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and Hypercapnic Responses in

Transgenic Murine Model of

Alzheimer’s Disease Overexpressing

Human AβPP: The Effects of

Pretreatment with Memantine and

Rivastigmine. Int. J. Mol. Sci. 2022, 23,

6004. https://doi.org/10.3390/

ijms23116004

Academic Editor:

Ludmilla A. Morozova-Roche

Received: 13 May 2022

Accepted: 25 May 2022

Published: 26 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Hypoxic and Hypercapnic Responses in Transgenic Murine
Model of Alzheimer’s Disease Overexpressing Human AβPP:
The Effects of Pretreatment with Memantine and Rivastigmine
Kryspin Andrzejewski 1 , Monika Jampolska 1, Ilona Mojzych 1,2, Silvia V. Conde 3

and Katarzyna Kaczyńska 1,*
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Abstract: Despite the severe respiratory problems reducing the quality of life for Alzheimer’s disease
(AD) patients, their causes are poorly understood. We aimed to investigate hypoxic and hypercapnic
respiratory responses in a transgenic mouse model of AD (AβPP V717I) overexpressing AβPP and
mimicking early-onset AD. The cholinesterase inhibitor rivastigmine and the NMDA receptor antag-
onist memantine were used to investigate the effects of drugs, used to treat AD cognitive dysfunction,
on breathing in hypoxia and hypercapnia. We found a significant increase in the respiratory response
to hypercapnia and no difference in the hypoxic response in APP+ mice, compared with the control
group (APP−). Memantine had no effect on respiration in either group, including responses to
hypoxia and hypercapnia. Rivastigmine depressed resting ventilation and response to hypercapnia
irrespective of the mice genotype. Reduction in hypoxia-augmented ventilation by rivastigmine was
observed only in APP+ mice, which exhibited lower acetylcholinesterase activity in the hippocampus.
Treatment with rivastigmine reduced the enzyme activity in both groups equally in the hippocampus
and brainstem. The increased ventilatory response to hypercapnia in transgenic mice may indicate
alterations in chemoreceptive respiratory nuclei, resulting in increased CO2 sensitivity. Rivastigmine
is a potent reductant of normoxic and hypercapnic respiration in APP+ and APP− mice.

Keywords: Alzheimer’s disease; transgenic mouse model; breathing; hypoxia; hypercapnia

1. Introduction

Alzheimer’s disease (AD), an age-related neurodegenerative disorder, is the most
common cause of dementia, affecting more than 45 million people worldwide. Its main
features are cognitive and neuropsychiatric symptoms, leading to progressive impairment
and disability [1–3]. Neurodegeneration, decreased synaptic density, and depletion of brain
neurotransmitters are considered to be consequences of pathological processes determined
by progressive deposition of amyloid-β (Aβ) plaques and intracellular neurofibrillary
tangles of hyperphosphorylated tau protein [4–7]. In addition to cognitive impairment,
respiratory distress is common in AD patients. Among respiratory disorders, sleep apnea
takes the lead, but respiratory dysrhythmias, dyspnea, respiratory muscle strength decline,
bronchiolitis, and pneumonia are also observed [8–11], and while they can indeed reduce
the quality of life, they are often undiagnosed and untreated, and their causes are not
well-understood. Respiratory responses to hypoxia or hypercapnia have not yet been
studied in patients with AD, although maladaptation of respiratory responses to these
stimuli occurring during apnea may lead to impaired respiratory gas homeostasis and
compatible cellular homeostasis.
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Recently, attempts have been made to investigate respiratory changes in an animal
model of the disease induced by injection of streptozotocin (STZ) into the lateral ventricles
of the rat brain, mimicking sporadic AD. Unfortunately, the results are inconclusive and
vary between studies, despite fairly similar experimental conditions. Ebel et al. [12] and
Brown et al. [13] showed blunted ventilatory response to hypoxia, while Vincente et al. [14]
displayed increased sensitivity to hypercapnia.

In our search for a suitable model to study respiratory impairment in Alzheimer’s
disease, we examined hypoxic and hypercapnic respiratory responses, for the first time, in
transgenic mice using the AβPP V717I model, a “London mutation” characterized by muta-
tion of the APP gene and significant overexpression of AβPP. The same mutation is present
in familial AD with early onset, and the model is well-known to mimic the behavioral,
biochemical, or electrophysiological changes that characterize AD [15,16]. In further steps,
we examined whether drugs used as standard treatment for cognitive impairment in AD
have an effect on breathing, which has not been studied before. In our study, we applied
a cholinesterase inhibitor, rivastigmine, or an N-methyl-D-aspartate (NMDA) receptor
antagonist, memantine, before hypoxia or hypercapnia exposure. Additionally, to test
whether APP+ transgenic mice exhibit abnormalities in the cholinergic system, we assessed
brain acetylcholinesterase (AChE) activity in the cerebral cortex, hippocampus, and brain-
stem, a key region containing nuclei that regulate respiration. The effect of rivastigmine
administration on AChE activity was also studied.

