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Abstract

Aging invariably decreases sensory and motor stimuli and affects several neuronal systems and their connectivity to key brain
regions, including those involved in breathing. Nevertheless, further investigation is needed to fully comprehend the link
between senescence and respiratory function. Here, we investigate whether a mouse model of accelerated senescence could
develop central and peripheral respiratory abnormalities. Adult male Senescence Accelerated Mouse Prone 8 (SAMP8) and
the control SAMR1 mice (10 months old) were used. Ventilatory parameters were assessed by whole-body plethysmogra-
phy, and measurements of respiratory input impedance were performed. SAMPS mice exhibited a reduction in the density
of neurokinin-1 receptor immunoreactivity in the entire ventral respiratory column. Physiological experiments showed that
SAMPS8 mice exhibited a decreased tachypneic response to hypoxia (Fi02=0.08; 10 min) or hypercapnia (FiCO2=0.07;
10 min). Additionally, the ventilatory response to hypercapnia increased further due to higher tidal volume. Measurements
of respiratory mechanics in SAMP8 mice showed decreased static compliance (Cstat), inspiratory capacity (IC), resistance
(Rn), and elastance (H) at different ages (3, 6, and 10 months old). SAMPS8 mice also have a decrease in contractile response
to methacholine compared to SAMRI. In conclusion, our findings indicate that SAMP8 mice display a loss of the NK1-
expressing neurons in the respiratory brainstem centers, along with impairments in both central and peripheral respiratory
mechanisms. These observations suggest a potential impact on breathing in a senescence animal model.
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Introduction

Life expectancy has consistently increased over the years,
raising concerns among scientists and public health experts
about the implications of an aging population. Statistical
data indicate a significant rise in the number of individuals

Alembert Lino-Alvarado and Octavio A. C. Maia are considered
first author and contribute equally.

P4 Thiago S. Moreira
tmoreira@icb.usp.br

Biomedical Engineering Laboratory, University of Sao
Paulo, Sao Paulo, SP, Brazil

Department of Physiology and Biophysics, Institute
of Biomedical Science, University of Sao Paulo, Sao Paulo,
SP, Brazil

Deptartment of Pharmacology, Institute of Biomedical
Science, University of Sao Paulo, Sao Paulo, SP, Brazil

Published online: 16 August 2024

aged 60 and above, projected to grow from 900 million in
2017 to nearly 2 billion by 2050 [10]. Although aging is a
natural, progressive, and irreversible part of the life cycle,
it can lead to the development of chronic diseases and dis-
abilities during senescence, such as cardiovascular diseases,
Alzheimer’s disease (AD), cancer, and others, which affect
the body in physiological, environmental, psychological,
behavioral, and social ways, reducing quality of life.
During the process of aging, patients often exhibit altered
breathing patterns, such as irregularities in eupneic (normal)
breathing and abnormal ventilatory responses to hypoxic
(low oxygen) and hypercapnic (high carbon dioxide) condi-
tions [22, 51]. These changes can result in reduced respira-
tory efficiency and increased susceptibility to respiratory
illnesses such as pneumonia and sleep disordered breath-
ing [36, 37], impacting both the quality of life and overall
health of affected individuals. For example, hypoxia seems
to be related to the normal aging and early AD-associated
cognition and memory impairment [36]. However, further
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investigation is needed to fully comprehend the changes in
both central and peripheral mechanisms of the respiratory
physiology in aging.

The use of animal models, including mice, rats, fruit fly,
and roundworms, has provided valuable insights into the
aging-associated disorders. Various transgenic mice pre-
sent accelerated aging and/or reduced lifespan and have
been used to study the underlying mechanisms of physiol-
ogy dysfunction during the aging process [12, 34, 52], such
as changes in the autonomic, sensory, and motor regulation
[41]. However, those results should be carefully interpreted,
since the typical aging features are related to a single gene
defect, which also promotes features not seen in wild old
mice [19]. In this way, the Senescence Accelerated Mouse
Prone 8 (SAMPS8), which was established through pheno-
typic selection from a common genetic pool of AKR/J mice,
has an advantage since the aging features occur due to a
range of spontaneous mutation, closing to the normal aging
[12, 46].

The aging features shown by SAMPS8 mice are not
restricted to reduced lifespan or a single aging-associated
change, but include changes associated with AD, such as
down-regulation in the expression of anti-aging factors [20,
22], glial degeneration [38], AP deposition [33], increases
in oxidative stress [42], memory deficiency [26], cardiac
dysfunction [41], renal damage [54], and hearing loss [24].
However, there is currently limited research available regard-
ing the specific differences in the peripheral and central res-
piratory mechanisms of SAMP8 mice. In summary, study-
ing the physiology of respiration during aging is crucial for
understanding the full impact of these conditions on health.
The SAMPS8 mouse model offers unique insights into how
senescence-related pathology affects the respiratory control,
providing a valuable framework for developing therapeutic
strategies aimed at mitigating respiratory impairments in
patients. This study leverages the SAMPS8 model to further
explore these interactions, aiming to uncover new targets
for intervention and improve the management of respiratory
symptoms during the development of aging.

