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ARTICLE INFO ABSTRACT
Keywords: Aims: In mammals, central chemoreception plays a crucial role in the regulation of breathing function in both
Superoxide health and disease conditions. Recently, a correlation between high levels of superoxide anion (0O3) in the

Ventilatory chemoreflex
Retrotrapezoid nucleus

SOD2

Central chemoreceptors

Retrotrapezoid nucleus (RTN), a main brain chemoreceptor area, and enhanced central chemoreception has been
found in rodents. Interestingly, deficiency in superoxide dismutase 2 (SOD2) expression, a pivotal antioxidant
enzyme, has been linked to the development/progression of several diseases. Despite, the contribution of SOD2
on O3 regulation on central chemoreceptor function is unknown. Accordingly, we sought to determine the impact
of partial deletion of SOD2 expression on i) Oy accumulation in the RTN, ii) central ventilatory chemoreflex
function, and iii) disordered-breathing. Finally, we study cellular localization of SOD2 in the RTN of healthy
mice.

Methods: Central chemoreflex drive and breathing function were assessed in freely moving heterozygous SOD2
knockout mice (SOD2*/~ mice) and age-matched control wild type (WT) mice by whole-body plethysmography.
O3 levels were determined in RTN brainstem sections and brain isolated mitochondria, while SOD2 protein
expression and tissue localization were determined by immunoblot, RNAseq and immunofluorescent staining,
respectively.

Results: Our results showed that SOD2+/~ mice displayed reductions in SOD2 levels and high O3 formation and
mitochondrial dysfunction within the RTN compared to WT. Additionally, SOD2*/~ mice displayed a heightened
ventilatory response to hypercapnia and exhibited overt signs of altered breathing patterns. Both, RNAseq
analysis and immunofluorescence co-localization studies showed that SOD2 expression was confined to RTN
astrocytes but not to RTN chemoreceptor neurons. Finally, we found that SOD2"/~ mice displayed alterations in
RTN astrocyte morphology compared to RTN astrocytes from WT mice.

Innovation & conclusion: These findings provide first evidence of the role of SOD2 in the regulation of O3 levels in
the RTN and its potential contribution on the regulation of central chemoreflex function. Our results suggest that
reductions in the expression of SOD2 in the brain may contribute to increase O3 levels in the RTN being the
outcome a chronic surge in central chemoreflex drive and the development/maintenance of altered breathing
patterns. Overall, dysregulation of SOD2 and the resulting increase in O3 levels in brainstem respiratory areas
can disrupt normal respiratory control mechanisms and contribute to breathing dysfunction seen in certain
disease conditions characterized by high oxidative stress.

* Corresponding author. Department of Cell Biology and Physiology University of Kansas Medical Center Kansas City, Kansas, United States.
E-mail addresses: efdiaz4@uc.cl (E. Diaz-Jara), kvpereyra@uc.cl (K. Pereyra), scvicencio@uc.cl (S. Vicencio), molesen.2@gmail.com (M.A. Olesen),
karlaschwarz@uc.cl (K.G. Schwarz), camilo.toledo@uach.cl (C. Toledo), hdiaz@bio.puc.cl (H.S. Diaz), rodrigo.quintanilla@uautonoma.cl (R.A. Quintanilla),
rdelrio@kumc.edu (R. Del Rio).

https://doi.org/10.1016/j.redox.2023.102992
Received 30 October 2023; Accepted 7 December 2023

Available online 12 December 2023
2213-2317/© 2023 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:efdiaz4@uc.cl
mailto:kvpereyra@uc.cl
mailto:scvicencio@uc.cl
mailto:molesen.2@gmail.com
mailto:karlaschwarz@uc.cl
mailto:camilo.toledo@uach.cl
mailto:hdiaz@bio.puc.cl
mailto:rodrigo.quintanilla@uautonoma.cl
mailto:rdelrio@kumc.edu
www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2023.102992
https://doi.org/10.1016/j.redox.2023.102992
https://doi.org/10.1016/j.redox.2023.102992
http://creativecommons.org/licenses/by-nc-nd/4.0/

E. Diaz-Jara et al.

1. Introduction

Central chemoreception is essential for regulating breathing in
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particularly the RTN, lead to the potentiation of central chemoreflex
drive and the development of disordered breathing in non-pathological
conditions. This approach avoids confounding comorbidities present in

Abbreviations
AHI Apnoea-Hypopnoea Index
Ccv Coefficient of Variation

DHE Dihydroethidium

HCVR  Hypercapnic Ventilatory Response
HF Heart failure

IS Irregular Score

PeF Peak Expiratory Flow

PiF Peak Inspiratory Flow

RB Resting Breathing

Rs Respiratory frequency

ROS Reactive Oxygen Species

RTN Nucleus Retrotrapezoid

RVLM  Rostral Ventrolateral Medulla

SD1 Short Variability of Breath-to-Breath interval
SD2 Long Variability of Breath-to-Breath interval
SOD2 Superoxide Dismutase 2

Te Expiration time

T; Inspiration Time

Tror Total Time

Vg Ventilatory minute

Vr Tidal Volume

Vr/Ty Inspiratory Drive

mammals by sensing carbon dioxide (CO3) and pH levels in the cere-
brospinal fluid [20,22,32,39]. Enhanced central chemoreflex drive has
been associated with irregular breathing and increased mortality in
various disease conditions [11,24,30,31,36,41]. Indeed, potentiation of
the ventilatory chemoreflex has been shown in heart failure, hyperten-
sion, chronic obstructive pulmonary disease, stroke, diabetes, sleep
apnea and asthma. However, the precise molecular mechanisms un-
derlying the potentiation of central chemoreflex drive remain incom-
pletely understood.

