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FIGURES AND TABLES

Figura 1. llustracé@o do controle da respiracdo em mamiferos.

Figura 2. RAMIREZ; ANDERSON, 2017. llustracdo da geracdo do ritmo respiratério
em mamiferos por trés osciladores. Em repouso, o complexo preBétzinger (preBotC) e o
complexo poés-inspiratério (PiCo) alteram a atividade para gerar um ritmo bifasico,
inspiracdo e pds-inspiracdo. Em periodos de alta demanda metabolica, por exemplo, durante
0 exercicio, um terceiro oscilador é incorporado para criar um ritmo trifasico. Propfe-se que
cada uma das trés fases - inspiracdo, pds-inspiracdo e expiracdo ativa - seja controlada por
osciladores independentes: o preBotC, PiCo e o nucleo parafacial lateral (pF L),

respectivamente.

Figura 3. Células de microglia com o fenédtipo ramificado (esquerda) para o fenétipo

ameboide (direita). Figura adaptada de Kim e de Vellis, (2005).

CHAPTER 1

Figure 1. Barnes Maze platform layout (adapted by Sunyer et al., 2007). The holes
numbered from +1 to +9 (on the right side of the target hole), from -1 to -9 (on the left side

of the target hole) and a hole opposite the target hole.

Figure 2. Photo of the Barnes Maze platform (adapted from Sunyer et al., 2007) with

geometrical space cues.
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Figure 3. Photo of the body plethysmography experiment in a closed system in which it is

possible to observe the animal in the plethysmography chamber.

Figure 4. Effect of icv STZ (2 mg/kg) on spatial learning and memory retention in the
Barnes maze test. A) Time to reach the target hole in seconds of the control and STZ groups
in the 4 training sessions per day (1st to 4th day). B) Number of attempts to enter into the
holes in the platform test pattern in the control and STZ group. Values are expressed as mean

+ SEM. * indicates a significant difference between the control and STZ groups.

Figure 5. The icv injection of STZ (2 mg/kg) increased sensitivity to CO, during
wakefulness. Effect of icv STZ (2 mg/kg) on ventilation (Vg), tidal volume (V1) and
respiratory frequency (fR) during hypercapnic exposure (7% CO2) during wakefulness (A)
and NREM sleep (B). Values are expressed as mean £ SEM. = indicates a significant

difference between the control and STZ groups.

Figure 6. The icv injection of STZ (2 mg/kg) does not change the respiratory
parameters during hypoxia. Effect of icv STZ (2 mg/kg) on ventilation (*Vg), tidal volume
(V1) and respiratory frequency (fR) during hypoxic exposure (10% O) during wakefulness

(A) and NREM sleep (B). Values are expressed as mean £ SEM.

Figure 7. The icv injection of STZ does not change the temperature of the animals of rats
during room air, hypercapnia and hypoxia. Values are expressed as mean £ SEM. # indicates

a significant difference from room air and hypercapnia.

Figure 8. The icv injection of STZ (2 mg/kg) increased the total awake time under room

air and hypercapnic conditions. Effect of icv STZ (2 mg/kg) on the percentage (%) of time

16



spent in each state (A), the duration of episodes in seconds (B) and the number of episodes
(C) in control and STZ groups during room air, hypercapnia and hypoxia. Values are
expressed as mean + SEM. xindicates a significant difference between the control and STZ

groups.

Figure 9. The icv injection of STZ injection did not alter the levels of phosphorylation
of tau protein. Effect of icv STZ (2 mg/kg) on the phosphorylation levels of tau protein
(Ser'®¥22) (A) and the phosphorylation levels of tau protein (Ser’®®) (B). The graphs
represent the mean radius of the phosphorylated tau protein (pTau) relative to total tau
protein levels. The values are expressed as percentage values in relation to the control group

(100%). Values are expressed as mean + SEM.

Figure 10. The icv injection of STZ (2 mg/kg) increased the expression of the beta
amyloid peptide in the Locus Coeruleus region. Effect of icv STZ (2 mg/kg) on the
expression of AP protein. The values are expressed as percentage values in relation to the
control group (100%). Values are expressed as mean *SEM. xindicates a significant

difference between the control and STZ groups.

CHAPTER 2

Table 1. Cell membrane properties during the baseline and 10% CO2 from the control and

STZ-AD group.
Table 2. AP properties during our step depolarization protocol.
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Figure 1. Representation of the Morris Water Maze (MWM). The pool was divided virtually

into 4 quadrants and the yellow circle represents the platform position during the test.

Figure 2. Vibratome (7000smz-2, Campden Instruments, Lafayette, IN) used for brain slice

preparation (250-um thick) containing the LC.

Figure 3. Patch Clamp EPC 10 USB amplifier/AD converter (HEKA Instruments, Holliston,

MA) used for electrophysiological recording.

Figure 4. Representation of the phases of the action potential (AP) analyzed in the present

study.

Figure 5. Representative 1V curves during baseline and 10% CO,. Note the overall
decrease in K+ currents with CO,. The red lines describe the area for measurements of

transient and steady-state currents to each voltage step.

Figure 6. Spatial learning and memory deficits in the sporadic Alzheimer’s disease
(AD) animal model. A) Escape latency to find the hidden platform (HP) in the Morris water
maze for the control (CTL) and streptozotocin-induced Alzheimer’s disease (STZ-AD)
groups during the 3-day testing period with 15 training sessions per day. Cut off time was 60
seconds. B) Swim velocity as measure for locomotor function shows no impairment in the
STZ-AD group. Data are reported as mean + SEM. # p < 0.05; 2-way repeated measures

ANOVA. n = 6-7 rats per group. VP = visible platform

Figure 7. Unaltered neuronal density in the locus coeruleus (LC) of the streptozotocin-
induced Alzheimer’s disease (STZ-AD) group. Three representative coronal sections (30

um) of the LC with labeling of NeuN-identified neurons (red) and tyrosine hydroxylase (TH)
18



-positive cells (green). Brain schematics illustrate the location and extent of the pontine LC
(green area) in relation to bregma. TH+ neurons were counted in a 200 x 200 pm box
(yellow box) in the dorsal-most portion of the LC. Data are presented as mean £ SEM. n =6

rats per group. 4V = 4th ventricle.

Fig 8. Response classes of locus coeruleus (LC) neurons to increased CO; exposure. A)
Representative horizontal brainstem section (250 pm) illustrating the location of the LC
during patch clamp experiments. B) Magnification of a LC neuron with attached glass
electrode during the recording. C) Immunohistochemical staining of tyrosine hydroxylase
(TH) (blue) in a horizontal brainstem slice subsequent to neuronal recordings in the region of
the LC. D) Representative responses of a CO,-inhibited LC neuron to step depolarization (10
pA steps, 100 ms) at baseline and during the CO; condition. Reponses are shown for -20 pA
(gray trace) and +70 pA (black trace) only. The stimulus is shown underneath the traces.
Note that CO, eliminates spontaneous spike activity (before and after the stimulus) and
blunts action potential discharge to current injection. E) Response classes of LC neurons to
hypercapnia in the control (CTL) group F) Response classes of LC neurons to hypercapnia in
the streptozotocin-induced Alzheimer’s disease (STZ-AD) group. G) Confocal images (40x
oil) of electrophysiologically identified LC neurons that were loaded with Lucifer yellow
(LY) (green fluorescence) and stained against tyrosine hydroxylase (TH) (blue). Note the
overlap of LY and TH in the merged image, indicating the same LC-specific phenotype for
cells that were excited and inhibited by CO,. All images shown are merged z-stack images
from five sections (0.5 pum apart). 4V = 4th ventricle, r = rostral, ¢ = caudal, m = medial, | =

lateral.
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Figure 9. Spike discharge of locus coeruleus (LC) neurons to current injections at
baseline and during increased CO,. Action potential (AP) number in response to step
depolarization during baseline and hypercapnia (10% CO,) for cells that were inhibited by
CO; in the control (CTL) group (A) and the streptozotocin-induced Alzheimer’s disease
(STZ-AD) group (B). Data are expressed as mean + SEM. ** p < 0.01 and *** p < 0.001
indicated a difference between baseline and the hypercapnia condition. ## p < 0.01 indicated

a difference between STZ-AD and CTL groups; 2-way repeated measures ANOVA.

Figure 10. Reduced locus coeruleus (LC) network activity with increased CO,. A)
Typical example for a reduced number of spontaneous postsynaptic currents (SPSC),
representing LC network activity, with 10% CO,. B) Group data for sPSCs at baseline (Bsl)
and at 10% CO, for the control (CTL) and streptozotocin-induced Alzheimer’s disease (STZ-

AD) groups. Data are expressed as mean = SEM. * p <0.05; t-test. n = 8-9 rats per group.

Figure 11. Action potential waveform for locus coeruleus (LC) neurons at baseline and
increased CO,. A) Representative action potential (AP) with the corresponding phase plane
plot. Phase plane plots for CO,-inhibited LC cells in the control (CTL) group (B) and the
streptozotocin-induced Alzheimer’s disease (STZ-AD) group (C). Insets show a
representative AP at baseline (Bsl) and increased CO,. Red arrowheads indicate a significant
change in spike threshold. Black arrowheads indicate significant changes to baseline (see

Table 2). Data are expressed as mean + SEM. V, = membrane potential.

Figure 12. Current-voltage relationship for K* channels in locus coeruleus (LC)
neurons at baseline and during 10% CO,. A) Typical example of currents elicited by step

changes of the membrane potential from -100 mV to +80 mV (20 mV step, 400 ms) in a
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COg-inhibited LC neuron at baseline (Bsl) and CO,. The blue lines describe the time points
for measurements of the transient (beginning of stimulus) and steady-state current (end of
stimulus) at each voltage step. B) Steady-state K™ currents of cells inhibited by CO, in the
control (CTL) and streptozotocin-induced Alzheimer’s disease (STZ-AD) groups. C)
Transient K™ currents of cells inhibited by CO; in the CTL and STZ-AD groups. Data are
expressed as mean + SEM. * p <0.05, ** p <0.01, and *** p <0.001 indicated a difference
from the Bsl condition. # p < 0.05, ## p < 0.01 indicated a difference between the STZ-AD

and CTL groups; 2-way repeated measures ANOVA. V,, = membrane potential.

CHAPTER 3

Figure 1. Minocycline improves learning and memory in the STZ-AD model. A)
Minocycline treatment (30 mg/kg, i.p, 5 days) on time to reach the target hole in seconds of
the Vehicle (control and STZ) vs Minocycline (control and STZ) groups in the 4 training
sessions per day (1st to 4th day). B) The average time per day to find the target hole in
seconds of the Vehicle (control and STZ) vs Minocycline (control and STZ) groups. C)
Number of attempts to enter into the holes inthe platform test pattern in the control and STZ
group. Values are expressed as mean £ SEM. * indicates a significant difference between the
Vehicle-STZ vs Minocycline-STZ. + indicates a significant difference in the Vehicle
(Vehicle vs STZ) groups. # indicates a significant difference between the Minocycline

(Vehicle vs STZ) groups.
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Figure 2. Minocycline treatment did not restore CO, sensitivity during awake state in
the STZ-AD model. Minocycline treatment (30 mg/kg, i.p, 5 days) on (Vg), tidal volume
(V1) and respiratory frequency (fR) during wakefulness (A) and NREM sleep (B) under
room air, hypercapnia (7% CO,) ) in vehicle vs STZ-AD groups. Values are expressed as
mean £ SEM. + indicate a significant difference in the Vehicle (Vehicle vs STZ). # indicates

a significant difference in the Minocycline (Vehicle vs STZ) groups.

Figure 3. Minocycline treatment does not affect respiratory parameters during
hypoxia. Minocycline treatment (30 mg/kg, i.p, 5 days) on (Vg), tidal volume (V) and
respiratory frequency (fR) during wakefulness (A) and NREM sleep (B) under room air and
hypoxia (10% CO,) in vehicle vs STZ-AD groups. Values are expressed as mean = SEM. +

indicate a significant difference in the Vehicle (Vehicle vs STZ) groups.

Figure 4. Body temperature (Th) was not altered by treatment with minocycline. The
effect of minocycline treatment (30 mg/kg, i.p, 5 days) on body temperature during room air,
hypercapnia and hypoxia in the vehicle and STZ groups. € indicates significant difference

between hypoxia and room air.

Figure 5. Minocycline treatment did not decrease the percentage of time spent in the
awake state during room air in STZ-AD model. The effect of minocycline treatment (30
mg/kg, i.p, 5 days) on the percentage (%) of time spent in each state during room air (A),
hypercapnia (B) and hypoxia (C). The duration of episodes in seconds during rooim air (A1),
hypercapnia (B;) and hypoxia (C;). The number of episodes during room air (A2),
hypercapnia (B2) and hypoxia (C2) in Vehicle (Vehicle vs STZ) and Minocycline (Vehicle vs

STZ) groups. Values are expressed as mean + SEM. * indicates a significant difference
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between the Vehicle-STZ vs Minocycline-STZ. + indicates a significant difference in the
Vehicle (Vehicle vs STZ). # indicates a significant difference in the Minocycline (Vehicle vs

STZ).

Figure 6. Minocycline treatment did not decrease the increase in beta amyloid peptide
expression in the Locus coeruleus region. The effect of minocycline treatment (30 mg/kg,
i.p, 5 days) on the expression of AP protein in the Locus coeruleus region. The values are
expressed as percentage values in relation to the control group (100%). Values are expressed
as mean £ SEM. + indicate a significant difference in the Vehicle (Vehicle vs STZ) groups .

# indicates a significant difference in the Minocycline (Vehicle vs STZ) groups.

Figure 7. Minocycline treatment decreases the increased cell density and inactivated
microglia cells of the Locus coeruleus region in the STZ-AD model. A) The effect of
minocycline treatment (30 mg/kg, i.p, 5 days) on microglial cell densities (cells/umz); B)
distance between microglia cells NND (um); C) arborization area (um?); D) cell body (um?)
and E) morphological index in Vehicle (Vehicle vs STZ) and Minocycline (Vehicle vs STZ)
groups. Values are expressed as mean + SEM. * indicates a significant difference between
the Vehicle-STZ vs Minocycline-STZ. + indicates a significant difference in the Vehicle

(Vehicle vs STZ). # indicates a significant difference in the Minocycline (Vehicle vs STZ).

Figure 8. Minocycline treatment inactivated microglia cells of the Locus coeruleus
region in the STZ-AD model. A) Schematic representation of the Locus coeruleus (LC;
Bregma -9.96; Paxinos and Watson, 2005), where Iba-1 staining was analyzed.
Photomicrographs of Iba-1-immunopositive cells, obtained in sections from animals, are

represented. B) In each panel, the high-magnification inset illustrates representative the
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effect of minocycline treatment (30 mg/kg, i.p, 5 days) on morphology of microglia in
animals in the Vehicle (vehicle and STZ-AD) and Minocycline (vehicle and STZ-AD)
groups (40x, microscopic). Note that it is possible to observe that the cells of the microglia of
the STZ-AD group have a cell body increased and arborization area decreased compared to
the control group. After the treatment, it is possible to observe a decrease in the cell body and
an increase in arborization area in the STZ-AD model. 4V = four ventricle, LC= locus

coeruleus.
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ABBREVIATIONS

AD = Alzheimer's Disease

aCSF = artificial cerebrospinal fluid

AP = action potential

CaCl,-2H,0 = Calcium chloride dehydrate
CTL = control

fR = respiratory frequency

HEPES = hydroxyethyl piperazineethanesulfonic acid
HPC = hippocampus

LC = locus coeruleus

K" = potassium

KCL = potassium chloride

kDa = kilodaltons

Kpr = delayed-rectifying K+ channels

kHz = kilohertz

Ka = A-type K+ channels

Kir = inwardly rectifying K+ channels
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Ky = voltage-gated K+ channels

PreBotz/BotzC = pre-Botzinger/Botzinger complex

MHPG = 3-methoxy-4-hydroxyphenylglycol

mQ = milliohm

MgSQO,-7H,0 = Magnesium sulfate heptahydrate

mOsm = miliosmol

ms = miliseconds

mV = millivolts

Na* = sodium

NaH,PO, = Monosodium phosphate

NaHCO3; = Sodium bicarbonate

N, = nitrogen

NFTs = tau neurofibrillary tangles

NMDG = oxygenated N-Methyl-D-glucamine

NE = noradrenaline

NREM = non-rapid eye movement sleep

PBS-Triton = Phosphate-buffered saline with Triton
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pA = picoampere

Ri = input resistance

RMP = resting membrane potential

RTN = retrotrapezoid nucleus

Ser = serine amino acid

SsPSC = Spontaneous postsynaptic currents

STZ = streptozotocin

Tb = body temperature

TBS = tris-buffered saline

TBS-T = tris-buffered saline with Tween 20 Detergent

TGF-B = Transforming growth factor beta

TNF-a = Tumor necrosis factor

TH = tyrosine hydroxylase

TP = platform test

THR = threshold

V1 = tidal volume

VE = ventilation
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AP = beta-amyloid
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ABREVIACOES

AMS = atrofia de multiplos sistemas

AOS = apneia obstrutiva do sono

ASC = apneias do sono central

CpreBot = complexo pré Botzinger

CO, = di6xido de carbono

DA = doenca de Alzheimer

DRS = distlrbios respiratérios noturnos

DAE = doenca de Alzheimer Esporadica

EEG = eletroencefalograma

EMG = eletromiograma

ICV = intracerebroventricular

IL = interleucina

ip = intraperitoneal injection

LC = locus coeruleus

NF = nucleo fastigial

NTS = nucleo do trato solitario
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NTSc = nucleo do trato solitario comissural

O, = oxigénio

pFRG/RTN = grupo respiratorio parafacial/retrotrapezoide

PA = potencial de acdo

PFA = paraformol

PPA = proteina precursora Amiloide

PRM = potencial de repouso de membrana

R; = resisténcia de membrana

RB = rafe rostral bulbar

STZ = estreptozotocina

TGF-pB = fator de crescimento transformador beta

TNF-a = fator de necrose tumoral

BA = beta amiloide
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SINTESE GERAL



1 RESUMO GERAL

A disfuncdo do sistema respiratorio é vista em varias doencas neurodegenerativas,
entre elas o Alzheimer. Entretanto, as informacBes sobre como 0s mecanismos
fisiopatologicos da doenca estdo relacionados as alteracfes do sistema respiratorio ainda
permanecem insuficientemente documentados. Aqui, tratamos animais com estreptozotocina
intracerebroventricular (STZ, 2 mg/kg). No capitulo 1, medimos a ventilacdo (VEg),
eletroencefalografia e eletromiografia durante normocapnia, hipercapnia e hipoxia em ratos
Wistar. Além disso, realizamos analises de western blot para tau fosforilada, tau total e
peptideo amiloide- (BA) no locus coeruleus (LC), nucleo retrotrapezdide (RTN), rafe
medular, complexo pré-B otzinger/B otzinger e hipocampo, e avaliamos a aquisicdo de
memoria e aprendizagem usando o labirinto de Barnes. O modelo STZ-DA aumentou a
resposta ventilardria na hipercapnia em 26% durante vigilia devido o aumento do volume
corrente, mas nenhuma alteracdo na "Vg foi observada no ar ambiente ou em condicGes de
hipdxia. Observamos o aumento de 93% da porcentagem de tempo de vigilia durante a
normocapnia no modelo STZ. E, associamos 0s resultados ao aumento de 73% do peptideo
beta amiloide na regido do LC.

Afim de, analisarmos a propriedades eletrofisiologicas e a sensibilidade dos
neurdnios do LC durante a hipercapnia (10% CO;, pH=7) no modelo STZ-DA, nos
realizamos a técnica de patch clamp no capitulo 2. Nés observamos que a maioria (~ 60%)
dos neurénios noradrenérgicos do LC em ratos adultos foram inibidos apos a exposi¢do ao
COg, conforme indicado por uma diminuicdo significativa do potencial de acdo (PA). O
modelo STZ-DA teve uma maior sensibilidade ao CO, de 57% comparado aos controles que

foi em parte devido a hiperpolarizacdo do potencial de membrana em repouso -52.2 mV. A
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reducdo do PA em ambos os grupos foi geralmente acompanhada por menor atividade da
rede do LC, limiar despolarizado de PA, aumento da repolarizacdo de PA e aumento da
corrente através de uma subpopulacdo de canais de K + dependentes de voltagem (Ky).

Em seguida, no capitulo 3, nés decidimos fazer um tratamento com o farmaco
minociclina para revertermos as disfun¢@es cognitivas, respiratorias, do ciclo sono-vigilia, e
moleculares encontradas anteriormente no capitulo 1 no modelo STZ. Para isso, realizamos
as mesmas técnicas do capitulo 1. Adicionalmente os animais foram tratados por cinco dias
com minociclina na dose de 30 mg/kg, analisamos as células da micrologia na regido do LC
por imunohistoquimica para IBA-1 e as citocinas proé-inflamatdrias por PCR em tempo Real.
O tratamento com minociclina melhorou o aprendizado e a memdria, possivelmente devido a
diminuicdo da densidade celular e inativacdo das células da microglia na regido do LC, bem
como, diminui¢do da citocina IL-B. No entanto, o tratamento ndo reverteu o aumento da
sensibilidade ao CO; durante a vigilia em ar ambiente. Da mesma forma, ndo observamos
diminuicdo na expressao do peptideo beta-amildide na regido LC apds o tratamento.

Nosso estudo demonstra que a resposta ventilatéria ao CO2 estd aumentada no
modelo de STZ devido as alteracbes nos neurénios noradrenérgicos do LC que estdo com
suas propriedades eletrofisioldgicas alteradas possivelmente por um aumento na beta-
amiloide. As alteragdes cognitivas e do sono observadas no modelo STZ sdo decorrentes da

alteracdo na micradglia, uma vez que, o uso de minociclina foi capaz de atenuar.

Palavras chaves: estreptozotocina, ventilagdo, sono, minociclina, micrdglia e

Alzheimer.
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2 ABSTRACT

The dysfunction of the respiratory system is seen in several neurodegenerative
diseases such as Alzheimer's, but how the pathophysiology mechanisms of the disease are
related to the respiratory system remains poorly documented. Here, we treat animals with
intracerebroventricular streptozotocin (STZ, 2 mg / kg). In chapter 1, we measured
ventilation (Vg), electroencephalography and electromyography during normocapnia,
hypercapnia and hypoxia in Wistar rats. In addition, we performed western blot analyzes for
phosphorylated tau, total tau and amyloid- (AB) peptide at the locus coeruleus (LC),
retrotrapezoid nucleus (RTN), medullary raphe, pre-B otzinger / B otzinger complex and
hippocampus, and we evaluated memory acquisition and learning using Barnes' maze. The
STZ-DA model increased the ventilatory response in hypercapnia by 26% during
wakefulness due to the increase in tidal volume, but no change in Vg was observed in room
air or ihypoxia conditions. We observed an increase of 93% in the percentage of awake-state
time during room air in the STZ model. And, we associate the results to the 73% increase in
amyloid beta peptide in the LC region.

In order to analyze the electrophysiological properties and sensitivity of LC neurons
during hypercapnia (10% CO,, pH = 7) in the STZ-DA model, we performed the patch
clamp technique in chapter 2. We observed that most (~ 60%) of the noradrenergic neurons
of the LC in adult rats were inhibited after exposure to CO,, as indicated by a significant
decrease in the action potential (AP). The STZ-DA model had a 57% higher sensitivity to
CO, compared to controls, which was partly due to the hyperpolarization of the resting
membrane potential -52.2 mV. The reduction in AP in both groups was generally

accompanied by lower activity of the LC network, depolarized AP threshold, increased AP
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repolarization and increased current through a voltage-dependent sub-population of K +
channels (KV).

Then, in chapter 3, we decided to take a treatment with the drug minocycline to
reverse the cognitive, respiratory, sleep-awake cycle, and molecular disorders found earlier
in chapter 1 in the STZ model. For that, we performed the same techniques as in chapter 1.
Additionally, the animals were treated for five days with minocycline at a dose of 30 mg /
kg, we analyzed the micrology cells in the LC region by immunohistochemistry for IBA-1
and the pro-inflammatory cytokines by real-time PCR. Minocycline treatment improved
learning and memory, possibly due to decreased cell density and inactivation of microglia
cells in the LC region, as well as decreased IL-B cytokine. However, the treatment did not
reverse the increased sensitivity to CO, during awake state in room air. Likewise, we did not
observe a decrease in the expression of beta-amyloid peptide in the LC region after
treatment.

Our study demonstrates that the ventilatory response to CO, is increased in the STZ
model due to changes in the noradrenergic neurons of the LC, which have their
electrophysiological properties altered possibly by an increase in beta-amyloid. The
cognitive and sleep changes observed in the STZ model are due to changes in microglia,

since the use of minocycline was able to attenuate.

Keywords: streptozotocin, ventilation, sleep, minocycline, microglia and

Alzheimer's.
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3 INTRODUCAO

3.1 Respiracéo e doencgas neurodegenerativas

A ventilacdo é um processo ritmico que mantém o oxigénio (O,) e didxido de
carbono (CO,) no sangue arterial e nos tecidos dentro de concentracbes adequadas para a
sobrevivéncia. Trata-se de um processo altamente coordenado e complexo, dependente de
trés componentes: geradores e integradores centrais do ritmo/padrao respiratorio, localizados
no sistema nervoso central, especificamente no bulbo e na ponte; de sensores que enviam
informagdes para o gerador e integrador central e finalmente uma distribuicdo motora
sincronica de respostas aos efetores (musculatura das vias areas superiores, diafragma,
abdominais e intercostais) que realizam o0s ajustes respiratorios necessarios (Figura 1).

(DEMPSEY; SMITH, 2014a).

~ -

‘ Grupo Resp. Dorsal

Grupo Resp. Ventral
Grupo Resp. Pontino

Quimiorreceptores Centrais
Quimiorreceptores Periféricos
Receptores de Irritagio

Receptores J

Receptores nos Musculos e Tenddes

Diafragma

Vias aéreas
Musculos intercostais
Musculo abdominal

Figura 1. llustragdo do controle da respiracdo em mamiferos.

O automatismo respiratorio se origina nos circuitos respiratorios bulbares e recebe

modulacdo da ponte e regides supra-pontinas (ALHEID; MCCRIMMON, 2008), sendo que,
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a respiracdo em mamiferos resulta das interacBes entre trés osciladores (FELDMAN; DEL
NEGRO; GRAY, 2013; JANCZEWSKI; FELDMAN, 2006; MELLEN et al., 2003,
RAMIREZ; ANDERSON, 2017) (Figura 2). Em repouso, a atividade para gerar um ritmo
bifasico, inspiracdo e pds-inspiracdo € realizada pelo complexo pre-Botzinger (preBotC).
(SMITH et al., 1991; TAN et al., 2008) e o complexo pds-inspiratorio (PiCo). (DEL
NEGRO; FUNK; FELDMAN, 2018; RAMIREZ; ANDERSON, 2017). Em periodos de alta
demanda metabdlica, por exemplo, durante o exercicio, um terceiro oscilador, o nucleo
parafacial lateral (pF), uma subpopulagdo dentro do grupo respiratorio parafacial do nicleo
retrotrapezoide (RTN / pFRG), €é ativada para criar um ritmo trifasico., responsavel pela
controle da expiragdo ativa (DEL NEGRO; FUNK; FELDMAN, 2018; RAMIREZ;

ANDERSON, 2017).

Resting state

S presatc E‘g PlCo
52
gs

High metabolic state

%
’%
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\.(“ /

uonesdsupsod

Figura 2. RAMIREZ; ANDERSON, 2017. llustracdo da geracdo do ritmo respiratério em mamiferos por trés
osciladores. Em repouso, o complexo preBotzinger (preBotC) e o complexo pés-inspiratério (PiCo) alteram a
atividade para gerar um ritmo bifasico, inspiracdo e p6s-inspiracdo. Em periodos de alta demanda metabolica,
por exemplo, durante o exercicio, um terceiro oscilador é incorporado para criar um ritmo trifasico. Propde-se
que cada uma das trés fases - inspiracdo, poés-inspiracdo e expiracdo ativa - seja controlada por osciladores
independentes: o preBotC, PiCo e o ndcleo parafacial lateral (pF,), respectivamente.

38



A circuitaria neural respiratoria € estimulada quando sensores neurais especializados
(quimiorreceptores) detectam baixa pressdo parcial arterial de oxigénio (PaO,) e/ou alta
pressdo parcial arterial de CO;, (PaCO,), e consequentemente queda no pH. Para deteccdo
destas alteracGes sdo ativados quimiorreceptores periféricos e centrais. Os quimiorreceptores
periféricos se localizam no corpo carotideo, localizados no sistema nervoso periférico,
proximo a bifurcacdo da artéria carétida, e no arco aortico (ORTEGA-SAENZ et al., 2013) e
sdo sensiveis a alteracBes da PaO,, PaO, e pH. Em relacdo aos quimiorreceptores centrais,
estes estdo espalhados em diferentes areas do tronco encefalico, incluindo o nucleo do trato
solitario (NTS), nuacleo fastigial (NF), nacleo retrotrapezoide (RTN) (GUYENET et al.,
2009; MULKEY et al.,, 2004), rafe rostral bulbar (RB), o locus coeruleus (LC)
(BALLANTYNE; SCHEID, 2001; COATES; LI; NATTIE, 1993; E.E.; A., 2001,
GARGAGLIONI; HARTZLER; PUTNAM, 2010; NATTIE, 1999; NATTIE; LI, 2010) e a
regido perifornical do hipotalamo lateral (LI; LI; NATTIE, 2013) e detectam alteracGes do
CO./pH. Dessa forma, a respiracédo € regulada por mecanismos neurais envolvendo multiplos
neurotransmissores que promovem ajustes de acordo com a demanda metabdlica e outros
fatores, como estado de sono ou vigilia (NATTIE; LI, 2010, 2012). Falhas nessas conexdes,
por drogas, por sindromes ou por doencas neurodegenerativas promovem distdrbios
respiratorios que podem ocorrer durante o sono (NOGUES; RONCORONI; BENARROCH,
2002; SILVESTRELLI; LANARI; DROGHETTI, 2012).

Estudos revelam que os disturbios respiratorios noturnos (DRS) podem preceder o
estagio de deméncia em doengas neurodegenerativas, portanto, podem contribuir para a

patogénese, além de ser uma importante ferramenta para diagnostico pré-clinico (DEAK;
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KIRSCH, 2014; FOLEY et al., 2001; J.R. et al., 2009; JAUSSENT et al., 2012; YAFFE et
al., 2011). Recentemente, em um estudo com polissonografia em mulheres cognitivamente
normais, 0s autores encontraram evidéncias diretas que essas mulheres com DRS estavam
mais propensas a desenvolver comprometimento cognitivo leve ou deméncia (YAFFE et al.,
2011). Ao passo que, outros estudos sugerem que a gravidade da deméncia pode ser
positivamente correlacionada com a gravidade dos distUrbios respiratérios. Nesse contexto,
as estimativas da prevaléncia de DRS nas deméncias sdo elevadas e mais de 70% dos
pacientes diagnosticados com deméncia (Doenca de Alzheimer, Doenca de Parkinson,
esclerose multipla, apoplexia, epilepsia ou atrofia de mdaltiplos sistemas) apresentam
problemas respiratérios (BOEVE, 2008; DEAK; KIRSCH, 2014; FLEMING; POLLAK,
2005; GAIG; IRANZO, 2012; SCHWARZACHER; RUB; DELLER, 2011; YAFFE et al.,

2011).

