
Contents lists available at ScienceDirect

Experimental Neurology

journal homepage: www.elsevier.com/locate/yexnr

Research paper

Daily acute intermittent hypoxia induced dynamic changes in dendritic
mitochondrial ultrastructure and cytochrome oxidase activity in the pre-
Bötzinger complex of rats

Jun-Jun Kanga,1, Baolin Guoa,1, Wei-Hua Liangb, Chun-Sing Lamc, Sheng-Xi Wua,
Xiao-Feng Huangb, Margaret T.T. Wong-Rileyd, Man-Lung Fungc,⁎⁎, Ying-Ying Liua,⁎

a Department of Neurobiology, The Fourth Military Medical University, Xi'an 710032, PR China
bDepartment of Pathology and Pathophysiology, The Fourth Military Medical University, Xi'an 710032, PR China
c School of Biomedical Sciences, The University of Hong Kong, PR China
dDepartment of Cell Biology, Neurobiology and Anatomy, Medical College of Wisconsin, Milwaukee, WI 53226, USA

A R T I C L E I N F O

Keyworks:
Neuroplasticity
Mitochondria
Cytochrome oxidase
Pre-Bötzinger complex
Dendrite
Intermittent hypoxia
Immuno-electron microscope

A B S T R A C T

Mitochondria, as primary energy generators and Ca2+ biosensor, are dynamically coupled to neuronal activities,
and thus play a role in neuroplasticity. Here we report that respiratory neuroplasticity induced by daily acute
intermittent hypoxia (dAIH) evoked adaptive changes in the ultrastructure and postsynaptic distribution of
mitochondria in the pre-Bötzinger complex (pre-BötC). The metabolic marker of neuronal activity, cytochrome c
oxidase (CO), and dendritic mitochondria were examined in pre-BötC neurons of adult Sprague-Dawley rats
preconditioned with dAIH, which is known to induce long-term facilitation (LTF) in respiratory neural activities.
We performed neurokinin 1 receptor (NK1R) pre-embedding immunocytochemistry to define pre-BötC neurons,
in combination with CO histochemistry, to depict ultrastructural alterations and CO activity in dendritic mi-
tochondria. We found that the dAIH challenge significantly increased CO activity in pre-BötC neurons. Darkly
CO-reactive mitochondria at postsynaptic sites in the dAIH group were much more prevalent than those in the
normoxic control. In addition, the length and area of mitochondria were significantly increased in the dAIH
group, implying a larger surface area of cristae for ATP generation. There was a fine, structural remodeling,
notably enlarged and branching mitochondria or tapered mitochondria extending into dendritic spines.
Mitochondrial cristae were mainly in parallel-lamellar arrangement, indicating a high efficiency of energy
generation. Moreover, flocculent or filament-like elements were noted between the mitochondria and the
postsynaptic membrane. These morphological evidences, together with increased CO activity, demonstrate that
dendritic mitochondria in the pre-BötC responded dynamically to respiratory plasticity. Hence, plastic neuronal
changes are closely coupled to active mitochondrial bioenergetics, leading to enhanced energy production and
Ca2+ buffering that may drive the LTF expression.

1. Introduction

Mitochondria, as primary energy generators, are dynamic in struc-
ture and function and are abundantly found in neurons for supporting
high ATP consumption (Barnhart, 2016). About one-tenth of the gray
matter volume is occupied by mitochondria, which are responsible
for> 90% of ATP production in neurons. Mitochondria are located

mainly in subcellular regions, especially at synapses where energy de-
mands are the highest (Harris et al., 2012). Additionally, mitochondria
efficiently buffer intracellular calcium to enable intrinsic activities and
signaling processes (Gunter et al., 2000; Billups and Forsythe, 2002).
Since synaptic processes are highly energy-consuming, mitochondria,
as neuronal power plants and calcium regulators, are pivotal in synaptic
function and neuroplasticity (Cheng et al., 2010). Previous studies
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showed that changes in mitochondria are associated with long-term
potentiation of synaptic transmission, a key process in learning and
memory (Li and Sheng, 2012; Smith et al., 2016). Loss of mitochondria
in axonal terminals in Drosophila leads to defective synaptic transmis-
sion (Stowers et al., 2002). Mitochondrial calcium buffering is also
closely coupled to presynaptic transmission and plasticity (Cai et al.,
2011). Decreased capability of mitochondrial calcium buffering in
dendrites in the hippocampus caused by impaired mitochondrial mo-
tility diminished synaptic plasticity and spontaneous synaptic activity
(Ruggiero et al., 2017). A recent electron tomographic study revealed
activity-dependent ultrastructural plasticity in axonal mitochondria,
speculating that “stronger synapses use stronger mitochondria” (Cserep
et al., 2018). While previous studies were largely focused on pre-
synaptically-targeted mitochondria, less was explored on the post-
synaptic counterparts, the dendritic mitochondria, especially at the
ultrastructural level.

