. 9A) or the CN
(Fig. 9C). Although surprisingly, minocycline increased
the number of microglia in the XII compared to saline
treatment in room air control rats (P = 0.02; Fig. 9A).
In contrast to the decreased 5-HT immunoreactivity
observed in the nTS and DMNV following SH (Fig. 5),
it was increased in the XII (P = 0.006; Fig. 9B); this effect
was prevented by minocycline treatment (P = 0.01). 5-HT
expression was not affected by SH or minocycline in the
CN (Fig. 9D).

Discussion

In the current study, the attenuated HVR, increased
respiratory variability (CV) and high incidence of
mortality following neonatal SH exposure during the
P11–15 period were consistent with our previous
observations (Mayer et al. 2014). However, we were
unable to confirm our previous finding in which SH
attenuated the HCVR (Mayer et al. 2014). This may be
because there was only a subtle reduction in the HCVR
(Mayer et al. 2014) and thus it may be more variable in its
reproducibility. We further showed that the deleterious
effects of SH were associated with reduced 5-HT
immunoreactivity in the nTS and DMNV. As there was no
effect of SH on 5-HT expression in the other brainstem
regions (with the exception of increased expression in
the XII), the serotonergic system in the nTS and DMNV
appears to be uniquely vulnerable to SH. The opposing
effects of SH on 5-HT in the XII motor nucleus (increased
expression), a region containing neurons that innervate
the tongue, compared to the nTS and DMNV (decreased
expression) suggest the selective effects of SH may depend
on the functional role of the specific brainstem region.
5-HT expression in the nTS and DMNV represents
projections from neurons located in the ROb, and the
reduced expression following SH exposure, together
with the unexpected mortality and impaired respiratory
control during a critical window of development (Mayer
et al. 2014), was consistent with the characteristics of
SIDS (Kinney, 2009; Kinney et al. 2009; Duncan et al.
2010; Bejjani et al. 2013; Machaalani & Waters, 2014).
One inconsistency, however, was that we did not observe
any appreciable change in the number of 5-HT neurons
in the ROb, which seems to be higher in a subpopulation
of SIDS infants (Duncan et al. 2010). One explanation for
this discrepancy could be that the immunohistochemistry
performed in the current study, which was intended
to be used to show an association between brainstem
neurochemistry and the attenuated HVR, was performed
immediately after SH exposure, whereas the mortality did
not occur until another 2–3 days later. The timing of our
analysis of 5-HT neurons in the ROb may be too early
and therefore may not allow for direct comparisons with
the data from SIDS infants, which for obvious reasons are
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performed post-mortem. The increased 5-HT neurons
in the ROb has been proposed to be a compensatory
response to the reduced expression in the brainstem
regions where these neurons send their projections to
cardio-respiratory control regions (Duncan et al. 2010).
An alternative explanation for the inconsistencies in ROb
5-HT neuron counts could be related to the unusually
high degree of variability in our normoxia control group
(Fig. 6D). Two of the seven rats exhibited 5-HT counts
that were more than 5-fold higher than their littermates,
which eliminated the statistical power to detect differences
between groups. Admittedly not a preferable statistical
approach, a re-analysis after intentionally excluding these

two rats revealed that there was a significant (3-fold)
increase in the number of ROb 5-HT neurons following
SH (data not shown). Despite the variability and although
we did not detect an overall change in the number of
5-HT neurons in the ROb, the disturbances in 5-HT
expression in the nTS (and DMNV) could explain the
loss of the HVR following SH as it receives and integrates
inputs arising from the carotid body (CB). In fact, the
results from our rat model would indicate that reductions
in 5-HT expression in the cardio-respiratory regions
where the raphe neurons project to may be the relevant
abnormality in SIDS that underlies the respiratory
disturbances independently of any changes in the ROb
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neurons. Indeed, not all SIDS cases exhibit increased
numbers of ROb 5-HT neurons, which appears to be a
consistent observation (Duncan et al. 2010). Disturbances
in other brain regions such as the preBötC (or nAmb)
could also explain such a profound disturbance in
respiratory control, including the increased variability of
breathing (CV) (Fig. 1), although we did not observe any
appreciable changes in 5-HT expression in this region.
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Figure 8. Serotonergic expression in the nAmb and preBotC
following SH and minocycline treatment
Changes in expression of 5-HT in the (A) preBötC and (B) nAmb of
P16 rats after being raised in normoxia (NX) or exposed to SH
between P11 and P15, and treated with minocycline (M) or saline
(S; control). D, representative images of both brain regions of rats
from each treatment group. Note that double-labelling of neurons
with an antibody specific for the neurokinin-1 receptor (NK-R1) was
used to anatomically identify the preBötC and nAmb (C). SH did not
affect 5-HT expression in any brain region. Inset: higher
magnification of 5-HT within each representative treatment group.
Low-magnification images of 5-HT and NK-1R (and merged images)
are provided to illustrate orientation of the preBötC. Values are
means ± SD and expressed as arbitrary units of mean fluorescence
intensity within the AOI; P < 0.05.