3.2 Doenca de Alzheimer e distarbios respiratérios

A DA descrita pelo neuropatologista alemdo Alois Alzheimer em 1907, é uma
enfermidade neurodegenerativa mais frequentemente associada a idade, cujas manifestacfes
cognitivas e neuropsiquiatricas resultam em uma deficiéncia progressiva e uma eventual
incapacitacio do paciente (HARMAN, 2000; PIERCE; BULLAIN; KAWAS, 2017). A
medida que a expectativa de vida torna-se mais elevada, especialmente em paises
desenvolvidos, tem-se observado um aumento da prevaléncia da DA (HARMAN, 2006;
SMITH, 1999). A DA é causa mais comum de deméncia, atingindo mais de 20 milhGes de
pessoas no mundo. No Brasil, estima-se que numero de pessoas que desenvolverdo

Alzheimer até o ano de 2025 seja de 1 milhdo e 200 mil casos (OMS, 2019).
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Os casos de DA podem ser classificados em dois grupos em funcéo da idade: a DA
de acometimento tardio ao redor de 60 anos de idade (99 % dos casos), ocorre de forma
esporadica, e a DA de acometimento precoce, de incidéncia ao redor de 40 anos que mostra
recorréncia familiar (HARMAN, 2000; KAR et al., 2004). De acordo com os critérios de
diagndstico, a DA pode ser classificada em estdgios de gravidade, como estagio leve,
moderado e grave (SADOWSKY; GALVIN, 2012). O primeiro aspecto clinico é a
deficiéncia da memoria recente, enquanto as lembrancas remotas sdo preservadas até certo
estagio da doenca (CALABRO et al., 2021; REITZ; BRAYNE; MAYEUX, 2011). Além das
dificuldades de atencdo e fluéncia verbal, outras fungdes cognitivas deterioram a medida que
a doenca evolui, como a orientacdo geografica, raciocinio légico, complicagdes motoras, 0
grau de vigilia e lucidez (LINDEBOOM; WEINSTEIN, 2004). Acompanhado desses
sintomas estdo o0s disturbios comportamentais, como agressividade, alucinacdes,
hiperatividade, irritabilidade e depressdo (CALABRO et al., 2021).

As caracteristicas histopatoldgicas da DA incluem o acumulo extracelular das
placas senis e de emaranhados neurofibrilares intracelulares, que promovem a diminui¢do da
densidade sinaptica, neuroinflamacgdo crénica que eventualmente leva a neurodegeneracdo
generalizada, perda de sinapses e faléncia de neurotransmissores (MINTER; TAYLOR,;
CRACK, 2016; QUERFURTH; LAFERLA, 2010). O processamento anormal da proteina
precursora Amiloide (PPA), uma proteina transmembranar expressa em tecidos neuronais,
promove 0 acUmulo extracelular do peptideo beta-amiloide (BA1-42) (HEPPNER;
RANSOHOFF; BECHER, 2015; SERRANO-POZO et al., 2011). O peptideo BA tende a se
agregar em oligbmeros e protofibrilas que posteriormente se agregam dando origem as

fibrilas, as quais compdem as placas senis (HEPPNER; RANSOHOFF; BECHER, 2015;
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LASAGNA-REEVES; GLABE; KAYED, 2011; SERRANO-POZO et al., 2011). Enquanto
que os emaranhados neurofibrilares surgem do colapso do citoesqueleto neuronal, decorrente
da hiperfosforilacdo da proteina associada a microtdbulo tau (HEPPNER; RANSOHOFF;
BECHER, 2015; IQBAL et al., 2010; SERY et al., 2013).

A neurodegeneracao ocorre em multiplas regides do encéfalo incluindo hipocampo,
cortex, amigdala, neocortex, regides subcorticais e regibes envolvidas na
quimiossensibilidade central e na manutencdo do estado de vigilia, como o lécus coerules,
rafe dorsal e hipotdlamo (BEKDASH, 2021; KLUCKEN et al., 2003; MATCHETT et al.,
2021; SPIRES; HYMAN, 2004; THEOFILAS et al., 2017). Estudos recentes enfatizam a
possibilidade do envolvimento precoce do tronco encefélico na DA area em que se localizam
as principais regides envolvidas no controle da respiracdo (DEMPSEY; SMITH, 2014b;
ESER et al., 2018; SIMIC et al., 2009). Embora muitas pesquisas reportem
neurodegeneracdo no tronco encefalico, o papel dessa regido nessa enfermidade nao esta bem
elucidado (SIMIC et al., 2009). Os neur6nios que permanecem na DA passam por mudancas
morfolégicas entre elas: distrofia neuritica, remodelacdo axénica e alteracdo na densidade
dendritica (SPIRES; HYMAN, 2004). Segundo(TERRY et al., 1991), essas mudancas
alteram as conectividades entre os neur6nios sendo responsavel por varios sintomas da
doenca. De fato, alem dos sintomas cognitivos classicos da doenca, pacientes com DA
apresentam sintomas ndo cognitivos: como disturbios do humor, do apetite, depressao,
distdrbios do sono de carater multifatorial (exibindo insonia, distarbio do ritmo circadiano,
agitacdo noturna), hiperatividade e problemas respiratorios (BOEVE, 2008; DEAK;

KIRSCH, 2014; GAIG; IRANZO, 2012; LEE et al., 2019; OSORIO et al., 2014).
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A doenca DA comeca cerca de 20 anos antes que 0s sintomas cognitivos aparecam e
este periodo de auséncia do declinio cognitivo é determinado como DA pré-clinica ou pré-
sintoméatica (MORRIS, 2005; SPERLING; KARLAWISH; JOHNSON, 2013). A pesquisa
clinica tem como base biomarcadores especificos para o diagnéstico da DA e/ou condi¢des
relacionadas a um estagio inicial (JU et al., 2013; SPERLING; KARLAWISH; JOHNSON,
2013). Apesar da intensa investigacdo, mecanismos fisiopatoldgicos subjacentes
permanecem insuficientemente documentados para proposital descoberta. Neste cenério, 0
uso de animais como modelos sdo validos e essenciais na investigacdo relacionada com a
DA, pois permitem a apreciacao de processos fisiopatolégicos iniciais que muitas vezes ndo
sd0 acessiveis em pacientes e/ou em processos tardios que aliviam ou previnem tal condicao
neurodegenerativa (LAURIJSSENS; AUJARD; RAHMAN, 2013; VAN DAM; DE DEYN,
2011).

Os critérios clinicos atuais para diagnéstico da DA estdo focados principalmente nos
déficits cognitivos produzidos pela disfuncdo do hipocampo e de areas neocorticais, ao passo
que os sintomas ndo cognitivos, como distlrbios do sono ou do sistema respiratério sao
negligenciados e podem preceder a deméncia (LEE et al., 2019; LENG et al., 2017;
LIGUORI et al., 2017; YAFFE et al., 2011). Estudos relataram que a prevaléncia da apneia
do sono em pacientes com DA ¢ alta, sendo que 70% a 80% dos pacientes apresentam cinco
ou mais episodios de apneia por hora de sono, 38% a 48% com 20 ou mais episodios de
apneia durante o sono (ANCOLI-ISRAEL; KRIPKE, 1991; DIAZ-ROMAN et al., 2021;
GEHRMAN et al., 2003). De acordo com GAIG e IRANZO (2012), a apneia obstrutiva do
sono (AOS) pode piorar ou causar prejuizo cognitivo na DA. Adicionalmente, parece existir

uma forte associacdo que quanto maior os episodios de AOS maior € a probabilidade de se
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desenvolver um transtorno cognitivo ou deméncia. De fato, LIGUORI et al. (2019)
observaram que os pacientes com AOS sem deméncia, ja expressam niveis aumentados do
peptideo BA, um dos principais biomarcadores da DA. Adicionalmente, tem se demonstrado
que os tratamentos para disturbios respiratorios noturnos melhoram o padréo respiratério dos
pacientes com DA, e tem um efeito positivo sobre a cognicdo (BUBU et al., 2019; CHONG
et al., 2006; LIGUORI et al., 2021; TSAI et al., 2020). Da mesma maneira, 0 tratamento por
pressdo positiva das vias aéreas em pacientes com DA exibem apneias do sono central
(ASC), melhora a cognicéo e a qualidade de vida do paciente (TROUSSIERE et al., 2014).
Provavelmente este cenario sintomatico da area clinica é resultando da disfuncdo dos nucleos
que modulam a respiragéo.

Diante desse cenério clinico, ha poucos relatos na literatura, sobre a disfuncdo das
redes de regulacdo da respiracdo, bem como, das respostas ventilatorias na progressao da
DA. Portanto, para resultados cientificamente mais robustos, faz-se necessario extrapolar
para estudos in vivo com uso de animais. Esse tipo de estudo é vantajoso, visto que a partir
dos resultados, é possivel transcender de forma mais confiavel para sistemas fisioldgicos
humanos. Considerando que a DA esporadica representa mais de 95% dos casos de DA no
mundo, acreditamos que modelos de DA esporadica sejam mais impactantes para a literatura
cientifica.

A estreptozotocina (STZ), utilizada na criacdo do modelo animal deste estudo, € um
agente quimico derivado da bactéria Streptomyces acromogenes, com estrutura quimica
semelhante a da glicose (SZKUDELSKI, 2001). A similaridade da estrutura quimica de STZ
a da glicose permite que seja carreada para o interior das células atraves de GLUT-2,

transportador de glicose ja descrito no Sistema Nervoso (LENZEN, 2008; SZKUDELSKI,
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2001). Seu uso promove alteracOes da sinalizagdo de insulina e das enzimas envolvidas no
metabolismo da glicose no encéfalo. Desta forma, ocorre reducdo no metabolismo da glicose
e 0 desenvolvimento de um estado de resisténcia central a insulina, que pode ser a causa
responsavel pelo surgimento dos eventos neurodegenerativos da DA, visto que, esse dano ao
metabolismo da glicose também é observado em pacientes com a DA (CORREIA et al.,
2011; HOYER; LANNERT, 2007; SALKOVIC-PETRISIC et al., 2013). A administracdo
intracerebroventricular (icv) de STZ em animais € capaz de mimetizar as alteragdes
bioguimicas e estruturais encontradas no encéfalo de pacientes com DA, pelo acimulo do
peptideo BA, aumento da fosforilacdo da proteina Tau, estresse oxidativo, com subsequente
neuroinflamacéo levando a morte neuronal (GRUNBLATT; HOYER; RIEDERER, 2004;
KNEZOVIC et al., 2015; RAI et al., 2014). Além disso, este modelo também é caracterizado
pela deterioracdo progressiva da fungdo cognitiva (memoria e aprendizado), juntamente com
mudancgas no metabolismo da glicose e energia, tracos marcantes em pacientes com DA
(DENG et al., 2009; GRUNBLATT; HOYER; RIEDERER, 2004; LANNERT; HOYER,
1998a, 1998b). Estudos demonstram que 30 dias apds a administracdo
intracerebroventricular de STZ, os animais apresentaram déficit cognitivo (memoria e
aprendizado), aumento da Tau fosforilada e do peptideo beta amiloide, acompanhado de
morte neuronal e aumento do ventriculo (MOTZKO-SOARES et al., 2018; SANTOS et al.,
2012). De tal maneira, que a janela de 30 dias apés a inducdo da doenca torna-se um modelo

para estudos fisiopatoldgicos da DA neste modelo.

3.3 Neuroinflamagé&o e minociclina na doenga de Alzheimer
As microglias sdo macréfagos que compreendem 10 a 15% das células do sistema

nervoso central (CAl; HUSSAIN; YAN, 2014). Essas células quando ativadas atuam na
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inflamacdo e nos mecanismos homeostaticos por meio da secrecdo de citocinas e outras
moléculas de sinalizacdo (HENEKA et al., 2015; TEJERA; T. HENEKA, 2016). Apesar de
um amplo debate, a microglia é geralmente classificada em, micrdglia ameboide fagocitica,
ramificada e ativada (CAIl; HUSSAIN; YAN, 2014; GLENN; BOOTH; THOMAS, 1991;
IMAMOTO, 1981) (Figura 3). As micrdglias ramificadas estdo envolvidas na manutencéao
de um ambiente imunologicamente estavel por meio de reparos e eliminacdo de células
mortas (BESSIS et al., 2007; MARIN-TEVA et al., 2004; RANSOHOFF; PERRY, 2009). A
microglia ativada é um estado de transicdo da micrdglia ramificada para um formato
ameboide classificada no estado reativo em M1 e M2 dos macrofagos (GORDON;
MARTINEZ, 2010; MARTINEZ; HELMING; GORDON, 2009; SICA; MANTOVANI,
2012). A ativacdo das células tipo M2 promovem acdo de reparo e apoptose através da
liberagdo de citocinas anti-inflamatorias, como as interleucinas 1L-10, IL-4, IL-13 e 0 TGF-B
(fator de crescimento transformador beta) (CAl; HUSSAIN; YAN, 2014; GOMOLIN et al.,
2005; GORDON; MARTINEZ, 2010; MARTINEZ; HELMING; GORDON, 2009; WANG
et al., 2015). Em contraste, a microglia do tipo M1 induz inflamagdo e neurotoxicidade
através da liberacdo de citocinas e quimiocinas pré-inflamatoérias, como TNF-a (fator de
necrose tumoral), as interleucinas IL-6, IL-1p, IL-12, bem como, espécies reativas de
oxigénio e oxido nitrico (GORDON; MARTINEZ, 2010; MARTINEZ;, HELMING;
GORDON, 2009; SICA; MANTOVANI, 2012). Todos os mediadores inflamatorios podem

atuar como a causa da neurodegeneracdo da DA (KAUR; SHARMA; DESHMUKH, 2019).
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Figura 3. Células de micréglia com o fen6tipo ramificado (esquerda) para o fenétipo ameboide (direita). Figura
adaptada de Kim e de Vellis, (2005).

A inflamacdo cronica desempenha um papel importante na cascata de eventos
moleculares no encéfalo subjacente a DA (BUDNI et al., 2016; HENEKA et al., 2015;
KAUR; SHARMA; DESHMUKH, 2019; MINTER; TAYLOR; CRACK, 2016). Postula-se
que a inflamacdo do SNC na DA ¢ resultado da ativacdo das células da micréglia M1 em
resposta a formacéo das placas amiloides (ou acimulo extracelular do peptideo BA1-42) e/ou
da hiperfosforilagdo da proteina tau promovendo um estado cronico de neuroinflamacéo que
piora e acelera a progressdo da doenca (HALLIDAY et al., 2000; MINTER; TAYLOR;
CRACK, 2016; SCHWAB; MCGEER, 2017; THAMEEM DHEEN; KAUR; LING, 2007).
Em circunstancias normais, as micréglias ativadas exercem um papel neuroprotetor
secretando varias citocinas pro-inflamatérias e quimiocinas que recrutam microglias
adicionais e astrocitos para o local inflamatério (GUERRIERO et al., 2017; SARDI et al.,
2011; TEJERA; T. HENEKA, 2016). Contudo, na DA, a micrdglia e os astrdcitos recrutados
na inflamacao nédo eliminam o peptideo BA ou emaranhados de Tau de forma eficaz, o que
leva a excessiva producédo de citocinas e quimiocinas pro-inflamatorias, que por sua vez,
estimulam a proteina PPA na deposicdo de mais peptideos BA que novamente ativam mais
micréglias, desenvolvendo-se um ciclo vicioso neurotoxico (GUERRIERO et al., 2017;

KAUR; SHARMA; DESHMUKH, 2019; MINTER; TAYLOR; CRACK, 2016; SHAMIM,;
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LASKOWSKI, 2017). Alem disso, as citocinas liberadas aumentam a neurodegeneracdo dos
neurdnios adjacentes que se somam ao processo inflamatdrio desencadeando um quadro de
deterioracédo celular (HENEKA et al., 2015; LATTA et al., 2015). Por conseguinte, este ciclo
neuroinflamatdrio deletério permanece vicioso e auto-suficiente desencadeando mais perda
neuronal na DA (HENEKA et al., 2015; LATTA et al., 2015; MINTER; TAYLOR,;
CRACK, 2016). Portanto, a supressdo da neuroinflamagdo na DA por medicamentos com
potenciais anti-inflamatérios podem representar um alvo terapéutico na minimizacdo e/ou
reversdo dos eventos patoldgicos moleculares que se refletem nos problemas cognitivos e
fisiologicos dos pacientes com DA (BISCARO et al., 2012; BUDNI et al., 2016; HENSLEY,
2010; MCGEER; MCGEER, 2013; NIZAMI et al., 2019; SHADFAR et al., 2015).

A minociclina é um derivado de segunda geracdo da tetraciclina com acdo anti-
microbiana bacteriostatica (GARRIDO-MESA; ZARZUELO; GALVEZ, 2013a, 2013b;
SHAMIM; LASKOWSKI, 2017). Trata-se de uma molécula altamente lipofilica que
atravessa facilmente a barreira hematoencefalica possibilitando sua aplicacdo no tratamento
de doencas que acometem 0 SNC (KIELIAN et al., 2007; KUANG et al., 2009). Além da sua
acdo antimicrobiana, estudos demonstram seu potente efeito anti-inflamatério exercido pela
sua acdo neuroprotetora através da inativagdo da microglia (GARRIDO-MESA;
ZARZUELO; GALVEZ, 2013b). As propriedades anti-inflamatorias da minociclina sio
possivelmente fornecidas através de sua capacidade de inibir a proteina quinase p38 ativada
por mitogeno (p38 MAPK) e a metaloproteinase de matriz-9 (MMP-9) (HUNTER et al.,
2004; KIM; SUH, 2009; SCHIEVEN, 2009). Dado que, a proteina quinase p38 regula a
producdo de mediadores inflamatdrios, sua inativacdo pela acdo da minociclina pode reduzir

citocinas liberadas em excesso fornecendo uma neuroprotecdo contra danos neuronais da

48



neuroinflamacdo (BUDNI et al., 2016; SCHIEVEN, 2005). De fato, em estudos pré-clinicos,
a minociclina apresentou atividade neuroprotetora em varias doengas neurodegenerativas,
tais como, doenca de Parkinson (WU et al., 2002), esclerose lateral amiotréfica (ZHU et al.,
2002), doenca de Huntington (CHEN et al.,, 2000) e na DA (CHOI et al., 2007,
PARACHIKOVA et al., 2010).

Até 0 momento, os estudos em modelos de animais e ensaios clinicos indicam que o
efeito anti-inflamat6rio da minociclina resulta na minimizacdo do declinio cognitivo, dos
biomarcadores moleculares (beta amiloide e proteina tau) e da neuroinflamacao na doenca de
Alzheimer. Neste contexto, NOBLE et al. (2009) demonstraram que a aplicacdo de
minociclina em culturas de células expostas ao peptideo BA impediu a ativacdo de caspases e
a inducdo de morte celular. No mesmo estudo, os autores demonstraram que a administracao
de minociclina reduziu a fosforilagdo e agregacdo da proteina tau em camundongos. De
maneira semelhante, (CAl; YAN; WANG, 2013) também observaram o decréscimo da
fosforilagdo da proteina tau em modelo esporadico para DA apds o tratamento oral com
minociclina. Além disso, o tratamento crdénico com minociclina em camundongos PPA
(camundongos heterozigotos duplamente transgénicos que expressam O gene mutante da
proteina precursora da proteina beta amiloide) reduziu a imunorreatividade da microglia,
com reducdo dos niveis hipocampais da proteina 0xido nitrico sintase iINOS oriunda da
inflamacdo e de citocinas pro-inflamatorias (BISCARO et al., 2012). Nessa linha, CUELLO
et al. (2010) observaram que a administracdo de minociclina em camundongos transgénicos
reverteu a deficiéncia comportamental e diminui também citocinas pro inflamatdrias

responsaveis pelo quadro cronico de neuroinflamacéo na DA.
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Em relacdo a disfuncdo da proteina beta amiloide, FERRETTI et al. (2012)
demostraram uma redugdo do PPA (proteina precursora amiloide), no tecido do hipocampo
de camundongos tratados com injec¢des intraperitoneais de minociclina. Da mesma maneira,
0 uso de minociclina em ratos 3xTg-AD reduziu a formacéo de fibrilas da BA no cortex e no
hipocampo (PARACHIKOVA et al., 2010), bem como, restaurou a cogni¢do dos animais.
Adicionalmente, a diminuicdo da proteina de BA (BA-42 e BA-40 insolavel) na regido do
hipocampo também foi observada no modelo esporadico para DA (CAI; YAN; WANG,
2013). Tomado esse conjunto de informagdo, a minociclina tornar-se uma abordagem
farmacoldgica promissora para prevenir ou retardar os eventos moleculares patol6gicos que
se refletem nos problemas fisiol6gicos e cognitivos da doenca.

Com base em todas as evidéncias apresentadas, o tratamento com a minociclina
pode ter aplicacdes diretas nas disfuncdes moleculares que acometem as regides envolvidas
na respiracdo e no ciclo sono-vigilia, tornando-se um farmaco promissor para reverter ou
minimizar as disfuncdes respiratdrias encontradas nos pacientes com DA. Dessa maneira,
uma intervencdo farmacoldgica pode minimizar e/ou reverter as disfungdes encontradas no
presente modelo. Com isso, 0 presente estudo tem como objetivo avaliar as alteragfes do
sistema respiratorio na DA e se essas alteraces sdo dependentes do ciclo sono-vigilia, bem
como, a administracdo farmacologica de minociclina visando a melhora do quadro
respiratorio patologico da DA. O estudo foi realizado em ratos Wistar, induzidos por injecoes
intracerebroventriculares de estreptozotocina (STZ), modelo experimental da Doenca de

Alzheimer Esporadica (DAE).
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4 OBJETIVOS GERAIS

Com base nas evidéncias apresentadas, 0 objetivo de nosso estudo foi avaliar:

Capitulo 1

Avaliar as alteragdes do sistema de controle respiratorio e se as alteracfes sdo
dependentes do ciclo sono-vigilia em um modelo esporadico para DA (Publicado: Vicente et

al., 2018)

Capitulo 2

Avaliar a excitabilidade dos neurénios LC em um modelo esporadico para DA

(Publicado: Vicente et al., 2020).

Capitulo 3

Avaliar o efeito da administracdo farmacoldgica de minociclina nas disfuncGes
respiratérias, cognitivas e moleculares de um modelo esporadico para Doenca de Alzheimer.

(em preparacdo).
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5 MATERIAL E METODOS GERAIS

Os experimentos referentes ao capitulo 1 e 3 foram realizados no Departamento de
Morfologia e Fisiologia Animal da Faculdade de Ciéncias Agrarias e Veterinaria da UNESP
Campus Jaboticabal e conduzido de acordo com as diretrizes do Colégio Brasileiro de
Experimentacdo Animal (CONCEA) e com a aprovacgio da Comissdo de Etica e Bem-Estar
Animal (CEUA) da FCAV/UNESP, protocolo n°® 6.030/016. Os experimentos referente ao
capitulo 2 (doutorado sanduiche) foram conduzidos de acordo com NIH (“Guide to the Care
and Use of Laboratory Animals”) ¢ aprovados pelo comité da universidade A.T. Still

University’s Animal Care and Usage Committee (protocolo A3058-01).

Capitulo 1

A avaliacdo das respostas respiratérias no modelo para DA no sono e na vigilia
foram realizados através da técnica de pletismografia de corpo inteiro e eletroencefalograma
(EEG e EMG) em condicBes de normocapnia, hipercapnia e hipdxia em animais nao
anestesiados (in vivo). Da mesma maneira, nds utilizamos o eletroencefalograma para anélise
do tempo total de sono do modelo. As alteragdes moleculares dos principais biomarcadores
da DA (proteina tau e peptideo beta amiloide) nas regides respiratorias (Locus Coeruleus,
Rafe bulbar, Pré-Botzinger/Botzinger, Nucleo Retratropezéide) e na regido do Hipocampo

foram quantificados pela técnica de Western Blotting.

Capitulo 2
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A avaliacdo da excitabilidade dos neurdnios do LC no modelo para DA foi realizado
através da técnica de patch clamp (in vitro), e o fendtipo dos neurénios da regido pela técnica

de imunohistoquimica.

Capitulo 3

Avaliacdo da administracdo do farmaco minociclina foram realizados pelas técnicas
mencionadas no capitulo 1. Adicionalmente, avaliamos o efeito da minociclina nas células da

microglia na regido do LC pela técnica de imunohistoquimica para IBA-I.
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6 PRINCIPAIS RESULTADOS ENCONTRADOS

Capitulo 1

NOs demonstramos que apos a injecdo i.c.v de estreptozotocina (STZ), 0s animais
exibiram deficits de memoria e aprendizado mimetizando sintomas clinicos encontrados em
pacientes com DA. Nos testes respiratorios, ndés demonstramos que o modelo STZ para DA
apresenta um aumento na sensibilidade ao quimiorreflexo hipercapnico durante a vigilia,
bem como, o0 aumento do tempo no estado de vigilia. Esse resultado pode estar associado ao

aumento de 73% do peptideo beta amiloide na regido do LC.

Capitulo 2

NOs demonstramos que a maioria (~ 60%) dos neurdnios noradrenérgicos do LC em
ratos adultos foram inibidos pela exposi¢do ao CO,, conforme indicado por uma diminuicao
significativa no potencial de acdo (PA). Os neurbnios do LC no modelo STZ-DA
apresentaram uma maior sensibilidade ao CO, que foi em parte devido a hiperpolarizacdo do

potencial de membrana em repouso e aumento do limiar para geracao do PA.

Capitulo 3

NOs demonstramos que apds o tratamento com minociclina o0 modelo STZ-DA
melhorou a aprendizagem e memdria e sugerimos que foi em decorréncia da inativagdo das
celulas da microglia na regido do LC. N&o observamos alteragdes no aumento da
sensibilidade CO,, bem como, no aumento na porcentagem de tempo no estado de vigilia.
Acreditamos que esse resultado seja decorrente da ndo alteracdo da porcentagem de

expressao do peptideo beta amiloide na regido do LC no modelo STZ-DA apds o tratamento.
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7 DISCUSSAO GERAL

No presente estudo, a injecdo intracerebroventricular de estreptozotocina na dose 2
mg/kg foi capaz de mimetizar aspectos cognitivos, moleculares e fisioldgicos encontrados

em pacientes com Alzheimer. Apds 30 dias da injecdo de STZ, ndo observamos

396 199/202

hiperfosforilacdo da proteina Tau nos sitios (Ser™ e Ser ) na janela temporal do
presente trabalho nas regibes do LC, nucleo retrotrapezoide, rafe bulbar, complexo pré
Botzinger/Botzinger e hipocampo. Apesar de ndo observamos alteracfes da proteina tau nos
locais analisados, o presente estudo demonstrou aumento de 73% do peptideo beta amiloide
na regido do LC, mas ndo no nucleo retrotrapezdide, rafe bulbar, complexo pré Botzinger/
Botzinger e hipocampo. Nesse cenario, alguns estudos revelam que o surgimento dos
biomarcadores em pacientes com DA (hiperfosforilacdo da proteina TAU e placas beta
amiloide) sdo cronoldgicos e hierarquicos, uma vez que, surgem primeiramente em algumas
regies do tronco encefalico, como o LC, se estendendo para regifes corticais e hipocampais
e tardiamente se expressam em outras regides como o cerebelo (BRAAK et al., 2011; P. et
al., 2017; SIMIC et al., 2009; THEOFILAS et al., 2017). Nossos resultados se somam a
literatura, em que um modelo STZ-DA, o surgimento histopatologicos dos biomarcadores
para DA ocorram de forma hierarquica, cronolégica e progressiva semelhante a relatos em
pacientes (ALAFUZOFF et al., 2009; CORREIA et al., 2011; EHRENBERG et al., 2017
SALKOVIC-PETRISIC et al., 2013, 2015; WANG et al.,, 2017). Nossos resultados
moleculares sdo primordiais para afirmarmos que possivelmente estamos trabalhando em
uma janela inicial ou em uma transicdo molecular inicial para intermediaria na DA. NOs

sugerimos este fato, em decorréncia de observarmos alteragcbes moleculares no LC, primeira

regido afetada na molecularmente na DA, mas ndo na regido do hipocampo (ANDRES-
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BENITO et al.,, 2017; BRAAK; BRAAK, 1991; BRAAK; DEL TREDICI, 2011a; THAL et
al., 2002; THEOFILAS et al., 2018).

O modelo STZ apresentou um aumento de 28% na sensibilidade ao CO, durante a
vigilia, o que sugere que os nucleos quimiossensiveis que controlam a vigilia estdo alterados
nessa janela temporal. De fato, nds observamos um aumento da expressdo do peptideo beta
amiloide na regido do LC, um importante ndcleo quimiossensivel do sistema nervoso central
(BIANCARDI et al.,, 2008; FILOSA; PUTNAM, 2003; GARGAGLIONI; HARTZLER;
PUTNAM, 2010; PUTNAM, 2010; VICENTE et al., 2016a). Além disso, os ratos com STZ
permaneceram uma maior porcentagem de tempo no estado de vigilia e consequentemente
apresentaram uma diminuicdo dos episédios do sono NREM. O estado de alerta
provavelmente é resultado de alteragdes das regides reguladoras do ciclo sono-vigilia como o
cortex cerebral, rafe dorsal, nlcleo tegmental dorso-lateral, pedunculo pontino, éarea
tegmental ventral e o ILC (BERRIDGE, 2008; PEYRON et al., 1998; SZYMUSIAK;
MCGINTY, 2008). Uma vez que, o LC é necessario para manter as duragdes normais da
vigilia e promover transicdes sono-vigilia é provavel que o aumento da vigilia no modelo
STZ-DA decorra da alteracdo molecular deste nicleo. Tomado esse conjunto de resultados,
nos acreditamos estarmos em uma janela temporal inicial da doenca devido as alteracfes
encontradas no LC e das respostas fisiologicas alteradas que observamos. Adicionalmente,
ndo descartamos a possibilidade da participagdo de outras regides como coOrtex, que nao
foram exploradas no presente estudo. Além disso, sugerimos por estarmos diante de uma
janela temporal possivelmente inicial € importante elucidar os mecanismos que estéo

alterados ja que fornecerdo pistas para frear e minimizar os sintomas progressivo da doenca.
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Em virtude dos dados do mencionados acima do capitulo 1, n6s decidimos explorar
0 possivel envolvimento dos neurbnios do LC no modelo para DA em condigOes
normocapnicas e hipercapnicas (pH=7) in vitro. Nés observamos que o nimero de neurdnios
noradrenérgicos do LC no modelo para DA ndo estdo alterados em relagcdo ao controle.
Sendo assim, possivelmente a resposta que encontramos sejam decorrentes da alteracdo da
atividade dos neurénios no modelo STZ-DA. Além disso, ao expormos 0s neurénios do LC
em condi¢Oes hipercédpnicas, nés observamos que aproximadamente 60% dos neurdnios de
ambos 0s grupos diminuiram a taxa de disparo, 20% aumentaram a taxa de disparo e 20%
ndo responderam ao CO,. Curiosamente, nossos dados se opdem aos estudos in vitro que
revelaram que mais de 80% dos neurbnios de neonatos em condi¢Bes hipercépnicas
aumentam a taxa de disparo (FILOSA; DEAN; PUTNAM, 2002; OYAMADA et al., 1998;
RITUCCI; DEAN; PUTNAM, 2005; STUNDEN et al.,, 2001). Apesar da maioria dos
estudos focarem na compreensdo das células do LC que despolarizaram sob condicOes
hipercépnicas, outros trabalhos, ja relataram que animais com mais de 10 dias (P>10) os
disparos dos neurbnios do LC diminuiram (GARGAGLIONI; HARTZLER; PUTNAM,
2010; LOPES et al., 2016; NICHOLS et al., 2008). No presente estudo, sugerimos que a
inibicdo das células do LC pelo CO, nos animais adultos ocorra em virtude do aumento: da
voltagem para limiar do potencial de acdo, da repolarizacio e das correntes de K* pelos
canais dependentes de voltagem.