Material and methods
Animals

All animal procedures and protocols were approved and
performed in accordance with the Guide for the Care and
the Use of Laboratory Animals and approved by the Ethical
Committee of the Institute of Biomedical Sciences of the
University of Sao Paulo (CEUA#6,155,190,718). Inbreed
SAMPS and SAMRI strains were derived from selective
breeding of AKR/J mice, which showed early senescence
and aging processes considered normal, respectively [44].
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SAMPS mice present spontaneous mutations resulting
in a shorter lifespan, early learning and memory deficits,
and reduced anxiety compared to age matched SAMRI1
mice [30]. Dr. Dantas from the Institut d’Investigacions
Biomediques August Pi i Sunyer (IDIBAPS), Barcelona,
Spain, kindly donated the breeder SAMP8 and SAMRI1
mice. For the present study, the animals were obtained by
brother-sister mating and were kept in the vivarium of the
Pharmacology Department in standard plastic cages at a
constant temperature of 22°C and submitted to a 12 h/12 h
light/dark cycle with free access to standard food and
water. Respiratory physiology (mechanics, hypoxia (HVR)
or hypercapnia ventilatory response (HCVR)) and neuro-
anatomical studies were conducted in 10-month-old male
SAMPS (N =16) and SAMR1 mice (N =17). The screening
of respiratory mechanics over time was done in 3 (N=12), 6
(N=15) and 10-month-old SAMP8 (N =16) mice.

Body weight and nasoanal length

All animals were weighed on the day of the experiment and
the data were expressed in grams (g). After anesthesia, the
nasoanal length, expressed in centimeter (cm), was evalu-
ated, which corresponds to the measurement made from the
snout to the anus of the animal.

Assessment of respiratory mechanics

Different groups of animals were employed to assess respira-
tory mechanics at each time point because of the invasive-
ness of the protocol. The protocol is detailed as follows.
The animals were anesthetized with an intraperitoneal injec-
tion of ketamine (120 mg/kg, Syntec, Brazil) and xylazine
(12 mg/kg, Ceva, Brazil). The trachea was cannulated with
a custom-made 18G metallic cannula (BD, Brazil) and the
jugular vein was cannulated for later injection of acetyl-
B-methyl-choline chloride (methacholine-MCh, Sigma-
Aldrich, USA), a muscarinic agonist. Mice were artificially
ventilated with a positive end-expiratory pressure (PEEP)
of 3 cmH,O0, at frequency of 150 breaths/min and a dis-
placed volume of 10 mL/kg, using a small animal ventilator
(flexiVent, SCIREQ, Canada). The neuromuscular block-
ade was made by intraperitoneal injection of pancuronium
bromide (1 mg/kg, Cristélia, Brazil). After seven minutes,
a six-second recruitment maneuver (pressure ramp until 30
cmH,0 over 3 s followed by a 3 s end-inspiratory pause)
was carried out twice to calculate the inspiratory capacity
(IC) as the measured volume starting from the end of expira-
tion to the total lung capacity (TLC) at 30 cmH,0O. We esti-
mated the static compliance (Cstat) from these maneuvers.
A 3-s multifrequency (1-20.5 Hz) volume perturbation was
applied to the lungs for the measurement of respiratory input
impedance from which we applied the constant phase model
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and estimated: airway resistance (Rn), tissue damping (G)
and tissue elastance (H). These parameters were measured
initially after the injection of 20 uL/10 g body weight of
phosphate-buffered saline (PBS), a diluent of MCh, by jugu-
lar vein and, then again after the following doses of MCh:
30, 100, 300, 1000 pg/kg in a volume of 20 uL/10 g body
weight. In addition, hysteresivity () was calculated for the
PBS dose. The data used were the peak response of each
dose and expressed by the percentage increase over PBS.

Bronchoalveolar fluid (BALF)

At the end of the experiment, the lungs were washed twice
with PBS (0.8 mL each wash). The BALF was centrifuged
at 1,500 rpm, for 15 min. The supernatant was collected,
and the pellet was resuspended in 1 mL of PBS. Total cell
count (TCC) was made in a Neubauer chamber. For the dif-
ferential cell analysis, BALF suspension was centrifuged in a
cytospin and slides were stained with hematoxylin and eosin
(NewProv, Brazil). Four hundred cells were counted under
light microscopy. The total and differential counts were
expressed by the number of cells x 10° per mL of BALF.

Lung volume

After the BALF procedure, the lungs and trachea were
removed from the animal, and through the 18G cannula,
inserted into the trachea, the set was connected to a column,
filled with 4% paraformaldehyde solution and the lungs were
inflated under pressure of 25 cmH,O for 15 min. After this
procedure, the trachea was occluded and the volume of the
lung was determined using Archimedes' Principle, which
states that the buoyant force generated on a submerged body
is quantitatively equal to the weight of the liquid displaced
by the body itself. The data were expressed in milliliters
(mL).