Central chemoreceptors are primarily located on the ventral surface
of the medulla, but they can also be found in other regions of the
brainstem, hypothalamus, cerebellum, and midbrain, albeit in smaller
numbers [15,20,32]. In rodents, the Retrotrapezoid nucleus (RTN) is a
major brainstem region that regulates multiple aspects of breathing,
such as inspiratory amplitude, breathing frequency, and active expira-
tion in response to changes in brain CO, (PCO») levels [21,22,26,29,36].
Recent research has shown that removing some RTN chemoreceptor
neurons using substance P-conjugated saporin toxin can normalize
central chemoreflex and respiratory disorders in animals with heart
disease, highlighting the significance of RTN neurons in the pathological
process of central chemoreflex potentiation [11].

In addition to RTN chemoreceptor neurons, RTN astrocytes have
gained attention for their role in regulating breathing through the
release of various gliotransmitters that modulate RTN chemoreceptor
neurons [19,37,40]. Studies from our laboratory have demonstrated
that decreased expression of Glial fibrillary acidic protein (GFAP) in the
RTN, indicative of reduced activity of RTN astrocytes, lead to
RTN-mediated breathing disorders [40]. This suggests that RTN astro-
cytes contribute to the hyper-responsiveness of RTN chemoreceptor
neurons. However, the precise molecular mechanisms underlying the
dysfunction of RTN astrocyte-to-neuron communication remain elusive.

Superoxide radical (O3) is known to play a pivotal role in the pro-
gression of several pathological conditions, including cardiovascular
diseases [1,38,41,43]. Our recent study revealed a correlation between
high levels of O3 in the RTN and enhanced central chemoreflex drive in
rats with chronic heart disease [12]. Interestingly, we found that
reduced expression of superoxide dismutase 2 (SOD2) in the brainstem
was associated with high chemoreflex sensitivity [12]. SOD2, encoded
by the Sod2 gene, is a critical component of mitochondrial and cellular
machinery involved in maintaining redox homeostasis and cellular
protection during high O3 levels [25]. However, no studies have
investigated whether high O3 or loss of SOD2 can regulate central che-
moreflex function.

Therefore, in the present study, we aim to determine whether
increased O3 levels due to decreased SOD2 expression in the brainstem,

animal disease models and supports a role of O3 in central
chemoreception.

2. Results

2.1. Oxidative stress markers are increased in brainstem from SOD2+/~
mice

The heterozygous SOD2'/~ mice employed in this study exhibit a
notable reduction in SOD2 activity across multiple tissues [44]. Given
that the decrease in SOD2 antioxidant protection results in elevated
superoxide anion production, we employed various experimental ap-
proaches to assess oxidative stress in the brainstem of SOD2%/~ and WT
(wild-type) animals (Fig. 1A).

First, we determined O3 levels in the brainstem using the O3 sensi-
tive fluorescent dye dihydroethidium (DHE) in fresh slices. soD2+/~
mice showed a ~3.0-fold increase in DHE staining in the RTN compared
with WT animals (DHE gn: 1.00 &+ 0.21 vs. 3.22 4+ 0.85 A U. WT vs
SoD2"/~; p < 0.05) (Fig. 1B). Later, we evaluated two oxidative stress
markers by immunofluorescence in brainstem fixed slices: nitro-
tyrosines, a product of tyrosine nitration mediated by reactive nitro-
gen species such as peroxynitrite anions and nitrogen dioxide (n-Tyr;
Fig. 1C), and 8-hydroxyguanosine, a common DNA damage marker
resulting from elevated reactive oxygen species (8-OHdG; Fig. 1D). n-
Tyr staining showed a ~2.5-fold increase in the RTN region in SOD2™/~
animals compared with WT group (n-Tyr grn: 1.00 £ 0.03 vs. 2.47 +
0.10 A U. WT vs SOD2"/~; p < 0.05) (Fig. 1C). In addition, SOD2*/~
animals displayed a ~2.5-fold increase of 8-OHdG staining in the RTN
region compared to WT animals (8-OHdG grrn: 1.00 & 0.08 vs. 2.41 +
0.12 A U. WT vs SOD2+/’; p < 0.05) (Fig. 1D). Also, we found that
SOD2"/~ mice displayed a ~30 % reduction in SOD2 expression
compared to WT mice at the level of RTN (Fig. 1E). Lastly, we decided to
performed experiments in brain isolated mitochondria to evaluate
mitochondrial ROS considering SOD2 primarily sub-cellular location
(Fig. 1A). We found a trend for reduced ATP production in mitochondria
obtained from SOD2*/~ compared to WT that did not reach statistical
significance (Fig. 1F). But, SOD2%/~ mice exhibit a significant reduction
in brain mitochondrial membrane potential (,Potential: 1.00 4 0.02 vs.
0.84 + 0.03 A U; WT vs SOD2"/~; p < 0.05) along with marked in-
creases in superoxide production (Mitosox: 1.00 + 0.08 vs. 1.29 + 0.05
A U; WT vs SOD2"/~; p < 0.05) compared to WT mice (Fig. 1G).
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Fig. 1. Determination of superoxide levels, oxidative stress markers and mitochondrial function in WT and SOD2*/~ mouse brains. (A) Flowchart representation
detailing the stepwise methodologies employed, from tissue extraction to mitochondrial functional assays: DHE staining, immunofluorescence, Western blot, and
mitochondrial fractions. (B) Representative brainstem slices stained with dihydroethidium (DHE) to detect superoxide in wild type (WT) and SOD2"~ mice (total
magnification: 40x). RTN 3D surface colormap of fluorescent intensity from DHE staining showed in (A) and the summary data of DHE RTN fluorescent intensity
normalized by the intensity obtained in the WT group. (C-D) Representative brainstem slices stained with nitro-tyrosine (n-Tyr) and 8-hydroxyguanosine (8-OHdG),
respectively, to detect oxidative stress biomarkers in the RTN of WT and SOD2"~ mice (total magnification: 40x). RTN 3D surface colormap of fluorescent intensity
from n-Tyr and 8-OHdG staining showed in (C and D) and the summary data of n-Tyr RTN and 8-OHdG RTN fluorescent intensity normalized by the intensity
obtained in the WT group. (E) Representative immunoblots of SOD2 expression in RTN micropunches. Summary data showing SOD2 expression. (F) ATP content in
the brain tissue from WT mice and SOD2™/~ mice (G) Mitochondrial membrane potential and superoxide mitochondrial production measured by quantitative
analysis of fluorescence intensity of TMRE and MitoSox Red in an isolated mitochondrial fraction. Boxplots showing max and min *p < 0.05; **p < 0.01; ***p <
0.001. vs. WT, Student’s t-test (unpaired). WT, n = 4, SOD2"/~; n = 4. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