2. Results
2.1. Respiratory Responses to Hypoxia and Hypercapnia

Baseline respiratory parameters during air breathing achieved similar values in both
APP+ and APP− mice (Table 1, Figure 1A,C). There was a trend toward increased tidal
volume (VT) in APP+ mice but did not reach statistical significance. Three-minute exposure
to hypoxia (8% O2 in N2) evoked significant respiratory stimulation. Although APP+ mice
exhibited increased minute ventilation (VE), compared with APP− mice (Figure 1A), mostly
as a result of significantly increased frequency of breathing (F), during hypoxic stimulation
(Table 1), hypoxia reactivity calculated as a percent of baseline respiration did not differ
between the study groups (Figure 1B, Table 1).

The hypercapnic stimulus (7% CO2 in oxygen) enhanced ventilation by elevating
all respiratory parameters—VT, F, and VE (Table 1, Figure 1C). However, the increase in
minute ventilation after hypercapnic exposure was greater in APP+ mice than in APP− mice
(Figure 1C). This increase was also observed when the data were converted as a percentage
of the increase with respect to normoxic respiration, i.e., in actual hypercapnia reactivity.
This increase in VE during hypercapnia was mainly due to a greater increase in respiratory
rate response (Table 1).

Table 1. Tidal volume (VT) and frequency of breathing (F) baseline values during air breathing
(normoxia), hypoxia, and hypercapnia in APP+ and APP− mice. In the two right columns, VT and F
during the respiratory response to hypoxia and hypercapnia are expressed as a percentage of baseline
values in normoxia.

HYPOXIA

Baseline Data Percentage of Baseline

Group Normoxia Hypoxia Normoxia Hypoxia

Tidal volume (mL g−1)

APP− 13.26 (±0.09) 17.86 (±0.57) * 100 (±0) 136.26 (±6.37) **
APP+ 15.09 (±0.66) 20.081 (±1.57) ** 100 (±0) 129.1015 (±14.56)

Frequency of breathing (breath min−1)

APP− 150.61 (±12.71) 278.50 (±11.11) *** 100 (±0) 188.53 (±11.80) ***
APP+ 152.89 (±6.46) 313.35 (±8.7) *** # 100 (±0) 206.31 (±10.73) ***
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Table 1. Cont.

HYPERCAPNIA

Baseline data Percentage of baseline

Group Normoxia Hypercapnia Normoxia Hypercapnia

Tidal volume (mL g−1)

APP− 13.99 (±0.97) 21.85 (±2.25) ** 100 (±0) 155.24 (±10.08) **
APP+ 15.30 (±0.48) 22.12 (±3.64) 100 (±0) 143.77 (±21.72)

Frequency of breathing (breath min−1)

APP− 147.17 (±10.71) 203.08 (±18.01) *** 100 (±0) 137.5 (±4.11) ***
APP+ 142.41 (±8.99) 253.83 (±16.84) *** # 100 (± 0) 179.64 (±11.84) *** ##

The data are presented as mean ± SEM; * p < 0.05. ** p < 0.01. *** p < 0.001 vs. baseline normoxia value. # p < 0.05,
## p < 0.01 vs. APP− value (n = 6 for APP+ and APP−).
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Figure 1. Minute ventilation (VE) during air breathing (normoxia) and ventilatory response to
hypoxia and hypercapnia in APP+ (red line) and APP− mice (blue line) (A,B). Minute ventilation
reactivity to hypoxia and hypercapnia expressed as a percentage of baseline (normoxia) values (B,D).
Note the lack of difference in hypoxia reactivity in the two groups of mice (B) and significant increase
in respiratory response and reactivity to hypercapnia in APP+ mice (C,D). The data are presented
as mean ± SEM; * p < 0.05. *** p < 0.001 vs. normoxia value. # p < 0.05, ## p < 0.01 vs. APP− group
(n = 6 for APP+ and APP−).

2.2. Respiratory Responses to Hypoxia and Hypercapnia after Memantine Administration

Memantine, an NMDA receptor antagonist, had no significant effect on normoxic
minute ventilation (Figure 2A,B) and other ventilation parameters (Table 2) in APP− and
APP+ animals. In both genotypic conditions, memantine did not affect the ventilatory
response to hypoxia (Figure 2, Table 2).
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Figure 2. Minute ventilation (VE) during air breathing (normoxia) and ventilatory response to
hypoxia in APP+ (red line) and APP− mice (blue line) before (solid line) and after memantine
injection (dashed line) (A,B). Minute ventilation expressed as a percentage of baseline (normoxia)
values (C,D). Note the lack of difference in hypoxia reactivity in the two groups of mice. The
data are presented as mean ± SEM; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. normoxia value,
## p < 0.001 vs. pre-memantine state (n = 6 for APP+ and APP−).