Morphological assessment

After measuring lung volume, the lungs remained in a 4%
paraformaldehyde solution for 24 h and then were trans-
ferred to a 70% alcohol solution. Then, four tissue blocks
per lung were prepared for paraffin embedding. The paraffin
blocks were randomly cut (thickness at 5 pm) and stained
with hematoxylin and eosin (HE). Images were digitally
acquired employing an automated microscope (BioTek
Lionheart FX, USA) at 20X and 10 images were randomly
selected for further processing. Differences in lung paren-
chyma were evaluated by measuring the mean linear inter-
cept (MLI). The MLI is a measure of the mean distance
from the interalveolar septal wall, which is widely used to
examine the size of the alveolar space. MLI was measured
directly [18], with an automated digital method implemented

(ImageJ 1.37, NIH, USA) and described elsewhere [6]. Col-
lagen detection in the lung parenchyma was done by histo-
logical staining using Picrosirius Red. Only peripheral air-
ways were considered for the assessment avoiding regions
with blood vessels. The presence of collagen fibers was done
by fluorescence microscopy (Zeiss Axioskop 2, Oberkochen,
Germany) at 40X magnification employing an established
method [50], and the area was digitally assessed (ImageJ
1.37, NIH, USA). The picrosirius positive area (PPA) was
calculated as a percentage of the airway area.

Whole body plethysmography and respiratory
chemoreflex analysis

The ventilatory response was assessed using whole-body
plethysmography (EMKA Technologies, USA), on the same
day, before the assessment of respiratory mechanics. The
mice had prior contact with the plethysmography chambers
for adaptation in the two days preceding the experiments.
This way, we ensure that the change in environment does
not interfere with ventilation measures. Briefly, conscious
unrestrained freely moving mice were kept in a 0.5 L ple-
thysmography chamber with room air for 45-60 min before
starting to record the ventilatory parameters. Recording ses-
sions were conducted between 9:00 am and 4:00 pm and
lasted <3 h. The plethysmography chamber was continu-
ously flushed with 0.5 L/min, regulated by computer-driven
mass flow controllers for O,, N,, and CO, (Alicat Scientific
Inc., USA). SAMPS8 or SAMR1 mice were exposed to dif-
ferent respiratory challenges, such as a) normoxia condition
(Fi0,=0.21, balanced with N,); b) normoxic hypercapnia
(FiCO,=0.07; FiO,=0.21 and balanced N,, for 10 min) and
¢) hypoxia (FiO, =0.08, balanced with N,, for 10 min). For
the normoxic hypercapnia protocol, the inspired fraction of
oxygen (FIO,) stayed at the fraction of 0.21 during the whole
protocol, similar to our previous studies [31]. After 10 min
of normoxia, the inspired fraction of CO, (FiCO,) increased
from O to 0.07 and lasted 10 min, and then was followed
by recovery in normoxia for at least 20 min. The hypoxia
protocol was performed by exposing the mice to Fi0,=0.08
for 10 min, following a period of normoxia recovery (reoxy-
genation) for 20 min.

The ventilatory parameters measured by the plethysmog-
raphy system were respiratory frequency (fy, breaths/min),
tidal volume (V, pL/g), and minute volume (Vg, pL/min/g;
calculated as the product of f; x V), which were assess dur-
ing periods free of movement artifacts. For the analysis of
breathing during asleep (during the daytime), these variables
were analyzed as the average of 120 s duration each. During
normoxia, hypercapnia and hypoxia, the analysis of Vo, fy,
and Vi were performed at 7-10 min from the beginning of
the gas change.
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To account for differences in body size, breath volumes
were also normalized to body weight. Room temperature
(23-26 °C) and humidity (50-60%) were continuously
recorded inside the plethysmography chamber and used
to calculate the tidal volume. Rectal temperature was used
as a core body temperature index. The pressure signal was
amplified, filtered, recorded, and analyzed offline using data
acquisition/processing software (Powerlab 16/30, ML880/P,
ADInstruments, NSW, Australia).

Brainstem histology

After the assessment of respiratory mechanics, mice were
injected with heparin (500 units, intracardially) and perfused
through the ascending aorta with 50 mL of PBS (pH 7.4) fol-
lowed by 4% phosphate-buffered (0.1 M; pH 7.4) formalde-
hyde (Electron Microscopy Sciences, USA). The brainstem
was removed and stored in the perfusion fixative for 24—48 h
at4 °C. Series of coronal Sects. (30 pm) from the brainstem
were cut using a microtome and stored in cryoprotectant
solution (20% glycerol plus 30% ethylene glycol in 50 mM
phosphate buffer, pH 7.4) at -20 °C for up to 2 weeks await-
ing histological processing. All histochemical procedures
were done using free-floating sections according to previ-
ously described protocols [31].

The substance P receptor (NK1R) was detected using a
rabbit NK1R antibody (1:5000 dilution; catalog#S8305;
Sigma-Aldrich, USA) raised against a synthetic peptide cor-
responding to the C-terminal of NK1R of rat origin (amino
acids 393-407). Biotinylated donkey anti-rabbit (1:500
dilution; catalog#717-067-003; Jackson Immunoresearch)
followed by the ABC kit (Vector Laboratories Inc., Burl-
ingame, USA) and subsequent colourization with 3,3'-di-
aminobenzidine (DAB). The specificity of the antibodies
has been validated previously [31, 43]. All the sections were
mounted onto slides in rostrocaudal sequential order, dried,
and covered with DPX (Aldrich, Milwaukee, USA). Cover-
slips were affixed with nail polish.