2.2. SOD2 deficiency contributes to enhance central chemoreflex function 0.36 vs. 3.87 £ 0.16 mL/min/10 g; HCVR: 0.26 + 0.05 vs. 0.55 + 0.02

and induces disordered breathing AVE! WT vs SOD2+/~; p < 0.001) (Fig. 2C and D). Furthermore, sop2*/

~ mice displayed higher tidal volume (V7), Vg and peak inspiratory flows

We found that SOD2™/~ mice showed a significant elevation in (PiF) than the WT animals under both normoxic and hypercapnic con-
resting minute ventilation compared to WT mice (Supplementary ditions (Supplementary Table 1).

Table 1). Indeed, minute ventilation was ~2-fold higher in SOD2*/~ Next, we evaluated whether deficiency in SOD2 expression triggers

mice compared to WT animals (Vg: 2.59 + 0.19 vs. 4.48 + 0.70 mL/min disordered breathing. Our results showed that SOD2+/~ mice displayed
10 g. WT vs SOD2+/~; p < 0.05) (Supplementary Table 1). Considering irregular breathing patterns at rest (Fig. 3A). Compared to WT group,

the elevated levels of superoxide in the RTN in SOD2™/~ mice, we SOD2"/~ animals exhibited greater breath-to-breath interval variability
assessed the ventilatory response to hypercapnia by unrestrained whole- (Fig. 3B) and non-symmetrical distribution of ventilatory cycles
body plethysmography (Fig. 2A). We found that SOD2*/~ mice exhibi- (Fig. 3C). Indeed, SOD2*/~ mice showed an increased short (SD1) and
ted an heightened ventilatory response to hypercapnia compared to WT long-term (SD2) variability of the breath-to-breath interval compared to

mice (Fig. 2B). Additionally, SOD2"/~ mice displayed an increased WT mice (SD1: 26.80 + 6.49 vs. 43.58 + 17.22 ms; SD2: 28.90 £ 6.20
central chemoreflex sensitivity compared to WT group (AVg: 1.84 + vs. 61.40 + 17.35 ms; WT vs sop2+/ 3 p < 0.05) (Fig. 3D and E).



E. Diaz-Jara et al.

A o
Room Air (FO,21%) | '

or §
Hypercapnia (F.CO, 7%) % i
s H
w
Plethy;mography Chamber
B
WT FO, (21%)
1A
3E
“E
3 3 sec >
SOD2*
1A
zE
=
3 3 sec »

Redox Biology 69 (2024) 102992

Re

=Gy Y
\/Pufv \]

Time Ve=V,;*R:

FCO, (7%)

m Ttot
Pef \/ T

C 5

S 4 i
= wT *
'E 3{ @ sop2*-
- 2
A H. E2
L
1_
Z
0_
1
0.03  FiCOz (%) 7
D 0.8
Ea *kk
e 0.6
<
2 0.4 -
x
3
Q 0.2
0.0-

WT  sob2*"

Fig. 2. Central chemoreflex drive is exacerbated in SOD2"/~ mice. (A) Schematic of experimental setup and example of plethysmograph recording showing all
quantified ventilatory parameters. (B) Representative recordings of ventilatory flow during chemoreflex test in normoxia (FiO2 21 %) and during hypercapnia (F;CO5
7 %) in one WT mice and one SOD2™~ mice. (C) Summary data showing changes in Vi during hypercapnic stimulus in WT mice and SOD2"/~ mice. (E) Summary
data showing changes in the gain of the hypercapnic ventilatory response (HCVR) in all groups. Boxplots showing max and min. ***,p < 0.001 vs. WT, Student’s t-test

(unpaired). WT, n = 5, SOD2™~, n = 6.

Furthermore, SOD2%/~ mice presented higher Vy variability compared
to WT animals (CV: 11.30 £ 2.35 vs. 23.48 + 3.57 % WT vs SOD2+/’; p
< 0.001; Fig. 3F). Moreover, we found that SOD2%/~ mice displayed
higher irregularity score (IS) compared with WT animals (5.15 + 1.51
vs. 8.43 + 1.12 %, WT vs SOD21/~; p < 0.001; Fig. 3G). This was par-
alleled by significant increases in the incidence of apneas/hypopneas in
SOD2"/~ mice (Supplementary Table 2). Specifically, the incidence of
apneas/hypopneas (AHI) in SOD2*/~ mice was twice as high as in WT
mice (AHI: 4.33 £ 2.33 vs. 8.00 & 3.16 events/h; %, WT vs SOD2+/’; P
< 0.05.) (Supplementary Table 2). No differences were observed be-
tween groups in terms of apnea and post-sigh apnea duration, neither in
the number of sigh and post-sigh apneas (Supplementary Table 2).
Lastly, we identified a positive correlation between DHE gy levels in the
RTN and central chemoreflex drive and irregular breathing specifically
in SOD2"/~ mice (Fig. 3H; Supplemental Figure 1). However, no cor-
relation within these variables were found in WT mice (Fig. 3H; Sup-
plemental Figure 1).