Table 2. Tidal volume (VT) and frequency of breathing (F) baseline values during air breathing
(normoxia) and hypoxia in APP+ and APP− mice before and after memantine injection. In the
two right columns, VT and F during the respiratory response to hypoxia are expressed as a percentage
of baseline values in normoxia.

Baseline Data Percentage of Baseline

Group Normoxia Hypoxia Normoxia Hypoxia

Tidal volume (mL g−1)

APP− 11.14 (±0.56) 13.46 (±0.85) ** 100 (±0) 120.7 (±3.87) **
APP− memantine 10.97 (±0.79) 14.94 (±0.79) *** 100 (±0) 137.9 (±7.60) **
APP+ 12.9 (±0.59) # 17.09 (±1.12) * # 100 (±0) 133.6 (±10.07) *
APP+ memantine 12.72 (±0.77) 18.96 (±0.94) ** ## 100 (±0) 151.1 (±10.69) **

Frequency of breathing (breath min−1)

APP− 165.11 (±5.44) 316.7 (±13.03) *** 100 (±0) 192.33 (±8.3) ***
APP− memantine 208.97 (±21.82) 328.68 (±6.74) * 100 (±0) 162.78 (±13.37) **
APP+ 157.98 (±5.13) 319.88 (±12.09) *** 100 (±0) 204.24 (±13.4) ***
APP+ memantine 168.94 (±9.80) 328.6 (±15.41) *** 100 (±0) 199.44 (±21.36) ***

The data are presented as mean ± SEM; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. baseline normoxia value. # p < 0.05,
## p < 0.01, vs. APP− value. (n = 6 for APP+ and APP−).

This time memantine showed a mild stimulatory effect on normoxic respiration in
APP− group (Table 3, Figure 3A). Memantine affected neither hypercapnic stimulation
of tidal volume nor the frequency of breathing (Table 3). A significant difference be-
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tween APP+ and APP− mice in the frequency response confirmed results described in
Section 2.1—namely, that APP+ mice presented a higher response to CO2 stimulus. The
hypercapnic minute ventilation response after memantine administration was manifested
by a comparable increase in both groups of mice (Figure 3A,B). However, respiratory
reactivity to hypercapnia after memantine administration remained unchanged in both
groups of mice (Figure 3C,D, Table 3).

Table 3. Tidal volume (VT) and frequency of breathing (F) baseline values during air breathing
(normoxia) and hypercapnia in APP+ and APP− mice before and after memantine injection. In
the two right columns, VT and F during the respiratory response to hypercapnia are expressed as
a percentage of baseline values in normoxia.

Baseline Data Percentage of Baseline

Group Normoxia Hypercapnia Normoxia Hypercapnia

Tidal volume (mL g−1)

APP− 10.36 (±0.66) - 16.89 (±1.98) ** 100 (±0) 161.76 (±14.39) **
APP− memantine 11.09 (±0.43) 17.66 (±1.81) ** 100 (±0) 157.63 (±11.33) **
APP+ 12.43 (±0.28) # 18.64 (±1.77) * 100 (±0) 158.57 (±5.88) ***
APP+ memantine 13.78 (±1.36) # 21.01 (±1.57) * 100 (±0) 155.37 (±13.07) **

Frequency of breathing (breath min−1)

APP− 159.09(±8.15) - 319.26 (±23.42) *** 100 (±0) 200.55 (±10.47) *
APP− memantine 184.73 (±13.1) 372.08 (±21.35) *** 100 (±0) 205.04 (±17.58) **
APP+ 141.37 (±5.37) + 384.19 (±22.87) *** 100 (±0) 265.43 (±14.04) *** ##
APP+ memantine 155.03 (±0.01) 441.21 (±18.63) *** # 100 (±0) 285.44 (±6.36) *** ###

The data are presented as mean ± SEM; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. baseline normoxia value.
# p < 0.05, ## p < 0.01, ### p < 0.001 vs. respective APP− value. - p < 0.05 vs. APP− memantine.
+ p < 0.05 vs. APP+ memantine (n = 6 for APP+ and APP−).
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Figure 3. Minute ventilation (VE) during air breathing (normoxia) and ventilatory response to
hypercapnia in APP+ (red line) and APP− mice (blue line) before (solid line) and after meman-
tine injection (dashed line) (A,B). Minute ventilation expressed as a percentage of baseline (nor-
moxia) values (C,D). Note the lack of difference in hypercapnia reactivity in the two groups of mice.
The data are presented as mean ± SEM, ** p < 0.01, *** p < 0.001 vs. normoxia value, # p < 0.05.
## p < 0.01 vs. pre-memantine state (n = 6 for APP+ and APP−).
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2.3. Respiratory Responses to Hypoxia and Hypercapnia after Rivastigmine Administration

Rivastigmine treatment had an effect on resting minute ventilation, which decreased
by 44% in APP+ mice and 57% in APP− mice (Figure 4A,C). These changes were mainly
due to a decrease in VT (Table 4).