Densitometric analysis of NK1R immunoreactivity

A conventional multifunction microscope (ZeissAxioskop
A1, Germany) was used to image sections and perform sub-
sequent analysis [25]. A one-in-four series of 30-pm-thick
brainstem sections were used per animal, causing each sec-
tion analyzed to be 120 pm apart. The sections were counted
bilaterally, and the numbers reported in the results section
correspond exactly to the counts of one-in-four sections in
a series. Photographs were taken with a color camera (Zeiss
AxiocamHRc, Germany). An image analysis software pack-
age (ImageJ 1.37, NIH, USA) was used for cell counting,
and a technical illustration software package (Canvas, v.9.0;
ACD Systems, USA) was used for line drawings, assembly
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of figures and labelling. The neuroanatomical nomenclature
used was defined by Franklin and Paxinos [9].

Images were taken through the region of interest from
both sides of the entire ventral respiratory column using the
same exposure time. The area of interest was outlined using
the landmarks as follows. For the parafacial (pF) region, at
bregma -6.36 mm, the area was defined by outlining from
halfway down the medial edge of the facial motor nucleus,
around the center of the ventral edge of this nucleus and then
perpendicular to the ventral surface. The region continued
medially along the ventral surface to the medial edge of the
pyramidal tract and closed with a diagonal to the medial
edge of the facial nucleus (see Figs. 2A-B). Note that the
region of the medulla thus defined encompassed not only
the parafacial but a large region medial to it. This choice
was made because the parafacial per se is not identifiable in
tissue reacted for standard NK1R immunochemistry because
of the extremely low level of immunoreactivity [28, 43].
For the Botzinger (B6tzC) region, at bregma -6.64 mm, the
region was defined by an oval 150 pm wide and 200 pm
long, with the top centered on the ventral edge of the
nucleus ambiguus (see Figs. 2C-D). For the Pre-Botzinger
(PreBotzC) region, at bregma -6.84 mm, the region was
defined by an oval 150 pm wide and 200 pm long, with the
top centered on the ventral edge of the nucleus ambiguus
(see Figs. 2E-F). For the rostral ventral respiratory group
(rVRG), at bregma -7.08 mm, the region was defined by an
oval 150 pm wide and 200 pm long, with the top centered on
the ventral edge of the nucleus ambiguus (see Figs. 2G-H).
For the nucleus ambiguus (NA), at bregma -6.64; -6.84 and
-7.08 mm, the region was defined by analyzing compact,
semi-compact, and external formation, respectively.

The regions described above were digitally outlined
(ImageJ 1.37, NIH, USA), and the region of interest was
segmented such that the segments were judged to represent
true immunostaining using the NA as a standard between
sections. The area of pixels containing segments was cal-
culated by the software, and the data are presented as a per-
centage of control values (SAMR1), with control as 100%.

Statistical analysis

The data analysis was performed with a statistics software
(GraphPad Prism 7.01, GraphPad Software Inc., USA).
Data were tested for normality using the Shapiro—Wilk
test. Student’s t test (MLI and collagen deposition), one-
way (respiratory mechanics, and imunohistochemistry) or
two-way (dose response curve to MCh, and ventilatory vari-
ables) ANOVA, usually with repeated measures, followed by
Tukey's, Bonferroni's, or Holm-Sidak's multiple compari-
sons test. The F and p values for every effect and interac-
tion between effects are reported in the figure legends or the
results section. Differences were considered significant when
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p<0.05. In figures, data from each animal are presented in
scatter plots, with summary data in text shown as mean +SD
unless noted otherwise.

Results
Body weight, NAL, lung volume and BALF

SAMPS8 mice (10-month-old) had significantly lower body
weight, naso-anal length (NAL) and lung volume compared
to matched-age SAMR1 mice (Table 1). The total cell count,
mononuclear and polynuclear cells in BALF did not dif-
fer between both strains (Table 1). Aging in SAMPS mice
significantly increased body at 10 months when compared
to 3- and 6-month-old mice. No significant differences in
NAL and lung volume were observed with aging. BALF
counts showed a reduction in total and mononuclear cells at
10 months compared to young mice.

Breathing responses in unrestrained conscious
mice.

The first series of experiments were performed to character-
ize baseline breathing patterns in 10-month-old unrestrained
conscious SAMRI1 and SAMP8 mice. We did not observe
significant differences in baseline fi (98.3+11.6 vs. SAMRI1
113.1+11.1 breaths/min, p=0.2, t=1.3, df =22, N=9-14)
and Vg (1835 +354 vs. SAMRI 1404.8 +418 pl/g/min,
p=0.15; t=1.46, df =22, N=9-14) (Figs. 1A-B; 1D).
However, baseline V showed a significant higher value
in the SAMP8 animal model (19.75+4.55 vs. SAMRI1
12.47+3.8 pl/g, p=0.0074; t=3.97, df =21, N=9-14)
(Fig. 1C).