A taxa de disparo dos neurénios do LC dos animais STZ-DA foi menor comparados
ao controle. Atribuimos esse achado a reducdo do potencial de repouso de membrana (PRM)
e aumento da resisténcia de membrana (R;) no modelo STZ-DA. Esta reducdo possivelmente

ocorre por alteracdo nos canais para potassio retificadores de entrada responsaveis pelo
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potencial de membrana. Além disso, a hiperpolarizacdo de PRM em conjunto com o aumento
do limiar de disparo do PA promoveu o aumento significativo da diferenca de PRM para
limiar e, portanto, a voltagem necessaria para a geracdo de PA se torna maior. Sugerimos que
essa diferenca ocorra por aumento de correntes de K* do tipo A" o que dificultaria a
voltagem para o limiar de disparo do PA. Tomado esse conjunto de informagdes acreditamos
que esses fatores promovam a maior sensibilidade dos neurdnios noradrenérgicos do modelo
STZ-DA ao COa.

Diante dos achados in vivo e em in vitro, nés hipotetizamos que em condigdes
hipercépnicas, os neurénios do LC inibidos pelo CO, poderiam se projetar para nucleos
excitatorios da rede respiratoria que, por sua vez, promovem aumento da ventilagdo em
condicOes hipercapnicas. De fato, Lopes et al. (2016) mostraram que os neurénios do LC
com projecdes aferentes para o porcdo comissural do nucleo do trato solitario NTSc exibiram
taxas de disparo que foram inibidas pela hipercapnia, sugerindo que a inibi¢cdo dos neurénios
do LC pode aumentar a atividade neuronal do NTSc. Desta forma, nds sugerimos que a
diminuigdo acentuada da taxa de disparo dos neuronios do LC no modelo STZ-DA retiraria a
inibicdo de nucleos excitatérios como NTS, que por sua vez, aumentaria a ventilacéo.
Porém, com os dados atuais e os resultados da literatura, ndo é possivel saber exatamente o
papel desses neurdnios do LC que sdo inibidos pelo CO, no controle ventilatério. Alem
disso, os animais STZ-AS apresentam células que despolarizaram na porcdo do LC em que
realizamos os registros eletrofisiologicos. Adicionalmente, ndo podemos excluir que esse
agrupamento celular também possa estar modulando o aumento da resposta ventilatoria que
encontramos em nossos estudos in vivo. Estudos futuros sdo necessarios para esclarecer esta

questéo.
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Seguindo nossos achados sobre os neurdnios do LC no modelo STZ-DA, nos
hipotetizamos que o0 aumento da expressdo do peptideo beta amiloide na regido do LC pode
estar provocando um estado de neuroinflamacéo. Nossa hipétese € suportada por inimeros
estudos da literatura que relataram que a presenca da beta amiloide promove ativagdo e
aglomeracdo das células da microglia (BARGER; BASILE, 2001; D.; V.; R., 2019;
HENEKA, 2017; WHITEN et al., 2020; YANG et al., 2011). A neuroinflamacao juntamente
com a beta amiloide provocaria os sintomas cognitivos, respiratorios e do ciclo sono-vigilia
relatados anteriormente no modelo STZ-DA. Dessa maneira, tratamos nossos animais
durante 5 dias com o farmaco minociclina (30 mg/kg, ip).

Nos observamos que o tratamento com a minociclina melhorou a cognigdo no
modelo STZ-DA possivelmente em decorréncia da inativagao e da diminuigdo da densidade
celular das células da micréglia no modelo ap6s o tratamento. Nossos dados se somam a
literatura do efeito benéfico da minociclina na cognicéo (BISCARO et al., 2012; CAO et al.,
2021; CHOI et al., 2007; CUELLO et al., 2010; FERRETTI et al., 2012; GARCEZ et al.,
2017; HUNTER et al., 2004; PARACHIKOVA et al., 2010; WANG et al., 2016).
Possivelmente, o efeito benéfico encontrado é decorrente da inativacdo das células da
microglia que provoca a reducdo de citocinas pro-inflamatorias, radicais livres ou oxido
nitrico que causam danos nos neurdnios e reducdo das sinapses (CURRAN; O’CONNOR,
2001; FRAYLING et al., 2007; PICKERING; O’CONNOR, 2007, RUBIO-PEREZ;
MORILLAS-RUIZ, 2012; SHIN et al., 2014; TOBINICK, 2009; WEAVER et al., 2002).

O tratamento com o farmaco n&o alterou o aumento da sensibilidade aumentada ao
CO; no modelo STZ e o aumento da porcentagem de tempo no estado de vigilia. Desta

forma, é possivel que a microglia ativada ndo esteja envolvida com a modulacdo destas
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respostas fisiologicas, pelo menos no modelo utilizado. Portanto, acreditamos que essas
respostas fisiologicas possivelmente sdo decorrentes do aumento da expressao do peptideo
beta amiloide na regido do LC. Semelhante a outros trabalhos, o tratamento com minociclina
em nossos protocolos experimentais ndo alterou o aumento do peptideo beta amiloide, mas a
reduziu da ativagdo microglial (BISCARO et al., 2012; GARCIA-ALLOZA et al., 2007,
SEABROOK et al., 2006). Em conjunto com os autores, nds sugerimos que o tratamento
com o farmaco pode reduzir o acumulo da proteina beta amiloide depositada pela ativacdo da
excessiva da micréglia, mas ndo os dimeros, trimeros, oligbmeros ou placas amiloides
inicialmente existentes. Esses dados, nos orientam a afirmar que o0 modelo STZ-DA segue
uma janela temporal de progressdo na neurodegeneracdo, e que 0 momento da intervencao
farmacologica é crucial para restauracdo de sintomas encontrado em pacientes acometidos

com a DA.
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8 CONCLUSAO GERAL

O resultado do nosso estudo permite concluir que a injecdo i.c.v de estreptozotocina
na dose de (2mg/kg) mimetiza disfuncdes cognitivas, moleculares e fisioldgicas que se
enquadram em uma janela inicial/intermediaria da doenca de Alzheimer. O modelo é
promissor para estudos da progressdo da doenca, pois permite selecionar janelas temporais
para elucidar mecanismos moleculares, respostas fisiologicas ou comportamentais
encontradas em pacientes com DA. A compreensdo de aspectos intrinsecos da primeira
regido, locus coeuruleus, afetada molecularmente na DA fornecem evidéncias para
posteriores tratamentos que minimizem ou interrompam a progressao da doenca. O
tratamento com farmaco minociclina é eficaz em melhorar aspectos cognitivos oriundos de
um quadro neuroinflamatério da doenca, mas ndo aspectos fisiologicos resultantes do
surgimento inicial disfuncional da beta amiloide. Esse estudo nos direciona a intervengoes
que antecedam as disfun¢es moleculares que desencadeiam 0s sintomas subjacentes como a
neuroinflamacdo. E, sintomas como insénia, apneias do sono, sensibilidade ao CO, (nunca
testada em humanos) podem ser indicativos pré-clinicos para o diagnostico da doenca de

Alzheimer.
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CHAPTER 1

Hypercapnic and Hypoxic Respiratory Response During Wakefulness and Sleep in a
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9 ABSTRACT

Besides the typical cognitive decline, patients with Alzheimer’s disease (AD)
develop disorders of the respiratory system, such as sleep apnea, shortness of breath, and
arrhythmias. These symptoms are aggravated with the progression of the disease. However,
the cause and nature of these disturbances are not well understood. Here, we treated animals
with intracerebroventricular streptozotocin (STZ, 2 mg/kg), a drug that has been described to
cause Alzheimer-like behavioral and histopathological impairments. We measured
ventilation (VEg), electroencephalography, and electromyography during normocapnia,
hypercapnia, and hypoxia in Wistar rats. In addition, we performed western blot analyses for
phosphorylated tau, total tau, and amyloid-(AB) peptide in the locus coeruleus (LC),
retrotrapezoid nucleus, medullary raphe, pre-B otzinger/B otzinger complex, and
hippocampus, and evaluated memory and learning acquisition using the Barnes maze. STZ
treatment promoted memory and learning deficits and increased the percentage of total
wakefulness during normocapnia and hypercapnia due to a reduction in the length of
episodes of wakefulness. CO,-drive to breathe during wakefulness was increased by 26% in
STZ-treated rats due to an enhanced tidal volume, but no changes in "VE were observed in
room air or hypoxic conditions. The STZ group also showed a 70% increase of AB in the LC
and no change in tau protein phosphorylation. In addition, no alteration in body temperature
was observed. Our findings suggest that AD animals present an increased sensitivity to CO,

during wakefulness, enhanced AP in the LC, and sleep disruption.
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10 INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disorder, often associated with
age, whose cognitive and neuropsychiatric manifestations result in a progressive impairment
and eventual disability (HARMAN, 2000). AD is the most common cause of dementia,
affecting more than 45 million people worldwide (Wimo et al., 2017). This disease is
characterized by the accumulation of amyloid-(AB) plaques, intracellular neurofibrillary
tangles (NFTs) of hyperphosphorylated tau protein, and decreased synaptic density, which
eventually leads to widespread neurodegeneration and loss of neurotransmitters (KUMAR,;
OKELLO; HARRIS, 2012). The neurodegeneration occurs in multiple areas of the brain,
including the hippocampus, cortex, amygdala, neocortex, and brainstem structures (BRAAK;
BRAAK, 1991; HOF; MORRISON, 1990; KIELIAN et al., 2007; KLUCKEN et al., 2003;
LIU et al., 2013; SIMIC et al., 2009; SPIRES; HYMAN, 2004).

AD is a multifactorial, neurodegenerative, age related disorder with multiple
components involved in its progression (NIXON, 2017). Therefore, the establishment of
animal models that reproduce human pathology becomes complex. Despite this, the use of
animal models has been crucial in defining critical disease related mechanisms and has been
at the forefront of evaluating novel therapeutic approaches (LAFERLA; GREEN, 2012). An
animal model that replicates many behavioral and histological aspects of AD was created by
the intracerebroventricular (icv) injection of streptozotocin (STZ) (GRUNBLATT; HOYER;
RIEDERER, 2004; HOYER; MULLER; PLASCHKE, 1994; SALKOVIC-PETRISIC et al.,
2013, 2015). This drug promotes a decrement in brain glucose/energy metabolism (HOYER,;
MULLER; PLASCHKE, 1994), which is considered an incipient sign of AD

(GRUNBLATT; HOYER; RIEDERER, 2004; HOYER; MULLER; PLASCHKE, 1994;
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SALKOVIC-PETRISIC et al.,, 2013, 2015), and have been used to induce AD-like
neurodegeneration in rats, since the metabolic abnormalities found in this model resemble
those found in sporadic AD. For instance, these animals display progressive loss of memory
and learning, increased brain ventricular volume, abnormalities in mitochondrial function,
increased tau phosphorylation and increased AP peptide in brain areas (LEE et al., 2014;
RAVELLI et al., 2017; YEO et al., 2015). These morphological changes result in damage
and loss of neuronal cells (CORREIA et al., 2011). Therefore, the use of the icv STZ model
represents a viable experimental approach to explore changes involved in AD-like
neurodegeneration in rats.

Aside from severe cognitive deficits, epidemiological studies have reported that up
to 45% of patients with AD have sleep disturbances, such as increasing sleep fragmentation,
nighttime awakenings, and a greater tendency for daytime sleep (MORAN et al., 2005;
PETER-DEREX et al., 2015). These symptoms may occur at early stages of AD, but seem to
be correlated with a more severe cognitive decline (MCCURRY et al., 2000; VITIELLO et
al., 1990). In addition, it is known that over 70% of institutionalized patients with AD exhibit
respiratory changes, and that these problems can contribute to cognitive decline (BOEVE,
2008; DEAK; KIRSCH, 2014; GAIG; IRANZO, 2012; OSORIO et al., 2014; S., 2010;
SCHWARZACHER; RUB; DELLER, 2011). According to GAIG e IRANZO (2012),
obstructive sleep apnea may worsen or cause cognitive impairment in AD. Furthermore,
there is a strong correlation of the severity of sleep-disordered breathing with the severity of
AD (DEAK; KIRSCH, 2014). The late stages of clinica AD are accompanied by shortness of
breath (S., 2010). This evidence shows that regions responsible for respiratory control are

possibly changed.
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There is a paucity of data in the literature on the study of respiratory control in AD
progression. In this scenario, the use of animals as models are valid and essential in AD-
related research, as they allow the assessment of early or late pathophysiological processes
that are not accessible in human patients. Recently, (EBEL; TORKILSEN; OSTROWSKI,
2017) demonstrated that icv STZ induces increased respiration at rest and blunted peripheral
chemoreflex responses and a small change in the CO,-drive to breathe. However, the authors
did not evaluate the respiratory pattern and ventilatory responses to hypoxic and hypercapnic
stimuli during the different phases of the sleep/wake cycle, which was carried out in the
present study. This is a crucial point, since the prevalence of sleep apnea in AD patients is
high, with 70% to 80% of patients presenting five or more apnea-hypopnea episodes per hour
of sleep, and 38% to 48% of individuals with 20 or more episodes of apnea during the sleep
phase (ANCOLI-ISRAEL et al., 2008). Thus, it is quite likely that there is a difference in the
chemosensitivity of patients with the AD-dependent phase of the sleep/wake cycle.
Therefore, we used the STZ model in order to induce AD-like neurodegeneration in rats to
determine the ventilatory response to hypoxia and hypercapnia during wakefulness and non-
rapid eye movement (NREM) sleep. In addition, we performed western blot analyses for
phosphorylated tau, total tau and amyloid-peptide (A) in locus coeruleus (LC), retrotrapezoid
nucleus (RTN), medullary raphe (Raphe), pre-Bétzinger/Bétzinger complex (PreBotz/BétzC)
and hippocampus (HPC), and evaluated memory and learning acquisition using the Barnes

maze.
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11 MATERIAL AND METHODS

11.1 Animals

Male Wistar rats (3-4 months old; weight 300-350 g) were housed in a temperature-
controlled chamber maintained at 24-26°C (ALE 9902001; Alesco Ltda., Monte Mor, SP,
Brazil) with a 12:12-h light/dark cycle, and had free access to water and food. The
experiments were performed between 08.00 a.m. and 17.00 p.m.

The study was conducted in compliance with the guidelines of the National Council
for the Control of Animal Experimentation (CONCEA, MCT, Brazil) and with the approval
of the Faculty of Agricultural and Veterinary Sciences and Animal Care and Use Committee

(CEUA, FACV-UNESP, Jaboticabal campus; Protocol no. n° 6.030/016).

11.2 Surgical Procedures

All surgical procedures were performed under anesthesia with an intraperitoneal
injection of 100 mg/kg of ketamine (Union National Pharmaceutical Chemistry S/A, Embu-
Guagu, SP, Brazil) and 10 mg/kg of xylazine (Laboratories Calier S/A Barcelona, Spain).
Postoperatively, the animals were treated with antibiotic (enrofloxacin, 10 mg/kg,

intramuscular) and analgesic (flunixin meglumine, 2.5 mg/kg, subcutaneous) agents.

11.2.1 Intracerebroventricular injection of streptozotocin

The head was shaved and the skin was sterilized with betadine solution and alcohol.
The rats were fixed to a Kopf stereotaxic apparatus (David Kopf Instruments, Tujunga, CA,
USA). The scalp was incised over the sagittal suture, the periosteum was excised, and two
small bilateral orifices were made using a sterilized dental drill to access both lateral

ventricles of the brain, where icv injections were to be applied. The following coordinates
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were used: -0.8 mm posterior, 1.4 mm lateral and -4.4 below bregma (SANTOS et al.,
2012). Animals received bilateral icv injections of STZ (2 mg/kg dissolved in 0.05 mol/L
citrate buffer, pH 4.5; Sigma, St. Louis, MO) or citrate buffer (2 pL/ventricle)
(GRUNBLATT et al., 2007). For the microinjection of drug and vehicle, a 5uL Hamilton
syringe was used, linked to a PE 10 polyethylene tubing, connected to a gengival needle for
the application. Thirty days after icv injection, rats were submitted to the behavioral,
respiratory or molecular tests. The respiratory tests were performed in a different group of

animals, whereas the behavioral and molecular tests were performed in the same group.

11.2.2 Electroencephalogram (EEG) and electromyogram (EMG) electrodes

Seven days before the beginning of the respiratory tests, EEG and EMG electrodes
were implanted in the group that would undergo the respiratory tests. Three EEG electrodes
were introduced: the frontal electrode, located 2 mm anterior to bregma and 2 mm lateral to
the midline; the parietal electrode, positioned 4 mm anterior to the lambda and 2 mm lateral
to the midline; and the electrode "ground™ which was inserted between the frontal and
parietal electrodes. For electromyogram (EMG) recordings, a pair of electrodes were inserted
deep into the neck musculature of the rats. These electrodes allowed us to analyze ventilation

in the different phases of the sleep/wake cycle.

11.2.3 Body temperature

On the same day as the EEG and EMG surgery, the rats underwent a second surgery
for the implantation of a temperature datalogger (SubCue Dataloggers, Calgary, Canada) into
the abdominal cavity through a midline laparotomy. The datalogger was programmed to

acquire body temperature (Th) data every 7 minutes.
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11.3 Behavioral Analysis

11.31 Barnes maze

The Barnes maze test was used to assess spatial memory and learning to confirm the
success and reliability of the model.

The Barnes maze test consists of a non-aquatic test for memory and spatial learning
(SHARMA; RAKOCZY; BROWN-BORG, 2010; SUNYER et al., 2007). The protocol was
adapted from (SUNYER et al., 2007). The maze was made from a circular, 13-mm thick,
white PVC platform (110-cm diameter), which was maintained in the same position
throughout the experiment. Twenty holes (10 cm in diameter, 7.5 cm between each hole)
were made on the perimeter and the platform was mounted on top of a metal support, 105 cm
above the ground. The maze was divided into target hole (T), opposite hole (OP), 9 holes
clockwise (1 to 9, counting from T) and 9 holes counterclockwise (-1 to -9, counting from T)
(Fig 1). The escape cage, below the T hole, had walls covered with black plastic to make the
inside dark and attractive to the rats. The platform was also illuminated with a fluorescent
white light and visual cues (colored geometric figures) were placed around the labyrinth as
points of spatial reference for the animal to escape from the open platform to the "target
hole" (Fig 2). These clues were not removed throughout the experiment. After testing each
rat, as explained below, the whole maze was cleaned using 10% ethanol to avoid olfactory
cues and the platform was rotated to avoid intra-maze odor or visual cues. All sessions were

recorded by a video camera for further analysis. Prior to testing (probe day), training sessions
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were performed over 5 days to familiarize the animals with the maze and to allow them learn

the location of the escape zone.

opposite

Figure 1. Barnes Maze platform layout (adapted by Sunyer et al., 2007). The holes numbered from +1 to +9
(on the right side of the target hole), from -1 to -9 (on the left side of the target hole) and a hole opposite the
target hole.

Figure 2. Photo of the Barnes Maze platform (adapted from Sunyer et al., 2007) with geometrical space cues.
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11.3.2 Acquisition phase

In this stage, spatial learning was evaluated through latency to enter the target hole.
From days 1 to 4, each animal was placed in a square start chamber in the center of the maze.
After 10 seconds, the chamber was removed and the animal was allowed to explore the maze
for 3 minutes. The end of the trial was considered when the animal entered the target hole.
Therefore, the animal was allowed to stay inside the dark cage for 1 minute and, after this
period, was returned to its home cage. If the animal had not entered in the target hole after 3
minutes from the beginning of the test, it was gently coerced to the target hole. These steps
were repeated for 4 trials per day with an intertrial interval of 15 minutes over 4 consecutive

days.

11.3.3 Probe trial

On day 5, 24 hours after the last training day, the escape cage was removed, while
the maze was maintained in the same position as training days. The animal was placed in the
start chamber in the center of the maze and, after 10 seconds, it was removed and the animal
was allowed to explore the maze for 90 seconds. The probe trial was performed in order to
determine whether the animals remembered the location of the target hole. The number of
times the animal searched for the "target hole™ was used as a memory consolidation index

(ADAMS et al., 2002; CHAWLA et al., 2017; DICKSON, 2011; SUNYER et al., 2007).

11.4 Respiration Test

114.1 Determination of pulmonary ventilation

We used the whole-body plethysmography method to measure of pulmonary

ventilation (Ve) (BARTLETT; TENNEY, 1970; DRORBAUGH; FENN, 1955), as is
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commonly used in our laboratory (BIANCARDI et al., 2008; DE CARVALHO et al., 2014;
VICENTE et al., 2016b). Freely-moving rats were kept in a 5-L chamber ventilated with
room air or a hypercapnic gas mixture containing 7% CO, (White Martins, Sertdozinho,
Brazil) or a hypoxia gas mixture containing 10% O, (White Martins, Sertdozinho, Brazil) in
low ambient noise conditions (Fig 3). The flow rate of the inflow gas into the animal
chamber was monitored by a flowmeter (model 822-13-OV1- PV2-V4, Sierra Instruments,
Monterey, CA). During measurements, the flow was interrupted, and the chamber was sealed
for short periods of time (approximately 2 min); the pressure oscillations due to respiration
were monitored by a differential pressure transducer (TSD 160A, Biopac Systems, Santa
Barbara, CA). The signals were fed into a differential pressure transducer (DA 100C, Biopac
Systems), passed through an analog-to-digital converter, and digitized on a microcomputer
equipped with data acquisition software (MP100A-CE, Biopac Systems). The sampling
frequency was 1 kHz. The results were analyzed using the data analysis software
Acgknowledge (v. 4.2.3 data acquisition system, Biopac Systems). Tidal volume (V) and

respiratory frequency (fR) were calculated to estimate ventilation per breath.

V1 was calculated by using an appropriate formula [37]:
V1=VkX (PT/ PK) X Th x (PB — Pc) [ Tb x (PB-P(;) —TaX (PB— PR)

where Pt is the pressure deflection associated with each Vr, Pk is the pressure
deflection associated with the injection of the calibration volume (Vk), Ta is the air
temperature in the animal chamber, Pg is the barometric pressure, Pc is the water vapor

pressure in the animal chamber, Tb is the body temperature, and Pg is the vapor pressure of

water at Th. The Ve was calculated as the product of the fz and the V. Ve and V7 are
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presented under conditions of ambient barometric pressure, at Tb and saturated with water

vapor (BTPS).

Figure 3. Photo of the body plethysmography experiment in a closed system in which it is possible to observe
the animal in the plethysmographic chamber.

Th was monitored by temperature datalogger (SubCue Dataloggers, Calgary,
Canada) and the air temperature in the animal chamber was constantly monitored using a
thermoprobe (model 8502-10, Cole Parmer, Chicago, IL, USA). The animal chamber was
considered saturated because of a water lane in the bottom separated from the animal by a
grid, and so the Pc was calculated indirectly using an appropriate table (BERNARDS, 1976).
The calibration for volume was obtained during each experiment by injecting the animal

chamber with 1 mL of room air.

11.5 EEG and EMG Signals

Similar to other previous studies, the arousal state was determined by analyzing the
EEG and EMG records (E.E.; A., 2001; NATTIE; LI, 2002; VICENTE et al., 2016b). The
signals from the EEG and EMG electrodes were sampled at 1 kHz, filtered at 0.3-50 and

0.1-100 Hz, respectively, and recorded on a computer. Both wakefulness and NREM sleep
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states were observed consistently through the experiments, but periods of rapid eye
movement (REM) sleep were short and were not present in every experiment; thus, REM

sleep phases were excluded from the analysis (VICENTE et al., 2016b).

11.6 Experimental Protocol

Seven days after implantation of EEG and EMG electrodes, the animals were placed
in a plethysmographic chamber and ventilation was continuously measured. The chamber
was initially ventilated with moist atmospheric air (21% O,) for an acclimation phase of at
least 30 minutes. Ventilation control measures were then performed. Ventilation
measurements were first made during normocapnia for 63 minutes. The animals were then
submitted to hypercapnia for 63 minutes, where the chamber was ventilated with a gas
mixture containing 7% COg, 21% O, and balanced with N, (White Martins Gases Industriais
Ltda, Osasco, SP). After hypercapnia, the chamber was ventilated with atmospheric air again
for recovery of baseline ventilation for 60 minutes. The animals were then submitted to
hypoxia for 63 minutes, where the chamber was ventilated with a gas mixture containing
10% O, and equilibrated with N, (White Martins Gases Industriais Ltda, Osasco, SP). The
order of exposure to hypercapnia and hypoxia was reversed randomly. The ventilatory
measures were analyzed at 7, 14, 21, 28, 35, 42, 49, 56 and 63 minutes after gas exposure.
Then, based on the sleep/wake cycle, for the Ve measurements, we selected the phases

when the animals were either in wakefulness or in sleep.
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11.7 Neurochemical Analysis

11.7.1 Brain area dissection

After each battery of behavioral tests, four rats were randomly selected out of each
group and the animals' brains were removed quickly, frozen in liquid nitrogen and held at -
80°C until dissection. In a cryostat at -22°C, the brains were coronary-sectioned to find target
areas according to stereotaxic coordinates of the Atlas de Paxinos and Watson (PAXINOS;
WATSON, 2007) as follow: locus coeruleus (LC - distance from bregma: -10.3 mm to -9.3
mm), retrotrapezoid nucleus (RTN, -11.3 mm to -10.3 mm), medullary raphe (-11.6 mm to -
10.3 mm); pre-Botzinger and Botzinger complex (PreBotz/BotzC, -12.3 mm to -11.8 mm)
and hippocampus (HPC, -4.16 mm to -3.16 mm). Samples of 0.7-mm thickness were

removed with a 15-gauge needle.

11.7.2 Immunoblotting

Phosphorylated tau protein levels (Ser'**?°2 and Ser®**®) and B-amyloid peptide (AB)
in LC, RTN, Raphe, PreB6tzC/B6tzC and HPC were evaluated.

After this procedure, a maceration of the tissue of each corresponding region was
performed. This tissue sample was submitted to sonication to promote membrane lysis and
eventual release of the intracellular material. The solution containing the lysed cells was
collected and transferred to an Eppendorf tube. Then, the quantification of these proteins was
performed by the Biochrom UV/Vis spectrophotometer, Biodrop Duo model, UV optical
path.

Before running the gel, the samples were denatured at 100°C for 3 minutes and
applied to a polyacrylamide gel (12%) for fractionation. As a control, 8 pL of a molecular
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weight marker was applied to one well. The samples were applied to the gel, placed in a vial
with running buffer and separated by applying 100 V for 2 hours. After the run, proteins
were transferred to a nitrocellulose membrane (Bio-Rad) using ice-cold transfer buffer for 1
hour at 100 V. The membrane was then incubated with non-specific site blocking solution
(5% milk in TBS-T) for 1 hour at room temperature. After this blocking, the membranes
were cut and incubated with the respective primary antibodies, Anti-phospho-Tau (rabbit
monoclonal pSer'®??, cat. T6819, Sigma,-Aldrich, 1:1000 dilution and rabbit monoclonal
pSer’®  cat. EPR2731-Ab109390, Abcam, 1:1000 dilution), anti-beta-actin (mouse
monoclonal beta-actin antibody AC-15, cat. NB600-501, Novus Biological, 1:1000 dilution),
anti-beta amyloid (mouse monoclonal B-amyloid B-4, cat. sc-28365, Santa Cruz
Biotechnology, 1:500 dilution), and anti-Tau Total (rabbit polyclonal human tau, Ab-356,
cat. GWB-ASC840, GenWay, 1:1000 dilution), diluted in the same blocking solution for 24
hours at 4°C under constant stirring. The beta-actin antibody was used to normalize the
specific labeling values. After washing, the corresponding secondary (anti-mouse 1gG and
anti-rabbit, 1:1000 dilution, Jackson ImmunoResearch) antibodies were incubated for 2
hours at room temperature. The membranes were then washed twice with TBS-T and once
with TBS for 10 minutes each, and the reaction was carried out by incubation with a
chemiluminescent reagent for 1 minute. The membranes were immediately exposed to
chemiluminescence-sensitive film for 30 seconds to 5 minutes, as instructed by the
manufacturer.

The films were quantified through optical densitometry using a computerized image
analysis system (NIH System, ImageJ developed at the US National Institute of Health,

available at the website: http://www.rsh.info.nih.gov/nihimage/(ImageJ).
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11.8 Statistical Analyses

Results were expressed as mean + SEM. The Barnes maze results in the acquisition
phase were evaluated by two-way ANOVA, followed by the Holm-Sidak post-test. The
Barnes maze, on the day of the test, was evaluated by the two-way ANOVA. The results of
ventilation, sleep/wake cycle and body temperature in normocapnic, hypercapnic and
hypoxic conditions were evaluated by two-way ANOVA, followed by Bonferroni post-test.
The quantification of phosphorylation of tau protein, total tau and AB were validated through
the t-test (Student) for independent samples. The significance level adopted for all results

was p < 0.05.
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12 RESULTS

12.1 Behavioral Analysis for Model Validation

12.1.1 Barnes maze - acquisition phase

Figure 4A represents the latency value (s) to find the escape box in the target hole in
training 4 for 4 days (acquisition phase). We observed that the control group decreased the
latency (s) to escape through the target hole as a function of training (day 1: T1 134.3 + 54.2
vs day 4: T4 29.0 + 35.1 s, p < 0.05; two-way ANOVA). However, the STZ group required
more time to find the escape hole compared to the control group on days 1, 2 and 3 (p < 0.05;
two-way ANOVA). No difference between treatments was observed on the fourth day. On
the same day, the STZ group decreased latency, thus improving performance on the platform
to find the escape box (day 1: T1 165.8 + 38.9 vs day 4: T4 39.8 + 62.4 s, p < 0.05; two-way

ANOVA).