We also demonstrated that the changes in 5-HT
expression in the nTS and the DMNV were correlated with
an increased number of Iba-1-positive cells (i.e. micro-
glia). The alterations in 5-HT and microglia expression
in both the nTS and the DMNV were prevented by
minocycline treatment, suggesting that the vulnerability
of the serotonergic system to SH in these distinct brain
regions may be modulated by microglia activity. The
effects of minocycline on the SH-induced changes in
nTS and DMNV neurochemistry were also associated
with a reduction in respiratory variability and a moderate
improvement of the attenuated HVR; a more robust effect
of minocycline on the latter might have been expected
with a higher dose. Changes in glial expression (increased
gliosis) have also been documented in the DMNV and
nTS in SIDS cases (Naeye, 1976; Takashima et al. 1978;
Obonai et al. 1996; Sawaguchi et al. 2002). The increased
gliosis (increased size and number of astrocytes) of the
nTS and DMNV of SIDS cases was proposed to result
from chronic hypoxia/ischaemia (Naeye, 1976). However,
the 5-HT abnormalities in SIDS is thought to have a fetal
(Paterson et al. 2006) or even genetic origin (Weese-Mayer
et al. 2007). We provide evidence, however, that postnatal
exposure to SH during a critical window of postnatal
development is at least one risk factor that is sufficient
to decrease 5-HT levels in key cardio-respiratory control
regions.

Microglia are the resident immune cells and play an
important role in CNS development, including synaptic
pruning (Paolicelli et al. 2011) and, through interactions
with neurons, shape the neural circuity of the maturing
CNS (Wake et al. 2011). However, microglia transform
from a ‘resting’ ramified morphology to an ‘activated’
amoeboid state as part of a pro-inflammatory response
to CNS injury (Streit et al. 2005; Graeber et al. 2011).
Whether the microglia were ‘activated’ and became part of
a pro-inflammatory response, which also involves changes
in chemokine and cytokine expression, is beyond the scope
of this study. However, in the early neonatal period, micro-
glia in the brain are represented by both ‘activated’ and
‘resting’ morphological phenotypes, suggesting a complex
pro-inflammatory and anti-inflammatory environment in
the developing CNS (Crain et al. 2013). Prevention of
the respiratory and serotonergic disturbances and also the
incidence of mortality by minocycline would imply the
increased microglia expression contribute to a deleterious
effect of SH. Thus, the increased Iba-1 immunoreactivity
observed in both the nTS and the DMNV may represent
an aberrant microglial response leading to a lethal
disturbance in brainstem neurochemistry and/or neuro-
architecture. However, the results of the current study do
not allow us to determine whether the increased number
of microglia following SH was the result of migration
from other regions, or a change in the number of ramified
microglia that transitioned into the amoeboid ‘activated’
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state. Nevertheless, the ‘protective’ effects of minocycline
against the changes in 5-HT and microglia that occurred in
the nTS and the DMNV would indicate a selective and pre-
ventable effect of SH on cardio-respiratory control regions.
Previous studies also showed that serotonergic deficits in
the CNS were prevented by minocycline treatment in a
neonatal rat model of hypoxia/ischaemia injury (Wixey
et al. 2011a). Whether the protective effects of minocycline
are the result of a direct action on microglia, however,
is unclear. Minocycline is a tetracycline antibiotic and
inhibits microglia ‘activation’ by preventing nuclear trans-
location of NF-kB (Pang et al. 2012; Kobayashi et al. 2013).
It appears to have little if any effect on astrocytes (Kim
& Suh, 2009), but side-effects can include pitting and
staining of teeth, and bone stunting (Chabner et al. 2011).
Bone stunting could be consistent with the smaller size
of normoxia rats treated with minocycline compared to
saline controls (Table 1). The increased number of micro-
glia in the nTS (Fig. 4A) and Iba-1 expression in the
preBötC (Fig. 7A) in normoxia control rats is additional
evidence of potential non-specific effects of minocycline,
and its mechanism of action (despite being protective)
should be interpreted cautiously.