The ventilatory response to hypoxia after rivastigmine was suppressed for VE (54% APP+;
58% APP−), VT, and F (Table 4), but reactivity to the hypoxic stimulus was significantly
reduced only for VE in APP+ mice and reached levels present in APP− mice before and
after rivastigmine administration (Figure 4B,D).
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Tidal volume (ml g−1)   

APP− 10.51 (±0.75) --- 12.82 (±0.91) *** -- 100 (±0) 122.15 (±3.21) *** - 

APP− rivastigmine 5.54 (±0.31) 8.05 (±0.57) ** 100 (±0) 146.10 (±9.19) ** 

Figure 4. Minute ventilation (VE) during air breathing (normoxia) and ventilatory response to
hypoxia in APP+ (red line) and APP− mice (blue line) before (solid line) and after rivastigmine
injection (dashed line) (A,B). Minute ventilation expressed as a percentage of baseline (normoxia)
values (C,D). Note the significant decline of reactivity to hypoxia evoked by rivastigmine only in
APP+ mice. The data are presented as mean ± SEM; *** p < 0.001 vs. normoxia value. # p < 0.05,
### p < 0.001 vs. pre-rivastigmine state (n = 6 for APP+ and APP−).

Table 4. Tidal volume (VT) and frequency of breathing (F) baseline values during air breathing
(normoxia) and hypoxia in APP+ and APP− mice before and after rivastigmine injection. In the
two right columns, VT and F during the respiratory response to hypoxia are expressed as a percentage
of baseline values in normoxia.

Baseline Data Percentage of Baseline

Group Normoxia Hypoxia Normoxia Hypoxia

Tidal volume (mL g−1)

APP− 10.51 (±0.75) — 12.82 (±0.91) *** – 100 (±0) 122.15 (±3.21) *** -
APP− rivastigmine 5.54 (±0.31) 8.05 (±0.57) ** 100 (±0) 146.10 (±9.19) **

APP+ 13.24 (±0.62) # +++ 18.05 (±0.81) *** ###
+++ 100 (±0) 136.62 (±4.13) *** #

APP+ rivastigmine 9.16 (±0.53) ### 12.37 (±0.24) ** ## 100 (±0) 137.07 (±8.62) **
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Table 4. Cont.

Frequency of breathing (breath min−1)

APP− 167.5 (±3.71) - 323.86 (±7.16) *** — 100 (±0) 193.73 (±5.99) *** –
APP− rivastigmine 141.12 (±10.04) 214.26 (±6.15) *** 100 (±0) 154.14 (±8.78) *
APP+ 151.38 (±3.63) + ## 306.56 (±9.53) *** +++ 100 (±0) 203.11 (±8.64) *** +
APP+ rivastigmine 128.08 (±7.96) 210.57 (±6.92) *** 100 (±0) 165.97 (±6.43) ** #

The data are presented as mean ± SEM; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. baseline normoxia value, # p < 0.05,
## p < 0.01, ### p < 0.001 vs. APP− value, + p < 0.05, +++ p < 0.001 vs. APP+ rivastigmine, - p < 0.05, – p < 0.01,
— p < 0.001 vs. APP− rivastigmine (n = 6 for APP+ and APP).

Rivastigmine administration before hypercapnic stimulus both in APP+ and APP−
mice evoked a decrease in all ventilatory parameters compared with the untreated state
(Table 5, Figure 5A,B). The minute ventilation response to CO2 was reduced by 70.5% in
APP+ mice and by 78.8% in APP− mice. Hypercapnic response reactivity after premedi-
cation with rivastigmine was significantly reduced for minute ventilation (Figure 5) and
frequency of breathing (Table 5) in both groups of mice.
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## p < 0.01, ### p < 0.001 vs. pre-memantine state (n = 6 for APP+ and APP−).
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Table 5. Tidal volume (VT) and frequency of breathing (F) baseline values during air breathing
(normoxia) and hypercapnia in APP+ and APP− mice before and after rivastigmine injection. In
the two right columns, VT and F during the respiratory response to hypercapnia are expressed as
a percentage of baseline values in normoxia.

Baseline Data Percentage of Baseline

Group Normoxia Hypercapnia Normoxia Hypercapnia

Tidal volume (mL g−1)

APP− 11.09 (±1.44) – 16.16 (±2.19) ** – 100 (±0) 146.08 (±10.67) ** –
APP− rivastigmine 6.169 (±0.72) 7.245 (±0.98) * 100 (±0) 116.64 (±3.38) **
APP+ 12.25 (±0.75) + 19.3 (±01.59) ** ++ 100 (±0) 160.55 (±17.84) *
APP+ rivastigmine 9.12 (±0.83) # 11.038 (±0.84) ## 100 (±0) 123.18 (±10.14)

Frequency of breathing (breath min−1)