Challenging the animals to 8% O, (hypoxia ven-
tilatory response—HVR), the increase in Vg (from

Table 1 Age, body weight, naso-anal length, lung volume, total cell
count, mononuclear and polymorphonuclear cells of 3, 6, 10-old-
month SAMPS8 and 10-month-old SAMRI1. Values are means =+ SD.
Significant differences among strains were analyzed by unpaired

18354354 to 3793 +274 vs. SAMRI1: from 1404.8 +418
to 3304 +231 ul/g/min, F; 44=1.45; p=0.074) was not
affected in SAMPS8 mice (Figs. 1A-B). However, the tachyp-
neic response to hypoxia was reduced (from 98.3+11.6 to
193.2+20.7 vs. SAMRI: from 113.1+11.1 to 219.7+6.1
breaths/min, F; 4,4=141.9; p=0.001) in SAMPS8 mice
(Fig. 1D). We did not find significant differences in the
increase in Vr (F; 44=0.128; p=0.954) (Fig. 1C).

On the other hand, challenging the animals to 7% CO,
(hypercapnia ventilatory response—HCVR), we found a sig-
nificant further increase in V (from 19.2+4.4 to 30+3.2
vs. SAMRI: from 10.9+2.6 to 17.3+1.8 pl/g, F; 3,=120;
p=0.0018) and Vg (from 1889 +364 to 6712+ 1122
vs. SAMRI1: from 1232 +303 to 4044 + 440 pl/g/min,
F;34=129.42; p=0.0015) in SAMPS8 mice (Figs. 1A-C).
The tachypneic response to hypercapnia (from 99.3 +12 to
143.6 +21.8 vs. SAMRI1: from 112.5+10.9 to 232.5 +26.5
breaths/min, Fy34= 95.87; p=0.02) was reduced in SAMPS
mice (Fig. 1D).

We did not find significant differences in body tem-
perature during normoxic/normocapnic conditions in
SAMRI and SAMPS (36.9+0.1 vs. SAMRI1 37.2+0.1 °C,
p=0.087). In addition, during the experiments, the mean
chamber temperature was 25.3 +0.3 °C, and the mean room
temperature was 24.8 +0.3 °C.

NK1r-expressing neurons in the brainstem in SAMR1
and SAMP8 mice.

Since breathing pattern was changed in SAMPS8 mice, the
following experiment was conducted to evaluate the ventral
respiratory column in the ventral aspect of the brainstem.
We observed a reduction of NK1-ir density in the rVRG
(71.7 £ 1.8% of the SAMRI, 28% reduction; p <0.0001),
PreBotC (74.3+0.8% of the SAMRI1, 25.7% reduction;
p<0.0001), BotC (68.2+4.3% of the SAMRI, 31.6%

t-test. (¥) Different from SAMR1; p<0.05. Significant differences
across ages were performed using One-way ANOVA and Tukey's test
for multiple comparisons. (Jr) Different from 10-month-old SAMPS;
p<0.05

Age Body weight Naso-anal length Lung volume (mL) Total Count (x 10° Mononuclear (x 10° Polymorphonu-

(2) (cm) cells/mL) cells/mL) clear (x 10° cells/
mL)

28.11 £2.491 9.36+0.35 1.28+0.09 27941311 273+ 1301 0.009+0.019t
(n=12) (n=6) (n=6) (n=12) (n=12) (n=12)
29.86+2.29T 9.51+0.26 1.50+0.26 272+ 1431 2.70+1.351 0.004+0.006T
(n=15) (n=38) (n=7) (n=14) (n=14) (n=14)
32.50+2.65% 9.54+0.32% 1.74+£0.28* 0.89+0.71 0.89+0.15 0.002 +0.001
(n=16) (n=16) (n=13) (n=25) (n=25) (n=25)
44.31+4.15 11.03+0.35 2.32+0.26 0.99+0.59 0.98+0.14 0.002+0.001
(n=17) (n=17) (n=10) (n=18) (n=18) (n=18)
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Fig.1 Ventilatory responses in SAMR1 and SAMP8 mice

reduction; p=0.0034) and pF region (71.1 +£3.5% of the
SAMRI, 28.9% reduction; p=0.006) (Figs. 2A-I). We
did not find a significant reduction in the density of NK1r
neurons in the NA in all analyzed groups (95 +3.8% of the
SAMRI, 5% reduction; p=0.2171) (Fig. 21).

Respiratory mechanics

The next step was to evaluate the properties of the lung
analyzing the mechanics of breathing. First, we made a
comparison of respiratory mechanics of SAMP8 mice
at different ages (3, 6 and 10 months old). The time
course showed an increase in static compliance (Cstat)
(F526=12.16; p=0.0002) and inspiratory capacity (IC)
(F526=12.01; p=0.0002) at 10-month-old (Figs. 3A-B).
In addition, SAMPS also showed a significant decrease in
tissue resistance (R,) (F,35=4.45; p=0.018), tissue vis-
cance (G) (F,34=12.36; p<0.0001), and tissue elastance
(H) (F,39=10.96; p=0.0003) at 10-month-old (Figs. 3C-
E). No significant change was observed on n (F, 35=1.35;
p=0.27) (Fig. 3F).