2.3. Specific SOD2 cell-type localization and expression within the mice
RTN

We evaluated the subcellular localization of SOD2 in fixed brain
sections containing the RTN. To achieve this, we employed specific
antibodies against SOD2, Paired-like homeobox 2b (Phox2b, marker of
the RTN chemoreceptor neuron), Glial fibrillary acidic protein (GFAP,
astrocyte marker). Co-localization analysis of Phox2b, and SOD2 with
GFAP is shown in Fig. 4. No co-localization was found between SOD2
and Phox2b positive neurons throughout the brainstem region (Fig. 4A).
Conversely, analysis of 3D reconstructions and orthogonal views
revealed that SOD2 co-localized with GFAP staining (Fig. 4B). In addi-
tion to SOD2 immunolocalization studies within the RTN, we performed
single-cell RNAseq data validation. We identified 1,516 SOD2-positive
cells (expressing Sod2 gene) from the mouse ventral parafacial

medulla (Fig. 4C). Then, we selected clusters with known cell-type
specific marker genes relevant for RTN physiology (i.e. chemoreceptor
neurons, astrocytes) (Fig. 4D and E).

RTN chemoreceptor neuron cluster was defined as cells expressing
Synl (Synapsin-1), Slc17A6 (Vglut2), Slc32al (Vgat), Phox2b, Gal
(Galanin), Nmb (Neuromedin-B), Grp4 (G Protein-Coupled Receptor 4, a
pH-sensitive receptor), Kenk5 (Task-2, the other pH-sensitive receptor of
RTN chemoreceptors neurons) and Tacrl (Tachykinin Receptor 1). On
the other hand, RTN astrocytes cluster was defined as cells expressing
GFAP, Aldoc (Aldose), Aqp4 (Aquaporin-4) and Slc4a4 (sodium bicar-
bonate cotransporter) (Fig. 4D). After categorizing the clusters (Fig. 4D),
we determined the expression of Sod2 gene expression between the
clusters. Our analysis revealed significantly higher Sod2 gene expression
in the cluster associated with RTN astrocytes compared to the RTN
neuron cluster (Fig. 4F). Finally, compared to other genes related to
antioxidant activity (i.e. catalase, glutathione peroxidase) expressed by
RTN astrocytes, we found that Sod2 gene is significantly more abundant
in the RTN of mice under physiological conditions (Supplemental
Figure 2).

2.4. SOD2*/~ mice displayed altered astrocyte morphology and density in
the RTN

To assess the impact of partial SOD2 expression in RTN astrocytes we
studied RTN astrocyte morphology and density through Sholl analyses
of GFAP-immunolabeled cells within the RTN of WT and SOD2™/~ an
imals. Representative confocal images of GFAP-labeled astrocytes are
depicted in Fig. 5A and B. Compared to WT group, SOD2*/~ astrocytes
showed a reduction in both total length and the number of branches
(Total length: 248.2 + 9.98 vs. 211.9 + 9.75 pm; # of branches: 19.7 +
0.99 vs. 16.6 & 0.75, WT vs SOD2™/~; p < 0.05; Fig. 5C and D). Indeed,
the convex hull volume of RTN astrocytes in SOD2*/~ mice, which is an
indicator of cell complexity, was markedly lower compared to RTN
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Fig. 3. SOD2™/~ mice display disordered-breathing. Resting breathing patterns and breathing disorders were evaluated in freely moving mice. (A) Representative
traces of resting ventilatory flow and respiratory frequency from one WT and one SOD2*/~ mice. Note that SOD2*/“mice displays irregular breathing pattern with
unstable respiratory frequency. (B) Representative 3D Poincare plot showing breath-to-breath (B-B) interval variability in one WT and one SOD2*/~ mice. (C)
Representative frequency histogram showing the distribution of tidal volume (V) amplitude diversity in one WT and one SOD2"/~ mice. (D,E) Summary data
showing short (SD1) and long term (SD2) B-B interval variability, respectively. (F) Summary data showing coefficient of variation of Vr. (G) Summary data showing
breathing irregularity score in both groups. (H) Correlation matrix of ventilatory variables, breathing irregularity variables and brainstem ROS levels. Boxplots
showing max and min. *, p < 0.05; ***, p < 0.001 vs. WT, Student’s t-test (unpaired). WT, n = 5, SOD2™/~, n = 6.

astrocytes from WT mice (Convex Hull Boundary Size: 2,382 + 125.7 vs. 3. Discussion

2,002 +122.3 pmz, WT vs SOD2+/_; p < 0.05; Fig. 5E). However, we

did not observe any changes in the number of intersections along radial The main aim of our study was to determine if reductions in SOD2, a
distance from the soma nor in the maximum intersection radius or key antioxidant enzyme, lead to redox imbalance in chemosensory re-
branches length between WT and SOD2%/~ mice (Supplemental gions involved in central chemoreflex regulation. The major findings of
Figure 3). Finally, we found that SOD2*/~ mice exhibited a ~50 % our study are as follows: i) SOD2%/~ mice exhibited oxidative stress in
decrease in GFAP staining intensity in the RTN compared to WT mice the brainstem, with elevated ROS levels detected specifically in the RTN
(Supplemental Figure 3). region, ii) ROS accumulation in the RTN was associated with heightened
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central chemoreflex drive and the development of disordered breathing,
iii) Within the RTN, SOD2 expression was found to co-localize with
astrocyte and endothelial cell markers, but not with RTN chemoreceptor
neurons, and iv) RTN astrocytes from SOD2"/~ mice exhibited notable
morphological alterations. Our results suggest that reduced expression
of SOD2 in the RTN leads to the formation of ROS, which contributes, at
least in part, to an increase in central chemoreceptor sensitivity, ulti-
mately resulting in the development of breathing disorders (Fig. 6).