Respiration is an autonomous rhythmic process to regulate levels of
oxygen and carbon dioxide in the blood and tissues, which sustains life
(Xing et al., 2013). The respiratory system expresses diverse forms of
plasticity (Mitchell and Johnson, 2003; Xing et al., 2013). The most
frequently studied model is long-term facilitation (LTF), characterized
as a progressive and sustained increase in respiratory motor output
lasting for hours, which can be induced by repetitive hypoxia (Mitchell
et al., 2001; Mitchell and Johnson, 2003). Daily acute intermittent
hypoxic (dAIH) challenge, a well-established mild hypoxic paradigm,
enables phrenic and hypoglossal nerves to express respiratory meta-
plasticity, which can promote respiratory and motor functional re-
covery after spinal cord injuries (Dale et al., 2014; Dougherty et al.,
2017). Failure in LTF could lead to respiratory dysfunction, sudden
infant death syndrome and obstructive sleep apnea syndrome.

The pre-Bötzinger complex (pre-BötC) located in the ventrolateral
medulla is assumed to be essential for respiratory rhythmogenesis
(Smith et al., 1991; Feldman et al., 2013). Neurons in the pre-BötC are
heterogeneous and express high levels of neurokinin 1 receptors
(NK1R). NK1R immunoreactivity has been used as a marker of the pre-
BötC (Gray et al., 1999, 2001). The pre-BötC reconfigures to generate
fictive eupnea under baseline condition and fictive gasping in hypoxia
in isolated brainstem slices (Lieske et al., 2000), and it contributes to
respiratory neuroplasticity (Barnett et al., 2017). A severe chronic in-
termittent hypoxic (CIH) challenge, mimicking a model of sleep apnea,
increases baseline burst-to burst fluctuations or irregularity, and dif-
ferentially imparts fictive states of inspiratory activity in the isolated
pre-BötC (Garcia 3rd et al., 2016, 2017). We have shown structural and
neurochemical evidence for altered neurotransmitters, receptors, and
signaling in association with respiratory neuroplasticity in the pre-BötC
induced by repetitive hypoxic challenge in rats (Wei et al., 2010; Kang
et al., 2017). A question arises as to whether mitochondrial structure in
the pre-BötC responds to respiratory neuroplasticity as a dynamic
adaptation to the altered activity and energy demand. We are particu-
larly interested in dendritic mitochondria at synapses, because energy
consumption is mostly postsynaptically driven in dendrites (Wong-
Riley, 1989), and there is a lack of ultrastructural evidence for dendritic
mitochondrial plasticity. We hypothesized that dendritic mitochondrial
dynamics with adaptive changes in ultrastructure in the pre-BötC are
involved in respiratory neuroplasticity induced by dAIH challenge. We
performed NK1R pre-embedding immunocytochemistry to define pre-
BötC neurons, in combination with cytochrome c oxidase (CO) his-
tochemistry, to depict ultrastructural alterations in dendritic mi-
tochondria and CO activity in the pre-BötC in rats with dAIH pre-
conditioning.

Fig. 1. Low magnification photomicrographs of the
pre-Bötzinger complex (pre-BötC, boxes) and the
nucleus ambiguus (NA, circles) in coronal sections of
brainstems in normoxic (NOR, A) and daily acute
intermittent hypoxic (dAIH, C) groups. B and D re-
present higher magnifications of neurons in boxes in
A and C, respectively. Sections were double-labeled
with neurokinin-1 receptor (NK1R) im-
munoreactivity and cytochrome c oxidase (CO) his-
tochemistry. Double labeled neurons were small
(thin arrows) and medium (thick arrows) in size with
long processes. NK1R immunoreactivity was present
mainly on the membranes of the somata and pro-
cesses, and CO reactivity appeared in the cytoplasm
and processes (B, D). Optical densitometric mea-
surements of CO reaction product showed a sig-
nificant increase in CO activity in the pre-BötC in the
dAIH group (E, Mann-Whitney U test, U=761,
p < 0.001). Scale bars for A and C: 250 μm, for B
and D: 25 μm, ***: p < 0.001.
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2. Materials and methods

Adult Sprague-Dawley rats (230–250 g) were housed in a room with
a constant temperature and a 12 h light/dark cycle. Water and food
were available ad libitum. All experimental procedures were approved
by the Northwest China Committee of Experimental Animal Care; the

Committee on the Use of Live Animals in Teaching and Research of the
University of Hong Kong, and conformed to the Guide for the Care and
Use of Laboratory Animals published by the National Institutes of
Health (NIH). All efforts were made to minimize animal suffering and to
reduce the number of animals used.

Fig. 2. Electron micrographs of CO– reactive mitochondria in
the pre-BötC. Immunogold particles indicating NK1R im-
munoreactivity were localized mainly along the inner surface
of membrane in the somata (A, B) and dendrites (C). The
cytoplasm was also with NK1R immunoreactivity (A, B).
Mitochondria with dark (solid arrows), moderate (half solid
arrows), and light (open arrows) CO reactivity were shown in
the somata (A, B) and dendrites (C). Dendritic mitochondria
were longitudinally distributed in dendritic shafts and in close
proximity to synapses (arrows in C). Note the enlarged por-
tion of a mitochondrion (thick arrow in C). Som: soma, Den:
dendrite, T: terminal. Nu: nucleus. Scale bars: 0.5 μm.
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2.1. dAIH animal preparation

Animals were divided into normoxic and dAIH groups (twelve rats
for each group). Normoxic rats were kept in room air, and dAIH rats
were kept in an acrylic chamber for normobaric hypoxia. Hypoxic
condition (10% O2) was established with a mixture of room air and
pure N2, and monitored by an oxygen analyzer (Vacumetrics Inc., St.
Ventura, CA, USA). The dAIH protocol consisted of ten 5-min episodes
of hypoxia interspersed with 5-min room air intervals. Changes in O2

levels in the chamber were reached within 20s during hypoxic episodes.
Animals experienced dAIH protocol at 11:00 am each day for 7 days
consecutively. The chamber was kept at a constant temperature
(22 ± 1 °C) during the whole process. Animals were sacrificed 1 h after
the last episode of intermittent hypoxia.