To diagnose and assess the mechanisms of airway
hyperresponsiveness we used the methacholine challenge
(MCh: 30, 100, 300 and 1000 pg/kg). MCh (100, 300
and 1000 pg/kg) elicited a dose response increase of Rn
(F3.93=5.108.6; p=0.0026), G (F; 93=20.65; p<0.0001),
and H (F; 93=5.014; p=0.0029) both SAMR1 and SAMP8
mice (Figs. 4A-C). However, SAPM8 mice showed an
attenuated increase in Rn (F; ;; =10.66; p=0.0027), and G
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(F131=24.90; p<0.0001) reaching significant values at 300
and 1000 pg/kg (Figs. 4A-B). No significant difference was
observed in the dose response curve of MCh in H analysis
(F131=0.37; p=0.544) (Fig. 4C).

Morphological measurement

When we analyzed the MLI in lungs from SAMPS and
SAMRI mice, we did not find a significant decrease in
index of lung samples from SAMPS8 animals (SAMP8
47.66 +2.79 ym vs. SAMRI 49.10+3.45 ym) (t=1.05,
df=8; p=0.322) (Figs. 5A-C).

Collagen deposited around the airways was analyzed
using Picrosirius staining. Notably, there was no differences
in collagen deposition between the mouse strains (SAMPS:
83.98 +4.86% vs. SAMR1: 82.10+2.99%) (t=0.57, df =6;
p=0.58) (Figs. 5D-F).

Discussion

This study demonstrates that a mouse model of accelerated
aging (SAMPS8) experiences ventilatory and lung dysfunc-
tions. Considering SAMPS8 mice show a myriad of aging-
associated changes, including dementia and AD [21, 26, 33],
we believe the present findings offer significant insights into
the respiratory abnormalities associated with aging, and we
hope that these insights can be leveraged to improve clinical
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care for aged patients, especially with neurodegenerative dis-
eases, in a near future.

Ventilatory impairment in SAMP8 mice

Breathing in mammals is controlled by a complex network of
both excitatory and inhibitory neurons found in the ventro-
lateral medulla oblongata, specifically within an area known
as the preBotzinger Complex (preBotC). This region is vital
for the creation of various respiratory rhythms, such as nor-
mal breathing (eupnea), gasping, and sighing, as highlighted
in prior research [15, 17, 53]. In our study, we observed a
significant decrease in the expression of the NK1 receptor
across several subnuclei of the ventral respiratory column,
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Fig.3 Respiratory mechanics parameters under static conditions at 3,
6, and 10-month-old SAMPS8 mice

including the respiratory parafacial region, the Botzinger
Complex (BotC), preBotC, and the rostral aspect of the ven-
tral respiratory column (rVRG). While our findings do not
conclusively show a decrease in neuron numbers throughout
the ventral respiratory column, the diminished NK1 receptor
expression is likely to have significant impacts on respira-
tory physiology. It is widely recognized that neurons in the
parafacial region and the B6tC/preBotC are crucial for driv-
ing breathing in mammals at rest. Evidence has consistently
shown that the pharmacological or genetic removal of essen-
tial neurons within the ventral respiratory column impacts
breathing during rest, as well as during quiet wakefulness
and sleep [11]. In our current study using a genetic model of
aging (SAMPS8), we did not observe significant differences
in resting respiratory output. This lack of change could be
due to the fact that we observed less than a 30% reduction in
NK1 expression in the ventral respiratory column. The fact
that a high kill rate would be required to produce symptoms
is expected. Parkinson’s disease becomes symptomatic only
with the loss of about 80% of the dopaminergic neurons [31]
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and the destruction of well over 80% of the C1 neurons is
required to produce chronic hypotension and a cohort of
associated autonomic deficits [23].

Central chemoreception involves the brain detecting dif-
ferences in CO, and H* levels and their effects on breath-
ing. In our study, we noted a 65% increase in the hyper-
capnic ventilatory response (HCVR) in SAMPS animals,
which was unexpected given the observed reduction in
only 30% of the NK1 expression in ventral respiratory
neurons. We did not assess other brain nuclei involved in
respiratory regulation and chemosensation, which might
explain the additional increase in HCVR. Therefore, fur-
ther investigation is required to gain a clearer understand-
ing of these findings. It is also possible that peripheral
chemoreceptors, particularly the carotid body, might
partly compensate for diminished central CO, sensitivity,
although their role is inconsistently described in the litera-
ture [4, 8, 35, 43]. Peripheral chemoreceptors significantly
activate the entire respiratory pattern generator and might

@ Springer

be essential for conveying the CO, response when central
chemoreceptors are compromised [35, 43]. Furthermore,
compensation by potential CO, sensing sites in the brain
might either be inactive or lack sufficient connectivity to
the respiratory pattern generator compared to control ani-
mals, as suggested by Nattie [27, 29].