APP− 162.22 (±5.28) - 340.64 (±24.83) *** - 100 (±0) 211.4 (±18.23) ** –
APP− rivastigmine 131.97 (±6.89) 156.96 (±16.36) * 100 (±0) 118.78 (±9.71)
APP+ 143.23 (±6.00) 373.83 (±19.19) * + 100 (±0) 260.7 (±5.57) *** # +++
APP+ rivastigmine 148.43 (±12.47) 194.96 (±14.01) * # 100 (±0) 135.63 (±14.56) *

The data are presented as mean ± SEM; * p < 0.05, ** p < 0.01. *** p < 0.001 vs. baseline normoxia value,
# p < 0.05. ## p < 0.01 vs. APP− value, + p < 0.05, ++ p < 0.01, +++ p < 0.001 vs. APP+ rivastigmine, - p < 0.05,
– p < 0.01 vs. APP− rivastigmine, (n = 6 for APP+ and APP−).

2.4. Acetylcholinesterase Activity in Different Brain Structures

Acetylcholinesterase activity in the hippocampus, cortex, and brainstem was evaluated
in both groups of rivastigmine-treated and untreated mice (1.5 mg/kg). The results showed
changes in AChE activity in the hippocampus and brainstem (Figure 6A–C). APP+ mice had
22% less AChE activity in the hippocampus than healthy mice, and this activity was further
reduced after rivastigmine administration in both groups (Figure 6A). After administration
of rivastigmine, a 13% difference in enzyme activity was observed between APP− and
APP+ mice, which was similar to the untreated condition (Figure 6A). Of interest are the
results obtained in the brainstem analysis, where a reduction in AChE activity was observed
after rivastigmine treatment in APP+ (26%) and APP− (14%) mice (Figure 6C).
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mU min−1 mg−1 and presented as mean ± SEM. # p < 0.05, ## p< 0.01, ### p< 0.01 (n = 6 per each bar).

3. Discussion

Our study is the first in a transgenic model of Alzheimer’s disease to address respira-
tory responses to the stressful stimuli of hypoxia and hypercapnia. The main finding of our
study was a notable increase in the ventilatory response to hypercapnia and no difference
in the ventilatory response to hypoxia in APP+ mice, compared with their controls. In
contrast, respiratory parameters during air breathing were comparable in both groups.

A previous study in a streptozotocin (STZ)-induced model of AD displayed blunted
ventilatory response to hypoxia with concomitant astrogliosis in the commissural part
of the nucleus tractus solitarii (NTS) [12]. The authors speculated that astrogliosis of
the primary site for afferent input from hypoxia-sensing carotid bodies (CB) [17] could
contribute to inflammation and reactive oxygen species (ROS) formation and to impaired
NTS function [12]. Two years later, they confirmed a decrease in the ventilatory response
to hypoxia and showed a significant decrease in c-Fos labeling as a marker of neuronal
activation in the caudal/medial NTS, rostral ventral respiratory group, and Bötzinger
complex [13]. They concluded that the lower c-Fos staining may be due to local neuronal
dysregulation of energy metabolism, which was demonstrated in the STZ model in the form
of brain glucose levels dysregulation and desensitization of neuronal insulin receptors [18].

A study by another group, also on the STZ model, showing an increase in response to
hypercapnia and no difference in response to hypoxia [14], is similar to our results. The
enhanced CO2 sensitivity was attributed to significantly increased Aβ expression in the
locus coeruleus (LC), an important chemosensitive area in the brainstem. Although the key
pathological features of AD in the STZ model, such as neuroinflammation, oxidative stress,
accumulation of phosphorylated tau and Aβ peptide, and synaptic damage in animal brains,
leading to behavioral changes, point to its importance in translational research [19,20], when
we consider the respiratory studies available to date, the differences between the studies
presented are not consensual. Perhaps differences between experimental conditions such
as different STZ doses (2 vs. 3 mg/kg), different rat strains (Wistar vs. Sprague Dawley) or
time intervals after STZ injection (2 to 4 weeks), as well as different periods of exposure to
hypoxia or hypercapnia may contribute to the differences between studies. Nevertheless,
the question arises whether the streptozotocin model is appropriate for studying respiratory
impairment in AD.

Since there are no more in vivo experimental studies on this problem apart from the
literature cited above, we decided to investigate the respiratory responses to hypoxia and
hypercapnia for the first time in a transgenic mouse model with a mutation of the amyloid
β precursor protein (APP), which is also carried by individuals with familial Alzheimer’s
disease. Mice exhibit a progressive appearance of senile plaques enriched in the neurotoxic
Aβ42 isoform, dystrophic neurites, synaptic loss, and astrogliosis [21,22]. Hence, the
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enhanced response to hypercapnia present in our transgenic mice could possibly be related
to the presence of Aβ in the brain regions responsible for CO2 sensing, as indicated in the
study by Vincente et al. [14]. LC, one of the most relevant chemoreceptive areas, is damaged
very early in AD and shows increased noradrenaline (NA) metabolism [23,24]. Therefore,
we cannot exclude that the remaining LC neurons unaffected by Aβ may compensate for
the reduced NA and enhance the respiratory response to hypercapnia.