2.2. Histochemistry and immunogold-silver histochemstry

Eight rats from each group were perfused transcardially with 150ml
0.9% saline followed by 500ml ice cold 4% paraformaldehyde in 0.1 M
phosphate buffer (PB, pH 7.4) for 30min. Brainstems were removed
and post-fixed in the same fixative for 1 h at 4 °C. They were then
cryoprotected in 30% sucrose in 0.1M PB overnight at 4 °C. Alternate
sets of serial coronal sections of brainstems were cut at 12 μm thickness
on a cryostat (CM1900, Leica, Heidelberger, Germany), and mounted

on gelatin-coated slides for CO histochemistry and NK1R im-
munohistochemistry double staining. The basic protocol for CO his-
tochemistry was as described previously (Liu and Wong-Riley, 2001;
Liu et al., 2001). Briefly, slides were incubated in 0.1 M sodium phos-
phate buffer containing 25mg 3, 3′-diaminobenzidine (Sigma, St. Louis,
MO), 15mg cytochrome c, type III (Sigma), and 2 g sucrose per 50ml
solution. They were incubated at 37 °C for 3 h in the dark. All slides
from the two groups were reacted together to avoid differences due to
slight variations, such as temperature, medium composition, or in-
cubation time. After incubation, they were washed three times, 5 min
each, in cold 0.1 M sodium phosphate buffer. CO-reacted slides were
then conducted for NK1R immunohistochemistry staining. Slides were
blocked for 2 h in phosphate buffered saline (PBS, pH 7.4), containing
5% bovine serum albumin (BSA), 5% normal goat serum (NGS), and
0.5% Triton X-100, and were then incubated overnight in the primary
antibody of rabbit anti-NK1R (1:5000, S8305, Sigma), diluted in PBS
containing 1% BSA, 1% NGS, and 0.5% Triton X-100. After rinsing in
PBS, they were then incubated in anti-rabbit IgG conjugated to 1.4 nm
gold particles (1:100, Nanoprobes, Stony Brook, NY) for 4 h. Silver
enhancement was carried out in the dark with LI Silver Kit (Nanop-
robes). Before and after the silver enhancement, slides were rinsed
several times with deionized water. The sections were then dehydrated
and cover-slipped for light microscopic observation. Image capturing
was under a microscope (BX-51, Olympus, Tokyo, Japan).

Using NK1R immunoreactivity as a marker of the pre-BötC, CO
activity was examined with identical conditions for quantitative den-
sitometric measurements under a microscope (BX-51, Olympus),
equipped with a 40× objective. They were imaged with a 12-bit color
CCD camera (DP-70, Olympus), acquired at a resolution of
1360×1024 pixels, and stored in JEPG format. Twenty sections from
each brainstem, a total of 160 sections from 8 normoxic or 8 dAIH
animals, were collected and analyzed with Image-Pro Plus software
(Media Cybernetics, Inc.). CO density was presented as mean ± SEM.
Statistical significance was determined by Mann-Whitney U test. A P
value of 0.05 or less was considered significant.

2.3. Pre-embedding immunogold-silver cytochemistry

Four rats from each group were deeply anesthetized with 1% so-
dium pentobarbital intraperitoneally (50mg/kg body weight) and
perfused transcardially with 150ml saline, followed by 50ml ice-cold
mixture of 4% paraformaldehyde and 0.05% glutaraldehyde in
0.1 M PB for 1 h. Brainstems were removed and postfixed by immersion
in the same fixative for 4 h at 4 °C. Serial coronal sections at 50 μm
thicknesses were prepared with a vibratome (VS1000s, Leica,
Heidelberger, Germany). Sections (n=18–20) including the pre-BötC
region were collected from each brainstem. CO histochemistry and
NK1R immunocytochemistry double labeling was performed as de-
scribed above with minimal modification that 0.05% Triton X-100 was
used for NK1R immunogold-silver cytochemistry. After the second an-
tibody incubation, sections were rinsed and postfixed in 2% glutar-
aldehyde in PBS for 45min. Signals of NK1R immunoreactivity were
detected by silver enhancement kit in the dark (HQ Silver Kit,
Nanoprobes). Prior to, and after silver enhancing, sections were rinsed
several times with deionized water. Sections were postfixed in 0.5%
osmium tetroxide in 0.1 M PB for 2 h. They were then dehydrated with
graded ethanol, replaced with propylene oxide, and finally embedded
in Epon 812 between plastic sheets. After polymerization, flat-em-
bedded sections were examined under the light microscope. Three to
four sections containing NK1R immunoreactivity and CO activity in the
pre-BötC were selected from each brainstem, trimmed under a stereo-
microscope, and then glued onto blank resin stubs. Serial ultrathin
sections were cut with a diamond knife (Diatome, Hatfield, PA) and
mounted on formvar-coated mesh grids (6–8 sections/grid). They were
then counterstained with uranyl acetate and lead citrate for the electron
microscopic examination.