3.1. Loss of SOD2 and brainstem ROS levels

ROS levels, including superoxide and hydrogen peroxide, in the
brainstem have been implicated in the pathogenesis and progression of
various diseases [1,38]. Selective elimination of SOD2 in the subfornical
organ (SFO) has been reported to increase mitochondrial superoxide
production in the brain, playing a significant role in the development of
angiotensin II-mediated hypertension [6]. Our recent findings demon-
strated increased ROS levels in the RTN of rats with chronic heart dis-
ease, which were correlated with changes in breathing patterns [12].
While existing evidence supports the involvement of ROS in cardiore-
spiratory regulation, the specific contribution of SOD2-mediated ROS
regulation on chemoreflex function remains unknown. The heterozy-
gous SOD2"/~ mice employed in this study exhibit a notable reduction
in SOD2 activity across multiple tissues. Indeed, SOD2 activity in the
brains of 4-month-old SOD2"/~ animals decreases by almost 80 %
compared to their WT (wild-type) counterparts [44]. Interestingly, it has
been described that the SOD2 */~ mice does not display changes in the

activity nor expression of other antioxidant enzymes such as SOD1,
catalase, and glutathione peroxidase in the brain. However, these ani-
mals demonstrate an adaptive response to increased oxidative stress, as
evidenced by the reduction in both oxidized (GSSG) and reduced (GSH)
glutathione forms in the brain. These results align with the findings of
Fulton et al., in 2021, where a complete SOD2 deletion mice model
(SOD27/7) showed an upregulation of the Nrf 2 pathway as an adaptive
response to glutathione production [16]. In this study, we provide the
first evidence that partial deficiency in SOD2 expression leads to ROS
accumulation in the brainstem, particularly in areas involved in respi-
ratory regulation. Therefore, our present results further support and
confirm previous findings indicating that brainstem regions are
vulnerable to oxidative stress-induced damage resulting from altered
SOD2 expression.

3.2. SOD2-mediated ROS regulation and central chemoreflex drive

Central chemoreceptors play a critical role in regulating breathing
and maintaining pH balance but heightened central chemosensitivity
has been associated with the development of abnormal breathing pat-
terns [24]. Various mechanisms have been proposed to contribute to the
potentiation of central chemoreflex in pathological conditions. Howev-
er, the impact of SOD2, a crucial component of the cells antioxidant
defense system, on central chemosensitivity remains unexplored. But,
there is existing evidence indicating that reactive oxygen species (ROS)
play a crucial role in the modulation of certain ion channels, such as K2P
channels [10,35]. For instance, previous studies have shown that ROS
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Fig. 6. SOD2 partial deficiency results in ROS accumulation within the RTN and potentiates central chemoreflex drive. In a healthy state, maintaining a balanced
redox environment is crucial for keeping intracellular ROS levels low within RTN neurons. This balance is closely linked to normal central chemoreflex function and
the preservation of regular resting breathing patterns. However, in SOD2*/~ mice, the reduction of SOD2 expression levels disrupts this redox equilibrium, resulting
in an increase in oxidative status. This shift leads to heightened central chemoreflex sensitivity, the emergence of irregular breathing patterns, and morphological
changes in astrocytes, characterized by shorter length, fewer branches, and simplified morphology. Importantly, this mechanism may underlie the development of
augmented RTN-mediated central chemoreflex drive and the subsequent occurrence of breathing disorders observed in experimental heart failure.

can inhibit TASK-3 channels in peripheral chemoreceptor cells, likely
through the oxidation of cysteine residues in the TASK-3 protein [16].
Additionally, other channels like TREK2 and TASK-2 have also been
reported to be modulated by intracellular oxidizing agents [17], leading
to changes in cell excitability [10,33]. Considering this background, we
can propose a plausible hypothesis that increased ROS production
within the RTN might alter TASK-2 channel biophysical properties,
potentially leading to higher H'-mediated inhibition resulting in
enhanced chemoreceptor neuron activity. This interesting hypothesis
requires to be thoroughly tested in future experiments [34].

In this study, we investigated the effects of SOD2 partial down-
regulation in animals without pre-existing pathology and demonstrated,
for the first time, that the accumulation of ROS within the brainstem
leads to an augmented ventilatory response to hypercapnia. This sug-
gests that the loss of SOD2 in the RTN may contribute to the enhance-
ment of central chemoreflex drive. Further research is required to fully

validate this hypothesis.

3.3. Partial SOD2 deficiency increases the incidence of breathing
disorders

Augmented central chemoreflex drive has been associated with the
development of breathing disorders and irregular breathing patterns
[3]. We recently demonstrated that the activation of RTN chemore-
ceptor neurons induces breathing disorders in healthy animals [40].
However, the impact of elevated ROS levels in the RTN on the occur-
rence of breathing disorders in healthy animals has not been previously
investigated. In this study, we observed that SOD2"/~ mice exhibited
irregular breathing patterns at rest compared to WT mice. Importantly,
we identified a positive correlation between ROS levels in the RTN and
the manifestation of breathing alterations. These findings align with our
previous research, which demonstrated that exercise training, known for
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its ability to reduce oxidative stress, improves respiratory function in
rats with heart disease [12]. Thus, our results strongly support the hy-
pothesis that ROS accumulation in the RTN enhances chemoreceptor
neuron sensitivity, augments central chemoreflex, and contributes to the
development of breathing disorders [8].