12.1.2 Barnes maze - proof test

Figure 4B shows the number of attempts to enter the holes in the platform test
pattern (TP). In the Barnes maze test, the STZ-treated group had a lower number of hits in
the "target hole" compared to the control group (control: 4.5 £ 1.8 vs STZ: 2.0 + 2.2,
respectively, p = 0.035; two-way ANOVA). There was no significant difference between

treatments in the other holes of the platform (p > 0.05; two-way ANOVA).
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Figure 4. Effect of icv STZ (2 mg/kg) on spatial learning and memory retention in the Barnes maze test.
A) Time to reach the target hole in seconds of the control and STZ groups in the 4 training sessions per day (1st
to 4th day). B) Number of attempts to enter into the holes in the platform test pattern in the control and STZ
group. Values are expressed as mean + SEM. * indicates a significant difference between the control and STZ
groups.
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12.2 Respiration Test
During all experimental protocols, the mean chamber temperature was 25.7 + 0.3°C,

and the mean room temperature was 24.6 + 0.2°C.

12.2.1 Respiration during wakefulness

We observed no difference in respiratory variables in room air conditions in the
STZ-treated group compared to the control group during wakefulness (Fig. 5A and 6A). In
hypercapnia and hypoxia, all groups showed a significant increase in ventilation when

compared to room air conditions (p < 0.0001; two-way ANOVA) (Fig. 2A and 3A).

During hypercapnia (Fig. 5A), the increase in Ve of the STZ-treated animals was
26% higher compared to the control group (control: 1823.9 + 457.5 vs STZ: 2481.3 + 514.2
mL.Kg™.min, p < 0.05; two-way ANOVA) due to a higher V1 (vehicle: 13.7 + 2.9 vs STZ:

17.1+ 2.7 mL.Kg™, p < 0.05; two-way ANOVA).

Hypoxia caused a similar increase in Ve in all groups due to an increase in fR (Fig.

6A). No difference was observed between treatments.

12.2.2 Respiration during NREM sleep

Figures 5B and 6B show the effects of STZ treatment on ventilatory parameters
under room air and hypoxia conditions in rats during the sleep cycle. No difference was
observed between the control and STZ groups. Both hypercapnia (Figure 5B) and hypoxia
(Figure 6B) promoted a similar increase in ventilation in both groups, with no difference

between them.
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12.3 Body Temperature (Tb)
No significant difference was observed between treatments during room air
conditions and hypercapnia (Fig. 7). Hypoxia caused a similar decrease in body temperature

of both control and STZ groups.
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Figure 7. The icv injection of STZ does not change the temperature of the animals of rats during room air,
hypercapnia and hypoxia. Values are expressed as mean £ SEM. # indicates a significant difference from room
air and hypercapnia.

12.4 Sleep/Wakefulness

Under room air condition (Fig. 8A), the rats spent more time awake, but the STZ-
treated rats increased the percentage of total wakefulness compared with the control group
(control: 73.9 £ 4.0% vs STZ: 87.0 = 3.0%, p < 0.05; two-way ANOVA). This effect was
due to a significant reduction in the length of the episodes of wakefulness (Fig. 5B), while
the number of episodes did not change (Fig. 8C). CO, exposure and hypoxia significantly
increased the time the rats were awake (Fig. 8A), with no difference between treatments

during hypoxia. However, under hypercapnic conditions, STZ treatment enhanced the time
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that the animals spent awake (control: 81.0 + 5.7% vs STZ: 93.5 + 2.3%, p < 0.05; two-way
ANOVA) due to an increase in episode duration (Fig. 8B) (control: 502.4 £ 179.6 vs STZ:
2096.8 £ 537.9 s, p < 0.05; two-way ANOVA) and a reduction in the number of episodes

(Fig. 8C) (control: 5.2 £ 1.3 vs STZ: 2.5 £ 0.6, p < 0.05; two-way ANOVA).
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12.5 Neurochemical Analysis

12.5.1 Tau protein phosphorylation

199/202 396

In the analysis of tau protein phosphorylation at the Ser and Ser>” sites, we

evaluated the ratio of phosphorylated tau protein (pTau) levels to total tau protein levels in

the regions of interest: LC, RTN, Raphe, PreBo6tz/B6tzC and HPC.

STZ injection did not alter the levels of phosphorylation of tau protein at Ser'*¥2"?

site on LC, RTN, Raphe, PreBo6tz/B6tzC and HPC (Figure 12). In addition, STZ injection did

396

not alter the levels of phosphorylation of tau protein at the Ser®” site in the same regions

(Fig. 9).
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Figure 9. The icv injection of STZ injection did not alter the levels of phosphorylation of tau protein.
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12.5.2 Ap protein

Expression analysis of AP protein demonstrated a 73% increase in this protein in the
LC of the STZ group compared to the control (p = 0.0325, Student’s t-test) (Figure 10). The

other structures did not present significant differences between the treatments.
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Figure 10. The icv injection of STZ (2 mg/kg) increased the expression of the beta amyloid peptide in the
Locus Coeruleus region. Effect of icv STZ (2 mg/kg) on the expression of AP protein. The values are
expressed as percentage values in relation to the control group (100%). Values are expressed as mean + SEM.
xindicates a significant difference between the control and STZ groups.
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13 DISCUSSION

In the present study we successfully demonstrated that STZ-treated rats had learning
and memory deficits, sleep disturbances, with increase time spent in awake state. Our main
results were that STZ rats showed increased AP peptide in the LC region and increased
ventilatory response to hypercapnia in wakefulness but not during sleep, with no changes in
ventilation during room air conditions and hypoxia. Additionally, no changes were observed
in body temperature.

In our study, we were able to reproduce the STZ-induced memory deficits. We
showed an impairment in learning and retention of spatial memory (as assessed by a higher
latency to find the escape box in the acquisition phase of the Barnes maze), as well as
difficulty in maintaining spatial reference information (as assessed by the lower number of
correct pokes into the target hole of the Barnes maze on the test day). Thus, our results
confirm previous studies that have shown that STZ injection causes learning and memory
deficits (GRUNBLATT; HOYER; RIEDERER, 2004; LIU et al., 2014; MULLER et al.,
2012; RAVELLI et al., 2017; SANTOS et al., 2012). These findings corroborate the use of
STZ in neurodegeneration-induced dementia of the Alzheimer’s type in rats, since animals
present one of the main cognitive characteristics found in patients with AD (HARMAN,
2006; QIU et al., 2019). Indeed, evidence that AD patients have problems with spatial
orientation — one of the earliest cognitive symptoms — as well as progressive decline in
memory, is reported in a number of different studies (E. et al., 2005; HENDERSON;
MACK; WILLIAMS, 1989; KAR et al., 2004; MONACELLI et al., 2003; O’BRIEN et al.,

2001).
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AD is also characterized by the deposit of extracellular amyloid plaques, composed
of AP peptide, and intracellular neurofibrillary tangles (NFTs) of hyperphosphorylated tau
protein (P-Tau) (KUMAR; OKELLO; HARRIS, 2012). In the present study, we did not
observe increased phosphorylation of tau protein (Ser**® and Ser'®¥?%%) in the LC, RTN,
Raphe, PreBotz/BotzC and HPC. The absence of increased P-Tau after STZ was also

199/202

reported previously as P-Tau at Ser in both rats (Santos et al., 2012) and mice

(RAVELLI et al., 2017) were unaltered in the hippocampus after 30 and 21 days post-STZ,

396 199/202

respectively. On the other hand, increases in P-Tau at Ser™ and Ser in the
hippocampus have been reported after STZ using higher doses (3 mg/kg) than the present
study (DENG et al., 2009) and/or later evaluation (CHEN et al.,, 2013; SALKOVIC-
PETRISIC et al., 2013). Besides, Griinblatt et al. (GRUNBLATT et al., 2007), using lower
doses of STZ (1 mg/kg), observed changes in P-Tau protein in the hippocampus, but did not
perform a ratio analysis of phosphorylated/total tau; therefore, this may not be considered
hyperphosphorylation. In fact, some studies have shown that the onset of NFTs is
chronological and hierarchical, since it arises primarily in some regions and late in others
(ARNOLD et al., 1991; BRAAK et al., 2011; THAL et al., 2002; THEOFILAS et al., 2017).
In this sense, it is known that some phosphorylation sites of tau protein hyperphosphorylate
at early stages, and other sites in late stages of AD (AUGUSTINACK et al., 2002; KIMURA
et al., 1996), which would also explain the discrepancy in the literature regarding the effects
of STZ in P-Tau.

The AP peptide in the brain of AD patient was initially considered to be a primary

cause of AD dysfunction; however, later studies suggest that the presence of A would be a

consequence of early AD events, rather than the cause itself (DRACHMAN, 2014,
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STRUBLE et al., 2010). Similar to what occurs with tau protein phosphorylation, the
prevalence of AP results from the different stages of AD and different brain regions
(ALAFUZOFF et al., 2009). In the present study, we observed a 73% increase of AP peptide
expression in the LC after 30 days of icv administration of STZ. Our data corroborate
previous studies showing that central injection of STZ promotes increases in the expression
of AP peptide (RAVELLI et al., 2017; SALKOVIC-PETRISIC et al., 2015; SANTOS et al.,
2012). In addition, it is well described that the LC region is affected in AD (CHAN-PALAY;
ASAN, 1989; EHRENBERG et al., 2017; GANNON et al., 2015; THEOFILAS et al., 2017).
In this context, we did not observe changes in AP peptide expression in the RTN region,
Raphe, PreBotz/BotzC and HPC, which reinforces that the histopathological emergence of
AD occurs in a hierarchical and chronological manner (ALAFUZOFF et al., 2009;
EHRENBERG et al., 2017; WANG et al., 2017). Despite the fact that we did not find
histopathological molecular evidence in the present temporal window (30 days after the icv
STZ) in the HPC, we observed a cognitive deficit in the model. Therefore, it is possible that
other cognitive regions in this temporal window may be affected.

Regarding breathing, STZ treatment did not cause alterations in ventilation under
room air conditions and hypoxia during sleep and wakefulness. In the literature, there is a
paucity of information on the study of the respiratory system in the progression of AD.
MENUET et al. (2011), working on a model of taupatia, an important clinical aspect found
in AD, observed alterations of the respiratory system, such as upper airway dysfunction,
changes in respiratory pattern, and compromised ventilatory response to hypercapnia.
However, the authors observed respiratory disfunction in late phases of the disease. In this

context, EBEL et al. (2017), after 14 days of icv injection of STZ (3 mg/kg), observed
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respiratory dysfunction in normocapnia, attenuation of the peripheral chemoreflex, as well as
a small decrease in respiratory frequency during hypercapnia. Our results differ from those
of EBEL et al. 2017, as we observed no changes in breathing during room air conditions or
hypoxia, and a 26% increase of the ventilatory response to hypercapnia after 30 days of the
icv STZ injection (2 mg/kg) only during wakefulness. We believe that these differences may
reside in the fact that the authors performed the experiments using a higher dose (3 mg/kg)
and a different time window (14 days after the icv injection), whereas in our study, we
performed the experiments after 2 mg/kg at 30 days after STZ injection. According to
GRIEB, 2016, the neurochemical changes triggered by icv STZ injection(s) follow a time-
dependent pattern. Therefore, the effects observed by EBEL et al. (2017) may be due to
impairment of other brain structures, since they observed a reduction in hypoxic ventilatory
response, whereas we showed an exacerbation of the CO,-drive to breathe. Moreover, higher
doses may induce more severe and acute neurodegenerative lesions, which could be
associated with inflammation and local oxidative stress, whereas lower doses may lead to
less severe but more chronic and widespread effects (GRIEB, 2016). In this regard,
KRASKA et al. (2012) stated that doses of 3 mg/kg and higher could be considered a model
of very aggressive neurotoxic lesions, rather than subtle alterations due to small mechanistic
alterations, as would be expected during the slowly evolving dementia processes or during
aging. According to the authors, an intermediate dose, e.g. 2 mg/kg, is more relevant as a
sporadic AD model.

The exacerbated CO, ventilatory response during wakefulness observed in the
present study may result from changes in the central CO, chemosensitive areas. In fact, we

observed an increase in AP peptide expression in the LC region, an important chemosensitive
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nucleus of the central nervous system (BIANCARDI et al.,, 2008; GARGAGLIONI;
HARTZLER; PUTNAM, 2010; IMBER et al., 2018; TAXINI et al., 2013; VICENTE et al.,
2016b). We suggest that increased peptide expression may be deregulating the Ca?*
channels, increasing their influx within the neuron, which in turn would increase the release
of neurotransmitters, such as noradrenaline (NE) (BOBICH; ZHENG; CAMPBELL, 2004).
Increased NOR in the medullary respiratory neurons would trigger a more pronounced
ventilatory response to CO;. Previous studies have shown that LC/subcoeruleus neurons
represent an early starting point for AD pathology, even preceding the occurrence of cortical
lesions (ATTEMS; THAL; JELLINGER, 2012; BRAAK; DEL TREDICI, 2012;
THEOFILAS et al., 2017). Measurements of 3-methoxy-4-hydroxyphenylglycol (MHPG),
the principal metabolite of noradrenaline (NE), was found to be increased in postmortem
brain tissue of AD patients (GOTTFRIES et al.,, 1983; HERREGODTS et al., 1989;
HOOGENDUK et al., 1999; PALMER et al., 1987). The authors also found an enhanced
ratio of MHPG/NE, which indicates that NE metabolism is augmented in these patients,
suggesting an increased activity of the remaining LC neurons to compensate for decreased
cerebral NE levels in AD (GOTTFRIES et al., 1983; J.R. et al., 2009; RASKIND et al.,
1999). As suggested previously (CHALERMPALANUPAP et al., 2018), enhanced LC
activity may occur in the first stages of AD, prior to cell loss or significant reduction in NE
neurotransmission, and this would be harmful due to the enhanced spread of P-Tau, whereas
at late stages of AD, LC would be degenerating, and NE levels would be low, and tau
pathology is already abundant in the forebrain. Therefore, the activity of LC neurons in AD

may be dependent on the disease stage.
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Around 45% of patients with AD are affected by sleep disturbances (MCCURRY et
al., 2000; MORAN et al., 2005; PETER-DEREX et al., 2015) and rodent models of AD also
show greater sleep fragmentation and shorter amounts of NREM and rapid eye movement
sleep (ROH et al., 2012; SONG et al., 2018). Our data corroborate these previous studies,
since STZ-treated rats spent more time in wakefulness than in NREM sleep during the
experimental period in normocapnia and hypercapnia. During hypoxia, both groups
increased their wakefulness similarly. In fact, high levels of AP correlate with sleep
deficiencies (WINER; MANDER, 2018). In this context, immunization with AB prevents
amyloid plaque formation in transgenic mice that develop AP aggregation and normalizes
sleep/wake patterns (ROH et al., 2012). Since we found an increase in A in the LC, and
since this nucleus is necessary for maintaining normal durations of wakefulness and to
promote immediate sleep-to-wake transitions (CARTER et al., 2010), it is likely that the
increase in wakefulness in the STZ-treated rats is related to this fact.

Regarding Thb, the main risk factor for sporadic AD is age (HARPER, 2005). In fact,
aging alone is associated with a decrease in Th, a consequence of a deficit in
thermoregulation and, in particular, in thermogenesis (GOMOLIN et al., 2005; WEINERT,
2010). However, studies have shown that patients with AD exhibit increased Th (HARPER,
2005; KLEGERIS et al., 2006). Interestingly, rats with icv infusion of AP select a higher
ambient temperature and show a lower heat tolerance compared to control animals
(MATSUZAKI et al., 2015). Increased Th was also shown in a 6 to 10-month-old 3xTg-AD
mouse — a transgenic AD animal model (KNIGHT et al, 2013). Recently, the
thermoregulatory profile of rats injected with 2 mg/kg of STZ was evaluated, and it was

shown that STZ-treated rats presented a higher Th when compared to controls from day 6 to
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25 post-STZ injection (MOTZKO-SOARES et al., 2018). Although at later stages, (>30 days
post-injection) STZ-treated animals present a cold-avoidance response, and their basal Tb is
no longer different from controls (MOTZKO-SOARES et al., 2018). In accordance, in the
present report, at 30 days post STZ treatment no differences in body temperature of animals
treated with STZ under resting conditions were observed. Furthermore, treated animals seem
to keep intact the thermal response to hypoxia, which is considered a regulated fall in
temperature due to a drop in O, consumption during hypoxia (BICEGO; BARROS;
BRANCO, 2007; BRANCO; GARGAGLIONI; BARROS, 2006; TATTERSALL,;
MILSOM, 2009). Therefore, we suggest that, in the temporal window analyzed in the present

study, STZ treatment does not impair thermoregulation in rats.
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14 CONCLUSION

Our study provides evidence that icv STZ-treated rats present an increased
sensitivity to CO, during wakefulness, but have no changes in basal ventilation or the
hypoxic chemoreflex. These changes in the CO,-drive to breathe might be associated with
enhanced AP in the LC, since this nucleus is highly involved in hypercapnic ventilatory
response, mainly during the wake period (VICENTE et al., 2016). Furthermore, STZ animals
showed an increase in the percentage of total wakefulness, which correlates with sleep
disturbs observed in AD. Therefore, a better comprehension of respiratory alterations in
different phases of the sleep/wake cycle, and the role of LC neurons in this modulation in

AD models, is needed in order to target novel approaches for the treatment of this disorder.
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15 ABSTRACT

The locus coeruleus (LC) is a pontine nucleus important for respiratory control and
central chemoreception. It is affected in Alzheimer's disease (AD) and alteration of LC cell
function may account for respiratory problems observed in AD patients. In the current study,
we tested the electrophysiological properties and CO,/pH sensitivity of LC neurons in a
model for AD. Sporadic AD was induced in rats by intracerebroventricular injection of 2
mg/kg streptozotocin (STZ), which induces behavioral and molecular impairments found in
AD. LC neurons were recorded using the patch clamp technique and tested for responses to
CO; (10% CO,, pH = 7.0). The majority (~60%) of noradrenergic LC neurons in adult rats
were inhibited by CO, exposure as indicated by a significant decrease in action potential
(AP) discharge to step depolarizations. The STZ-AD rat model had a greater sensitivity to
CO; than controls. The increased CO,-sensitivity was demonstrated by a significantly
stronger inhibition of activity during hypercapnia that was in part due to hyperpolarization of
the resting membrane potential. Reduction of AP discharge in both groups was generally
accompanied by lower LC network activity, depolarized AP threshold, increased AP
repolarization, and increased current through a subpopulation of voltage-gated K* channels
(Ky). The latter was indicated by enhanced transient Ky currents particularly in the STZ-AD
group. Interestingly, steady-state Ky currents were reduced under hypercapnia, a change that
would favor enhanced AP discharge. However, the collective response of most LC neurons

in adult rats, and particularly those in the STZ-AD group, was inhibited by CO,.
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1 INTRODUCTION

Alzheimer's disease (AD) is a neurodegenerative disease often associated with aging
(FOLCH et al., 2016; WILSON et al., 2012). In addition to the typical decline in cognition
and memory, patients with AD also present with respiratory problems (DEAK; KIRSCH,
2014; GAIG; IRANZO, 2012; LEE et al., 2019; LIGUORI et al., 2017). Over 70% of
institutionalized AD patients have respiratory disturbances, such as insufficient ventilation
during sleep, sleep apnea, and shortness of breath (DEAK; KIRSCH, 2014; GAIG;
IRANZO, 2012; LENG et al., 2017). Recent studies show respiratory problems may lead to
cognitive decline and may be a consequence of AD progression (LEE et al., 2019; LIGUORI
et al.,, 2017; YAFFE et al., 2011). Therefore, respiratory impairment likely reflects
alterations in brain areas that control breathing (DEAK; KIRSCH, 2014; SMITH et al.,
2013).

The locus coeruleus (LC) is a noradrenergic nucleus of the central nervous system
involved in a variety of functions, including wakefulness, learning and memory (ASTON-
JONES; COHEN, 2005; ASTON-JONES; WATERHOUSE, 2016; BERRIDGE;
WATERHOUSE, 2003), and respiratory function (BIANCARDI et al., 2008;
GARGAGLIONI; HARTZLER; PUTNAM, 2010; HILAIRE et al., 2004; OYAMADA et
al., 1998; PUTNAM; FILOSA; RITUCCI, 2004). Specifically, LC neurons have a vital role
in central chemoreception (BIANCARDI et al., 2008; FILOSA; PUTNAM, 2003;
GARGAGLIONI; HARTZLER; PUTNAM, 2010; VICENTE et al., 2016b). Previous studies
in neonates (postnatal <10 days) showed CO, and pH sensitivity for a high percentage (80%)

of LC neurons, thus, making this nucleus important for compensatory responses to CO,
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(FILOSA; DEAN; PUTNAM, 2002; JOHNSON; HAXHIU; RICHERSON, 2008;
OYAMADA et al., 1998; PINEDA; AGHAJANIAN, 1997).

The LC of AD patients is severely affected (ANDRES-BENITO et al., 2017;
ARENDT et al., 2015; SERRA et al., 2018; WILSON et al., 2013) and abnormalities in this
chemosensitive area may have direct implications in the respiratory dysfunction with AD.
The LC is one of the first regions that undergoes degeneration in the progression of human
AD (ANDRES-BENITO et al., 2017; ARENDT et al., 2015; BRAAK; DEL TREDICI,
2011b; PETERSON; LI, 2018). Postmortem analysis of AD brains indicated cell loss in the
LC as high as 50%, which correlated with high levels of hyperphosphorylated tau protein and
amyloid beta in this nucleus (MATTHEWS et al., 2002; PAMPHLETT; KUM JEW, 2015;
SIMIC et al., 2017; THAL et al., 2002; ZAROW et al., 2003). The reduced number of
noradrenergic LC cells, in turn, may play a role in the declining level of noradrenaline in the
hypothalamus and cortex, contributing to the severity of cognitive impairments.
Interestingly, AD damage seems greater in the LC than in any other subcortical nuclei,
including the nucleus basalis, that is typically implicated with cholinergic loss in patients
with AD (SIMIC et al., 2017; ZAROW et al., 2003). The collective data suggest an early
dysfunctional LC in AD, which may also have an underlying role in breathing dysfunction
observed in patients.

To date, there is little data associating LC with respiratory dysfunctions in AD
progression. Therefore, we started to focus on the respiratory deficits of the disease using the
streptozotocin (STZ)-induced rat model of sporadic AD (BROWN et al., 2019; VICENTE et
al., 2018). Besides progressive deterioration of learning and memory, intracerebroventricular

administration of STZ mimics the biochemical and structural changes found in the brains of
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AD patients. These changes include increased amyloid beta accumulation and tau protein
phosphorylation, reduced glucose and energy metabolism, and the typical oxidative stress
and neuroinflammation leading to neuronal death (DENG et al., 2009; GRUNBLATT;
HOYER; RIEDERER, 2004; JOHNSTON; FORSYTHE; KOPP-SCHEINPFLUG, 2010;
KNEZOVIC et al., 2015; LANNERT; HOYER, 1998b; RAl et al., 2014; TOTA et al., 2010),
all of which are prominent features of human AD (Ingelsson et al., 2004; Lyness et al., 2003;
Milton, 2004; Sato and Morishita, 2015; Zhang et al., 2015). Furthermore, we previously
showed that an increase in amyloid beta peptide in the LC region paralleled alterations in the
ventilatory responses to hypercapnia. Thus, analyzing the intrinsic activity of LC neurons
could provide mechanistic insight into respiratory alterations in this model and in patients
with AD. In the current study, we used the patch clamp technique to evaluate the

electrophysiological responses of LC neurons to CO; in the STZ-AD model.
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2 MATERIAL AND METHODS

2.1  Animals
The current study used male Sprague-Dawley rats (6-7 weeks; total of 39 rats) that
were kept in an AAALAC accredited vivarium at A.T. Still University’s Kirksville College
of Osteopathic Medicine in Kirksville, Missouri, USA. Rats were maintained on a 12-hour
day/night cycle at 24°C and 46% humidity with water and food available ad libitum. All
experimental protocols were conducted in accordance with the guidelines of the NIH
(“Guide to the Care and Use of Laboratory Animals”) and were approved by A.T. Still

University’s Animal Care and Usage Committee.

2.2 Sporadic Alzheimer's Disease Model

Similar to our previous studies (BROWN et al.,, 2019; EBEL; TORKILSEN;
OSTROWSKI, 2017; VICENTE et al., 2018), the typical symptoms of AD were induced by
pressure injection of a subdiabetogenic dose of STZ (2 mg/kg, Alfa Aesar, Haverhill, MA)
into both lateral ventricles of the brain (5 pL per side). Unlike STZ-AD rats, control (CTL)
rats received vehicle only (0.9 mM citrate buffered saline, pH 4.5). For
intracerebroventricular injections, rats were anesthetized using isoflurane (5% induction, 2%
maintenance, Piramal, Bethlehem, PA) and positioned in a stereotaxic frame (type 68001,
RWD Life Science, San Diego, CA). A sagittal midline incision was made on the scalp to
expose the sagittal and coronal suture of the skull. Two holes were drilled into the skull with
a rotating tool (Dremel 7300 with engraving cutter 105) to allow access to the lateral
ventricles. Injection glass capillaries (type 1B120F-4, World Precision Instruments, Sarasota,

FL) were drawn using a P-97 micropipette puller (Sutter Instruments, Novato, CA) and used
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for intracerebroventricular injections at the following stereotaxic coordinates (PAXINQOS;
WATSON, 2007): -0.9 mm AP, £1.5 mm ML, and 3.6 mm DV. After surgery, rats received
high sugar supplements (Froot Loops, Kellogg's, Battle Creek, MI) in addition to normal rat
chow to facilitate weight recovery.

Rats also received 2 mg/kg Dexamethasone (VetOne, Boise, ID) as an
immunosuppressant before injections to avoid possible brain swelling. Postoperatively rats
were treated with 50 pg/kg buprenorphine hydrochloride (Reckitt Benckiser, Slough, UK)
for pain management, 7 mg/kg enrofloxacin (VetOne) for antibiotic treatment, and 3 mL of

0.9% sodium chloride solution (Hospira, Lake Forest, IL) for fluid reconstitution.

2.3 Behavioral Test

Eleven days after intracerebroventricular injections, we used the Morris water maze
as a positive control to test spatial reference learning and memory in the STZ-AD model
(BAO et al., 2017; BROMLEY-BRITS; DENG; SONG, 2011). The apparatus consisted of a
178-cm diameter cylindrical tank filled with water (~730 L, pH = 7.2, 22°C) that was made
opaque with black nontoxic paint (DyeMond pond dye, Airmax, Romeo, MI). The pool was
conceptually divided into four equal quadrants, and each quadrant was marked with a visual
cue (i.e., yellow star, blue square, red circle, or green triangle) (Figure 14). A black platform
(10-cm diameter) that was height adjustable was positioned close to the middle of the target
quadrant (green triangle).

On day 1, animals were trained during five initial trials to find the raised escape
platform (1 cm above water level). Then, the platform was submerged 1 cm below water
level and rats were subjected to 15 consecutive trials per day for 3 days (each series was 24

hours apart). The rats were placed at randomized starting positions (except the target
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quadrant) and given 60 seconds (cutoff time) to find the submerged platform. If the rat was
unable to find the hidden escape platform within the cutoff time, it was manually guided to
the platform. The time to reach the platform was noted as the escape latency. The swim
velocity was recorded using a camera (AW615, Ausdom, City of Industry, CA) positioned
above the tank and analyzed using the Animal Tracker plugin in Fiji software (version 1.52i,

NIH).

Figure 1. Representation of the Morris Water Maze (MWM). The pool was divided virtually into 4
quadrants and the yellow circle represents the platform position during the test.

2.4 Patch Clamp Recordings

2.4.1 Invitro brain slice preparation

Similar to Ting et al. (2014, 2018), rats were anesthetized with isoflurane and
transcardially perfused with 60 mL of ice-cold oxygenated N-Methyl-D-glucamine
(NMDG)-based artificial cerebrospinal fluid (aCSF) with the following composition (in
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mM): 93 NMDG, 2.5 KClI, 1.2 NaH,PO,, 30 NaHCO3, 20 HEPES, 25 glucose, 2 thiourea, 5
sodium ascorbate, 3 sodium pyruvate, 0.5 CaCl,-2H,0, and 10 MgSO,-7H,0, pH 7.4, 300-
305 mOsm. NMDG-based solutions were used to better preserve the health of brain tissue
from adult rats. Next, the brainstem was rapidly removed and horizontal brain slices (250-um
thick) containing the LC were obtained using a vibratome (7000smz-2, Campden
Instruments, Lafayette, IN) (Bregma level: from — 7.34 mm) (Fig 2). Slices were then
incubated for 20 minutes in warm (35°C) oxygenated (95% O,-5% CO,) NMDG aCSF. For
patch clamp recordings, tissue sections were placed in a superfusion chamber, secured with a
nylon mesh, and superfused at 2-3 mL/min with standard recording aCSF (in mM: 124 NacCl,
3 KCI, 1.2 NaH2POy, 1.2 MgSQO4, 25 NaHCOs3, 11 D-glucose, and 2 CaCl,, saturated with

95% O,-5% CO, pH 7.4, 300 mOsm) at 35°C.

Figure 2. Vibratome (7000smz-2, Campden Instruments, Lafayette, IN) used for brain slice preparation (250-
pum thick) containing the LC.
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2.4.2 Electrophysiological recording

Similar to our previous studies (OSTROWSKI et al., 2014a, 2014b), LC cell somas
were recorded to analyze the electrophysiological properties. Recordings were primarily
obtained from neurons in the dorsal LC because of the greater number of healthy cells.
Pipettes (8250, King Precision Glass, Claremont, CA) were made with a Flaming/Brown
micropipette puller (Model P-97, Sutter Instruments) and had resistances of 4.5-5 MQ when
filled with standard recording solution (in mM: 130 potassium gluconate, 10 HEPES, 0.4
EGTA, 1 MgCl,, 0.3 Na,-GTP, and 2 Na,-ATP, pH 7.45, 280 mOsm) (NICHOLS et al.,
2008). Recording pipettes were guided with a motorized micromanipulator (MP-225, Sutter
Instruments). Data were recorded (20 kHz sampling rate) and filtered at 2 kHz using a Patch
Clamp EPC 10 USB amplifier/AD converter (HEKA Instruments, Holliston, MA) (Fig 3).
The liquid junction potential was not corrected and the series resistance was not
compensated.

The activity of LC neurons was recorded under normocapnia (baseline: standard 5%
CO,, balanced with Oz) and 5 minutes into perfusion of hypercapnic aCSF (10% CO.,
balanced with O,). CO, concentrations were achieved by saturating the perfusate using mass
flow controllers (MC-5SLPM-D, Alicat Scientific, Tucson, AZ). Increasing CO, content
from 5% to 10% lowered the pH from an initial 7.4 to 7.0. This drop in pH is sufficient to
study the CO,-induced response of LC neurons (LI; PUTNAM, 2013; LOPES et al., 2016;
OYAMADA et al., 1998).

All electrophysiological data were analyzed using Igor Pro 8 (WaveMetrics, Portland,
OR), MiniAnalysis (Synaptosoft, Fort Lee, NJ), and Excel (Microsoft, Redmond, WA)

software programs.

109



Figure 3. Patch Clamp EPC 10 USB amplifier/AD converter (HEKA Instruments, Holliston, MA) used for
electrophysiological recording.