Fig. 3. Percent of darkly, moderately, and lightly reactive mitochondria in the
pre-BötC in normoxic and dAIH groups. dAIH challenge increased darkly re-
active mitochondria and reduced lightly reactive ones in dendrites and somata.
An increase was also found in moderately reactive mitochondria in the somata
of the dAIH group (open bars).

Fig. 4. Optical densitometric measurements of CO reaction product in dendrites
and the somata of pre-BötC neurons in normoxic and dAIH groups. CO re-
activity was significantly increased in dendrites and the somata of neurons in
the dAIH (open bars) as compared to the normoxic group (solid bars). Mann-
Whitney U test, Dendrites: U=31, p < 0.001; Somata: U= 50, p < 0.001,
***: p < 0.001.

J.-J. Kang et al. Experimental Neurology 313 (2019) 124–134

127



Ultrathin sections were examined under the JEM-1230 electron
microscope (JEOL LTD, Tokyo, Japan) equipped with CCD camera and
its application software (832 SC1000, Gatan, Warrendale, PA). 30
electron micrographs of postsynaptic dendrites and 8 of somata in the
pre-BötC from one brainstem, a total of 120 of dendrites and 32 of
somata from 4 normoxic or 4 dAIH animals were collected for quanti-
tative analysis, respectively. In total, 2770 mitochondria, including 681
in dendrites and 692 in the somata in normoxic, and 688 dendritic and
709 somatic ones in dAIH groups were counted in the pre-BötC.
Mitochondria in each electron micrograph were outlined along the
membrane. The number, length, area, and density of CO reaction pro-
duct, indicative of CO activity were obtained and analyzed with an
Image-Pro Plus software (Media Cybernetics, Inc.), and presented as
mean ± SEM. Statistical significance was determined by unpaired t-
test and Mann-Whitney U test to identify individual comparisons.
P < 0.05 or less was considered significant.

3. Results

3.1. Light microscopic examination of CO activity in the pre-BötC in
normoxic and dAIH groups

The anatomical boundary of the pre-BötC, delineated by NK1R
immunoreactivity, is located ventral to the nucleus ambiguus, caudal to
the retrofacial nucleus, and rostral to the anterior tip of the lateral re-
ticular nucleus, as previously described (Guyenet and Wang, 2001;
Wang et al., 2001). Fig. 1A, C highlight the location of the pre-BötC
ventrally and the nucleus ambiguus dorsally in the ventrolateral me-
dulla, consistent with our previous studies (Wei et al., 2010; Kang et al.,
2017). NK1R immunoreactivity was distributed mainly on the surfaces

of the somata and processes, clearly outlining the pre-BötC neurons.
NK1R-immunoreactive (ir) neurons were oval, fusiform, or multipolar
in shape, and small to medium in size with thin and long processes
(Fig. 1B, D). NK1R-ir neurons expressed diverse intensities of CO re-
activity. Densitometric measurements of CO reaction product of NK1R-
ir neurons were plotted in Fig. 1E. A significant increase in CO re-
activity was evident in the pre-BötC in dAIH group (0.53 ± 0.005), as
compared to the normoxic control (0.46 ± 0.004, P < 0.001), in-
dicating an increase in CO activity induced by dAIH.

3.2. Electron microscopic examination of CO activity in the pre-BötC in
normoxic and dAIH groups

The electron microscopic images revealed that NK1R immunogold-
silver particles were distributed mainly along the inner surface of the
membrane in the somata (Fig. 2A, B) and dendrites (Figs. 2C, 5–8). The
cytoplasm also had NK1R immunoreactivity (Fig. 2A, B). CO reaction
product was expressed on the inner mitochondrial membrane, filling
the intracristate space (Figs. 2, 5–8). Three categories of CO-reactive
mitochondria (darkly, moderately, and lightly) were defined according
to the previous description (Wong-Riley et al., 1989). Darkly reactive
mitochondria had> 50% of the inner mitochondrial membrane and
intracristate space bearing CO reaction product (solid arrows in Fig. 2B,
C). Moderately reactive ones had<50% of inner mitochondrial mem-
brane and intracristate space covered with reaction product (half solid
arrows in Fig. 2), and lightly reactive ones had little or no detectable
reaction product (open arrow in Fig. 2). The intensity of CO reaction
product reflected the relative level of CO activity. Of 681 dendritic
mitochondria examined in NK1R-ir pre-BötC neurons in normoxic
group, 50.8% (346/681) were moderately reactive, and the rest were