However, we did not study neurodegeneration in LC or the level of Aβ in it and
focused on disruptions in the glutamatergic and cholinergic systems. Therefore, we tested
whether drugs used as standard treatment for cognitive impairment in Alzheimer’s disease,
affecting both systems, have an effect on breathing, an issue that has not been studied
before. In a mouse transgenic model of AD with overexpression of various APP mutations
in the brain, disruption of glutamatergic signaling affecting learning and memory has been
postulated [15]. Aβ-induced oxidative stress causes dysregulation of the glutamatergic
neurotransmission system, i.e., accumulation of extracellular glutamate and increased
activation of NMDA receptors, resulting in excitotoxicity [25,26]. The main molecule used
in NMDA-based therapy to treat moderate-to-severe forms of AD is memantine. To see
if this drug used to treat cognitive function affects breathing, we investigated the effect
of memantine administration on air breathing and responses to hypoxia and hypercapnia
in APP+ mutants and their APP− controls. We found that memantine at the dose used
in our study had no significant effect on the respiration of both groups of mice, including
responses to hypoxia and hypercapnia. This may seem surprising since glutamatergic
transmission and NMDA receptors have been repeatedly shown to mediate critical compo-
nents of respiratory control [27–30]. For instance, glutamatergic excitations in pre-Bötzinger
(preBötC) and Bötzinger (BötC) complexes have been shown to be essential for the regular
respiratory rhythm and respiratory phase timing, respectively, as NMDA receptor antago-
nism resulted in a decrease in inspiratory and expiratory duration, as well as peak phrenic
amplitude and ultimately apnea [30]. Furthermore, simultaneous microinjection of NMDA
and non-NMDA receptor antagonists into the commissural nucleus of the NTS were able
to abolish the ventilatory responses to carotid body stimulation [27].

The role of NMDA receptors in the respiratory response to peripheral and central
chemoreceptor stimulation was previously investigated in conscious rats without AD, in
which, after blockading NMDA receptors with MK-801, a slightly reduced ventilation
during eucapnia, an attenuated response to hypoxia, and unaltered respiratory response
to hypercapnia were observed [31]. A similar result is an increase in respiratory rates in
normoxia, which did not reach significance in our study. MK-801, however, is an antagonist
with higher binding affinity, given intravenously at twice the dose, which certainly could
have made a difference. We stayed with the memantine dose of 2.5 mg because higher
doses cause behavioral changes that make it impossible to obtain reliable data on respi-
ratory parameters in awake animals. We can conclude that, in our study, intraperitoneal
administration of memantine, more resembling the longer absorption with oral adminis-
tration in humans, had no significant effect on air breathing and ventilatory responses to
chemoreceptor stimulation in both AD model and control mice.

Other pathological changes in mice with Aβ overexpression include amyloid plaques
near acetylcholinesterase-immunoreactive structures, deafferentation of the cholinergic
system, and shrinkage of cholinergic cells [32]. Addressing changes in the cholinergic
system, we examined the effects of rivastigmine administration on ventilatory responses
to hypoxia and hypercapnia. Rivastigmine, which acts by increasing the concentration of
acetylcholine (ACh) in the synaptic cleft [33], depressed substantially resting ventilation and
was very effective in reducing chemoreflex respiratory response to hypercapnia mostly due
to a decrease in the frequency of breathing, irrespective of the mice genotype. In the case of
hypoxia, a reduction in augmented minute ventilation was observed only in APP+ mice.
We also found that the cholinesterase inhibitor (AChE), at a dose used to treat dementia
in AD, was potent in reducing the increased hypercapnic ventilatory response well below
the level present in control APP_ mice. We also revealed that APP+ mice exhibited lower
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AChE activity but only in the hippocampus, compared with healthy mice, and treatment
with rivastigmine reduced the enzyme activity in both groups to a similar extent in the
hippocampus and brainstem. The lack of enzyme inhibition after rivastigmine in the cortex
was probably due to large standard deviations and differences between animals. In contrast
to the brainstem and hippocampus, where whole structures were homogenized, in the case
of the cortex, only a fragment of it was analyzed. Efforts were made to take it from the
frontal cortex area, although this may not always have been an identical fragment.

The cholinergic system is involved in respiratory control, including central chemosen-
sitivity, state-dependent modulation of breathing, and respiratory motor output [34–37].
The retrotrapezoid nucleus (RTN) contributing to chemical respiratory drive (CO2/H+) [38]
receives cholinergic input from the post-inspiratory complex (PiCO) and pedunculopontine
tegmental nucleus (PPTg), and stimulation of PPTg has been shown to increase respiratory
activity, in part, by cholinergic activation of chemosensitive RTN [36]. In addition, choliner-
gic innervation is also present in the parafacial respiratory group (pFRG) where muscarinic
transmission contributes to neuronal excitation and promotes recruitment of abdominal
muscles and active expiratory flow [35]. Numerous cholinergic neurons are localized in the
medullary reticular formation close to the ventral medullary area [39]. Hypoglossal nerve
motoneurons [40], pre-Bötzinger complex (respiratory rhythm generator), and phrenic
motoneurons receive cholinergic input [39].