In a streptozotocin-induced model of Alzheimer's
disease (AD), an elevated HCVR was observed. This
increased sensitivity to CO, was linked to significantly
higher levels of amyloid-beta (Ap) expression in the LC
[49]. Although the hallmark pathological features of AD in
this model, including neuroinflammation, oxidative stress,
accumulation of phosphorylated tau and A peptides, syn-
aptic damage, and resultant behavioral changes underscore
its value in translational research, discrepancies exist in
the respiratory studies conducted so far. Therefore, the
heightened hypercapnic response seen in SAMP8 mice
may potentially be associated with the presence of AP in
brain regions involved in CO, detection, such as the LC
[49].

Research has been conducted to explore the potential
relationship between AD and the hypoxia ventilatory
response, given that changes in respiratory function could
impact oxygen delivery to the brain. Some studies sug-
gest that individuals with AD may experience changes
in respiratory function, including changes in respiratory
muscle strength and control. Yet, the specific mechanisms
and extent of these modifications are still under investiga-
tion. In our current study, we observed a significant reduc-
tion in the tachypneic response to hypoxia or hypercapnia,
likely due to impairment of neurons in the BotC/preBotC
region, which are crucial for regulating breathing rhythm
[1]. These rhythmogenic neurons are known to express
NKI receptors [11, 13].

A possible connection between accelerated aging and
the hypoxia ventilatory response may involve the central
nervous system, particularly the respiratory control cent-
ers. The degeneration of brain regions responsible for res-
piratory control could lead to altered breathing patterns,
as shown in our SAMP8 model with a reduction in NK1
expression throughout the ventral respiratory column.
Moreover, disruptions in the neural circuits that man-
age both cognitive and respiratory functions could influ-
ence the hypoxia ventilatory response in individuals with
senescence. It is important to recognize that this field of
research is continually evolving, and findings may vary
across different studies. The relationship between aging
and respiratory function is complex and likely multifacto-
rial. Further research is essential to better understand the
connections between neurodegenerative processes, res-
piratory function, and the hypoxic ventilatory response in
aging, including those associated with aging itself.



Pfliigers Archiv - European Journal of Physiology

Fig.5 Mean linear intercept and collagen deposition quantification

Respiratory mechanics and lung properties
in SAMP8 mice

The literature suggested that changes in airways resistance
and lung parenchyma vary in a nonlinear manner. Spe-
cifically, significant differences affect primarily the lung
parenchyma and later the airways resistance. In a study
with C57BL/6 J mice, R, varied significantly from 20 to
26 months, but not from 2 to 20; the inverse situation hap-
pened with G and H [14]. In C57BL/B6 mice, the greatest
change in R, happened from 6 to 18 months whilst G and H
changed significantly from 2 to 6 months [7]. Our findings
evidenced that in SAMPS8 mice the differences in airways
resistance and lung parenchyma also did occur in a non-
linear manner. However, these differences in R, G, and H
markedly happened only at 10 months (Fig. 3), suggesting
that it might be a characteristic of these senescent animals.

Based on the existing experimental data documented
in the literature, it appears that hysteresivity (n) exhib-
its a consistent value throughout the lifespan of mice but
demonstrates an upward trend at later stages, particularly
beyond 20 months [5, 14]. In lung pathologies affecting
parenchyma, it is suggested that an increase in n coin-
cides with the emergence of heterogeneities within the
lung, which can be attributed to changes in the mechanical
properties and behavior of biological tissues, particularly
in their ability to deform and flow under stress [2]. Nota-
bly, variations in n have been observed in middle-aged
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mice within emphysema models [48]. Although our find-
ings did not indicate statistically significant differences
in 1, it is possible that the time course analyzed was not
sufficient to observe any difference in n. However, with a
longer period of analysis in the future, these changes could
be explained by alterations in local airway resistance, as
previously suggested [2]. Our inclination aligned with this
proposition as the data of collagen deposition and MLI
did not exhibit statistical differences between the SAMPS
experimental group and the control group.

Interestingly, we observed a significant reduction in con-
tractile response to MCh doses of 300 and 1000 pg/kg in the
SAMPS8 mice when compared to the control group (Fig. 4).
The literature suggests that differences in contractility
between younger and older rats and rabbits may be attributed
to variations in the quantity of airway smooth muscle or the
availability of muscarinic receptors [20]. Conducting further
studies to assess whether these differences in R, result from
mechanical interactions or physiological variations will help
elucidate these findings.

Oscillometric studies conducted on humans have yielded
conflicting results concerning the correlation between age
and resistance [16]. While disparities exist, certain authors
have suggested an age-related decline in resistance specifi-
cally among males [32]. Our observations in SAMPS mice
appeared to support these observations, although the pre-
cise underlying mechanisms were not explored in this study.
Nonetheless, we hypothesized that the advancement of age
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may lead to changes in peripheral lung function or the emer-
gence of an airway shunt [40].

Regarding the lung parenchyma, we observed that
10-month-old SAMP8 mice suffered a reduction of elastance
when compared to younger animals (3 and 6-month-old),
showing emphysema-like characteristics, a feature of senes-
cent mice that was pointed out in the literature [45, 47]. Sev-
eral factors could potentially account for this phenomenon,
including air space enlargement, changes in the extracellular
matrix (ECM), or surfactant properties [39].