Fig. 5. Electron micrographs of CO-reactive mitochondria in dendrites of the pre-BötC in the normoxic group. Mitochondria were in close proximity to synapses
(arrows). Relatively large mitochondria were observed at postsynaptic sites (arrows in C, E, F). An altered shape mitochondrion is extending toward a dendritic spine
(thick arrow in D). Flocculent or filament-like elements were observed between the postsynaptic membrane and mitochondria (arrowheads in C). A mitochondrion
was found in close proximity to an adjacent one (thin arrow in D). Den: dendrite, T: terminal, Spi: spine. Scale bars: 0.5 μm.
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darkly (23.8%, 162/681) and lightly (25.4%, 173/681) reactive,
whereas in the somata, lightly reactive ones (71.1%, 492/692) were
predominate, and dark ones only accounted for a small proportion (3%,
21/692). dAIH challenge significantly increased the proportion of
darkly reactive mitochondria to 48.3% (333/688) in dendrites and
13.4% (95/709) in the somata, and the light ones declined to 5.5% (38/
688) in dendrites and 37.7% (267/709) in the somata (Fig. 3). The
moderate ones (48.9%, 347/709) were also significantly increased in
the somata in the dAIH group (Fig. 3). Consistently, densitometric
measurements showed that dendritic mitochondria expressed higher
levels of CO reactivity than those in the somata in both groups (Fig. 4).
dAIH challenge significantly increased CO reactivity in dendrites
(0.54 ± 0.008 in dAIH versus 0.46 ± 0.007 in normoxic group,
P < 0.001) and the somata (0.36 ± 0.01 versus 0.27 ± 0.009,
P < 0.001, Fig. 4), indicating an increase in CO activity induced by
dAIH.

3.3. Dendritic mitochondrial ultrastructure in the pre-BötC in normoxic and
dAIH groups

Mitochondria are interconnected and bioenergetically coupled to
neuronal activity and neuroplasticity. Increased CO activity induced by
dAIH in pre-BötC neurons may be accompanied by alterations in mi-
tochondrial morphology or ultrastructure. We noted ultrastructural

features of dendritic mitochondria and their correlations with synapses
because postsynaptic activity requires the largest amount of ATP
supply. Technically, NK1R immunogold-silver particles precisely out-
lined the somata and dendrites of the pre-BötC neurons, providing a
morphological marker for us to define mitochondria within the specific
nucleus.

Mitochondria in the somata were usually globular or ovoid in shape
(0.49 ± 0.01 μm in length) with tubular or vesicular cristae in the pre-
BötC (Fig. 2A, B). Dendritic mitochondria displayed some differences
from those in the somata. They were generally slender and elongated in
shape (0.92 ± 0.039 μm in length) with lamellar cristae, orienting
longitudinally along dendritic shafts (Figs. 2C, 5A, C, 6C, 7A, B, D, 8A,
B). Occasionally, extremely long mitochondria (> 8 μm) were visua-
lized (Fig. 6D). In transverse sections, dendritic mitochondria were
globular or ovoid in shape (0.25 ± 0.004 μm in length, Figs. 6A, B,
7C). A vast majority of dendritic mitochondria were confined to den-
dritic shafts (Figs. 2C, 5A–C, E, F, 6, 7, 8A, B). Dendritic spines rarely
contained mitochondria (Fig. 5D, 8D). Dendritic mitochondria in as-
sociation with synapses displayed some ultrastructural changes. First,
mitochondria located in close proximity to synapses appeared to have
undergone ultrastructural remodeling, such as local enlargement (thick
arrow in Fig. 2C, arrows in Fig. 5C, E, F) or altered shapes (arrows in
Fig. 5B, D). Fig. 5Bdisplays a mitochondrion seemingly extending into
various directions. Similarly in Fig. 5D, a mitochondrion was tapered

Fig. 6. Electron micrographs of CO-reactive mitochondria in pre-BötC dendrites in normoxic rats. Dendritic mitochondria were globular or ovoid in transverse
sections (Den 1 in A, B). Thick arrows show mitochondria in close proximity to synapses. Thin arrows in A-C point to adjacent mitochondria. Arrowheads in A
indicate flocculent or filament-like elements. An extremely long mitochondrion is present in a dendrite (D). Den: dendrite, T: terminal, Cap: capillary. Scale bars:
0.5 μm.
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and appeared to extend toward a spine. Second, lamellar cristae with
dark CO reactivity were observed at postsynaptic sites (Figs. 5A–E,
6A–C, 7). Third, flocculent or filament-like elements were found be-
tween mitochondria and the postsynaptic membrane (arrowheads in
Figs. 5C, 6A, 7C), seemingly to anchor mitochondria to synapses. The
endoplasmic reticulum was also found between the mitochondrion and
the postsynaptic membrane (arrowhead in Fig. 7A). Fourth, dendritic
mitochondria were positioned in close vicinity to synapses, and away
from sites that lack synapses (arrows in Figs. 2C, 5A, E, 6, 7, 8A, B), and
often they resided close to two or more synapses rather than only one
(arrows in Figs. 5C, 6A, C, 7B). Fig. 6B presents four mitochondria
distributed to two asymmetric synapses in a dendrite, two at each

synapse. Furthermore, mitochondria were often arranged in tandem,
with one facing and close to the synapse, and the other a short distance
away (thin arrows in Figs. 5D, 6A–C, 8A, B). The followers may serve as
a reservoir to ensure continuous energy supply.