3.4. SOD2 expression pattern in the RTN

Superoxide dismutase 2 (SOD2) is expressed ubiquitously
throughout the body, including the brain, where it plays a critical role in
protecting cells from oxidative stress [13]. It is also present in astrocytes
and endothelial cells, which are essential for proper brain function [4,
14]. In astrocytes, SOD2 functions as a key enzyme in maintaining redox
balance by scavenging ROS and safeguarding against oxidative damage
[2]. Similarly, SOD2 in endothelial cells is vital for maintaining low ROS
levels, which is necessary for preserving the integrity of the blood-brain
barrier (BBB) [23]. Elevated ROS levels can lead to BBB disruption,
vasoconstriction, dysfunction of the neurovascular unit, and a decrease
in nitric oxide levels, an important signaling molecule for vascular
dilation [5,18,27].

Understanding the specific cellular localization of SOD2 within the
mammalian RTN is crucial for elucidating its potential role in chemo-
reflex regulation. Additionally, we observed marked changes in astro-
cyte morphology upon partial SOD2 expression. RTN astrocytes from
SOD2"/~ mice displayed a loss of cellular complexity, indicating inhi-
bition likely mediated by ROS production within the RTN. Interestingly,
prior studies have reported that partial deletion of the SOD2 gene in
hippocampal astrocytes leads to a decrease morphology of these cells,
impacting cognitive function [2]. Additionally, Sobhrino et al. showed
that chemical-induced inhibition of RTN astrocytes increases the firing
frequency of chemoreceptor neurons in the RTN [37]. Together, these
evidences suggests that inhibition of astrocytes impacted neuronal cell
function towards a more excitable state. Therefore, it is plausible to
hypothesize that the partial loss of SOD2 and the subsequent increase in
superoxide production may contribute, at least in part, to inhibit RTN
astrocytes being the outcome an impaired neuron-to-glia communica-
tion within the RTN that finally impact on central chemoreception.
Future experiments should be directed towards addressing this novel
hypothesis.

Other alternative hypothesis suggests that alterations in SOD2
expression within RTN blood vessels can affect blood perfusion to the
region, leading to metabolic inhibition of astrocytes in the RTN. Previ-
ous studies have demonstrated that ROS-induced constriction of brain
vessels and reduced blood flow to the RTN can enhance chemoreceptor
activity and respiratory output in rodents [9].

Therefore, it is plausible to hypothesize that decreased SOD2 levels
may impact blood perfusion to the RTN, resulting in changes in astrocyte
physiology and disrupting glia-to-neuron communication, ultimately
potentiating central chemoreflex drive. Further research is needed to
investigate the molecular mechanisms underlying the effects of reduced
SOD2 expression in astrocytes and endothelial cells on the physiology of
RTN chemoreceptor neurons.

3.5. Study limitations

In the present study, we utilized heterozygous SOD2/~ mice as an
experimental model to investigate the impact of partial SOD2 deletion
on central chemoreception. However, there are certain limitations that
should be acknowledged. Firstly, it is important to note that the partial
deletion of SOD2 expression in this model is systemic and not restricted
solely to the RTN level. Secondly, caution is required when extrapolating
our findings from this model to more complex pathological conditions
since our model does not fully replicate the intricacies of disease set-
tings. Thirdly, although we observed changes in breathing patterns and
heightened central chemoreflex drive in SOD2™/~ mice, it remains un-
clear whether these alterations are solely attributed to the reduction of
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SOD2 expression in the RTN or if they are influenced by other chemo-
receptor regions within the brain. Another limitation of our study is that
both DHE and Mitosox reagents used to assess superoxide production, do
not offer complete specificity in detecting superoxide anion exclusively
[7]. While Mitosox provides a more targeted evaluation within mito-
chondria, potential interactions with other reactive oxygen species
cannot be completely ruled out. Therefore, future studies with more
advanced and specific superoxide detection methods may be needed to
improve our understanding of the redox dynamics in the RTN. There-
fore, upcoming studies should aim to provide evidence regarding the
role of SOD2 in other central chemoreflex areas throughout the brain.
Lastly, while we have identified RTN astrocytes as a primary cellular
source of SOD2 expression, further investigations are necessary to pre-
cisely determine the involvement of astrocytic SOD2 in RTN
chemoreception.

4. Innovation

The present study demonstrates that decreased SOD2 expression
results in elevated ROS levels in the RTN, enhanced central chemoreflex
drive, and breathing irregularities in mice. Additionally, we have
identified, for the first time, higher constitutive expression of SOD2 in
RTN astrocytes compared to other cell types. These findings provide
valuable insights into the regulatory role of SOD2 in central chemoreflex
function and lay the groundwork for future research aimed at devel-
oping innovative approaches targeting SOD2 for the treatment of
breathing disorders associated with heightened central chemoreflex
drive.

5. Materials and methods
5.1. Ethical approval and animals

Experiments were performed in male Heterozygous Sod2tm1Leb/J
mice (SOD27/~; breeding pairs), congenic in the C57BL/6J background,
and C57BL/6J mice (2-4 months), were originally obtained from The
Jackson Laboratory (Sacramento, CA, USA). Animals were facilitated by
Dr. Waldo Cerpa from Pontificia Universidad Catdlica de Chile. The
animals were housed at controlled room temperature under a 12 h light/
dark cycle with ad libitum access to food and water. Experimental pro-
tocols were approved by the Bioethical Committee for Animal Experi-
ments of the Pontificia Universidad Catélica de Chile (protocol ID
210427016) in accordance with the standard of the National Institutes
of Health (NIH) and the Guide for the Care and Use of Laboratory Ani-
mals. At the end of the experiments, all animals were euthanized via
overdose of sodium pentobarbital (100 mg/kg i.p.).