2.4.3 Current clamp protocol

Criteria for healthy LC neurons under baseline conditions (after establishing whole
cell configuration) were a resting membrane potential (RMP) close to -45 to -50 mV and
spontaneous spike activity. We used step depolarization (-20 to 100 pA, 10 pA steps, 100-ms
duration) to induce action potential (AP) discharge (KLINE et al., 2010; OSTROWSKI et al.,
2014a). Because of the heterogeneous response of LC neurons to CO, (LOPES et al., 2016;
NICHOLS et al., 2008), we grouped cells according to their change in AP discharge from
baseline to hypercapnia. Cells that increased spike activity by 5% (average over all current
steps) were categorized as CO,-activated, those that decreased by 5% as CO,-inhibited, and
those that did not change as non-responder. These classifications do not represent the
intrinsic chemosensitivity of LC cells (see Discussion).

Phase plan plots (change of membrane voltage [mV/ms] against the membrane
potential [mV]) were generated from an AP elicited during the step depolarizations protocol
(first AP to lowest depolarizing current to exclude possible effects from repetitive spiking
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with stronger stimulation). AP threshold (THR) was identified when the voltage change
exceeded 10 mV/ms (GUDES et al., 2015). Other parameters analyzed were AP rising slope
(maximal Na* conductance) (JENERICK, 1963), AP peak (overshoot), AP falling slope, AP
half-width (measured at 50% AP amplitude from RMP), and the afterhyperpolarization
(measured from THR) (Fig 4). The delay to the first AP in response to 100 pA current is the

time from stimulus begin until AP peak. RMP was recorded in the absence of current

induction (1=0).
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Figure 4. Representation of the phases of the action potential (AP) analyzed in the present study.

2.4.4 Voltage clamp protocol

All cells were clamped at -60 mV (at the calculated reversal potential for chloride),
and the membrane resistance (i.e., input resistance, R;j) was determined from a 5-mV
hyperpolarizing step. K* conductances were measured using a step protocol between -100
and +80 mV (+20 mV per step, 400 ms step). Cell capacitance was equal between cells from

control and STZ-AD groups (CTL, 104.0 £ 11.0 pF vs STZ-AD, 1115+ 7.6; p =0.58; n =
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13 in each group). The transient K* current was examined by subtracting the steady-state
current (near the end of the voltage step) from the initial current to the voltage step (KLINE
et al., 2010; OSTROWSKI et al., 2014a) (Fig 5). Spontaneous postsynaptic currents (sPSC)
were recorded for 1 minute in the absence of stimulation and constitute network activity

(FORTIN; CHAMPAGNAT, 1993) within the LC.
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Figure 5. Representative IV curves during baseline and 10% CO2. Note the overall decrease in K+ currents
with CO,. The red lines describe the area for measurements of transient and steady-state currents to each
voltage step.

2.5 Immunohistochemistry
Similar to our previous studies (BROWN et al., 2019; EBEL; TORKILSEN;
OSTROWSKI, 2017), slices containing the LC (30 um thick; if previously used for patch
clamp recordings, slice thickness was 250 um) were washed in phosphate buffered saline
(PBS) and blocked for 30 minutes in 10% normal donkey serum (MilliporeSigma,
Burlington, MA) with 0.3% Triton-PBS. Next, slices were incubated overnight in 1% normal

donkey serum with 0.3% Triton-PBS and primary antibody against tyrosine hydroxylase
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(TH) (chicken, 1:1000, ab76442, Abcam, Cambridge, MA) and, in some applications,
additionally with NeuN (mouse, 1:500, MAB377, MilliporeSigma). The next day, slices
were washed and incubated for 2 hours in secondary antibody using Alexa Fluor 647
(donkey anti-chicken, 1:200, 703-605-155, Jackson ImmunoResearch, West Grove, PA) or
Alexa Fluor 488 (donkey anti-chicken, 1:200, 703-545-155, Jackson ImmunoResearch) and,
in some applications, with Alexa Fluor 594 (donkey anti-mouse, 1:200, 715-585-151,
Jackson ImmunoResearch). After a final wash, slices were mounted on gelatin-coated glass
slides, dried, and cover-slipped using ProLong Diamond (Thermo Fisher Scientific,
Waltham, MA). All immunohistochemical steps were performed at room temperature. In a
subset of experiments, the patch pipette solution contained 3% Lucifer yellow (LY) (L0259,
Sigma-Aldrich, St. Louis, MO) that was ionophoretically injected (negative current for
approximately 20 minutes) into LC neurons after electrophysiological characterization.
Patch-slices were then fixed in 4% paraformaldehyde for later immunohistochemical
identification of TH. Immunoreactivity was examined on a conventional epifluorescent
microscope (Eclipse 80i, Nikon, Tokyo, Japan) with a digital monochrome camera (DS-
QilMc, Nikon) and appropriate filter sets or on a confocal microscope (DMI6000 B, Leica,
Wetzlar, Germany) using lasers (Argon, HeNe 633) with fluorophore-specific excitation and
emission wave length and appropriate filter sets. Confocal images were collected in z-stacks
(0.5 um optical slices). Post-processing of the images (adjustment of contrast and brightness
for clarity) was done using the software Fiji.

Schematics of the LC were created with the Inkscape program (version 0.91,

http://www.inkscape.org/), and nuclei were identified using Paxinos and Watson’s rat brain

atlas (PAXINOS; WATSON, 2007). Analysis of neuron number was completed in
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representative sections of the LC (Bregma level: from -9.96 to -9.60) and counted blindly by
3 independent persons using Fiji software. Neurons were counted in a 200 x 200 pum box in
the dorsal-most portion of the LC excluding spaces that are devoid of cells (e.g., blood

vessels). Results of all counters were averaged and compared between groups

2.6  Statistical Analysis
Behavioral, electrophysiological, and immunohistochemical data were analyzed using
the t test or two-way repeated measures ANOVA followed by Newman-Keuls post-hoc test
where appropriate. All results were considered statistically significantly different at p < 0.05.

Group data are presented as mean + SEM.
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3 RESULTS

3.1 Diminished Memory Performance in the Streptozotocin-Induced

Alzheimer’s disease (STZ-AD) Model

Previous research has shown the STZ-AD rat model results in reduced memory
performance (LANNERT; HOYER, 1998b; SALKOVIC-PETRISIC et al., 2013). To verify
memory dysfunction in our study, we used the Morris water maze. Trial-to-trial performance
was compared between groups as measure of spatial memory. Figure 6A shows the escape
latencies for 15 trials on each of the consecutive testing days. During the initial trials (with
the visible platform), escape latency of all animals was typically near the cut off time of 60
seconds, indicating a similar performance for both groups in the new environment. With an
increasing number of trials (and a hidden platform), STZ-AD rats spent significantly more
time finding the platform than the control group, demonstrating impairment in learning and
retention of spatial memory. Both groups had comparable swim velocity (Fig. 6B), indicating

motor function of STZ-AD rats was not affected.
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Figure 6. Spatial learning and memory deficits in the sporadic Alzheimer’s disease (AD) animal model.
A) Escape latency to find the hidden platform (HP) in the Morris water maze for the control (CTL) and
streptozotocin-induced Alzheimer’s disease (STZ-AD) groups during the 3-day testing period with 15 training
sessions per day. Cut off time was 60 seconds. B) Swim velocity as measure for locomotor function shows no
impairment in the STZ-AD group. Data are reported as mean + SEM. # p < 0.05; 2-way repeated measures
ANOVA. n = 6-7 rats per group. VP = visible platform

3.2 No Change in Locus Coeruleus (LC) Neuron Number in the STZ-AD

Model

Because of neurodegeneration of the LC in advanced human AD, we analyzed
neuronal number in our STZ-AD model (Fig. 7). We concentrated on three representative
regions for the caudal-rostral extent of the LC and immunohistochemically stained for NeuN
(neuronal marker) and tyrosine hydroxylase (TH) (typically found in the LC). The numbers
of neurons that co-stained for TH and NeuN were compared between the STZ-AD and
control group. No difference was found between groups, likely indicating that the AD model
of the current study represents an early time point in disease progression (two weeks after

AD induction) and that morphological changes in the LC are not (yet) present.
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Figure 7. Unaltered neuronal density in the locus coeruleus (LC) of the streptozotocin-induced
Alzheimer’s disease (STZ-AD) group. Three representative coronal sections (30 um) of the LC with labeling
of NeuN-identified neurons (red) and tyrosine hydroxylase (TH) -positive cells (green). Brain schematics
illustrate the location and extent of the pontine LC (green area) in relation to bregma. TH" neurons were
counted in a 200 x 200 um box (yellow box) in the dorsal-most portion of the LC. Data are presented as mean
+ SEM. n = 6 rats per group. 4V = 4th ventricle.

3.3 Spike Response of LC Neurons During Hypercapnia

The LC is located adjacent to the 4™ ventricle in the dorsal aspect of the pons. Figure
8A shows an example of the LC (white dashed line) in a horizontal brainstem slice used for
patch clamp recordings. A 40x magnification from a typical cell in the LC with attached
patch pipette is shown in Figure 8B. In a subset of rats and after completion of
electrophysiological recordings, we immunohistochemically stained for TH (Fig. 8C). Dense
TH is found in the noradrenergic LC (GRZANNA; MOLLIVER, 1980) and verified correct
placement of our patch pipettes.

The LC is a chemosensitive nucleus with a population of neurons having different
response patterns to increased CO; conditions. Neurons may show an increase, decrease, or
no alteration of activity when exposed to CO, (LOPES et al., 2016; NICHOLS et al., 2008).
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To test this heterogeneity of neuronal responses to CO,, we performed a step depolarization
protocol (100 ms steps with increasing current, +10 pA/step) to evoke action potential (AP)
discharge (Figs. 8D and 9). In the control group (data from 6 rats), the majority of LC
neurons (57%, 8 cells from 5 rats) were inhibited by CO, (i.e., reduced current-evoked AP
discharge) (Fig. 3E). Only a few cells were either activated (increased spiking, 21%, 3 cells
from 3 rats) by CO; or did not respond (21%, 3 cells from 3 rats). A similar result was
obtained for the STZ-AD group (data 6 rats). The majority of cells (64%, 9 cells from 6 rats)
were inhibited by CO,, only 14% (3 cells from 2 rats) showed activation, and 21% (2 cells
from 2 rats) did not change spike discharge to current injections under hypercapnic
conditions (Fig. 8F).

Given previous studies that found over 50% of noradrenergic LC neurons in neonatal
rats increased firing rate to CO, exposure (BERRIDGE; WATERHOUSE, 2003; FILOSA,
DEAN; PUTNAM, 2002; JOHNSON; HAXHIU; RICHERSON, 2008), we wanted to
confirm the phenotype of LC cells in our preparation using adult rats. A subset of cells (5
cells in uninjected control rats) were loaded with the fluorescent dye Lucifer yellow (LY)
during and after electrophysiological characterization. We later co-stained against TH and
visualized LY-labeled cells using confocal microscopy (Fig. 8G). Cells that were excited or
inhibited by CO, expressed the same phenotype for TH. This result furthermore suggests that
all neurons recorded in the current study are noradrenergic (see also Fig. 8C). In the
following analysis, we concentrated on the majority of LC neurons that were inhibited by

CO,.
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Fig 8. Response classes of locus coeruleus (LC) neurons to increased CO, exposure. A) Representative
horizontal brainstem section (250 um) illustrating the location of the LC during patch clamp experiments. B)
Magnification of a LC neuron with attached glass electrode during the recording. C) Immunohistochemical
staining of tyrosine hydroxylase (TH) (blue) in a horizontal brainstem slice subsequent to neuronal recordings
in the region of the LC. D) Representative responses of a CO,-inhibited LC neuron to step depolarization (10
pA steps, 100 ms) at baseline and during the CO, condition. Reponses are shown for -20 pA (gray trace) and
+70 pA (black trace) only. The stimulus is shown underneath the traces. Note that CO, eliminates spontaneous
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spike activity (before and after the stimulus) and blunts action potential discharge to current injection. E)
Response classes of LC neurons to hypercapnia in the control (CTL) group F) Response classes of LC neurons
to hypercapnia in the streptozotocin-induced Alzheimer’s disease (STZ-AD) group. G) Confocal images (40x
oil) of electrophysiologically identified LC neurons that were loaded with Lucifer yellow (LY) (green
fluorescence) and stained against tyrosine hydroxylase (TH) (blue). Note the overlap of LY and TH in the
merged image, indicating the same LC-specific phenotype for cells that were excited and inhibited by CO,. All
images shown are merged z-stack images from five sections (0.5 um apart). 4V = 4th ventricle, r = rostral, ¢ =
caudal, m = medial, | = lateral.

3.4 Decreased Excitability of LC Neurons During Hypercapnia Is

Exaggerated in the STZ-AD Model

Group data for current-evoked spike discharge in LC neurons that responded to CO,
is shown in Figure 9. In the control group, spike discharge of cells inhibited by hypercapnia
(Fig. 9A) decreased significantly across all current steps when compared with their baseline
response. Spike discharge in the STZ-AD group was also significantly blunted by CO, at all
current steps (Fig. 9B). This hypercapnic inhibition on discharge was exaggerated in the
STZ-AD group when compared with the control group (% change at 100 pA: CTL, 16.7 £
8.3% vs STZ-AD, 57.4 £ 11.8; p < 0.01; n = 8-9). Notably, the baseline discharge of both
groups reached similar magnitudes. A closer look at the spike discharge in the absence of
depolarizing current (-20 to 0 pA in Fig. 9) showed the spontaneous activity of LC cells.
Hypercapnia also reduced the spontaneous activity of CO,-inhibited cells in both groups
(Figs. 9A and 9B), indicating the inhibitory effect of CO, was independent of neuronal
activity. Together, these data suggest that CO, is able to depress activity in a large subgroup
of LC cells and that the STZ-AD rat model exhibits an impaired response to hypercapnic

conditions.
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Figure 9. Spike discharge of locus coeruleus (LC) neurons to current injections at baseline and during
increased CO,. Action potential (AP) number in response to step depolarization during baseline and
hypercapnia (10% CO,) for cells that were inhibited by CO, in the control (CTL) group (A) and the
streptozotocin-induced Alzheimer’s disease (STZ-AD) group (B). Data are expressed as mean £ SEM. ** p <
0.01 and *** p < 0.001 indicated a difference between baseline and the hypercapnia condition. ## p < 0.01
indicated a difference between STZ-AD and CTL groups; 2-way repeated measures ANOVA.

3.5 CO;Exposure Decreases Overall LC Network Activity

Network activity in the LC can be assessed by analyzing the spontaneous
postsynaptic currents (sPSCs) in the absence of stimulation. All cells were clamped at -60
mV (the calculated equilibrium potential for chloride) and sPSCs recorded in this
configuration likely represent excitatory inputs. Figure 10A is a representative example of
LC network activity during baseline and at 10% CO,. CO, exposure significantly decreased
the number of sPSCs as shown for CO,-inhibited cells in both groups (Fig. 10B). The
magnitude of this reduction was similar between groups (CO,-induced change in network
activity: CTL, -34.3 £ 12.3% vs STZ-AD, -32.1 + 13.2%; p > 0.05; n = 8-9). The amplitude

of sPSCs did not change with exposure to hypercapnia in the control group (baseline, 25.3 £
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3.4 pAvs COy 26.3+2.1pA;p>0.05 n=8)or STZ-AD group (baseline, 27.5 £ 1.9 pA vs

CO,, 26.4+ 2.8 pA; p > 0.05; n = 9).
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Figure 10. Reduced locus coeruleus (LC) network activity with increased CO,. A) Typical example for a
reduced number of spontaneous postsynaptic currents (SPSC), representing LC network activity, with 10% CO..
B) Group data for sPSCs at baseline (Bsl) and at 10% CO, for the control (CTL) and streptozotocin-induced
Alzheimer’s disease (STZ-AD) groups. Data are expressed as mean + SEM. * p < 0.05; t-test. n = 8-9 rats per
group.

3.6 CO; Decreases Resting Membrane Potential (RMP) in the STZ-AD

Model

To determine whether CO, alters basic cell membrane properties, we initially
analyzed input resistance (R;) (resistance across the cell membrane) from a 5 mV step (-60 to
-65 mV) in voltage clamp configuration. There was no difference in R; between groups at
baseline and during hypercapnia. However, within the STZ-AD group R; decrease
significantly from baseline to hypercapnia in CO,-inhibited cells (Table 1). This decrease of
R; is indicative of membrane channel opening. Consistent with this reduction of R;, RMP was
significantly hyperpolarized to more negative potentials in CO,-inhibited cells from the STZ-
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AD group. This change indicates alterations of K* currents that are important for RMP
generation and may contribute to the hypercapnia-induced reduction of AP discharge in the

STZ-AD rat model. RMP of CO.-inhibited cells in the control group did not change.

CO,-inhibited LC neurons CTL STZ-AD
Parameter Baseline (bsl) 10% CO, p, bslvs. CO,
Membrane resistance (R;) 116.1+19.5 113.5+18.7 0.693
[MQ] 126.5+14.9 98.4+8.2 0.006
Resting membrane -46.4+ 1.4 -47.7+2.1 0.393
potential (RMP) [mV] -49.0+1.6 -52.2+1.7 0.030

Table 1. Cell membrane properties during the baseline and 10% CO, from the control and STZ-AD group.

3.7 CO; Depolarizes Spike Threshold (THR) and Increases AP

Repolarization in LC Neurons

To identify additional mechanisms for CO,-induced inhibition of AP discharge in the
majority of LC neurons, we closely examined AP properties during our step depolarization
protocol. The delay to the first AP in response to 100 pA step depolarization is given in
Table 2 and serves as an indicator of neuronal excitation. CO,-inhibited cells in the STZ-AD
group comprised a strong increase in delay of AP discharge, which is consisted with
hypercapnia-induced inhibition of the response. This increase in delay is underestimated
since three cells (STZ-AD group only) did not elicit spikes at 100 pA under hypercapnia and
a higher current step needed to be evaluated. AP delay of CO,-inhibited cells from the CTL

group only showed a small and non-significant increase.
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As detailed in Figure 11A, main AP properties include THR, upstroke, AP peak
amplitude, and downstroke. To reliably quantify these parameters, we generated phase plane
plots that show the first derivative of membrane voltage against the change in membrane
potential. A complete list of all parameters, their changes, and statistical analysis is provided
in Table 2. In COs-inhibited cells of the CTL and STZ-AD groups, THR increased
significantly with hypercapnia (Figs. 11B and 11C, Table 2). The CO,-induced change in
THR also increased the voltage difference from RMP to THR in both groups, making it
harder to overcome this voltage difference by a depolarizing stimulus and eliciting AP
discharge. The significant hyperpolarization of RMP in the STZ-AD group (Table 1) added
to this difference. The STZ-AD group also had a hypercapnia-induced increase in rising
slope and peak amplitude of the AP, suggesting alteration of Na*-dependent inward currents.
A prominent change in both groups was the CO,-induced reduction of half-width resulting
from a significantly steeper falling slope of the AP (Figs. 11B and 11C, Table 2). Faster AP
repolarization is indicative of increased K*-dependent outward currents that may contribute

to the inhibitory effects of CO, observed in the majority of LC neurons.
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CO,-inhibited LC neurons  CTL

Parameter Baseline (bsl) 10% CO, p, bsl vs. CO,

Delay to first AP [ms]

AP threshold (THR) [mV]

RMP to THR [mV]

AP peak [mV]

Max. AP rising slope
[mV/ms]

Max. AP falling slope
[mV/ms]

AP half-width [ms]

Afterhyperpolarization
[mV] from THR

-+
<
n
0
-
=

’

Table 2. AP properties during our step depolarization protocol.
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Figure 11. Action potential waveform for locus coeruleus (LC) neurons at baseline and increased CO,. A)
Representative action potential (AP) with the corresponding phase plane plot. Phase plane plots for CO,-
inhibited LC cells in the control (CTL) group (B) and the streptozotocin-induced Alzheimer’s disease (STZ-
AD) group (C). Insets show a representative AP at baseline (Bsl) and increased CO,. Red arrowheads indicate a
significant change in spike threshold. Black arrowheads indicate significant changes to baseline (see Table 2).
Data are expressed as mean = SEM. V, = membrane potential.

3.8 CO; Modulates Currents Through Voltage-Gated K* (Ky) Channels
Because of the CO.-induced increase of AP repolarization and the reduction of AP
discharge in the majority of LC neurons, we analyzed the potential contribution of outward
K" currents. We used step depolarization of the membrane from —100 to +80 mV (20 mV
steps) to elicit outward K* currents in LC neurons. Figure 12A shows representative K*

currents during baseline and at 10% CO, in a LC cell that was inhibited by CO,. The blue
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lines depict the time points used to measure the current-voltage (IV) relationship of transient
(beginning of the stimulus) and steady-state (end) currents for each voltage step. Results for
the steady-state current of CO,-inhibited cells in the CTL and STZ-AD groups are shown in
Figure 12B. The IV relationship of both groups comprised a significant reduction of steady-
state K* current with perfusion of 10% CO,. This decrease of outward K* currents occurred
at membrane potentials greater than +20 mV, a range that is typically associated with activity
of Ky channels (JOHNSTON; FORSYTHE; KOPP-SCHEINPFLUG, 2010; MATHIE;
WOOLTORTON; WATKINS, 1998). Interestingly, a reduced steady-state K* current with
depolarization would facilitate AP discharge. Enhanced AP discharge to CO, was not
observed in this group of LC neurons, likely indicating a minor role of steady-state K*
currents on overall neuronal spike activity. While steady-state IV curves at baseline were
similar between groups, CO, induced a significantly greater reduction of steady-state current
in STZ-AD rats than in control animals.

A reliable increase in transient K* current (calculated by subtracting the steady-state
current from the initial current at the beginning of the voltage step) was seen for CO,-
inhibited cells between -40 to +40 mV under baseline conditions (Fig. 12C), which is
consistent with the response typical for A-type K channels (Ka) channels (SONNER;
STERN, 2007). Responses of Ka channels became variable at membrane potentials of +40
mV and higher. The transient current increased in CO-inhibited cells when exposed to
hypercapnia. While this change was only a strong trend in the control group at 0 mV
membrane potential and amounted to an increase of ~135% (baseline, 0.142 + 0.033 nA vs
CO,, 0.337 = 0.078 nA; p = 0.059; n = 8), cells of the STZ-AD group were significantly

increased by ~170% (baseline, 0.153 £ 0.054 nA vs CO,, 0.417 £ 0.045 nA; p <0.05; n=9).
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The CO,-dependent increase of Ka current in CO,-inhibited cells can antagonize AP

generation (LI; PUTNAM, 2013) and may in part explain the observed decrease in AP

discharge.
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Figure 12. Current-voltage relationship for K* channels in locus coeruleus (LC) neurons at baseline and
during 10% CO,. A) Typical example of currents elicited by step changes of the membrane potential from -
100 mV to +80 mV (20 mV step, 400 ms) in a COy-inhibited LC neuron at baseline (Bsl) and CO,. The blue
lines describe the time points for measurements of the transient (beginning of stimulus) and steady-state current
(end of stimulus) at each voltage step. B) Steady-state K™ currents of cells inhibited by CO, in the control
(CTL) and streptozotocin-induced Alzheimer’s disease (STZ-AD) groups. C) Transient K™ currents of cells
inhibited by CO, in the CTL and STZ-AD groups. Data are expressed as mean + SEM. * p <0.05, ** p <0.01,
and *** p < 0.001 indicated a difference from the Bsl condition. # p < 0.05, ## p < 0.01 indicated a difference
between the STZ-AD and CTL groups; 2-way repeated measures ANOVA. V,,, = membrane potential.
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4 Discussion

The current study showed that the majority of noradrenergic LC neurons in adult rats
(64% in the STZ-AD group and 57% in the CTL group) were inhibited by CO, as indicated
by a significant decrease in AP discharge to current injections. The remainder of cells either
increased AP discharge (~20%) or did not respond (~20%). The STZ-AD group also had a
greater sensitivity to CO, than controls as demonstrated by a significantly stronger inhibition
of spike discharge during hypercapnia, which was in part from hyperpolarization of the
RMP. Reduction of AP discharge in both groups was generally accompanied by lower LC
network activity, depolarized AP threshold, increased AP repolarization, and increased
current through a subpopulation of Ky channels. The latter result was indicated by enhanced
transient Ky currents (strong trend in the control group and significant change in the STZ-
AD group). Interestingly, steady-state Ky currents were reduced under hypercapnia, a change
that would favor enhanced AP discharge. However, the collective response of most LC
neurons in adult rats was inhibited by CO,.

In the current study, STZ-AD rats had impairment in learning and retention of spatial
memory when tested in the Morris water maze. These data corroborate previous studies
demonstrating learning and memory deficits with brain-injection of STZ (Ebel et al., 2017;
Motzko-Soares et al., 2018; Salkovic-Petrisic et al., 2013; Vicente et al., 2018) and therefore,
we were able to reproduce the cognitive alterations found in patients with AD (Kumar et al.,
2015; Qiu et al., 2019). It is well known that LC is involved in regulating a broad range of
higher cognitive functions, such as working memory, learning and attention (Aston-Jones
and Cohen, 2005; Benarroch, 2009; Mather and Harley, 2016; Robbins, 1984), as well as

memory consolidation and retrieval (Sara, 2009; Sterpenich et al.,, 2006). We have
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previously observed an increase of amyloid beta peptide in the LC of STZ-AD animals
(Vicente et al., 2018). In fact, selective lesions of LC neurons exacerbate AD neuropathology
and cognitive deficits in both amyloid-based transgenic mouse models and mouse models of
tauopathy (Hammerschmidt et al., 2013; Heneka et al., 2010). Therefore, decreased cognitive
function in STZ-treated rats may be related to neuronal alterations occurring in the LC—
noradrenergic system.

The majority of studies analyzing LC neuron responses to CO, were done in neonatal
rodents (FILOSA; DEAN; PUTNAM, 2002; OYAMADA et al., 1998; RITUCCI; DEAN;
PUTNAM, 2005; STUNDEN et al., 2001). In these studies, up to 80% of LC neurons in
neonates (postnatal <10 days) were activated/depolarized by CO in the presence of synaptic
blockage (i.e., neurons were intrinsically chemosensitive to CO;). Studies in older neonates
(postnatal >10 days) showed only 20%-40% of LC neurons were activated/depolarized by
hypercapnia (GARGAGLIONI; HARTZLER; PUTNAM, 2010; NICHOLS et al., 2008),
indicating that the number of CO,-activated LC neurons is dependent on the age of the
animal. Although no synaptic blocker was used in the current study, meaning changes may
not exclusively arise from intrinsic chemosensitivity, we also found a low number of
activated LC neurons (up to 21%) in 8-9 week old rats (Figs. 3E and 3F). The majority of
neurons (more than 57% of cells independent of group) were inhibited by CO, exposure as
indicated by reduced current-evoked spike discharge (Fig. 4) and overall lower network
activity (Fig. 5). These results, in conjunction with the above mentioned previous studies,
indicate that inhibition by CO, may be unique to LC neurons in adult animals only.
Similarly, Lopes et al. (2016) showed a hypercapnia-induced decrease in firing rate of LC

neurons projecting to the commissural nucleus tractus solitarii, a brainstem area heavily
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involved in respiratory control. According to Imber et al. (2018), blunted CO,-responses of
LC neurons in older animals is related to a developmental increase in Ca®*-activated BK
channel current. Hypercapnic acidosis raised intracellular Ca** content and led to BK
channel-dependent lowering of spike discharge to CO,. This process is known as brake
phenomenon and appears to be minimally active in the LC neurons of newborn rats, but
develops over the first two weeks of life. The influence of such a limiting mechanism may
increase with advanced age and result in a general inhibition to hypercapnia as observed in
the current study. Additional changes, such as the hypercapnia-induced increase in transient
Ky currents (this study), may further contribute to the developmental brake mechanism,
ultimately lowering output of LC neurons in adult animals in response to CO..

Hypercapnic exposure significantly altered currents through Ky channels. Steady-
state K* currents, presumably from delayed-rectifying K* channels (Kpr) (Mathie et al.,
1998), were significantly reduced under CO; in all LC neurons in the current study. CO,-
sensitivity of Kpg in LC neurons has been previously reported in neonates (FILOSA;
PUTNAM, 2003; LI; PUTNAM, 2013). Similar to our data, these studies showed
hypercapnia-induced inhibition of Kpg currents. A reduction in Kpg current likely favors
excitatory responses; however, spike discharge to CO, was reduced in the majority of LC
neurons in our study, suggesting a minor role for decreased steady-state currents at least in
adult rats. Conversely, transient K* currents from Ka channels (Mathie et al., 1998) may
play a greater role whether LC neurons increase or decrease spike discharge in response to
CO,. The strong impact of Ka on spike discharge was previously reported in neonatal LC
neurons, where blockade of Ka led to increased spike discharge (LI; PUTNAM, 2013). The

opposite may then hold true for the response of LC cells from this study that increased Ka
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current and decreased AP discharge. Similarly, Ka are well known to modulate AP delay
(Dekin and Getting, 1987; Schild et al., 1993). Our data on the delay of the first AP (to 100
pA current injection) is consistent with CO,-induced modulation of Ka. However, other
channels (e.g. those controlling RMP or AP threshold) may change AP delay as well
(Corbin-Leftwich et al., 2018; Noble, 1966). Ka also significantly influences AP waveforms
(SONNER; STERN, 2007). Blocking Ka resulted in a lower THR and widened APs from
delayed repolarization. Enhanced Ka current may then lead to increased THR and reduced
AP width. These changes were observed in the majority of LC neurons from the current
study and suggest an important role of Ka on the activity of LC neurons during hypercapnic
conditions.

Few studies address the CO, response of LC neurons in adult rats. Elam et al. (1981)
performed extracellular recordings in single LC neurons in intact anesthetized rats (200-300
g, ~7-9 weeks of age), where CO, was supplied through the inspired gas mixture. That study
reported increased activity of LC neurons in response to hypercapnia, but there was no
information about the percentage of cells that responded to activation with CO,. Similar to
our current-evoked AP discharge, increased activation of LC neurons may resemble external
inputs that drive neuronal activity of LC neurons to CO,. In intact animals, such input may
stem from other chemosensitive brain regions like the retrotrapezoid nucleus, medullary
raphe, and commissural nucleus tractus solitarii (LOPES et al., 2016; PUTNAM; FILOSA;
RITUCCI, 2004). Thus, whether CO, modulates or attenuates spike discharge in LC cannot
be concluded from experiments with intact connections to the LC. A study by Pineda and
Aghajanian (1997) used slice preparations from adult rats (170-220 g, ~6-7 weeks) and

found a depolarizing effect of CO, on LC neurons. Their slice thickness was 600 um and cut
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in coronal orientation; these two factors allow for intact tracts/inputs coming from more
ventral chemosensitive regions in the same slice (e.g., retrotrapezoid nucleus, medullary
raphe). Again, in this preparation it cannot be excluded that responses of LC neurons may be
driven by input from other centers. We used 250-um thick horizontal slices containing the
dorsal portion of the LC. This preparation excludes respiratory centers that are situated more
rostral, ventral, and caudal from the LC and therefore resembles a highly reduced preparation
that may reveal responses of LC neurons to CO, with very limited external drive.