3.4. Mitochondrial alterations in the pre-BötC induced by dAIH

Dendritic mitochondria manifested some changes in morphological
connections with synapses in the pre-BötC following dAIH exposure.
Indeed, the proportion of dendritic mitochondria in close proximity to
synapses was significantly increased to 66.1% (455/688) in dAIH as
compared to 53.9% (367/681) in normoxia, whereas the number of

Fig. 7. Electron micrographs of CO-reactive mi-
tochondria in pre-BötC dendrites of dAIH rats.
Mitochondria were found mainly close to synapses
(arrows in A), and they tended to aggregate next to
multiple synapses rather than fewer ones (arrows in
B). A tapered mitochondrion was observed in a
narrow dendritic shaft, where it encountered a
terminal (thick arrow in D). Flocculent or filament-
like elements were identified (arrowheads in C). An
endoplasmic reticulum was found between the mi-
tochondrion and the postsynaptic membrane (ar-
rowhead in A). Den: dendrite, T: terminal. Scale bars:
0.5 μm.

Fig. 8. Electron micrographs of CO-reactive mi-
tochondria in pre-BötC dendrites of dAIH rats.
Mitochondria with branching morphology were in
close vicinity to synapses (thick arrows in A, B).
Adjacent mitochondria were seen close to the
branching ones (thin arrows in A, B). Notably, mi-
tochondria were seen with an altered shape, next to a
terminal (arrow in C) or extending into a dendritic
spine (thick arrow in D). Den: dendrite, T: terminal,
Spi: spine. Scale bars: 0.5 μm.
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mitochondria did not differ between the two groups (Fig. 9A). Of note,
the majority of mitochondria (55.2%, 251/455) close to synapses were
darkly reactive for CO activity, and a combination of darkly to mod-
erately reactive mitochondria reached 96% (437/455) in the dAIH
group, whereas in the normoxic control, most of the mitochondria
(56.1%, 206/367) were moderately reactive for CO activity, and the
darkly to moderately reactive ones accounted for 83.9% (308/367)
(Fig. 9B). Additionally, the mean length of dendritic mitochondria was
significantly increased in the dAIH group (1.05 ± 0.036 μm in long-
itudinal sections and 0.29 ± 0.005 μm in transverse sections), as
compared to the normoxic control (0.92 ± 0.039 μm in longitudinal
sections and 0.25 ± 0.004 μm in transverse sections, Fig. 9C). A si-
milar increase was evident for somatic mitochondria in the dAIH group
(0.69 ± 0.016 μm, Fig. 9C), which significantly increased the mean
area of mitochondria (Fig. 9D). Branching mitochondria were identified
with the larger area (Fig. 8A, B), a feature that was seldom observed in
the normoxic group. Fig. 7D illustrates a mitochondrion that was ta-
pered through a narrow dendritic shaft, which was contacted by a
presynaptic terminal. Fig. 8C, D illustrate portions of mitochondria that
faced a presynaptic terminal or entered into a dendritic spine, re-
presenting a morphological characteristic of mitochondria-spine com-
munication.

4. Discussion

The present study demonstrates possible adaptive changes in mi-
tochondrial ultrastructure and CO activity in pre-BötC neurons in re-
sponse to respiratory neuroplasticity induced by dAIH. First, dAIH
challenge significantly increased CO activities in the pre-BötC. The in-
creased CO activity was correlated with an increase in the number of
darkly reactive mitochondria and a decline in lightly reactive ones,
especially in postsynaptic dendrites. Darkly CO reactive mitochondria
were much more distributed to synapses after dAIH exposure. Second,
the mean length and area of mitochondria were significantly increased

in the dAIH group, implying an increased cristae surface area for the
generation of ATP. Finally, mitochondria manifested an apparent fine
structural remodeling, including locally enlarged or branching mi-
tochondria and extending into the dendritic spines. The cristae of mi-
tochondria were mainly in lamellar arrangement, and flocculent or fi-
lament-like elements were evident between the mitochondria and the
postsynaptic membrane. These morphological adjustments, together
with changes in their CO activity, implicate mitochondria in the pre-
BötC to act dynamically in response to respiratory neuroplasticity.

4.1. Cytochrome c oxidase (CO) activity in the pre-BötC

CO, a terminal enzyme of the mitochondrial electron transport
chain, serves as a sensitive and reliable marker of neuronal oxidative
capacity and energy metabolism, and is tightly coupled to neuronal
activity (Wong-Riley, 1989, 2012). Indeed, gray matter consistently
manifests greater CO activity than white matter, and nuclear groups
with high levels of spontaneous and synaptic activities show strong CO
activities (Wong-Riley, 1989). The complex subcellular compartments
of dendrites, axons, and axonal terminals in neurons function differ-
ently and expend energy differently, thereby their CO activities are not
homogeneous among the compartments. Dendrites manifest high CO
activity because a large fraction of energy expenditure is post-
synaptically driven in dendrites, whereas axonal trucks, especially
myelinated axons consume very little energy and possess low levels of
CO activities (Wong-Riley, 1989, 2012).