Most physiologic studies indicate an excitatory effect of cholinergic system stimulation
on respiratory function. For instance, acetylcholine applied in the commissural subnucleus
of the NTS or intrathecally injected at the spinal C4 segment promotes an increase in
the phrenic nerve activity [41,42]. Activation of nicotinic ACh receptors in the preBötC
plays a crucial role in respiratory rhythm generation, resulting in an increase in respiratory
frequency [39]. Administration of cholinergic agents to the ventral–lateral surface of
the medulla, rich in central chemoreceptors, increases phrenic and hypoglossal activity
under hypercapnic breathing [43]. The inhibition of ACh breakdown and increase in its
concentration in the brain, obtained in our study, resulting in respiratory depression, does
not quite match the study cited above. Nevertheless, it was previously shown that injection
of ACh into the ventricles of the brain in anesthetized cats induced transient respiratory
depression [44]. Additionally, in the study by Sahin et al. [45], in addition to a modest
increase in respiratory rate, central and peripheral administration of ACh in dogs caused
an initial decrease in tidal volume, leading to a significant decrease in minute ventilation of
approximately 40%, similar to our results.

Acetylcholine injected into the intermediate portion of the NTS decreased phrenic
nerve activity, whereas increased activity was observed when ACh was administered into
the commissural NTS [41]. It, therefore, appears that the effect of ACh may depend on
the site of administration. The depressant effect observed in our study was the result of
a nonselective increase in this transmitter at the synaptic cleft throughout the whole brain.

4. Materials and Methods
4.1. Animals

All experimental procedures were approved by the local Ethical Committee for Animal
Experimentation (Warsaw, Poland) and conducted in accordance with the European Union
Directive 63/2010 and the respective Polish law regulations on the use and care of laboratory
animals. In total, 24 adult female mice aged 12 months were used; 12 FVB-Tg (Thy1; APP
LD2/B6) overexpressing human AβPP with V717I (“London”) mutation under the control
of a fragment of thy 1 promoter (APP+), and 12 mice that do not inherit the transgene were
treated as controls (APP−). The mice were maintained and held in the animal house of the
Mossakowski Medical Research Institute (Warsaw, Poland) under specific pathogen-free
conditions, controlled temperature, and humidity, with 12 h light–12 h dark cycle, and
water and food available ad libitum.
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4.2. Plethysmography Measurements

Ventilation and respiratory parameters were recorded in conscious unrestrained mice
using a whole-body rodent plethysmography chamber (Buxco Electronics Inc., Wilmington,
NC, USA), as described previously [46]. The pressure signal was amplified, filtered, recorded,
and analyzed with data analysis software (Biosystem XA for Windows, SFT3410 230 v2.9;
Buxco Electronics, Wilmington, NC, USA) generating tidal volume (VT, mL) and breath-
ing frequency (F, breaths min−1). Tidal volume was calculated using the approach of
Epstein et al. [47]. Minute ventilation (VE, mL min−1, BTPS) was determined as a product of
tidal volume and breathing frequency. VT and VE were normalized to body weight (mL g−1

and mL g−1 min−1, respectively). Rectal temperature was measured before and at the end of
the experiments. All experiments were performed at room temperature (22–24 ◦C). Each mouse
was placed in the chamber and left for 30 min of acclimatization before measurements of
baseline were performed. The chamber was ventilated continuously with atmospheric air
at a rate of 500 mL min−1 to prevent CO2 accumulation. Volume calibration was performed
before each experiment by injecting a known volume of air inside the chamber.

Acute hypoxia was induced by rapid flushing of a gas mixture containing 8% of O2
in N2. Acute hypercapnia was achieved by flushing with a mixture of 7% CO2 (79% N2
and 21% O2). Ventilation and its response to inspired hypoxia or hypercapnia were reg-
istered before and after drug administration. After 30 min of adaptation to breathing
with the chamber air. Pulmonary ventilation was taken as the baseline level of ventilation
and recorded for 1 min before the introduction of hypoxia or hypercapnia. Ventilation
during 3 min of hypoxic or hypercapnic stimulus and 5 min after switching to the air
breathing was recorded. A period of 30 s of breathing preceding hypoxia was calculated as
a control normoxic breathing. The three-minute breathing period in hypoxia or hypercapnia
was averaged.