A direct comparison between our groups showed that the hypercapnia-induced
inhibition of LC neurons was exaggerated in the STZ-AD group (Fig. 4B). Mechanisms
contributing to this stronger inhibition may be the significantly reduced RMP and associated
decrease in R; (Table 1). Potential candidates for this change are two-pore-domain
(GOLDSTEIN et al., 2001) and inwardly rectifying K* channels (XU et al., 2000), which
have been previously shown to exhibit CO,/pH-sensitive properties in LC neurons (FILOSA,;
PUTNAM, 2003; PINEDA; AGHAJANIAN, 1997) although with different consequences for
the cell than observed in the current study. Hyperpolarization of RMP in conjunction with a
depolarized THR significantly increased the difference from RMP to THR and, thus, the
voltage required for spike generation. This difference in RMP to THR was more pronounced
in the STZ-AD model than the CTL group (Table 2). Depolarized THR, reduced AP half-
width, and enhanced AP repolarization under CO, can be attributed to the increase in Ka
currents (see above). This change was significant in the STZ-AD group only (trend in the
CTL group). Further, the hypercapnia-induced reduction of Kpg was more pronounced in the
STZ-AD group than in the control group (Fig. 7B). Given the mainly inhibitory actions of

COg, the impact of reduced Kpg on spike discharge seems minimal. The combined data from
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the current study indicates an overall increased CO,-sensitivity of LC neurons in the STZ-
AD group, a change that ultimately led to pronounced inhibition of the LC during
hypercapnic conditions. We also found a significant increase in AP peak and rising slope.
These results (and potentially the changes to THR) may arise from altered voltage-gated Na*
channels (GHOVANLOO; PETERS; RUBEN, 2018); however, specific involvement in the
CO,-response of LC neurons has not yet been reported.

Although responses of LC neurons in the control and STZ-AD groups differed
considerably during hypercapnic conditions, baseline responses were similar between
groups. These results agree with our previously published in vivo study about respiratory
response to high CO, conditions (Vicente et al., 2018). In that study, the STZ-AD group had
no changes in basal ventilation, but the ventilatory reflex to hypercapnia was significantly
stronger than in the control group. Thus, the respiratory response of the STZ-AD rat model to
CO; exhibited a higher sensitivity to CO,, which is similar to the responses of LC neurons in
the current study. Changes in respiratory function were also correlated with increased
amyloid beta protein in the LC region. It has been previously shown that AD modulates K*
channel expression in humans (Angulo et al., 2004). Amyloid beta also alters currents
through Ka, Kpr, and voltage-gated Na* channels in cortical and hippocampal tissue of AD
animal models (Chen, 2005; Pan et al., 2004; Verret et al., 2012; Yu et al., 1998). Although
some results from these studies are inconsistent (possibly from tissue-specific effects), it is
likely that amyloid beta in the STZ-AD rat model affects the function of K" and Na"
channels in the LC. Furthermore, ion imbalance (increased [Na*] and [K']) was shown in the
cerebrospinal fluid of AD patients (VITVITSKY et al., 2012). Increased extracellular [Na']

could also account for the observed increase in AP rising slope and peak in the current study.
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Previous studies of AD patients and AD animal models have mainly concentrated on
the cortex and hippocampus. AD patients have also been shown to exhibit a high prevalence
of breathing problems (BOEVE, 2008; GAIG; IRANZO, 2012; LEE et al., 2019; OSORIO et
al., 2014), but currently there is no information on changes of neuronal activity associated
with respiratory dysfunction in AD. To our knowledge, our study reports the first data on
neuronal changes in the LC of the brainstem with abnormal response properties under
respiratory stress conditions in an animal model for sporadic AD. We did not observe any
changes in LC neuron number in the STZ-AD group, suggesting we were analyzing an early
stage of the disease as shown in human patients with successive loss of LC neurons in the
course of AD (KELLY et al., 2017; THEOFILAS et al., 2017). This finding also indicates
that AD-induced changes of LC output are not necessarily due to lower neuron number; they

may rather be the result of altered intrinsic neuronal properties.
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5 CONCLUSION

In summary, our study shows that the responses of LC neurons to CO; in the STZ-
induced model for sporadic Alzheimer’s disease is enhanced and potentially involves AD-
induced changes in voltage-gated K* and Na* channels. The exaggerated inhibitory response
of the LC to hypercapnia may be an underlying mechanism for the breathing disturbances

observed in patients with AD.
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CHAPTER 3

Inactivation of microglia cells improves cognitive, but not respiratory, sleep-wake and

p-amyloid dysfunction in a sporadic model for Alzheimer's Diseases.

IN PREPARATION
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1 ABSTRACT

Neuroinflammation in Alzheimer's disease (AD) can occur due to excessive
activation of microglia cells in response to the accumulation of amyloid beta peptide. In our
previous study, we demonstrated an increased expression of beta amyloid peptide in the
Locus coeruleus region (LC) in a sporadic model for Alzheimer's disease (icv, streptozoticin,
STZ, 2 mg/kg). We hypothesized that the STZ-AD model exhibits a condition of
neuroinflammation and treatment with a microglia inhibitor (minocycline) reverse the
cognitive, respiratory, sleep and molecular disorders of this model. To this end, we treated
control and STZ rats for five consecutive days with minocycline (30 mg/kg, ip) and
evaluated cognitive performance (Barnes maze), chemoreflex response to hypercapnia (7%
CO;) and hypoxia (10% O,) and total sleep time. In addition, quantification of beta amyloid
peptide in the LC region was performed by Wester Blotting technique and analysis of
microglia cells by immunohistochemistry for IBA-1. Minocycline treatment improved
learning and memory, possibly due to the decrease in cell density and inactivation of
microglia cells in the LC region. However, the treatment did not reverse the increased
sensitivity to CO; during wakefulness in room air. Similarly, we did not observe a decrease
in the expression of beta-amyloid peptide in the LC region after treatment. Our finding
suggests that minocycline effectively reduced cognitive impairment, which is possibly
associated with LC microglia inhibition but failed to suppress beta amyloid expression and

normalize CO; ventilatory response.

Keywords: microglia, minocycline, locus coeruleus, streptozotocin, Alzheimer
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2 INTRODUCTION

Alzheimer's disease (AD) is characterized by the extracellular accumulation of beta-
amyloid peptide (BA;.42) that forms the senile plaques (BLENNOW et al., 2015) and by
formation of intracellular neurofibrillar tangles (NFTs), which arise from the collapse of the
neuronal cytoskeleton, resulting from the hyperphosphorylation of the Tau protein associated
with the microtubule (JACK et al., 2018; VILLEMAGNE et al., 2015). In the progression of
AD these biomarkers promote reduction in synaptic density, neuronal and axonal damage
and neuroinflammation (ARENDT, 2009; BOS et al., 2019; MILA-ALOMA et al., 2020;
NORDENGEN et al., 2019).

In fact, neuroinflammation in AD results from the activation of microglia cells in
response to the formation of amyloid plaques and/or hyperphosphorylation of tau protein
(CAGNIN et al., 2001; MAWUENYEGA et al., 2010; TEJERA; T. HENEKA, 2016). Under
normal circumstances, activated microglia plays a neuroprotective role, secreting several
pro-inflammatory cytokines and chemokines that recruit additional microglia and astrocytes
to the inflammatory site (GUERRIERO et al.,, 2017; SARDI et al.,, 2011; TEJERA; T.
HENEKA, 2016). In sporadic cases of AD, inefficient clearance of Ap by microglia has been
identified as a major pathogenic pathway (MAWUENYEGA et al., 2010). Furthermore,
prolonged activation of proinflammatory cytokines affects the activity of the beta secretase
enzyme, which is responsible for the cleavage of the beta-amyloid precursor protein (APP) in
the formation of amyloid beta peptides (HICKMAN; ALLISON; EL KHOURY, 2008;
MCGEER; MCGEER, 2013; SASTRE et al., 2006; SASTRE; WALTER; GENTLEMAN,
2008). This process results in elevation of Ap burden which again activate more microglia,

developing a vicious neurotoxic cycle (GRATHWOHL et al., 2009; STANDRIDGE, 2006).
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The released cytokines increase the neurodegeneration of adjacent neurons that add to the
inflammatory process, triggering a of cellular deterioration (Cai et al., 2011; Latta et al.
2015; Heneka et al. 2015, Salter & Stevens, 2017). Indeed, many observations supports that
microglial activation triggered by AP is likely an early event in AD pathology (JANELSINS
et al., 2005; STANDRIDGE, 2006).

In our previous study, we demonstrated that STZ rats showed increased A peptide in
the LC region that is possibly leading to an augmented sensitivity to CO,, an increase in the
percentage of time in the awake state and cognitive impairment (VICENTE et al., 2018). In
addition, we found no evidence of increased expression of TAU and AP peptide in the
hippocampus region. These molecular findings data lead us to suggest that STZ-rats are in
the initial stage of the progression of AD (BRAAK; DEL TREDICI, 2011a; GRUDZIEN et
al., 2007; P. et al., 2017). It has been shown that LC is one of the first regions affected in the
progression of AD and clinical evidence suggests that aberrant tau accumulation in this
region may be a critical early step in AD progression (BRAAK; DEL TREDICI, 20113;
RORABAUGH et al., 2017). Hence, the increased expression of the AP peptide in the LC
region may cause an initial neuroinflammation that contributes to the cognitive and
physiological deficits found in the model. Thus, interrupting the initial process of AD by
drugs may represent a therapeutic target in minimizing and/or reversing the molecular
pathological events that are reflected in the cognitive and physiological problems of patients
with AD.

Minocycline has been demonstrated to be capable of preventing buildup of B-amyloid
(AP) or tau accumulation and also reduces interleukin and tumor necrosis factor levels

(FERRETTI et al., 2012; LI et al., 2018; PARACHIKOVA et al., 2010; XU et al., 2020).
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Minocycline is a second generation derivative of tetracycline with strong anti-inflammatory
and anti-apoptotic agent (BUDNI et al., 2016; GARRIDO-MESA; ZARZUELO; GALVEZ,
2013a). The anti-inflammatory properties of this drug are possibly due to its ability to inhibit
mitogen-activated protein kinase p38 (p38 MAPK) and matrix-9 metalloproteinase (MMP-9)
(HUNTER et al., 2004; KIM; SUH, 2009; SCHIEVEN, 2009). Since protein kinase p38
regulates the production of inflammatory mediators, its inactivation by the action of
minocycline may reduce cytokines released in excess providing neuroprotection against
neuronal damage from neuroinflammation (BUDNI et al., 2016; SCHIEVEN, 2009). In this
scenario, the present study evaluated the treatment of minocycline on cognition, ventilation,
sleep-wake cycle, expression of amyloid beta peptide and microglia morphology in the LC

region in a sporadic model for AD.
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3 MATERIAL AND METHODS

3.1 Animals

We used Wistar rats 3-4 months old (weight 300-350 g). The animals were
maintained in temperature-controlled chamber at 24-26° (ALE 9902001; Alesco Ltda.,
Monte Mor, SP, Brazil) with a 12:12- h light/dark cycle, and had free access to water and
food. The experiments were performed between 08.00 a.m. and 17.00 p.m.

The study was conducted according to the guidelines of the Brazilian College of the
National Council for the Control of Animal Experimentation (CONCEA, MCT, Brazil) and
with the approval of-the Faculty of Agricultural and Veterinary Sciences and Animal Care,

Use Committee (CEUA, FACV-UNESP, Jaboticabal campus; Protocol ne 05796/19).

3.2 Surgical procedures
All surgical procedures were performed under anesthesia with an intraperitoneal
injection of 100 mg/kg of ketamine (Union National Pharmaceutical Chemistry S/A, Embu-
Guacu, SP, Brazil) and 10 mg/kg of xylazine (Laboratories Calier S/A Barcelona, Spain).
Postoperatively, the animals were treated with antibiotic (enrofloxacin, 10 mg/kg,
intramuscular) and analgesic (flunixin meglumine, 2.5 mg/kg, subcutaneous) agents and 3mL

of 0.9% sodium chloride solution for fluid reconstitution.

3.2.1 Sporadic Alzheimer's Disease Model

Similar to our previous studies (VICENTE et al., 2018, 2020) the model for sporadic
model for AD was induced by pressure injection of a subdiabetogenic dose of STZ (2
mg/kg,) into both lateral ventricles of the brain (2uL per side). The control group received

vehicle 0.05 mol/L citrate buffer, pH 4.5. The rats were fixed to a Kopf stereotaxic apparatus
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(David Kopf Instruments, Tujunga, CA, USA). The scalp was incised over the sagittal
suture, the periosteum was excised, and two small bilateral orifices were made using a
sterilized dental drill to access both lateral ventricles of the brain, where icv injections were
to be applied. The following coordinates were used: —0.8mm posterior, £1.4mm lateral, and
—4.4 below bregma (PAXINOS; WATSON, 2007). For the microinjection of drug and
vehicle, a 5-pL Hamilton syringe was used, linked to a PE 10 polyethylene tubing, connected
to a gengival needle for the application. Thirty days after icv injection, rats were submitted to
the behavioral, respiratory, or molecular tests. The respiratory and microglia tests were
performed in a same group of animals, whereas the behavioral and - amyloid tests were

performed in the same group.

3.2.2 Electroencephalogram (EEG) and electromyogram (EMG) electrodes

For analysis of ventilation and time spent in the different phases of the sleep-wake
cycle, we performed the surgery to implant EEG and EMG electrodes (VICENTE et al.,
20164, 2018). Seven days before the experiments three EEG electrodes were introduced: the
frontal electrode, located 2 mm anterior to bregma and 2 mm lateral to the midline; the
parietal electrode, positioned 4 mm anterior to the lambda and 2 mm lateral to the midline;
and the electrode “ground” which was inserted between the frontal and parietal electrodes.
For EMG recordings, a pair of electrodes were inserted deep into the neck musculature of the

rats.

3.3 Body temperature
For temperature measurements during experiments, on the same day as implantation

of the electrodes, the rats underwent a second surgery for the implantation of a temperature
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datalogger (SubCue Dataloggers, Calgary, Canada) into the abdominal cavity through a
midline laparotomy. The datalogger was programmed to acquire body temperature (Tb) data

every 5 min.

3.4 Minocycline treatment

We performed the treatment with minocycline (M9511, Sigma-Aldrich, St Louis,
MO, USA) that started 5 days before the behavioral and/or respiratory experiments, at a dose
of 30 mg / kg, via intraperitoneal injection (ip) (LIMA-SILVEIRA et al., 2019;
MIYAMOTO et al., 2016; SILVA et al., 2018). Minocycline was daily prepared (30 mg
minocycline for 1 mL vehicle / Vehicle, pH adjusted to 7.4) and the animals received a daily
dose of the vehicle (50% saline + 50% distilled water) or minocycline for 5 days. Rats were
randomly divided into 4 groups: Group 1- rats that received icv vehicle + ip Vehicle
(Vehicle-Vehicle); Group 2- rats that received icv STZ + ip Vehicle (Vehicle-STZ); Group
3- rats that received icv vehicle + ip minocycline (Minocycline-Vehicle) and Group 4- rats

that received icv STZ + ip minocycline (Minocycline-STZ).

3.5 Behavioral test
To assess the effect of minocycline treatment on cognition and spatial memory we
used the Barnes maze. The Barnes maze test consists of a non-aquatic test for memory and
spatial learning (SHARMA; RAKOCZY; BROWN-BORG, 2010). The maze was made from
a circular, 13-mm thick, white PVC platform (110-cm diameter) with twenty holes (10 cm in
diameter, 7.5 cm between each hole) and it was divided into target hole (T), opposite hole
(OP), 9 holes clockwise (1 to 9, counting from T), and 9 holes counterclockwise (-1 to -9,

counting from T). The escape cage, below the T hole, had walls covered with black plastic to
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make the inside dark and attractive to the rats. The platform was also illuminated with a
fluorescent white light and visual cues (colored geometric figures) were placed around the
labyrinth as points of spatial reference for the animal to escape from the open platform to the
“target hole” These clues were not removed throughout the experiment. After testing each
rat, as explained below, the whole maze was cleaned using 10% ethanol to avoid olfactory
cues and the platform was rotated to avoid intra-maze odor or visual cues. All sessions were
recorded by a video camera for further analysis. Prior to testing (probe day), training sessions
were performed over 5 days to familiarize the animals with the maze and to allow them learn
the location of the escape zone. The learning (acquisition phase) and memory (probe test)

protocol was used the same as that performed in our previous study (VICENTE et al., 2018).

3.5.1 Experimental Protocol Behavioral test

In acquisition phase, we evaluated spatial learning through latency to enter the target
hole. These step consisted of 4 trials (T1-T4) per day with an inter-trial interval of 15 min for
4 consecutive days (D1-D4), during which a rat could explore the maze for 3 min in each
trial. The end of the trial was considered when the animal entered the target hole. Therefore,
the animal was allowed to stay inside the dark cage for 1 min and, after this period, was
returned to its home cage. If the animal had not entered in the target hole after 3 min from
the beginning of the test, it was gently coerced to the target hole.

In the probe trial, we evaluated memory consolidation. After the last training day, the
escape cage was removed, while the maze was maintained in the same position as in the
training days. The animal was allowed to explore the maze for 90 s. The probe trial was
performed in order to determine whether the animals remembered the location of the target

hole. The number of times (pokes) the animal searched for the “target hole” was used as a
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memory consolidation index (ADAMS et al., 2002; SHARMA; RAKOCZY; BROWN-

BORG, 2010; SUNYER et al., 2007).

3.6 Respiratory Test

3.6.1 Ventilation

To evaluate the effect of minocycline treatment in respiratory sensitivity to CO, and
hypoxia, we used the whole-body plethysmography method to measure of pulmonary
ventilation (Vg) (BARTLETT; TENNEY, 1970; DRORBAUGH; FENN, 1955). Briefly, the
rats were kept in a 5-L chamber ventilated with room air or a hypercapnic gas mixture
containing 7% CO, (White Martins, Sertdozinho, Brazil) or a hypoxia gas mixture containing
10% O, (White Martins, Sertdozinho, Brazil) in low ambient noise conditions (VICENTE et
al., 2018). The flow rate of the inflow gas into the animal chamber was monitored by a
flowmeter (model 822-13-OV1- PV2-V4, Sierra Instruments, Monterey, CA). During
measurements, the flow was interrupted, and the chamber was sealed for short periods of
time (approximately 2 min); the pressure oscillations due to respiration were monitored by a
differential pressure transducer (TSD 160A, Biopac Systems, Santa Barbara, CA). The
signals were fed into a differential pressure transducer (DA 100C, Biopac Systems), passed
through an analog-to-digital converter, and digitized on a microcomputer equipped with data
acquisition software (MP100ACE, Biopac Systems). The sampling frequency was 1 kHz.
The results were analyzed using the data analysis software Acgknowledge (v. 4.2.3 data
acquisition system, Biopac Systems). Tidal volume (V) and respiratory frequency (fR) were
calculated to estimate ventilation per breath. Tidal volume (V1) was calculated applying

Drorbaugh & Fenn’s formula (1955):
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V1 =VK X (PT/PK) x TB x (PB - PC) / TB X (PB - PC) - TA X (PB — PR),

where PT is the pressure deflection associated with each Vr, PK is the pressure
deflection associated with the injection of the calibration volume (VK), TA is the air
temperature in the animal chamber, PB is the barometric pressure, PC is the water vapor
pressure in the animal chamber, Tb is the body temperature, and PR is the vapor pressure of
water at Th. The VE was calculated as the product of the fR and the V1. Ventilation and V+
are presented under conditions of ambient barometric pressure, at Th and saturated with
water vapor (BTPS). Body temperature was monitored by temperature datalogger (SubCue
Dataloggers, Calgary, Canada) and the air temperature in the animal chamber was constantly
monitored using a thermoprobe (model 8502-10, Cole Parmer, Chicago, IL, USA). The
animal chamber was considered saturated because of a water lane in the bottom separated
from the animal by a grid, and so the Pc was calculated indirectly using an appropriate table
(BERNARDS, 1976). The calibration for volume was obtained during each experiment by

injecting the animal chamber with 1mL of room air.

3.6.2 EEG and EMG signals

The effect of minocycline on ventilation in sleep and wakefulness and on sleep-wake
cycle of animals was analyzed using EEG and EMG records. Similar to other previous
studies, the signals from the EEG and EMG electrodes were sampled at 1 kHz, filtered at
0.3-50 and 0.1-100 Hz, respectively, and recorded on a computer (NATTIE; LI, 2002;
VICENTE et al.,, 2016b). Both wakefulness and NREM sleep states were observed

consistently through the experiments, but periods of rapid eye movement (REM) sleep were
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short and were not present in every experiment; thus, REM sleep phases were excluded from

the analysis (VICENTE et al., 2016b).

3.6.3 Experimental Protocol Respiratory Test

The animals were placed in a plethysmographic chamber and Ve was recorded. The
chamber was initially ventilated with moist atmospheric air (21% O,) for an acclimation
phase of at least 30 min. Ventilation control measurements were first performed during
normocapnia for 63 min. Then, the animals were submitted to hypercapnia for 63 min, where
the chamber was ventilated with a gas mixture containing 7% CO,, 21% O, and balanced
with N2 (White Martins Gases Industriais Ltda, Osasco, SP). After hypercapnia, the chamber
was ventilated with atmospheric air again for recovery of baseline Vg for 60 min. Finally, the
animals were submitted to hypoxia for 63 min, where the chamber was ventilated with a gas
mixture containing 10% O, and equilibrated with N, (White Martins Gases Industriais Ltda,
Osasco, SP). The order of exposure to hypercapnia and hypoxia was randomly reversed. The
ventilatory measures were analyzed at 7, 14, 21, 28, 35, 42, 49, 56, and 63 min after gas
exposure. Then, based on the sleep/wake cycle, for the "Vg measurements, we selected the

phases when the animals were either in wakefulness or in sleep.

3.7 Molecular Test

3.7. f-amyloid peptide expression in the Locus coeruleus

For the study of the effect of minocycline on the expression of amyloid beta peptide
in the LC region, we used the western blotting technique similar to previous study
(VICENTE et al., 2018). After behavioral experiments, rats were randomly selected out of
each group and the animals’ brains were quickly removed, frozen in liquid nitrogen, and held
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at —80°C until dissection. In a cryostat at —22°C, the brains were coronary-sectioned to find
stereotaxic coordinates to LC (distance from bregma: —10.3 mm to —9.3 mm) (PAXINQCS;
WATSON, 2007). Samples of 1.0 -mm thickness were removed with a 15-gauge needle.
After homogenized, protein quantification in the tissue was performed using the Lowry
method (FAIM et al., 2019). Samples with 15 pg of protein were mixed with the sample
buffer and heated to 95° C for 5 minutes. The samples were submitted to SDS-PAGE on a
10% gradient bis-acrylamide gel, in a buffer, pH 8.3. After transfer, nonspecific sites on the
membrane were blocked with TBS-T buffer plus 5% bovine serum albumin (BSA) by 1 hour
at room temperature, under constant agitation. After washing the blocking solution with
TBS-T, the membranes were incubated overnight at 4°C, with the anti-beta amyloid (mouse
monoclonal-amyloid B-4, cat. sc-28365, Santa Cruz Biotechnology, 1:1000 dilution) in TBS-
T solution plus 3% BSA. The membranes were washed five times for 5 minutes with TBS-T
before adding the second peroxidase-labeled antibody (Santa Cruz Biotechnology), diluted 1:
5.000 in TBS-T plus 5% BSA for 1 h at room temperature. Then the membranes were
washed five times for 5 minutes with TBS-T and then the chemiluminescence enhancer
(ECL) and the exposed film were added.

The bands were quantified using the ImageJ program, available for free download at

https://imagej.nih.gov/ij/download.html. The bands of the p-amyloid protein were

normalized by actin.
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3.8. Microglia Analyses

3.8.1. Immunohistochemistry for microglia cells in Locus coeruleus region

To confirm the neuroinflammation and the effect of the minocycline treatment in the
AD model, we performed the morphological analysis of the microglia cells of the LC. After
the experiments, the animals were perfused through the left ventricle of the heart with 0.9%
saline followed by the 4% paraformaldehyde solution (PFA) in 0.1 M sodium tetraborate
buffer (PFA / borax; pH 9.5 at 4C). Then, the brains were collected and fixed for 24 hours in
4% PFA / borax and placed in 20% sucrose for 48 hours at 4°C and finally they were frozen
and stored at -80°C. On the day of the immunohistochemistry, the brain was cut into a
cryostat in 40 pum coronal sections containing the LC region and the free-floating
methodology was used for microglia labelling (TENORIO-LOPES et al., 2017). Similar to
other studies, the labeling of microglia cells was performed by using the binding-adapter-
molecule 1 (Iba-1), a protein present in microglia cells (ANSORG et al., 2015; BALDY et
al., 2018a; KORZHEVSKII; KIRIK, 2016; TENORIO-LOPES et al., 2017, MARQUES et
al., 2021).

The tissue containing the LC region was washed with Tris-buffered saline solution
(TBS) at pH 7.4 for 10 minutes. Then, the endogenous activity of peroxidase was blocked for
30 minutes with 1% H,0, in TBS. The tissue sections was washed 3 times (5 minutes each)
in TBS, then the sections was incubated in blocking solution (1% BSA / 0.4% Triton X-100
in TBS) for 2 hours. The sections was then incubated with the primary antibody rabbit
monoclonal anti-lIba-1(1:750; Cell Signaling Technology, Cat # 17198) for 12-18 hours at
4°C. Sections were then washed 3 times again (10 minutes each) in TBS before incubation

with the secondary antibody goat anti-rabbit 1gG biotinylated (1:200-Vector Laboratories,
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Cat #BA-1000-1.5) for 3 hours at room temperature. After incubation with the secondary
antibody, the slices were washed 3 times in TBS (5 minutes each) and the avidin-biotin-
peroxidase complex method (ABC-Vector Laboratories) were used and the sections were
incubated for 2 hours. The slices were incubated in 0.5% H,O to decrease the endogenous
peroxidase activity (and background signal) (Ansorg et al., 2015). A final wash was
performed in TBS (3 times, 10 min each) and the nickel chloride diaminobenzidine
peroxidase method was used to reveal biotinylated secondary antibody (SigmaFast™ DAB

with metal enhancer; Sigma Aldrich, St. Louis, MO, USA).

3.8.2. Microglia morphology in LC

Similar procedures described previously were used to analyze cell density, microglia
morphology (mean soma area, mean arborization area, mean width and height of the
arborization) and nearest neighbor distance (NND) using the Image J (NIH software, U.S.
National Institutes of Health System) (BALDY et al., 2018a). We used 20X magnification
objective for microglial density analysis and 40X magnification objective for cell body and
arborization area measurements. For all parameters, analysis was performed on the right and
left side of the LC.

The values used to calculate the cell density were given by the ratio between the total
number of cells in the total area analyzed (LAWSON et al., 1990; VERDONK et al., 2016).
The increase in the number of cells was indicative that the microglia cells may be being
recruited in response to a stimulus. Within each structure, microglia morphology was
evaluated by delineating manually the arborizations and cell bodies of 10 microglial cells;
these values were used to calculate the morphological index (soma area/arborization area)

(BALDY et al, 2018b; VERDONK et al., 2016, MARQUES et al., 2021). The
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morphological index allows us to state that the variables considered favor the activated form
of microglia cells, in relation to the resting form (TREMBLAY et al., 2010; VERDONK et
al., 2016). After analyzing the morphology of 10 cells (as mentioned before), we selected
those cells and all microglial cells closely to them and performed a point with 14 pixels in
each microglia soma to exclude artefacts for subsequent analyzes using the plugin NND
developed by Y. Mao in the Image J software. So, we measured the nearest neighbor

distance (NND) between microglia as an indicator of cell motility (STOWELL et al., 2018).

3.9 Quantitative real-time RT-PCR

After behavioral experiments, rats were randomly selected out of each group and the
animals’ brains were quickly removed, frozen in liquid nitrogen, and held at —80°C until
dissection. In a cryostat at —22°C, the brains were coronary-sectioned to find stereotaxic
coordinates to LC (distance from bregma: —10.3 mm to —9.3 mm) (PAXINOS; WATSON,
2007). Samples of 1.0 -mm thickness were removed with a 15-gauge needle and rapidly
homogenized in 500 ul of TRI Reagent (SigmaAldrich) reagent at 4°C. Total cellular RNA
was purified from tissue according to the manufacturer’s instruction. The purity of total RNA
was measured with a spectrophotometer and the wavelength absorption ratio (260/280 nm)
was between 1.8 and 2.0 for all preparations. Reverse transcription was performed with a
reverse transcription reaction (Superscript 1l; Invitrogen, Thermo Fisher Scientific,Waltham,
MA, USA). Real-time PCR was performed using primers specific for the rats genes TNF-a,
IL-10 and IL-p the levels of each gene were normalized to the levels of the rats Gapdh gene.
Reactions were conducted on the ABI Prism 7500 Sequence Detection System using the
SYBR-green fluorescence system (Applied Biosystems, Thermo Fisher Scientific, Waltham,

MA, USA). The results were analyzed by the method of quantitative relative expression
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2% as previously described.35 Primer pairs for murine Gapdh, TNF-o, IL-10 and IL-B

were as follows:

IL-1B F GAAGTCAAGACCAAAGTGG
IL-1B R TGAAGTCAACTATGTCCCG
TNF-a F CAAGGAGGAGAAGTTCCCA
TNF-a R TTGGTGGTTTGCTACGACG
IL-10 F TAAGGGTTACTTGGGTTGCC
IL-10R TATCCAGAGGGTCTTCAGC
GAPDH F GTTTGTGATGGGTGTGAACC
GAPDH R TCTTCTGAGTGGCAGTGATG

3.10 Statistical Analysis

Behavioral data were analyzed using two-way ANOVA followed by Holm-Sidak
post-test. The results of ventilation, sleep/wake cycle and body temperature in room air,
hypercapnic, and hypoxic conditions were evaluated by two-way ANOVA, followed by
Bonferroni post-test. The quantification of AP peptide, microglia parameters and cytokines
mRNA were validated through one-way ANOVA. The significance level adopted for all

results was p < 0.05. Group data are presented as mean + SEM.
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4 RESULTS

4.1  Minocycline improves learning and memory in the STZ-AD model

Similar to VICENTE et al. (2018), in the acquisition phase, the latency of the STZ-
AD model to find the target hole during trials was greater over the time compared to the
control animals (Vehicle-STZ: Day 1:T1 166.4 £ 13.6 vs Day 4:T4 57.9 £ 21.1 seconds) vs
(Vehicle-Vehicle: Day 1:T1 135.9 £ 10.4 vs Day 4:T4 5.6 + 1.07 seconds) (p < 0.05; two
way ANOVA) (Fig. 1B). This difference between Vehicle animals (STZ vs vehicle)
remained at the average of trial per day (Fig. 1A). During the acquisition phase, minocycline
treatment in STZ rats reduced the time to find the target hole in the platform during trials on
days 1 and 2 compared to STZ group treated with Vehicle (Day 1- Minocycline-STZ: 106.3
+ 17.4 vs Vehicle-STZ: 159.0 + 14 seconds) and 2 (Day 2- Minocycline-STZ: 54.3 £ 16.2 vs
Vehicle-STZ: 117 + 21.3; p < 0.05; two way ANOVA) (Fig. 1B). No difference between
treatments was observed on days 3 and 4 (Fig. 1B). However, when analyzing the average
training per day, we observed that minocycline treatment improved the performance on the
platform over the days in STZ rats (Fig. 1A). In addition, treatment with minocycline in the
vehicle did not alter the performance on the platform compared to the Vehicle-vehicle group.