5.2. Resting breathing and ventilatory chemoreflex function

Resting breathing (RB) and chemoreflex function were recorded
through whole-body plethysmography (EMKA Technologies, France) in
freely moving mice. Over the course of 3 h, RB was recorded while mice
breathed room air in the plethysmograph [11,12,38,40]. All the exper-
iments were performed between 10:00 and 16:00 h. Animals were
habituated to a whole-body plethysmography chamber for two consec-
utive days prior to recording. On the day of the experiment, a minimum
of 2 h was allowed for the mice to acclimatize to the recording chamber.
Plethysmograph was flushed at 0.75 L/min [40]. Chamber temperature
(23.5 £ 0.1 °C), atmospheric pressure and relative humidity (42.0 £+ 2.0
%) were monitored and stable during recordings. Ventilatory parame-
ters as tidal volume (V7), respiratory frequency (R¢), minute ventilation
(Vg: VT X Ry), inspiratory time (Tj), expiratory time (T,), total respiratory
time (Tror), peak expiratory flow (PeF), peak inspiratory flow (PiF)
were determined using ecgAUTO software (EMKA Technologies,
France) [11,12,38,40].

Regularity of resting breathing pattern was quantified by changes in
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the breath-to-breath (B-B) interval through SD1 (short axis) and SD2
(long axis) values using 3 segments of ~300 consecutive breaths at rest
[11,12,38,40]. Same recordings were used to estimate Vt oscillations
and irregularity score (IS) [11,12,38,40]. Breathing disorders (apneas
and hypopneas) were quantified in the last hour of resting breathing
recordings [11,12,38,40]. Apnea were defined as breathing cessation for
at least 3 consecutive respiratory cycles. Hypopneas were defined as
reductions in Vr amplitude of <50 % of the normal Vr, for at least 3
respiratory cycles. Sighs were defined as a breath cycle with amplitude
>50 % of the average cycle amplitude.

Central chemoreflex function was evaluated following 2 min of hy-
percapnia (7 % F;CO2/93 % F;O3). The hypercapnic ventilatory response
(HCVR) was obtained by calculating the slope of the Vg between F;CO»
0.03 % and 7 % [11,12,38,40].

5.3. RTN oxidative stress

Endogenous superoxide levels in the RTN were measured with
fluorescent-dye dihydroethidium (DHE) (Molecular Probes, Life Tech-
nologies). Snap-frozen brains were sectioned on a cryostat at 25-pm
thickness and placed onto electrostatic-charged microscope slides
(Superfrost, VWR Scientific, West Chester, PA). Brain sections contain-
ing the ventral surface of medulla (6.6 to bregma for mice) were incu-
bated with 1 pM DHE in PBS for 30 min at 37 °C. Sections were then
rinsed three times in PBS for 5 min and mounted with fluorescent
mounting medium (Vector Shield, Vector Laboratories). Images were
acquired with a confocal Zeiss LSM 710 system (Zeiss, Germany). Images
were taken under the same conditions for magnification, intensity,
brightness, and gain. Images were analyzed using ImageJ software (NIH,
Bethesda, MD).

5.4. Immunofluorescence and Sholl analysis

Mice were deeply anaesthetized with overdose of sodium pentobar-
bital (100 mg/kg i.p.) and perfused through the ascending aorta with
saline solution (NaCl 0.9 %) followed by 4 % phosphate-buffered (0.1 M;
pH 7.4) paraformaldehyde (Merck, Germany). The brain was removed
and stored in the perfusion fixative for overnight at room temperature
and later maintained in 30 % sucrose prior to cryopreservation. All
histochemical procedures were performed using free-floating sections
(25 pm). Sections were briefly washed in sterile PBS 1X, mounted on
charged slides, and dried overnight. For fluorescence immunohisto-
chemistry, sections were rinsed, then incubated with a solution of 1 %
Bovine Serum Albumin, 2 % Gelatin and 0.5 % Triton-X in PBS 1x, and
then rinsed and incubated with primary antibody at 4 °C overnight.
Slices were incubated with a SOD2 mouse mAb (1:500, Santa Cruz),
GFAP rabbit mAb GFAP (1:1000, Dako) or Phox2b rabbit mAb (1:500
dilution, Abcam). Sections were then rinsed and incubated with proper
secondary antibodies (goat anti-rabbit Alexa 488, Invitrogen; goat anti-
mouse Rhodamine-Red, Jackson ImmunoResearch Laboratories) for 60
min at room temperature and rinsed again before mounting on slides.
Slides were covered with Vectashield mounting medium (Vectorlabs).
To determine the colocalization between SOD2 staining with GFAP or
Phox2b, consecutive confocal images were taken using a Zeiss LSM 710
microscope and a 40x oil immersion objective (1.4 NA) at 1 pm in-
tervals. Images were acquired sequentially with three lasers (in nm: 405,
488, 561 and 633), and Z projections were reconstructed using ImageJ
(NIH).

For Sholl analysis, fixed brainstem slices containing the RTN with a
thickness of 25 pm were obtained and subjected to immunofluorescence
staining using primary anti-GFAP rabbit antibody (1:1000, Sigma) with
a secondary 488-conjugated antibody from Invitrogen. Z-stacks images
were acquired at 0.5 pm using a confocal microscope at 40x. Sholl
analysis was performed on astrocytes with non-truncated processes as
the main structure. Sholl radius was set at 4 pm from the center of the
astrocyte to determine the number of intersections with concentric
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spheres at increasing radii. The number of intersections was then plotted
as a function of distance from the soma, allowing quantification of the
complexity and distribution of astrocytic processes. All analysis was
performed blinded to the experimental groups to avoid bias using the
Simple Neurite Tracer (SNT) plugin for Fiji.