CO histochemistry with quantitative optical densitometry has been
widely used to demonstrate neuronal activities at regional, cellular and
subcellular levels (Hevner and Wong-Riley, 1989; Wong-Riley et al.,
1989; Liu and Wong-Riley, 2001; Liu et al., 2001). In the present study,
we first combined CO histochemistry with NK1R immunogold-silver
cytochemistry to determine CO activities in the pre-BötC at ultra-
structural levels. We found that dendrites presented higher CO activity
than the somata in NK1R-ir neurons of the pre-BötC. Darkly and

Fig. 9. Number, length and area of mitochondria in
dendrites and the somata, and percent of CO-reactive
mitochondria in close proximity to postsynaptic sites
in the pre-BötC in normoxic and dAIH groups. The
number of mitochondria showed no significant dif-
ferences between two groups (A, Unpaired t-test,
Dendrites: t=0.2779, p=0.7813; Somata:
t=1.021, p=0.3112). The percent of darkly re-
active mitochondria in close proximity to synapses
were greater, and moderately and lightly reactive
ones were less in the dAIH as compared to the nor-
moxic group (B). dAIH challenge significantly in-
creased the length (C) and area (D) of mitochondria
in dendrites and somata (C, unpaired t-test, dendritic
longitudinal mitochondria: t=2.305, p=0.0215;
dendritic transverse mitochondria: t=5.492,
p < 0.001; somata: t=7.038, p < 0.001; D, un-
paired t-test, dendritic longitudinal mitochondria:
t=4.263, p < 0.001; dendritic transverse mi-
tochondria: t=6.575, p < 0.001; somata:
t=9.068, p < 0.001). *: p < 0.05, ***:
p < 0.001.
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moderately CO reactive mitochondria were predominant in dendrites,
whereas lightly reactive ones were prevalent in the somata. dAIH ex-
posure markedly increased darkly reactive mitochondria in dendrites
and moderately ones in the somata, indicating increased CO activity,
particularly in dendrites. The pre-BötC is composed mainly of gluta-
matergic neurons, some of which have intrinsic membrane properties
that can be fully evoked by glutamatergic synaptic inputs to shape in-
spiratory drive potentials (Gray et al., 2010; Koizumi et al., 2016). It is
likely that dAIH challenge stimulates glutamatergic microcircuits in the
pre-BötC, especially in postsynaptic dendrites that require additional
energy consumption for respiratory LTF expression.

4.2. Ultrastructural changes in dendritic mitochondria within the pre-BötC

Mitochondria are essential for energy supply and Ca2+ buffering
homeostasis in cells, especially in neurons that mitochondria provide
most of the ATP for neuronal functions (Harris et al., 2012). Synapses
are the primary sites of ATP consumption, where mitochondria supply
around 93% of the ATP, while glycolysis generates only 7% of the ATP
(Harris et al., 2012). A majority of energy is used for reversing ion
influxes underlying synaptic and action potential signaling, thus mi-
tochondria are located close to active synapses to support neuronal
activities (Harris et al., 2012; Barnhart, 2016). In addition, mitochon-
dria maintain calcium homeostasis at synapses by sequestering in-
tracellular Ca2+ for synaptic activities (Kang et al., 2008; Cai et al.,
2011). Elevated intracellular Ca2+ during sustained synaptic activities
recruits mitochondria to synapses (Yi et al., 2004; Sheng, 2014).
Therefore, mitochondria are highly dynamic organelles that con-
tinuously change in structure and function in response to altered sy-
naptic strength and activities (Cserep et al., 2018). Functional demands
of mitochondria differ in dendrites and axons. Dendrites have a greater
proportion of highly charged and more metabolically active mi-
tochondria than axons (Overly et al., 1996). However, dendritic mi-
tochondria are less explored especially at the ultrastructural level.

The present study illustrates fine structural characteristics of mi-
tochondria in the pre-BötC. We found that dendritic mitochondria were
in close proximity to synapses, and they could extend into dendritic
spines. Mitochondrial extending into various directions in dendritic
shafts, as illustrated in Fig. 5B, may reflect their morphological plasti-
city to cope with high energy demand at synapses. In addition, mi-
tochondria near the postsynaptic sites manifested fine structural re-
modeling, including locally enlarged mitochondria, lamellar cristae
with dark CO reactivity, and flocculent or filament-like elements that
appeared to connect mitochondria to the postsynaptic membrane. In-
deed, we found that the intracristate space was filled with CO reaction
product and lamellar cristae with high CO activity, implying a high
respiratory and ATP-generating efficiency (Song et al., 2013; Cogliati
et al., 2016). Moreover, locally enlarged mitochondria at synapses can
provide greater surface area for cristae extension and arrangement,
further increasing the respiratory efficiency. Furthermore, flocculent or
filament-like elements seemed to tether mitochondria to the post-
synaptic membrane. The morphological characteristics and positioning
may suggest mitochondrial docking, as dendritic mitochondria are
much more stable than axonal ones (Overly et al., 1996), and stationary
or docked mitochondria provide stable and continuous ATP supply to
maintain energy homeostasis at synapses (Sheng, 2014). Actin, neuro-
filament and microtubule cytoskeletal elements are involved in an-
choring mitochondria in both axons and dendrites (MacAskill and
Kittler, 2010). Interactions between mitochondria and neurofilaments
rely on the mitochondrial membrane potential to specifically stabilize
active mitochondria at a given location (Wagner et al., 2003). Miro, a
mitochondrial outer membrane protein is also required to position
mitochondria at postsynaptic sites via a calcium-dependent mechanism
with activation of glutamate receptors (Macaskill et al., 2009). Whether
flocculent or filament-like elements found in the present study are re-
levant to cytoskeletal proteins or docking proteins remain to be

explored.