4.3. Drugs and Treatment Schedule: Treatment with Rivastigmine and Memantine before and after
Hypoxia and Hypercapnia in Unrestrained Mice

The compounds used in this study were rivastigmine tartrate (Sigma, Poznań, Poland)
a reversible acetylcholinesterase inhibitor indicated for the treatment of mild-to-moderate
dementia associated with Alzheimer’s disease and Parkinson’s disease, and memantine
hydrochloride (Sigma, Poznań, Poland), a noncompetitive NMDA receptor antagonist used
for the treatment of moderate-to-severe Alzheimer-type dementia. The dose of rivastigmine
1.5 mg/kg was identical to that used in patients to treat cognitive impairment [48]; in the
case of memantine, a low dose of 2.5 mg/kg was selected based on our preliminary
experiments, showing that higher doses affected behavior, as well as based on previous
animal research [49]. Both drugs were prepared from powder freshly before each injection
and dissolved in 0.9% NaCl saline solution.

The experimental scheme, presented in Figure 7, was as follows:
In the first group of six APP+ and six APP− mice, respiratory responses to hypoxia

(first day) and hypercapnia (next day) were examined without pharmacological interven-
tions. After the experiments were completed and the animals were euthanized, their brains
were collected for further analysis.

In the second group of six APP+ and six APP− mice, on the first day of the experiment,
20 min after control hypoxia, animals received intraperitoneal memantine at a dose of
2.5 mg/kg, and 30 min after injection, acute hypoxia was reapplied. On the following
second day, rivastigmine at a dose of 1.5 mg/kg was administered 30 min before the
second hypoxia exposure, with a similar regimen. On the third and fourth days, compound
administration was repeated as on the first and second days, except that this time the
stimulus preceding and following memantine or rivastigmine injection was hypercapnia.
To limit the number of animals used in the study, we administered compounds to the same
animals but only once on a given day. The intervals between successive administrations
were at least 24 h. The half-life of rivastigmine is short at 3–4 h, while the half-life of
memantine is about 60 h, so we injected memantine a second time after two days [50,51].
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Moreover, the results after the application of the compounds were always related to the
control respiration, measured on a given day, which did not differ significantly from one
day to the next, indicating that the compounds had no long-term effect on respiration. After
the experiments were completed and the animals euthanized, their brains were collected
for further analysis.
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Figure 7. A detailed description of the stimulus exposures (hypoxia or hypercapnia) and compound
administration performed (memantine or rivastigmine).

4.4. The Acetylcholinesterase (AChE) Activity Assay (Ellman’s Assay)

After the experiments were completed, mouse brains were isolated and sections of
the prefrontal cortex, hippocampus, and brainstem were collected. Frozen brain tissues
were homogenized in lysis buffer (50mM TRIS-HCl solution with 150 mM NaCl, 1% Triton
X-100, pH = 8) using an ultrasound homogenizer. Additionally, 20 mg tissue/mL of
buffer was used. The prepared homogenates were centrifuged at 14000 rpm for 10 min
at 4 ◦C. Then, the supernatant was used for AChE activity determination. The AChE
activity in examined samples was measured quantitatively via Ellman’s method [52], with
modifications, using a 96-well microplate reader (Epoch. BioTek, Winooski, VT, USA).
The mixture was prepared by mixing 0.4 mL supernatant with 2.6 mL of DTNB solution
(10 mM 5.5 dithiobis 2-nitrobenzoic acid in phosphate buffer). Next, 155 µL of the mixture
was transferred to a 96-well plate in triplicate for each sample. After that, the plate was
incubated for 10 min at 37 ◦C. After incubation, 10 µL of ACTI (7.5 mM acetylthiocholine
iodide in distilled water) was added to each well, and absorbance was measured at 412 nm
for 10 min at 1 min intervals. AChE activity was determined using a calibration curve
performed at each measurement using acetylcholinesterase from Electrophorus electricus
(electric eel, Sigma, Poznań, Poland) and expressed in mU min−1 mg−1.

4.5. Statistics

Data are reported as means ± SEM. Statistical analysis was performed using Statistica
version 12 (StatSoft, Kraków, Poland). Normality of distributions was tested with Shapiro–
Wilk test. Statistical analysis was performed using nonparametric statistics Kruskal–Wallis
ANOVA, followed by the Mann–Whitney U test for comparison of the respiratory parameters
between groups. For comparison within the group, Wilcoxon’s signed-rank test or Student’s
t-test was used. For each analysis, p < 0.05 was taken to indicate a significant difference.
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5. Conclusions

Transgenic mice with overproduction of amyloid-β showed augmented ventilatory
response to hypercapnia, compared with control littermates. This may indicate that, in this
genetic model of early-onset AD, there is an impairment in the chemoreceptive respiratory
nuclei, resulting in increased sensitivity to CO2. The acetylcholinesterase inhibitor rivastig-
mine is a potent agent that reduces normoxic ventilation and hypercapnic ventilatory
response in all mice. Therefore, we suggest that this drug should be used with caution in
patients with respiratory problems.
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