5.5. RTN SOD2 expression

After sacrificing the animals, mice brains were removed and stored at
—80 °C. Then, micro-punches containing the RTN were lysed with RIPA
buffer +1 % protease inhibitor (Sigma-Aldrich) and sonicated at mini-
mum power for 15 s at 4 °C (Omni Instruments). Protein samples were
centrifuged at 14,000 rpm at 4 °C twice for 15 min. Protein concentra-
tion was determined using the BCA Protein Assay Kit (Pierce Biotech-
nology, Rockford, IL). For electrophoresis, 50 pg of total protein was
loaded and separated in SDS-PAGE 10 % polyacrylamide gels during 90
min at 90 V. Then, proteins were transferred into PVDF membrane
during 2 h and 30 min at 120 mA. SOD2 expression level was assessed by
immunoblot using a rabbit polyclonal SOD2 (1:1000, Millipore) in
blocking buffer (TBS/Tween-20 0,2 %/Milk 3 %) incubated overnight at
4 °C. Then, membranes were incubated 1 h at room temperature with a
horseradish peroxidase-conjugated secondary antibody (anti-rabbit,
KPL). Membranes were developed using the Pico West ECL solution
(Thermo Scientific) in a dark room. SOD2 expression levels was calcu-
lated as the ratio of intensity of the SOD2 band relative to the intensity of
the housekeeping protein GAPDH mouse monoclonal antibody (1:1000,
Sigma). The analysis of the optical densities of the specific bands was
performed with ImageJ software (NIH, USA).

5.6. Analysis of single-cell RNAseq data

Single-cell RNA-sequencing (RNAseq) data from the mouse ventral
parafacial brainstem zone were obtained from a publicly available
database (GEO number: GSE153172). Cell dissociation, single-cell
RNAseq and quality control methods are described in detail in the
original report of the database [8]. Data processing and visualization
was performed using the Scanpy package 78 (v.1.9.2) in Python (v.
3.8.10). The combined ventral parafacial cells RNAseq dataset was ob-
tained from 3,345 cells with expression data for 5,321 genes. The
aggregated counts matrix was normalized by dividing the total count per
cell, then multiplied by the median count across all cells. It was then
subjected to a base-2 logarithmic transformation and scaled to have zero
mean and unit variance column-wise. The computation of principal
components (PCs) was carried out using the top 2,000 genes that exhibit
the highest variability. Before computing the PCs, genes associated with
cell cycle, stress response, the Y-chromosome, hemoglobin, ribosomal,
mitochondrial, and the gene Xist were excluded from the list of highly
variable genes. To create a batch-balanced nearest-neighbor graph with
k = 10, the first 20 PCs were utilized. Subsequently, a 2D UMAP
embedding was generated. The Leiden community detection algorithm
was applied to the k-NN graph at 4 resolutions to assign the initial
clusters, resulting in 52 initial clusters. To examine specific Sod2 posi-
tive cells, we initially distinguished between Sod2 positive or negative
cells by the categorical function. Then, we determine the first 30 PCs and
the variance ratio of this PCs. 2D UMAP embedding was generated using
Leiden community detection algorithm to define clusters of cells that
express Sod2 gene.

5.7. Mitochondrial isolation

Mitochondria were isolated from a mouse brain using a method
referenced [28]. Briefly, after dissecting the mouse brain, it was broken
down in an MSH-BSA solution (containing mannitol 225 mM, sucrose
75 mM, HEPES 5 mM, EGTA 1 mM, and BSA 0.2 mg/mL, supplemented
with a protease inhibitor cocktail). This homogenate was first centri-
fuged at 600 g for 5 min. The supernatant from this was then centrifuged
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again at 8,000 xg for a duration of 10 min. The pellet resulting from this
was mixed with a 12 % Percoll solution in MSH (without BSA) and
carefully layered over a 24 % Percoll solution. This setup underwent a
final centrifugation at 18,000xg for 15 min. Post this, the pellet was
cleaned twice and lastly resuspended in MSH. To assess the protein
concentration, a BCA Protein Assay Kit by Pierce was employed.

5.8. Measurement of ATP concentration

The ATP generated by isolated mitochondria was evaluated within
the supernatant of the isolated mitochondrial fractions. ATP levels were
determined using a luciferin/luciferase bioluminescence assay kit (ATP
determination kit no. A22066, Molecular Probes, Invitrogen). Subse-
quently, the ATP content in each sample was calculated based on stan-
dard curves and then normalized to the total protein concentration.

5.9. Indirect mitochondrial membrane potential measurement

The mitochondrial membrane potential was assessed using the TMRE
method, as previously described [28]. In brief, a mixture of 20 pg of
mitochondrial protein in a 100 pL experimental buffer (containing KCl
125 mM, HEPES 20 mM, MgCl, 2 mM, KHyPO4 2.5 mM, BSA 0.1 %,
glutamate 5 mM, and malate 5 mM) was left to incubate at 37 °C for 10
min to energize the mitochondria. After this, 100 pL of 2 pM TMRE was
introduced, leading to a total volume of 200 pL and bringing the TMRE
concentration down to 1 pM. This mixture was incubated once more at
37 °C for 10 min. Post incubation, it was centrifuged at 14,000xg for 5
min. To gauge the supernatant, 100 pL was taken and measured. The
excess supernatant was removed, with the pellet being reconstituted in
another 100 pL of the buffer for analysis. The fluorescence of TMRE was
then measured using a fluorometer at 514/570 nm wavelengths for
excitation and emission, respectively.

5.10. Statistical analysis

Data is presented as mean + standard error mean (S.E.M.). Com-
parisons were performed through T-Student test. The level of signifi-
cance was defined as p < 0.05. Statistical analysis was performed with
GraphPad Prism 8.0 software (La Jolla, USA), Seaborn Python open-
source library module from Jupyter Notebook version 6.0.3 software
and Imaris View 10.1.1 version.
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