4.3. Plasticity of dendritic mitochondria and LTF in the pre-BötC

The pre-BötC is known to contribute to respiratory plasticity, which
is evoked by repetitive hypoxia, leading to adaptive or detrimental
consequences depending on the severity and duration of hypoxia (Dale-
Nagle et al., 2010; Dale et al., 2014). A severe intermittent hypoxic
challenge has been demonstrated to increase irregular outputs and
destabilize rhythmogenesis in the isolated pre-BötC, resulting in an
intermittent transmission failure to the hypoglossal motor nucleus
(Garcia 3rd et al., 2016, 2017). On the contrary, a mild dAIH protocol
as used in the present study actually augments respiratory motor
output, referring to as LTF expression that is beneficial and adaptive
without causing pathological morbidities (Dale et al., 2014; Navarrete-
Opazo et al., 2015; Dougherty et al., 2017).

Mitochondria are highly plastic organelles involved in the mod-
ulation of neuroplasticity (Cheng et al., 2010). In axonal terminals,
mitochondria have been implicated in certain forms of short-term sy-
naptic plasticity by sequestering presynaptic Ca2+ transients and
modulating Ca2+ signaling (Kang et al., 2008). Mitochondria are also
required for vesicular release following long-term potentiation stimu-
lation and are correlated with synaptic strength (Sun et al., 2013). In-
creased synaptic performance is closely coupled to mitochondrial ul-
trastructural plasticity, including increased volume, cristae density, and
cristae lamellarity in axonal mitochondria (Smith et al., 2016; Cserep
et al., 2018). We found that dAIH challenge significantly increased the
mean length and area of mitochondria in dendrites and the somata in
the pre-BötC. Elongation of mitochondria is considered to be an active
mechanism in association with increases in mitochondrial bioenergetic
efficiency (Cogliati et al., 2016). These mitochondria possess increases
in cristae number, dimerization, and activity of ATP synthase, resulting
in increased efficiency of ATP synthesis (Gomes et al., 2011; Liesa and
Shirihai, 2013). Elongated branching mitochondria with increases in
mean area and CO activity induced by dAIH are consistent with a robust
ATP generating capacity in the pre-BötC.

Additionally, mitochondria are accumulated at pre-BötC synapses
following dAIH challenge. Approximately two thirds of mitochondria,
mostly darkly reactive for CO, were distributed in close proximity to
synapses in the dAIH group, whereas in normoxia, proportion of mi-
tochondria in close proximity to synapses was 53.9%, of which<30%
were darkly reactive. It is well known that mitochondria are trans-
ported to regions where the ATP consumption is high and where the
ATP/ADP ratio is low (Wong-Riley, 1989; Overly et al., 1996). Tetanic
stimulation of an intact Drosophila nervous system triggers a fast de-
livery of mitochondria to synapses, facilitating postsynaptic potentia-
tion. Inhibition of electron transport chain complex I suppresses mi-
tochondrial transport and abolishes the synaptic potentiation, whereas
an increase in mitochondrial ATP synthesis in neurons enhances
movements of mitochondria to synapses (Tong, 2007), indicating a
critical role of ATP generation in synaptic plasticity. Indeed, we found a
majority of mitochondria with dark CO reactivity positioned at post-
synaptic sites in the pre-BötC, suggesting a locally high ATP con-
sumption. Thus, dAIH challenge may stimulate glutamatergic micro-
circuits in the pre-BötC that demand augmented energy to fuel
increased postsynaptic activities, such as the reversal of ion movements
following the opening of ion channels, and activation of the phos-
phorylation cascades for Ca2+ influx through glutamatergic receptors.
Activation of NMDA receptors and increases in Ca2+ influx may further
inhibit mitochondrial motility and arrest mitochondria to postsynaptic
sites (Yi et al., 2004; Nasrallah and Horvath, 2014), to sustain con-
tinuous energy supply for respiratory LTF expression.

Dendritic spines very rarely contain mitochondria in mature neu-
rons, except large spines such as CA3 pyramidal neurons (Popov et al.,
2005). Studies on cultured embryonic neurons via time-lapse imaging
have shown the movement of mitochondria into dendritic protrusions
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that correlates with morphological plasticity of developing spines (Li
et al., 2004). The mitochondrion-to-spine signaling displays high spa-
tiotemporal specificity to decode complex signaling from spines for full
structural LTP expression (Fu et al., 2017). The present study is the first
one that demonstrated ultrastructural evidence of spine-mitochondrion
communications in the pre-BötC in adult animals. The morphological
features manifest a high degree of structural plasticity in mitochondria,
as exampled in Fig. 8D. ATP is thought to diffuse into the spines to
provide energy for synaptic activity. Our ultrastructural evidence sug-
gests that mitochondria are able to extend into spines to meet local
synaptic energy needs and to sense Ca2+ homeostasis/signaling under
dAIH challenge, thereby contributing to respiratory LTF.

In conclusion, dendritic mitochondria are robustly dynamic in re-
sponse to respiratory LTF in the pre-BötC. dAIH challenge evokes di-
verse ultrastructural plasticity in the shape, area, and distribution of
mitochondria with a significant increase in CO activity. All plastic
changes are in synchrony with active mitochondrial bioenergetics,
leading to reinforced energy production and biosensor for Ca2+ buf-
fering and signaling that contribute to the LTF expression.
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