Limitations of the study

One limitation of this study is the absence of a control group
for the progression of changes in respiratory mechanics.
While SAMP8 mice were studied at 3, 6, and 10 months,
the SAMRI1 mice, which serve as a control group, were not
included in this analysis. The absence of control group data
currently limits our ability to make comprehensive compar-
isons and conclusions about the observed changes. How-
ever, we showed a consistent alteration in the respiratory
mechanics of SAMPS8 animals at 10 months of age, both in
baseline and in response to methacholine. We recognize that
future experiments will need to include the proper control
group, SAMRI, to evaluate and compare the findings more
effectively.

A second limitation of our study is the use of pancuro-
nium bromide, a nicotinic acetylcholine receptor blocker.
While the use of the neuromuscular blocker pancuronium
is appropriate for procedures requiring mechanical ventila-
tion [3], it is important to note that pancuronium bromide
has a vagolytic effect that can influence airway caliber and
pulmonary arterial pressure in a dose-dependent manner.
This pharmacological effect may have affected some of our
respiratory mechanics measurements. Despite using a fixed
dose to ensure consistency, this remains a potential con-
founding factor.

Conclusions

In conclusion, the SAMP8 animal model of senescence
exhibits a decreased tachypneic response to hypoxia and
hypercapnia, along with a reduced contractile response to
MCh compared to control animals. These findings suggest a
failure in the respiratory mechanisms to adequately respond
to challenges, which could significantly impact the physiol-
ogy of breathing during senescence. Overall, these findings
indicate that SAMPS8 mice are a suitable model for research-
ing the peripheral and central respiratory systems during
the aging process and exploring how these aspects may be
intertwined with AD-like characteristics in SAMPS mice.

@ Springer

Whole body plethysmography was used to examine ven-
tilation changes during exposure to hypoxia or to hypercap-
nia. A) Plethysmography recordings of a SAMRI (blue) and
SAMPS (red) mice under baseline, hypoxia or hypercapnia
conditions. Changes in B) ventilation (VE, pl/g/min), C)
tidal volume (VT, pl/g), and D) respiratory rate (fR, bpm) in
control (SAMR1—blue) and SAMPS (red) animals exposed
to hypoxia (FiO,=0.08) or hypercapnia (FiCO,=0.07.
Arrows indicate the sigh in both SAMR1 and SAMP8 under
hypoxia. *Different from baseline; + different from SAMR1;
Two-Way ANOVA followed by Sidak’s multiple compari-
sons tests; p<0.05; N=10-15/group of mice. Scale bar in
A=5s.

Representative photomicrographs of SAMRI1 (control; A,
C, E, and G) and SAMPS8 (B, D, F, and H) showing immu-
noreactivity for NK1 receptors in the respiratory parafacial
region (pF) (A and B), Botzinger complex (B6tC) (C and
D), pre-Botzinger complex (preBotC) (E and F), and rostral
ventral respiratory group (rVRG) (G and H). Analysis of
the extent of NK1R immunoreactivity in the regions out-
lined by the red line in A-H. The NKIR immunoreactiv-
ity is expressed as a percentage of the immunoreactivity
in the control (SAMRI) group. Abbreviations: IO, inferior
olive, In, nucleus linearis; NA, nucleus ambigus; py, pyra-
mide; SpS5, spinal trigeminal nucleus, and VII, facial motor
nucleus. Scale bar in H represents 200 pm and applies to
AtoH.

A) Static compliance (Cg,,, cmH,0/mL), B) inspiratory
capacity (IC, mL), C) airway resistance (R,, cmH,0.s/mL),
D) tissue viscance (G, cmH,0/mL), E) tissue elastance (H,
cmH,0/mL), and F) hysteresivity (1) in SAMP8 mice at 3
(N=12); 6 (N=15) and 10-month-old (N=16). The results
are expressed as mean+ SD. * Different from 3-month-old
mice. Significant differences (p <0.05) were determined
using One-way ANOVA and Tukey's test for multiple
comparisons.

A) airway resistance (R,, cmH,0.s/mL), B) tissue vis-
cance (G, cmH,0/mL), C) tissue elastance (H, cmH,0/
mL) in 10-month-old SAMR1 (N=17), and SAMP8 mice
(N'=16) during intravenous infusion of MCh (30, 100, 300
and 1000 pg/kg). Values are presented as the increased
percentage from the basaline measurement. The results
are expressed as mean + SD. Significant differences were
analyzed by Two-way ANOVA followed by Sidak’s mul-
tiple comparisons tests (p <0.05). * Different from base-
line; + Different from SAMRI1 (dose comparison).

A and B) Sections from lung parenchyma were stained
with hematoxylin and eosin of 10-month-old SAMRI1 (A)
and SAMPS (B) mice. C) Mean linear intercept in SAMRI1
and SAMPS8 mice (N =4-5/group). D) Peripheral airways
were stained with Picrosirius Red of 10-month-old SAMRI1
(D) and SAMPS8 (E) mice. Magnification at 40x. F) Col-
lagen deposition in SAMR1 and SAMP8 mice (N=4-5/
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group). Scale bar in A and B=200 um; scale bar in D and
E=20 pum.
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