We speculate that the vulnerability to SH during the
P11–15 critical period may also be related to disturbances
in other neurochemical factors. Substantial constitutive
changes in brainstem neurochemistry (GABA, NMDA,
glutamate, 5-HT) occur abruptly and in some cases
transiently (depending on the receptor and/or neuro-
transmitter) at �P12 in various brainstem regions
including the nTS and the DMNV (Liu et al. 2002; Liu
& Wong-Riley, 2010a,b,c). Such changes signify a critical
period of development that appears necessary for ‘normal’
maturation of the brainstem neural circuitry. We chose
an SH exposure period (between P11 and P15) with the
intention that it encompassed the P12 critical period.
Thus, the deleterious effects of SH may be explained
by a microglia-mediated disturbance in the trajectory of
necessary developmental changes in constitutive 5-HT
expression and other neurochemical factors involved in
maturation of cardio-respiratory defence responses. SH
exposure between P3 and P10 caused selective changes
in enzymes that regulate glucose metabolism in the pons
and medulla compared to other brain regions (Lai et al.
2003), and there are also unique changes in brainstem
mitochondrial enzymes that take place between P11 and
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P13 (Liu & Wong-Riley, 2003). We also showed that
SH increased whole body metabolism in the P11–15 age
group (Mayer et al. 2014), although whether there were
changes in brain metabolism is yet to be determined. As
activated microglia undergo metabolic reprogramming
during an inflammatory response (Gimeno-Bayon et al.
2014), further studies are underway in our laboratory to
investigate whether the heightened vulnerability of the
neonate around P11–15 is related to dysregulation of
brain energy metabolism (Joseph et al. 2000) and aberrant
inflammatory responses (Jurcovicova, 2014).

The distinct changes in microglia and 5-HT neuro-
chemistry that occurred in the nTS and the DMNV and
not in the other brainstem regions could be a response
mediated by modification of afferent inputs arising
from their peripheral organs. For example, inflammation
localised to the hind paw of 10-day-old rats increased the
number of microglia in the corresponding spinal dorsal
horn, which incidentally was also prevented by an intra-
thecal injection of minocycline (Vega-Avelaira et al. 2013).
SH has been considered pro-inflammatory to the CB
(Gauda et al. 2013) and blunted its sensitivity to acute
hypoxia (Hanson et al. 1989). There is also evidence
from several species that removal of CB afferents through
surgical denervation can be lethal if it occurs during a
critical period of development (Bureau et al. 1985a,b;
Haddad & Donnelly, 1988; Cote et al. 1996). Mortality
resulted if denervation of the rat CB was performed at P7–8
compared to denervation in older animals (Serra et al.
2001). In piglets, CB denervation at P15 caused a higher
mortality than at P10 and death occurred within 4–7 days
(Donnelly & Haddad, 1990), which is similar to the timing
(�3 days) of mortality observed in the current study
following SH exposure. CB denervation also disturbed the
arousal response to acute hypoxia in sleeping dogs (Bowes
et al. 1981a,b) and surviving denervated piglets exhibited
pronounced apnoea (Donnelly & Haddad, 1990); the latter
would also be consistent with increased CV of breathing
of rats following SH (Fig. 1). It is therefore reasonable
that the protective effects of minocycline on the HVR
were mediated by changes in breathing frequency, not
tidal volume. This observation would be consistent with
a potential effect of SH on CB function, which might
also explain why the changes in microglia and 5-HT
were unique to the nTS (and DMNV) where the CB
afferents terminate. Thus, minocycline might protect the
deleterious effects of SH on the CB, rather than via a direct
effect on the brainstem. Furthermore, morphological
and neurochemical abnormalities in the CB have been
implicated in SIDS (reviewed by Darnall, 2013; Porzionato
et al. 2013), and may in part contribute to their respiratory
disturbances (Valdes-Dapena, 1980; Kahn et al. 1992,
2003; Slotkin et al. 1995; Gaultier, 2000). The changes
in microglia and 5-HT observed in the DMNV, however,
are more difficult to explain, although nTS neurons do

project to the DMNV suggesting it may be an indirect
effect. A thorough discussion of how SH could affect the
organs (e.g. heart and lung) that are innervated by this
region is beyond the scope of this study. However, because
the DMNV provides parasympathetic activity to the heart
(lungs and other regions), a neurochemical disturbance in
the DMNV could modify bradycardic responses to acute
hypoxia (Dyavanapalli et al. 2014). Altered bradycardic
and auto-resuscitative capabilities have been shown in
5-HT-deficient mice (Cummings et al. 2011) and are
consistent with the abnormalities associated with SIDS
(Poets et al. 1999; Sridhar et al. 2003).

Summary

We showed the critical period of development (P11–15)
during which the neonatal rat exhibits a heightened
vulnerability to SH exposure is associated with increased
microglia in distinct brainstem regions involved in
cardio-respiratory control. The increased microglia
activity appears to modulate the constitutive expression
of brainstem neurochemistry in association with a lethal
disturbance in important defence responses to acute hypo-
xia, all of which can be pharmacologically preventable
with an inhibitor of microglia. These observations bear
a striking resemblance to the anatomical, neurochemical
and functional abnormalities found in SIDS cases.
Although these data demonstrate a protective effect of
minocycline, its broad range of effects (e.g. as an anti-
biotic) independently of inhibiting activated microglia
would preclude its prophylactic use to defend against
a SIDS scenario. Instead, these data provide a possible
explanation for the brainstem serotonergic abnormalities
associated with SIDS and emphasises the importance of
avoiding scenarios in which infants may be at increased
risk of exposure to environmental hypoxia, or other
conditions that may initiate microglial responses during
postnatal periods of heightened brainstem vulnerability.
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