On the test day, the average number of pokes of the in the target hole was lower in
STZ rats compared to the vehicle (Vehicle-STZ: 2.2 £ 0.3 vs Vehicle-Vehicle 6.6 + 2.9; p <
0.05, two-way ANOVA). After treatment with minocycline, STZ rats improved the
performance on the platform due to the increased number of pokes compared to the Vehicle-
STZ-group (Minocycline-STZ: 3.7 = 0.9 vs Vehicle-STZ: 2.2 £ 0.3 p < 0.05, two-way

ANOVA) (Fig. 1C). There was no significant difference between treatments in the other
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holes of the platform. In addition, the performance on the platform was not different between

Minocycline-Vehicle and Vehicle-Vehicle groups.
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Figure 1. Minocycline improves learning and memory in the STZ-AD model. A) Minocycline treatment (30 mg/kg, i.p,
5 days) on time to reach the target hole in seconds of the Vehicle (control and STZ) vs Minocycline (control and STZ)
groups in the 4 training sessions per day (1st to 4th day). B) The average time per day to find the target hole in seconds of
the Vehicle (control and STZ) vs Minocycline (control and STZ) groups. C) Number of attempts to enter into the holes inthe
platform test pattern in the control and STZ group. Values are expressed as mean + SEM. * indicates a significant difference
between the Vehicle-STZ vs Minocycline-STZ. + indicates a significant difference in the Vehicle (Vehicle vs STZ) groups.
# indicates a significant difference between the Minocycline (Vehicle vs STZ) groups.
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4.2  Minocycline treatment did not restore CO, sensitivity during wakefulness
in the STZ-AD model

We did not observe differences between groups in respiratory variables in room air
conditions during wakefulness (Figs. 2 and 3). In hypercapnia and hypoxia, all groups
showed a significant increase in ventilation when compared to room air conditions (p <
0.0001; two-way ANOVA) (Figs. 2 and 3).

Similar to our previous study, under hypercapnia we observed that the Vehicle-STZ
animals increased ventilation compared to vehicle animals during wakefulness (Vehicle-
STZ: 2479.1 + 125.5 vs Vehicle-Vehicle: 1930 + 70.2 mL. Kg™*. min™’; p <0.05; two-way
ANOVA) and this effect was due to the increase in V (Vehicle-STZ: 17.9 £ 0.6 vs Vehicle-
Vehicle: 13.4 + 0.5 mL. Kg'*; p <0.05; two-way ANOVA). Minocycline treatment did not
reverse the increase in ventilation under hypercapnia in the awake in the STZ animals
(Minocycline-STZ: 2581.3 + 92.2 vs Vehicle-STZ: 2479.1 + 125.5 mL. Kg™). In addition,
we observed no difference between Minocycline-Vehicle and Vehicle-Vehicle groups.

Hypoxia caused a similar increase in "Vg in all groups due to an increase in fR (Fig.
3). No difference was observed between treatments.

Minocycline treatment did not change ventilatory parameters under normocapnia
conditions in the groups during NREM sleep (Fig. 2). Both hypercapnia and hypoxia

promoted a similar increase in ventilation in both groups, with no difference between them

(Fig. 3).
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Figure 2. Minocycline treatment did not restore CO, sensitivity during awake state in the STZ-AD
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Figure 3. Minocycline treatment does not affect respiratory parameters during hypoxia. Minocycline
treatment (30 mg/kg, i.p, 5 days) on (Vg), tidal volume (V1) and respiratory frequency (fR) during walkefuness
(A) and NREM sleep (B) under room air and hypoxia (10% CO,) in vehicle vs STZ-AD groups. Values are
expressed as mean £ SEM. + indicates a significant difference in the Vehicle (Vehicle vs STZ) groups.
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4.3 Body temperature (Tb) was not altered by treatment with minocycline
Similar to Vicente et al (2018), no significant difference was observed between
treatments during room air conditions and hypercapnia (p > 0.05; two way ANOVA) (Fig.

4). Hypoxia caused a similar decrease in body Tb in the groups (Fig. 4).
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Figure 4. Body temperature (Tbh) was not altered by treatment with minocycline. The effect of
minocycline treatment (30 mg/kg, i.p, 5 days) on body temperature during room air, hypercapnia and hypoxia
in the vehicle and STZ groups. € indicates significant difference between hypoxia and room air.

4.4  Minocycline treatment did not decrease the percentage of time spent in
the awake state during room air, but changes the architecture of the sleep-wake during
hypoxia and hypercapnia in the STZ-AD model

Similar to our previous study, the STZ group spends more time in the awake state
compared to the Vehicle vehicle group during room air (Vehicle-STZ: 75.9 =+ 4.8 % vs
Vehicle-Vehicle: 53.9 + 3.8 %, p <0.05; One Way Anova) (Fig. 5A). The treatment with
minocycline did not alter the increase in the percentage of time spent in awake state in the

STZ model (Minocycline-STZ: 67.9 = 3.3% vs Vehicle-STZ: 75.9 + 4.8 %) (Fig. 5A).
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Consequently, in room air conditions, the Vehicle STZ group spends less time on NREM
sleep compared to the Vehicle vehicle (Vehicle-STZ: 22.7 + 4.4% vs Vehicle-Vehicle: 40.5
+ 3.1%, p < 0.05; One Way Anova) (Fig. 5A). Also, minocycline treatment did not reverse
the lowest percentage of sleep time in the STZ rats (Minocycline-STZ: 32.4 = 3.5% vs
Vehicle-STZ: 22.7 + 4.4%). Likewise, treatment with minocycline did not change the mean
duration of episodes of the wakefulness (Minocycline-STZ: 238.8 = 36.0 vs Vehicle-STZ:
825.3 £ 364.8 seconds) and NREM sleep (Minocycline-STZ: 123 + 16.0 s vs Vehicle-STZ:
92.5 + 14.1 seconds) (Fig 5A;). In addition, minocycline treatment did not affect the number
of episodes in wakefulness (Minocycline-STZ: 11.37 + 1.94 vs Vehicle-STZ: 9.0 £ 1.5) and
in NREM sleep (Minocycline-STZ: 11.5 + 1.2 vs Vehicle-STZ: 8.8 £ 1.5) (Fig. 5A,).

During hypercapnia (Fig. 5B), we observed that treatment with minocycline restored
the percentage of wakefulness (Vehicle-STZ: 91.0 + 2.5% vs Minocycline-STZ: 76.5 +
2.2%; p <0.05; One Way Anova) and NREM sleep time (Vehicle-STZ: 8.0 + 2.3% vs
Minocycline-STZ: 22.8 £+ 1.8%; p <0.05; One Way Anova) in the STZ model. However, we
did not observe any significant difference in the average duration of wakefulness (Vehicle-
STZ: 2062.6 + 452.9 vs Minocycline-STZ: 487.4 + 55.2 seconds) and NREM sleep (Vehicle-
STZ: 259.4 + 81.1 vs Minocycline-STZ: 147.9 £+ 14.7 seconds) (Fig. 5B;). Likewise, there
was no significant difference after treatment in the STZ model in the number of episodes in
each state wakefulness (Vehicle-STZ: 3.7 £ 0.9 vs Minocycline-STZ: 6.1 £ 0.7) and NREM
sleep (Vehicle-STZ: 3.5 £ 0.9 vs Minocycline-STZ: 6.0 + 0.6) (Fig. 5By).

Similar to hypercapnia, treatment with minocycline under hypoxia in the STZ model
restored the percentage of time spent wakefulness (Vehicle-STZ: 98.1 + 0.9% vs

Minocycline-STZ: 88.5 + 1.6%; p < 0.05, One Way Anova) and NREM sleep (Vehicle-STZ:
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2.2 £ 0.9% vs Minocycline-STZ: 12.3 £ 2.1%; p< 0.05 One Way Anova) (Fig. 5C). This
effect occurred due to the reduction in the average duration of episodes of awake state
(Vehicle-STZ: 2985.7 + 384.9 vs Minocycline-STZ: 1081.6 = 371.7 seconds, p <0.05; One
Way Anova) (Fig. 5C;) and to the increase in the number of NREM sleep episode (Vehicle-
STZ: 1.2 £ 0.4 vs Minocycline-STZ: 4.7 + 0.2 seconds; p <0.05, One Way Anova) (Fig.

5Cy).
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Figure 5. Minocycline treatment did not decrease the percentage of time spent in the awake state during room air in STZ-
AD model. The effect of minocycline treatment (30 mg/kg, i.p, 5 days) on the percentage (%) of time spent in each state during
room air (A), hypercapnia (B) and hypoxia (C). The duration of episodes in seconds during rooim air (A,), hypercapnia (B;) and
hypoxia (C;). The number of episodes during room air (A2), hypercapnia (B2) and hypoxia (C2) in Vehicle (Vehicle vs STZ) and
Minocycline (Vehicle vs STZ) groups. Values are expressed as mean £ SEM. * indicates a significant difference between the
Vehicle-STZ vs Minocycline-STZ. + indicates a significant difference in the Vehicle (Vehicle vs STZ). # indicates a significant
difference in the Minocycline (Vehicle vs STZ).
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4.5 Minocycline treatment did not attenuate the increase in beta amyloid
peptide expression in the LC region in the STZ-AD model.

In the same way as our previous study (Vicente et al. 2018), the Vehicle STZ-AD rats
showed a 70% increased expression of the amyloid beta peptide compared to the Vehicle
vehicle in the LC region (p <0.05, One Way ANOVA) (Fig. 6). Minocycline treatment did
not affect the increased expression of beta amyloid peptide in the STZ model (% B-amyloid:

71%) (Fig. 6).
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Figure 6. Minocycline treatment did not decrease the increase in beta amyloid peptide expression in the
Locus coeruleus region. The effect of minocycline treatment (30 mg/kg, i.p, 5 days) on the expression of Ap
protein in the Locus coeruleus region. The values are expressed as percentage values in relation to the control
group (100%). Values are expressed as mean + SEM. + indicates a significant difference in the Vehicle

(Vehicle vs STZ) groups . # indicates a significant difference in the Minocycline (Vehicle vs STZ) groups.
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4.6  Minocycline treatment attenuates the increase in cell density and
inactivated microglia cells of the LC region in the STZ-AD model.

Our STZ-AD model presented an increase in microglia cell density compared to the
vehicle (Vehicle-Vehicle: 0.4 + 0.05 vs Vehicle-STZ: 0.9 + 0.06 cells/um?; p<0.05, One way
ANOVA) as indicative of response to a stimulus (Fig 7A). Minocycline treatment partially
attenuated the increase in cell density in the STZ-AD model (Vehicle-STZ: 0.9 £ 0.06 vs
Minocycline-STZ: 0.7  0.02 cells/um?; p<0.05, one way ANOVA) (Fig. 7A). Also, STZ-
AD rats presented a decrease in arborization area (Vehicle-STZ: 264.8 + 75.9 vs Vehicle-
Vehicle: 647.7 + 44.7 um?) (Fig. 7C) and an increase in the cell body (Vehicle-STZ: 4.64 +
1.03 vs Vehicle-Vehicle: 2.57 + 0.28 pm?; p<0.05, one way ANOVA) of the microglia cells
compared to the control group as indicative of the microglia activated state (Fig. 7D and 8B).
Minocycline treatment was able to increase arborization area (431.7 + 43.0 pm?; p <0.05,
one way ANOVA) (Fig. 7C) and decrease the cell body (2.9 + 0.4 um?) of the microglia cells
in the STZ-AD model, partially reverting the effect of STZ, indicating a shift to the resting
state (Fig. 7D and 8B). The resting state can be confirmed by the morphological index,
which decreased after treatment with minocycline in the STZ-AD model (Vehicle-STZ:
0.022 vs Minocycline-STZ: 0.008; p <0.05, one way ANOVA) compared to the control
group (Vehicle-Vehicle 0.004; p <0.05, one way ANOVA) (Fig 7E). In addition, STZ-AD
rats present an approximation of the microglia cells due to the shorter distance between them
compared to the vehicle group (Vehicle-Vehicle: 27.4 + 1.2 vs Vehicle-STZ: 17.6 = 0.9 um;
p <0.05, one way ANOVA) (Fig. 7B), however, treatment with minocycline did not change
the distance between the cells in STZ-AD group (Minocycline-STZ: 21.1 + 0.8 vs Vehicle-

STZ:17.6 £ 0.9 um) (Fig 7B and 8).
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Figure 7. Minocycline treatment decreases the increased cell density and inactivated microglia cells of the
Locus coeruleus region in the STZ-AD model. A) The effect of minocycline treatment (30 mg/kg, i.p, 5 days)
on microglial cell densities (cells/um?); B) distance between microglia cells NND (um); C) arborization area
(um?); D) cell body (um?) and E) morphological index in Vehicle (Vehicle vs STZ) and Minocycline (Vehicle
vs STZ) groups. Values are expressed as mean = SEM. * indicates a significant difference between the Vehicle-
STZ vs Minocycline-STZ. + indicates a significant difference in the Vehicle (Vehicle vs STZ). # indicates a
significant difference in the Minocycline (Vehicle vs STZ).
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Figure 8. Minocycline treatment inactivated microglia cells of the Locus coeruleus region in the STZ-AD model. A)
Schematic representation of the Locus coeruleus (LC; Bregma —9.96; Paxinos and Watson, 2005), where Iba-1 staining was
analyzed. Photomicrographs of Iba-1-immunopositive cells, obtained in sections from animals, are represented. B) In each
panel, the high-magnification inset illustrates representative the effect of minocycline treatment (30 mg/kg, i.p, 5 days) on
morphology of microglia in animals in the Vehicle (vehicle and STZ-AD) and Minocycline (vehicle and STZ-AD) groups (
40x, microscopic). Note that it is possible to observe that the cells of the microglia of the STZ-AD group have a cell body
increased and arborization area decreased compared to the control group. After the treatment, it is possible to observe a
decrease in the cell body and an increase in arborization area in the STZ-AD model. 4V = four ventricle, LC= locus
coeruleus
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4.7 Minocycline treatment did not alter TNF-¢, 7/-10, IL-f mRNA relative expression
to GAPDH level in Locus coeruleus region.

We did not observe any difference in relative expression of TNF-o and IL-f mMRNA
between treatments. The relative expression of IL-10 mRNA is increased in the STZ-AD
model compared to the vehicle (Vehicle-Vehicle: 0.08 £ 0.01 vs Vehicle-STZ: 1.43 £ 0.7; p
<0.05, one-way ANOVA). And minocycline treatment did not promote significant changes

(p > 0.05, one-way ANOVA).
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Figure 9. Minocycline treatment did not alter TNF-a, 1I-10, IL-p mRNA expression relative to GAPDH
level in Locus coeruleus. Values are expressed as mean + SEM. + indicates a significant difference in the
Vehicle (Vehicle vs STZ).

169



5 DISCUSSION

The present study demonstrated that treatment for five consecutive days with
minocycline in the STA-AD model is capable of improving learning and memory as well as
restoring the percentage of time spent on wakefulness and sleep during conditions of
hypercapnia and hypoxia. These results might be related to change in microglia morphology
in LC region, since the minocycline treatment attenuates the rise in morphological index,
decreases the cell density and partially restored the mean arborization area. However, the
treatment did not reverse the increased sensitivity to CO, during wakefulness and increase
relative expression of IL-10 mRNA. Likewise, we did not observe a decrease in the
expression of beta-amyloid peptide in the LC region after treatment. In addition, the drug
does not affect body temperature in different gaseous conditions.

Similar to our previous study, our data demonstrated that the STZ-AD model shows
increased expression of amyloid beta peptide in LC area (VICENTE et al., 2018) and an
activation and agglomeration of microglia cells in the LC which is an indicative of a
neuroinflammatory condition in the sporadic model of AD. Our hypothesis is supported by
numerous studies that reported the activation and agglomeration of the microglial and release
of pro-inflammatory cytokines due to the deposition of the amyloid beta peptide (BARGER;
BASILE, 2001; D.; V.; R., 2019; HENEKA, 2017; WHITEN et al., 2020; YANG et al.,
2011). In fact, we observed an increase in the relative expression of the IL-10
proinflammatory cytokine mRNA confirming neuroinflammation in our STZ-DA model.
Reactive microglia is capable of producing inflammatory and toxic substances, such as
reactive oxygen species, proteases and cytokines, which may trigger neuronal apoptosis.
These responses are important for the defenses against pathogens and tumor cells, but can be
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dangerous in uncontrolled situations, as in neurodegenerative diseases (Butovsky et al., 2006,
Davies et al., 2017, Habib and Beyer, 2015, Luo and Chen, 2012).

Studies in animal models and patients with AD have shown that chronic glial
activation stimulates neurodegenerative processes, such as cognitive dysfunction
(CALSOLARO; EDISON, 2016; HAMMERSCHMIDT et al., 2013; HENEKA et al., 2015;
HOOZEMANS et al.,, 2006). The release of pro-inflammatory cytokines by chronic
activation of microglia promote damage to neurons, compromising synapses such as long-
term potentiation (LTP) that are essential for neural plasticity in the formation of memory
and learning (CURRAN; O’CONNOR, 2001; FRAYLING et al., 2007; PICKERING;
O’CONNOR, 2007; RUBIO-PEREZ; MORILLAS-RUIZ, 2012; SHIN et al., 2014;
TOBINICK, 2009; WEAVER et al., 2002). Other studies have also revealed that amyloid 3
protein dimers and trimers reduce neuron dendrites and LTP (KLYUBIN et al., 2005;
SHANKAR et al., 2008; TOWNSEND et al., 2006; WALSH; SELKOE, 2007). Therefore,
we suggest that microglial activation in the LC together with the increased expression of the
amyloid B peptide is causing cognitive deficits in the STZ-AD model.

Along with the hippocampus and cortex, LC is a region recruited during memory
and learning processing (HANSEN; MANAHAN-VAUGHAN, 2015; LEMON et al., 2009;
NAKAHATA; YASUDA, 2018). Accordingly, failures in their connections, and / or
molecular changes in neurons or glial cells directly affect cognition as observed in the
present study in the STZ model (GANNON et al., 2015; GANNON; WANG, 2019; GHOSH
et al., 2020). Our suggestion is supported because we showed cognitive improvements in
STZ rats after minocycline administration corroborating other studies in rodents (BISCARO

et al., 2012; CAO et al., 2021; CHOI et al., 2007; CUELLO et al., 2010; FERRETTI et al.,
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2012; GARCEZ et al., 2017; HUNTER et al., 2004; PARACHIKOVA et al., 2010; WANG
et al., 2016). Pre-clinical studies that evaluated the effect of minocycline on cognitive
performance in AD models have associated the beneficial effect of the drug in reducing
inflammatory processes mediated by microglia activation, and / or by reducing neuronal
death, and / or by reducing main biomarkers (beta-amyloid protein (BA) and
hyperphosphorylation of the Tau protein) of AD that enhance the neuroinflammatory
condition present in AD (BISCARO et al., 2012; FAMILIAN et al., 2006; GARCEZ et al.,
2017; HUNTER et al., 2004; PARACHIKOVA et al., 2010; RYU et al., 2004). However, in
the present study, treatment with minocycline was not able to reduce the increased
expression of beta amyloid peptide in the LC region. Other studies have also failed to
observe a reduction in amyloid beta plaques after treatment with minocycline (BISCARO et
al., 2012; GARCIA-ALLOZA et al., 2007; SEABROOK et al., 2006). The increased
permanence of beta amyloid peptide expression would explain why the minocycline has
improved but not restored cognition in the STZ-DA model. Similarly, GARCIA-ALLOZA et
al. (2007), did not observe a reduction in beta amyloid plaques after treatment with
minocycline, but observed a reduction in excessive microglial activation. In agreement, we
suggest that the effect of minocycline may depend on the stages of AD. In such a way that,
intermediate stages the intervention with the drug may only be able to stop the accumulation
of the protein, but not the beta amyloid initially have changed.

There are few studies on the role of minocycline in respiratory parameters in AD
models. In this scenario, we bring the first evidence of a pharmacological treatment with
minocycline on respiratory symptoms in a model for AD. In relation to our STZ model,

treatment with minocycline did not restore increased sensitivity to CO, during wakefulness.
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These results suggest that microglial activation in LC may not be responsible for the
increased sensitivity to CO,. Similarly, STOKES et al. (2017) did not observe changes in
ventilation during hypercapnia after seven-days of treatment with minocycline. Thus, the
molecular results lead us to suggest that the increased expression of the beta amyloid peptide
in the LC is possibly causing the higher sensitivity to the hypercapnic chemoreflex in STZ
rats (Vicente et al. 2018) and since minocycline treatment did not reverse the molecular
changes, the physiological response remained augmented.

Studies involving the role of minocycline in sleep arise from the idea that microglia
release cytokines can regulate sleep (KRUEGER, 2008; NONAKA; NAKAZAWA,
KOTORII, 1983; OBAL; KRUEGER, 2003; WISOR; SCHMIDT; CLEGERN, 2011a). In
this regard, investigations in rabbits and rodents provided consistent evidence that pro-
inflammatory cytokines like TNF and IL-1 increase NREM sleep (Krueger et al., 2007; Obal
and Krueger, 2003). More recently, a study with humans found that reducing pro-
inflammatory signaling by using minocycline (200 mg in one day) can act towards deepening
NREM sleep and enhancing its memory forming efficacy (Besedovsky et al., 2016).
However, in the present study, treatment with minocycline was not able to reverse the
increase in time spent on awake state in the STZ-AD model under room air conditions. Drug
treatment also did not change the percentage of sleep in the vehicle group. Thus, in our
experimental protocol, our data suggest that microglia would not be responsible for the
results of the sleep-wake cycle in room air or higher doses of this drug is needed to change
sleep cycle. Different from our results, previous studies in humans and mice, observed that
NREM sleep time decreased and awake time increased after minocycline administration

(NONAKA; NAKAZAWA; KOTORII, 1983; WISOR; SCHMIDT; CLEGERN,
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2011a)(WISOR; SCHMIDT; CLEGERN, 2011b). These discrepancies may be related to
different doses and the treatment duration. In this regard, NONAKA et al. (1983) have used a
single dose of 200 mg in humans and Wisor et al. (2011) administered 45 mg/kg in mice for
8 days. In view of the controversial data in the literature, we need to be cautious in our
statements because our experiments were carried out within 1 hour of the light phase. In
addition, due to the limitation of the technique, we did not analyze REM sleep.

Similar to the ventilation results, we can suggest that minocycline may not minimize
the impact of beta-amyloid peptide expression in the LC region which is reflected in
responses during wakefulness. In this context, it is known that the neurons of the LC promote
the awake state through wide projections for the forebrain and neocortex (BERRIDGE, 2008;
BERRIDGE; WATERHOUSE, 2003). The noradrenergic neurons in this region are active
during wakefulness, reducing their firing rate during NREM sleep (no rapid yes movement)
and silencing during REM sleep (ASTON-JONES; FOOTE; SEGAL, 1985; HOBSON;
MCCARLEY; WYZINSKI, 1975; VICENTE et al., 2016b). Therefore, it is expected that
respiratory and the sleep-awake changes resulting from the alteration of this nucleus are
mainly in the awake as observed in this study. Nonetheless, we do not exclude the possibility
that other regions such as cortex are altered.

Interestingly, we observed that minocycline treatment restored the percentage of
total time spent awake and NREM sleep in gaseous stress conditions such as hypoxia and
hypercapnia in the STZ-AD model. This result suggests a possible role of microglia in the
modulation of sleep in the STZ animals during stress conditions. Since we observed the same
effect during hypercapnia and hypoxia, the results indicate that this response might be related

to stress condition and not to a specific gaseous condition. In addition, the inactivation of
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microglia by minocycline only changed the total awake and NREM-sleep time in the STZ
model, which exhibits a possible neuroinflammatory condition. Therefore, it is possible that
this effect is due to the reduction of the cytokines release and pro-inflammatory chemokines
or / and free radicals or / and nitric oxide or / and damage to neurons by the microglia.

In relation to the body temperature data, treatment with minocycline did not affect
the body temperature of the animals in the gaseous condition. Likewise, we observed that
hypoxia caused a similar drop in body temperature in all groups. Our findings are in
agreement with the literature that during hypoxia regulated there is a drop in temperature due
a fall in O, consumption (STEINER; ROCHA; BRANCO, 2002) and metabolic rate

(MORTOLA; REZZONICO, 1988).
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6. CONCLUSION

In summary, the present study demonstrated that acute treatment for five
consecutive days with minocycline in the STA-AD model is capable improve cognitive
dysfunction of as well as restoring the percentage of time spent on wakefulness and sleep
during conditions of hypercapnia and hypoxia. These changes might be related to alteration
in microglia morphology in LC region, since a minocycline treatment attenuates the rise in
morphological index, decreases the cell density and partially restored the mean arborization
Finally, the treatment with minocycline is promising to attenuate molecular dysfunctions
resulting from the activation of the microglia that result in the physiological problems

encountered in Alzheimer's patients.
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Abstract. Besides the typical cognitive decline, patients with Alzheimer’s disease (AD) develop disorders of the respiratory
system, such as sleep apnea, shortness of breath, and arrhythmias. These symptoms are aggravated with the progression of
the disease. However, the cause and nature of these disturbances are not well understood. Here, we treated animals with
intracerebroventricular streptozotocin (STZ, 2 mg/kg), a drug that has been described to cause Alzheimer-like behavioral
and histopathological impairments. We measured ventilation (Vg), electroencephalography, and electromyography during
normocapnia, hypercapnia, and hypoxia in Wistar rats. In addition, we performed western blot analyses for phosphory-
lated tau, total tau, and amyloid-B (AR) peptide in the locus coeruleus (LC), retrotrapezoid nucleus, medullary raphe,
pre-Botzinger/Botzinger complex, and hippocampus, and evaluated memory and learning acquisition using the Barnes
maze. STZ treatment promoted memory and learning deficits and increased the percentage of total wakefulness during
normocapnia and hypercapnia due to a reduction in the length of episodes of wakefulness. CO,-drive to breathe dur-
ing wakefulness was increased by 26% in STZ-treated rats due to an enhanced tidal volume, but no changes in Vg
were observed in room air or hypoxic conditions. The STZ group also showed a 70% increase of AR in the LC and no
change in tau protein phosphorylation. In addition, no alteration in body temperature was observed. Our findings sug-
gest that AD animals present an increased sensitivity to CO, during wakefulness, enhanced AP in the LC, and sleep
disruption.

Keywords: Breathing, chemosensitivity, dementia, hypoxia, locus coeruleus, streptozotocin

INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative
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[1]. AD is the most common cause of dementia,
affecting more than 45 million people worldwide [2].

ISSN 1387-2877/18/$35.00 © 2018 — IOS Press and the authors. All rights reserved


mailto:luciane.gargaglioni@unesp.br

2 M.C. Vicente et al. / Breathing Control in AD

This disease is characterized by the accumulation
of amyloid-B (AB) plaques, intracellular neurofib-
rillary tangles (NFTs) of hyperphosphorylated tau
protein, and decreased synaptic density, which even-
tually leads to widespread neurodegeneration and
loss of neurotransmitters [3]. The neurodegenera-
tion occurs in multiple areas of the brain, including
the hippocampus, cortex, amygdala, neocortex, and
brainstem structures [4—8].

AD is a multifactorial, neurodegenerative, age-
related disorder with multiple components involved
in its progression [9]. Therefore, the establishment
of animal models that reproduce human pathology
becomes complex. Despite this, the use of animal
models has been crucial in defining critical disease-
related mechanisms and has been at the forefront
of evaluating novel therapeutic approaches [10]. An
animal model that replicates many behavioral and
histological aspects of AD was created by the intrac-
erebroventricular (icv) injection of streptozotocin
(STZ) [11-14]. This drug promotes a decrement
in brain glucose/energy metabolism [11], which is
considered an incipient sign of AD [11-14], and
have been used to induce AD-like neurodegenera-
tion in rats, since the metabolic abnormalities found
in this model resemble those found in sporadic AD.
For instance, these animals display progressive loss
of memory and learning, increased brain ventricu-
lar volume, abnormalities in mitochondrial function,
increased tau phosphorylation and increased A3 pep-
tide in brain areas [15-17]. These morphological
changes result in damage and loss of neuronal cells
[18]. Therefore, the use of the icv STZ model rep-
resents a viable experimental approach to explore
changes involved in AD-like neurodegeneration in
rats.

Aside from severe cognitive deficits, epidemiolog-
ical studies have reported that up to 45% of patients
with AD have sleep disturbances, such as increas-
ing sleep fragmentation, nighttime awakenings, and
a greater tendency for daytime sleep [19, 20]. These
symptoms may occur at early stages of AD, but seem
to be correlated with a more severe cognitive decline
[21, 22]. In addition, it is known that over 70% of
institutionalized patients with AD exhibit respiratory
changes, and that these problems can contribute to
cognitive decline [23-26]. According to Gaig et al.
[25], obstructive sleep apnea may worsen or cause
cognitive impairment in AD. Furthermore, there is a
strong correlation of the severity of sleep-disordered
breathing with the severity of AD [26]. The late stages
of clinical AD are accompanied by shortness of breath

[27]. This evidence shows that regions responsible for
respiratory control are possibly changed.

There is a paucity of data in the literature on
the study of respiratory control in AD progression.
In this scenario, the use of animals as models are
valid and essential in AD-related research, as they
allow the assessment of early or late pathophysio-
logical processes that are not accessible in human
patients. Recently, Ebel et al. [28] demonstrated that
icv STZ induces increased respiration at rest and
blunted peripheral chemoreflex responses and a small
change in the CO,-drive to breathe. However, the
authors did not evaluate the respiratory pattern and
ventilatory responses to hypoxic and hypercapnic
stimuli during the different phases of the sleep/wake
cycle, which was carried out in the present study. This
is a crucial point, since the prevalence of sleep apnea
in AD patients is high, with 70% to 80% of patients
presenting five or more apnea-hypopnea episodes per
hour of sleep, and 38% to 48% of individuals with 20
ormore episodes of apnea during the sleep phase [27].
Thus, it is quite likely that there is a difference in the
chemosensitivity of patients with the AD-dependent
phase of the sleep/wake cycle. Therefore, we used the
STZ model in order to induce AD-like neurodegen-
eration in rats to determine the ventilatory response
to hypoxia and hypercapnia during wakefulness and
non-rapid eye movement (NREM) sleep. In addition,
we performed western blot analyses for phosphory-
lated tau, total tau and amyloid-f3 peptide (ARB) in
locus coeruleus (LC), retrotrapezoid nucleus (RTN),
medullary raphe (Raphe), pre-Botzinger/Botzinger
complex (PreBotz/BotzC) and hippocampus (HPC),
and evaluated memory and learning acquisition using
the Barnes maze.

MATERIAL AND METHODS

Animals

Male Wistar rats (3-4 months old; weight
300-350 g) were housed in a temperature-controlled
chamber maintained at 24-26°C (ALE 9902001;
Alesco Ltda., Monte Mor, SP, Brazil) with a 12:12-
h light/dark cycle, and had free access to water
and food. The experiments were performed between
08.00 a.m. and 17.00 p.m.

The study was conducted in compliance with the
guidelines of the National Council for the Control of
Animal Experimentation (CONCEA, MCT, Brazil)
and with the approval of the Faculty of Agricul-
tural and Veterinary Sciences and Animal Care and
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Use Committee (CEUA, FACV-UNESP, Jaboticabal
campus; Protocol no. n° 6.030/016).

Surgical procedures

All surgical procedures were performed under
anesthesia with an intraperitoneal injection of
100 mg/kg of ketamine (Union National Pharma-
ceutical Chemistry S/A, Embu-Guagu, SP, Brazil)
and 10mg/kg of xylazine (Laboratories Calier
S/A Barcelona, Spain). Postoperatively, the animals
were treated with antibiotic (enrofloxacin, 10 mg/kg,
intramuscular) and analgesic (flunixin meglumine,
2.5 mg/kg, subcutaneous) agents.

Intracerebroventricular injection of
streptozotocin

The head was shaved and the skin was steril-
ized with betadine solution and alcohol. The rats
were fixed to a Kopf stereotaxic apparatus (David
Kopf Instruments, Tujunga, CA, USA). The scalp
was incised over the sagittal suture, the periosteum
was excised, and two small bilateral orifices were
made using a sterilized dental drill to access both
lateral ventricles of the brain, where icv injections
were to be applied. The following coordinates were
used: —0.8 mm posterior, £ 1.4 mm lateral, and —4.4
below bregma [29, 30]. Animals received bilateral icv
injections of STZ (2 mg/kg dissolved in 0.05 mol/L
citrate buffer, pH 4.5; Sigma, St. Louis, MO) or citrate
buffer (2 wL/ventricle) [31]. For the microinjection of
drug and vehicle, a 5-pL Hamilton syringe was used,
linked to a PE 10 polyethylene tubing, connected
to a gengival needle for the application [30]. Thirty
days after icv injection, rats were submitted to the
behavioral, respiratory, or molecular tests. The res-
piratory tests were performed in a different group of
animals, whereas the behavioral and molecular tests
were performed in the same group.

Electroencephalogram (EEG) and
electromyogram (EMG) electrodes

Seven days before the beginning of the respiratory
tests, EEG and EMG electrodes were implanted in
the group that would undergo the respiratory tests.
Three EEG electrodes were introduced: the frontal
electrode, located 2 mm anterior to bregma and 2 mm
lateral to the midline; the parietal electrode, posi-
tioned 4 mm anterior to the lambda and 2 mm lateral
to the midline; and the electrode “ground” which

was inserted between the frontal and parietal elec-
trodes. For EMG recordings, a pair of electrodes were
inserted deep into the neck musculature of the rats.
These electrodes allowed us to analyze ventilation in
the different phases of the sleep/wake cycle.

Body temperature

On the same day as the EEG and EMG surgery, the
rats underwent a second surgery for the implantation
of a temperature datalogger (SubCue Dataloggers,
Calgary, Canada) into the abdominal cavity through
a midline laparotomy. The datalogger was pro-
grammed to acquire body temperature (Tb) data every
7 min.

Behavioral analysis

Barnes maze

The Barnes maze test was used to assess spatial
memory and learning to confirm the success and reli-
ability of the model.

The Barnes maze test consists of a non-aquatic test
for memory and spatial learning [32]. The protocol
was adapted from Sunyer et al. [33]. The maze was
made from a circular, 13-mm thick, white PVC plat-
form (110-cm diameter), which was maintained in
the same position throughout the experiment. Twenty
holes (10 cm in diameter, 7.5 cm between each hole)
were made on the perimeter and the platform was
mounted on top of a metal support, 105 cm above
the ground. The maze was divided into target hole
(T), opposite hole (OP), 9 holes clockwise (1 to 9,
counting from T), and 9 holes counterclockwise (-1
to =9, counting from T). The escape cage, below the
T hole, had walls covered with black plastic to make
the inside dark and attractive to the rats. The plat-
form was also illuminated with a fluorescent white
light and visual cues (colored geometric figures) were
placed around the labyrinth as points of spatial refer-
ence for the animal to escape from the open platform
to the “target hole” These clues were not removed
throughout the experiment. After testing each rat, as
explained below, the whole maze was cleaned using
10% ethanol to avoid olfactory cues and the platform
was rotated to avoid intra-maze odor or visual cues.
All sessions were recorded by a video camera for
further analysis. Prior to testing (probe day), training
sessions were performed over 5 days to familiarize
the animals with the maze and to allow them learn
the location of the escape zone.
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Acquisition phase

In this stage, spatial learning was evaluated through
latency to enter the target hole. From days 1 to 4,
each animal was placed in a square start chamber in
the center of the maze. After 10 s, the chamber was
removed and the animal was allowed to explore the
maze for 3 min. The end of the trial was considered
when the animal entered the target hole. Therefore,
the animal was allowed to stay inside the dark cage
for 1 min and, after this period, was returned to its
home cage. If the animal had not entered in the target
hole after 3 min from the beginning of the test, it was
gently coerced to the target hole. These steps were
repeated for 4 trials per day with an intertrial interval
of 15 min over 4 consecutive days.

Probe trial

On day 5, 24 h after the last training day, the escape
cage was removed, while the maze was maintained
in the same position as training days. The animal was
placed in the start chamber in the center of the maze
and, after 10s, it was removed and the animal was
allowed to explore the maze for 90 s. The probe trial
was performed in order to determine whether the ani-
mals remembered the location of the target hole. The
number of times the animal searched for the “tar-
get hole” was used as a memory consolidation index
[33-35].

Respiration test

Determination of pulmonary ventilation

We used the whole-body plethysmography method
to measure of pulmonary ventilation (VE) [36,37], as
is commonly used in our laboratory [38—40]. Freely-
moving rats were kept in a 5-L. chamber ventilated
with room air or a hypercapnic gas mixture contain-
ing 7% CO, (White Martins, Sertdozinho, Brazil) or
a hypoxia gas mixture containing 10% O, (White
Martins, Sertdozinho, Brazil) in low ambient noise
conditions. The flow rate of the inflow gas into
the animal chamber was monitored by a flowmeter
(model 822-13-OV1- PV2-V4, Sierra Instruments,
Monterey, CA). During measurements, the flow was
interrupted, and the chamber was sealed for short
periods of time (approximately 2min); the pres-
sure oscillations due to respiration were monitored
by a differential pressure transducer (TSD 160A,
Biopac Systems, Santa Barbara, CA). The signals
were fed into a differential pressure transducer (DA
100C, Biopac Systems), passed through an analog-to-
digital converter, and digitized on a microcomputer

equipped with data acquisition software (MP100A-
CE, Biopac Systems). The sampling frequency was
1kHz. The results were analyzed using the data
analysis software Acgknowledge (v. 4.2.3 data acqui-
sition system, Biopac Systems). Tidal volume (V)
andrespiratory frequency (fR) were calculated to esti-
mate ventilation per breath.

VT was calculated by using an appropriate formula
[37]:

V1 = Vk x (P1/Pg) x Tp(Pg — Pc)/Ty,
x (Pg —Pc) —Ta x (Pg — Pr)

where Pr is the pressure deflection associated with
each Vr, Px is the pressure deflection associated with
the injection of the calibration volume (Vk), T4 is
the air temperature in the animal chamber, Pg is the
barometric pressure, Pc is the water vapor pressure
in the animal chamber, Tb is the body temperature,
and Py is the vapor pressure of water at Tb. The Vg
was calculated as the product of the fg and the V.
VE and Vt are presented under conditions of ambient
barometric pressure, at Tb and saturated with water
vapor (BTPS). Tb was monitored by temperature
datalogger (SubCue Dataloggers, Calgary, Canada)
and the air temperature in the animal chamber was
constantly monitored using a thermoprobe (model
8502-10, Cole Parmer, Chicago, IL, USA). The ani-
mal chamber was considered saturated because of a
water lane in the bottom separated from the animal by
a grid, and so the Pc was calculated indirectly using
an appropriate table [41]. The calibration for volume
was obtained during each experiment by injecting the
animal chamber with 1 mL of room air.

EEG and EMG signals

Similar to other previous studies, the arousal state
was determined by analyzing the EEG and EMG
records [40, 42]. The signals from the EEG and EMG
electrodes were sampled at 1 kHz, filtered at 0.3-50
and 0.1-100 Hz, respectively, and recorded on a com-
puter. Both wakefulness and NREM sleep states were
observed consistently through the experiments, but
periods of rapid eye movement (REM) sleep were
short and were not present in every experiment; thus,
REM sleep phases were excluded from the analysis
[40].

Experimental protocol

Seven days after implantation of EEG and
EMG electrodes, the animals were placed in a
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plethysmographic chamber and ventilation was mea-
sured. The chamber was initially ventilated with
moist atmospheric air (21% O;) for an acclimation
phase of at least 30 min. Ventilation control measures
were then performed. Ventilation measurements were
first made during normocapnia for 63 min. The ani-
mals were then submitted to hypercapnia for 63 min,
where the chamber was ventilated with a gas mix-
ture containing 7% CO», 21% O, and balanced with
N> (White Martins Gases Industriais Ltda, Osasco,
SP). After hypercapnia, the chamber was ventilated
with atmospheric air again for recovery of baseline
ventilation for 60 min. The animals were then sub-
mitted to hypoxia for 63 min, where the chamber was
ventilated with a gas mixture containing 10% O, and
equilibrated with N> (White Martins Gases Indus-
triais Ltda, Osasco, SP). The order of exposure to
hypercapnia and hypoxia was reversed randomly. The
ventilatory measures were analyzed at 7, 14, 21, 28,
35, 42, 49, 56, and 63 min after gas exposure. Then,
based on the sleep/wake cycle, for the Vg measure-
ments, we selected the phases when the animals were
either in wakefulness or in sleep.

Neurochemical analysis

Brain area dissection

After each battery of behavioral tests, four rats
were randomly selected out of each group and the
animals’ brains were removed quickly, frozen in lig-
uid nitrogen, and held at —80°C until dissection. In a
cryostat at—22°C, the brains were coronary-sectioned
to find target areas according to stereotaxic coordi-
nates of the Atlas de Paxinos and Watson [43] as
follow: locus coeruleus (LC - distance from bregma:
—10.3 mm to —9.3 mm), retrotrapezoid nucleus (RTN,
—11.3 mm to —10.3 mm), medullary raphe (=11.6 mm
to —10.3 mm); pre-Botzinger and Botzinger complex
(PreBotz/BotzC, —12.3 mm to —11.8 mm) and hip-
pocampus (HPC, —4.16 mm to —3.16 mm). Samples
of 0.7-mm thickness were removed with a 15-gauge
needle.

Immunoblotting

Phosphorylated tau protein levels (Ser!*%/292 and
Ser396) and AP peptide in LC, RTN, Raphe,
PreBotzC/BotzC, and HPC were evaluated.

For this procedure, a maceration of the tissue of
each corresponding region was performed. This tis-
sue sample was submitted to sonication to promote
membrane lysis and eventual release of the intracel-
lular material. The solution containing the lysed cells

was collected and transferred to an Eppendorf tube.
Then, the quantification of these proteins was per-
formed by the Biochrom UV/Vis spectrophotometer,
Biodrop Duo model, UV optical path.

Before running the gel, the samples were denatured
at 100°C for 3 min and applied to a polyacrylamide
gel (12%) for fractionation. As a control, 8 wL of a
molecular weight marker was applied to one well.
The samples were applied to the gel, placed in a
vial with running buffer and separated by apply-
ing 100V for 2h. After the run, proteins were
transferred to a nitrocellulose membrane (Bio-Rad)
using ice-cold transfer buffer for 1h at 100 V. The
membrane was then incubated with non-specific site
blocking solution (5% milk in TBS-T) for 1h at
room temperature. After this blocking, the mem-
branes were cut and incubated with the respective
primary antibodies, Anti-phospho-Tau (rabbit mon-
oclonal pSer199/ 202 cat. T6819, Sigma,-Aldrich,
1:1000 dilution and rabbit monoclonal pSer396,
cat. EPR2731-Ab109390, Abcam, 1:1000 dilution),
anti-beta-actin (mouse monoclonal beta-actin anti-
body AC-15, cat. NB600-501, Novus Biological,
1:1000 dilution), anti-beta amyloid (mouse mono-
clonal B-amyloid B-4, cat. sc-28365, Santa Cruz
Biotechnology, 1:500 dilution), and anti-Tau Total
(rabbit polyclonal human tau, Ab-356, cat. GWB-
ASC840, GenWay, 1:1000 dilution), diluted in the
same blocking solution for 24h at 4°C under con-
stant stirring. The beta-actin antibody was used to
normalize the specific labeling values. After wash-
ing, the corresponding secondary (anti-mouse IgG
and anti-rabbit, 1:1000 dilution, Jackson ImmunoRe-
search) antibodies were incubated for 2h at room
temperature. The membranes were then washed twice
with TBS-T and once with TBS for 10 min each, and
the reaction was carried out by incubation with a
chemiluminescent reagent for 1 min. The membranes
were immediately exposed to chemiluminescence-
sensitive film for 30s to 5 min, as instructed by the
manufacturer.

The films were quantified through optical den-
sitometry using a computerized image analysis
system (NIH System, ImageJ developed at the US
National Institute of Health, available at the website:
http://www.rsb.info.nih.gov/nihimage/(ImagelJ).

Statistical analyses

Results were expressed as mean =+ SEM. The
Barnes maze results in the acquisition phase were
evaluated by two-way ANOVA, followed by the
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Fig. 1. Effect of icv STZ (2 mg/kg) on spatial learning and memory retention in the Barnes maze test. A) Time to reach the target hole in
seconds of the control and STZ groups in the 4 training sessions per day (Ist to 4th day). B) Number of attempts to enter into the holes in
the platform test pattern in the control and STZ group. Values are expressed as mean &= SEM. * indicates a significant difference between the

control and STZ groups.

Holm-Sidak post-test. The Barnes maze, on the day of
the test, was evaluated by the two-way ANOVA. The
results of ventilation, sleep/wake cycle and body tem-
perature in normocapnic, hypercapnic, and hypoxic
conditions were evaluated by two-way ANOVA, fol-
lowed by Bonferroni post-test. The quantification of
phosphorylation of tau protein, total tau and A3 were
validated through the 7-test (Student) for independent
samples. The significance level adopted for all results
was p <0.05.

RESULTS

Behavioral analysis for model validation

Barnes maze: Acquisition phase

Figure 1A represents the latency value (s) to find
the escape box in the target hole in training 4 for 4
days (acquisition phase). We observed that the con-
trol group decreased the latency (s) to escape through
the target hole as a function of training (day 1: T1
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134.3 £ 54.2 versus day 4: T429.0 +35.1 s, p<0.05;
two-way ANOVA). However, the STZ group required
more time to find the escape hole compared to the
control group on days 1, 2 and 3 (p<0.05; two-
way ANOVA). No difference between treatments was
observed on the fourth day. On the same day, the
STZ group decreased latency, thus improving perfor-
mance on the platform to find the escape box (day
1: T1 165.8 +=38.9 versus day 4: T4 39.8 £62.45,
p<0.05; two-way ANOVA).

Barnes maze: Proof test

Figure 1B shows the number of attempts to enter
the holes in the platform test pattern. In the Barnes
maze test, the STZ-treated group had a lower number
of hits in the “target hole” compared to the con-
trol group (control: 4.5 £ 1.8 versus STZ: 2.0 £2.2,
respectively, p=0.035; two-way ANOVA). There
was no significant difference between treatments in
the other holes of the platform (p>0.05; two-way
ANOVA).

Respiration test

During all experimental protocols, the mean cham-
ber temperature was 25.7£0.3°C, and the mean
room temperature was 24.6 £ 0.2°C.

Respiration during wakefulness

We observed no difference in respiratory vari-
ables in room air conditions in the STZ-treated group
compared to the control group during wakefulness
(Figs. 3A and 4A). In hypercapnia and hypoxia, all
groups showed a significant increase in ventilation
when compared to room air conditions (p <0.0001;
two-way ANOVA) (Figs. 2A and 3A).

During hypercapnia (Fig. 2A), the increase in Vg
of the STZ-treated animals was 26% higher compared
to the control group (control: 1823.9 £457.5 versus
STZ:2481.3+514.2 mL.Kg_1 .min~! ,p<0.05; two-
way ANOVA) due to a higher V1 (vehicle: 13.7 £2.9
versus STZ: 17.1 +£2.7mL.Kg™!, p <0.05; two-way
ANOVA).

Hypoxia caused a similar increase in Vg in all
groups due to an increase in fR (Fig. 3A). No dif-
ference was observed between treatments.

Respiration during NREM sleep

Figures 3B and 4B show the effects of STZ
treatment on ventilatory parameters under room air
conditions in rats during the sleep cycle. No dif-
ference was observed between the control and STZ

groups. Both hypercapnia (Fig. 2B) and hypoxia
(Fig. 3B) promoted a similar increase in ventilation
in both groups, with no difference between them.

Body temperature (Th)

No significant difference was observed between
treatments during room air conditions and hypercap-
nia (Fig. 4). Hypoxia caused a similar decrease in
body Tp of both control and STZ groups (Fig. 4).

Sleep/wakefulness

Under room air condition (Fig. 5A), the rats spent
more time awake, but the STZ-treated rats increased
the percentage of total wakefulness compared with
the control group (control: 73.9 £+ 4.0% versus STZ:
87.0£3.0%, p <0.05; two-way ANOVA). This effect
was due to a significant reduction in the length
of the episodes of wakefulness (Fig. 5B), while
the number of episodes did not change (Fig. 5C).
CO» exposure and hypoxia significantly increased
the time the rats were awake (Fig. 5A), with no
difference between treatments during hypoxia. How-
ever, under hypercapnic conditions, STZ treatment
enhanced the time that the animals spent awake (con-
trol: 81.0 £ 5.7% versus STZ: 93.5 £2.3%, p<0.05;
two-way ANOVA) due to an increase in episode dura-
tion (Fig. 7B) (control: 502.4 +179.6 versus STZ:
2096.8 £537.9s, p<0.05; two-way ANOVA) and
a reduction in the number of episodes (Fig. 5C)
(control: 5.2+ 1.3 versus STZ: 2.5+0.6, p<0.05;
two-way ANOVA).

Neurochemical analysis

Tau protein phosphorylation

In the analysis of tau protein phosphorylation at
the Ser!99/202 gnd Ser3%© sites, we evaluated the ratio
of phosphorylated tau protein (pTau) levels to total
tau protein levels in the regions of interest: LC, RTN,
Raphe, PreBotz/BotzC, and HPC.

STZ injection did not alter the levels of phospho-
rylation of tau protein at Ser!*%/2%2 site on LC, RTN,
Raphe, PreBotz/BotzC, and HPC (Fig. 6). In addition,
STZ injection did not alter the levels of phosphory-
lation of tau protein at the Ser’”® site in the same
regions (Fig. 6).

AB protein
Expression analysis of A3 protein demonstrated a
73% increase in this protein in the LC of the STZ
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group compared to the control (p =0.0325, Student’s
t-test) (Fig. 7). The other structures did not present
significant differences between the treatments.

DISCUSSION

In the present study we successfully demonstrated
that STZ-treated rats had learning and memory
deficits and sleep disturbances, with increase time
spent in an awake state. Our main results were that
STZ rats showed increased AP peptide in the LC

region and increased ventilatory response to hyper-
capnia in wakefulness but not during sleep, with no
changes in ventilation during room air conditions and
hypoxia. Additionally, no changes were observed in
body Tp.

In our study, we were able to reproduce the
STZ-induced memory deficits. We showed an impair-
ment in learning and retention of spatial memory
(as assessed by a higher latency to find the escape
box in the acquisition phase of the Barnes maze),
as well as difficulty in maintaining spatial refer-
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ence information (as assessed by the lower number
of correct pokes into the target hole of the Barnes
maze on the test day). Thus, our results confirm
previous studies that have shown that STZ injec-
tion causes learning and memory deficits [17, 30,
31, 44, 45]. These findings corroborate the use of
STZ in neurodegeneration-induced dementia of the
Alzheimer-type in rats, since animals present one of
the main cognitive characteristics found in patients
with AD [1, 46]. Indeed, evidence that AD patients
have problems with spatial orientation—one of the
earliest cognitive symptoms—as well as progressive
decline in memory, is reported in a number of differ-
ent studies [47-49].
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AD is also characterized by the deposit of extra-
cellular amyloid plaques, composed of A3 peptide,
and intracellular NFTs of hyperphosphorylated tau
protein (P-Tau) [3]. In the present study, we did
not observe increased phosphorylation of tau pro-
tein (Ser>?® and Ser!%/292) in the LC, RTN, Raphe,
PreBotz/BotzC, and HPC. The absence of increased
P-Tau after STZ was also reported previously as P-
Tau at Ser 997202 iy both rats [30] and mice [17]
were unaltered in the hippocampus after 30 and
21 days post-STZ, respectively. On the other hand,
increases in P-Tau at Ser’®® and Ser!%/292 in the hip-
pocampus have been reported after STZ using higher
doses (3 mg/kg) than the present study [5S0] and/or
later evaluation [14, 51]. Besides, Grunblatt et al.
[31], using lower doses of STZ (1 mg/kg), observed
changes in P-Tau protein in the hippocampus, but did
not perform a ratio analysis of phosphorylated/total
tau; therefore, this may not be considered hyperphos-

phorylation. In fact, some studies have shown that the
onset of NFTs is chronological and hierarchical, since
it arises primarily in some regions and late in others
[4, 52]. In this sense, it is known that some phos-
phorylation sites of tau protein hyperphosphorylate
at early stages, and other sites in late stages of AD
[53, 54], which would also explain the discrepancy in
the literature regarding the effects of STZ in P-Tau.
The AR peptide in the brain of AD patient was
initially considered to be a primary cause of AD
dysfunction; however, later studies suggest that the
presence of AP would be a consequence of early
AD events, rather than the cause itself [55, 56].
Similar to what occurs with tau protein phosphoryla-
tion, the prevalence of A3 results from the different
stages of AD and different brain regions [57]. In the
present study, we observed a 73% increase of A3
peptide expression in the LC after 30 days of icv
administration of STZ. Our data corroborate previ-
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ous studies showing that central injection of STZ
promotes increases in the expression of A peptide
[14, 17, 30]. In addition, it is well described that the
LC region is affected in AD [58—-61]. In this context,
we did not observe changes in A peptide expres-
sion in the RTN region, Raphe, PreBotz/BotzC, and
HPC, which reinforces that the histopathological
emergence of AD occurs in a hierarchical and chrono-
logical manner [57, 61, 62]. Despite the fact that we
did not find histopathological molecular evidence in
the present temporal window (30 days after the icv
STZ) in the HPC, we observed a cognitive deficit in
the model. Therefore, it is possible that other cogni-
tive regions in this temporal window may be affected.

Regarding breathing, STZ treatment did not cause
alterations in ventilation under room air conditions
and hypoxia during sleep and wakefulness. In the
literature, there is a paucity of information on the
study of the respiratory system in the progression
of AD. Menuet et al. [63], working on a model
of taupatia, an important clinical aspect found in
AD, observed alterations of the respiratory system,
such as upper airway dysfunction, changes in respi-
ratory pattern, and compromised ventilatory response
to hypercapnia. However, the authors observed res-
piratory disfunction in late phases of the disease.
In this context, Ebel et al. [28], after 14 days of

icv injection of STZ (3 mg/kg), observed respira-
tory dysfunction in normocapnia, attenuation of the
peripheral chemoreflex, as well as a small decrease
in respiratory frequency during hypercapnia. Our
results differ from those of Ebel et al. [28], as we
observed no changes in breathing during room air
conditions or hypoxia, and a 26% increase of the
ventilatory response to hypercapnia after 30 days of
the icv STZ injection (2 mg/kg) only during wakeful-
ness. We believe that these differences may reside in
the fact that the authors performed the experiments
using a higher dose (3 mg/kg) and a different time
window (14 days after the icv injection), whereas
in our study, we performed the experiments after
2mg/kg at 30 days after STZ injection. According
to Grieb [64], the neurochemical changes triggered
by icv STZ injection(s) follow a time-dependent pat-
tern. Therefore, the effects observed by Ebel etal. [28]
may be due to impairment of other brain structures,
since they observed a reduction in hypoxic ventila-
tory response, whereas we showed an exacerbation
of the CO;-drive to breathe. Moreover, higher doses
may induce more severe and acute neurodegenerative
lesions, which could be associated with inflammation
and local oxidative stress, whereas lower doses may
lead to less severe but more chronic and widespread
effects [64]. In this regard, Kraska et al. [65] stated
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that doses of 3 mg/kg and higher could be consid-
ered a model of very aggressive neurotoxic lesions,
rather than subtle alterations due to small mecha-
nistic alterations, as would be expected during the
slowly evolving dementia processes or during aging.
According to the authors, an intermediate dose, e.g.,
2mg/kg, is more relevant as a sporadic AD model.
The exacerbated CO, ventilatory response dur-
ing wakefulness observed in the present study may
result from changes in the central CO, chemosen-
sitive areas. In fact, we observed an increase in
A peptide expression in the LC region, an impor-
tant chemosensitive nucleus of the central nervous
system [39, 40, 66—68]. We suggest that increased
peptide expression may be deregulating the Ca®*
channels, increasing their influx within the neu-
ron, which in turn would increase the release of
neurotransmitters, such as noradrenaline (NE) [69].
Increased NE in the medullary respiratory neu-
rons would trigger a more pronounced ventilatory
response to CO». Previous studies have shown that
LC/subcoeruleus neurons represent an early starting
point for AD pathology, even preceding the occur-
rence of cortical lesions [70-72]. Measurements
of 3-methoxy-4-hydroxyphenylglycol (MHPG), the
principal metabolite of noradrenaline (NE), was
found to be increased in postmortem brain tissue
of AD patients [73-76]. The authors also found an
enhanced ratio of MHPG/NE, which indicates that
NE metabolism is augmented in these patients, sug-
gesting an increased activity of the remaining LC
neurons to compensate for decreased cerebral NE lev-
elsin AD [73-75, 77]. As suggested previously [78],
enhanced LC activity may occur in the first stages of
AD, prior to cell loss or significant reduction in NE
neurotransmission, and this would be harmful due to
the enhanced spread of P-Tau, whereas at late stages
of AD, LC would be degenerating, and NE levels
would be low, and tau pathology is already abundant
in the forebrain. Therefore, the activity of LC neurons
in AD may be dependent on the disease stage.
Around 45% of patients with AD are affected by
sleep disturbances [19, 20, 22] and rodent models
of AD also show greater sleep fragmentation and
shorter amounts of NREM and rapid eye movement
sleep [79, 80]. Our data corroborate these previous
studies, since STZ-treated rats spent more time in
wakefulness than in NREM sleep during the exper-
imental period in normocapnia and hypercapnia.
During hypoxia, both groups increased their wake-
fulness similarly. In fact, high levels of AP correlate
with sleep deficiencies [81]. In this context, immu-

nization with AP prevents amyloid plaque formation
in transgenic mice that develop AP aggregation and
normalizes sleep/wake patterns [79]. Since we found
an increase in AP in the LC, and since this nucleus is
necessary for maintaining normal durations of wake-
fulness and to promote immediate sleep-to-wake
transitions [82], it is likely that the increase in wake-
fulness in the STZ-treated rats is related to this fact.

Regarding Tb, the main risk factor for sporadic
AD is age [83]. In fact, aging alone is associated with
a decrease in Tb, a consequence of a deficit in ther-
moregulation and, in particular, in thermogenesis [84,
85]. However, studies have shown that patients with
AD exhibit increased Tb [83, 86]. Interestingly, rats
with icv infusion of A select a higher ambient tem-
perature and show a lower heat tolerance compared to
control animals [87]. Increased Tb was also shown in
a 6 to 10-month-old 3xTg-AD mouse—a transgenic
AD animal model [88]. Recently, the thermoregu-
latory profile of rats injected with 2 mg/kg of STZ
was evaluated, and it was shown that STZ-treated
rats presented a higher Tb when compared to controls
from day 6 to 25 post-STZ injection [89]. Although
at later stages, (>30 days post-injection) STZ-treated
animals present a cold-avoidance response, and their
basal Tb is no longer different from controls [89]. In
accordance, in the present report, at 30 days post STZ
treatment no differences in Tb of animals treated with
STZ under resting conditions were observed. Further-
more, treated animals seem to keep intact the thermal
response to hypoxia, which is considered a regulated
fall in temperature due to a drop in O, consumption
during hypoxia [90-92]. Therefore, we suggest that,
in the temporal window analyzed in the present study,
STZ treatment does not impair thermoregulation in
rats.

Conclusion

Our study provides evidence that icv STZ-treated
rats present an increased sensitivity to CO; during
wakefulness, but have no changes in basal ventila-
tion or in the hypoxic chemoreflex. These changes
in the CO,-drive to breathe might be associated with
enhanced AP in the LC, since this nucleus is highly
involved in hypercapnic ventilatory response, mainly
during the wake period [40]. Furthermore, STZ ani-
mals showed an increase in the percentage of total
wakefulness, which correlates with sleep disturbs
observed in AD. Therefore, a better comprehension
of respiratory alterations in different phases of the
sleep/wake cycle, and the role of LC neurons in this
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modulation in AD models, is needed in order to target
novel approaches for the treatment of this disorder.
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ABSTRACT

The locus coeruleus (LC) is a pontine nucleus important for respiratory control and central chemoreception. It is
affected in Alzheimer's disease (AD) and alteration of LC cell function may account for respiratory problems
observed in AD patients. In the current study, we tested the electrophysiological properties and CO,/pH sen-
sitivity of LC neurons in a model for AD. Sporadic AD was induced in rats by intracerebroventricular injection of
2 mg/kg streptozotocin (STZ), which induces behavioral and molecular impairments found in AD. LC neurons
were recorded using the patch clamp technique and tested for responses to CO5 (10% CO,, pH = 7.0). The
majority (~60%) of noradrenergic LC neurons in adult rats were inhibited by CO, exposure as indicated by a
significant decrease in action potential (AP) discharge to step depolarizations. The STZ-AD rat model had a
greater sensitivity to CO, than controls. The increased CO,-sensitivity was demonstrated by a significantly
stronger inhibition of activity during hypercapnia that was in part due to hyperpolarization of the resting
membrane potential. Reduction of AP discharge in both groups was generally accompanied by lower LC network
activity, depolarized AP threshold, increased AP repolarization, and increased current through a subpopulation
of voltage-gated K* channels (Ky). The latter was indicated by enhanced transient Ky currents particularly in the
STZ-AD group. Interestingly, steady-state Ky currents were reduced under hypercapnia, a change that would
favor enhanced AP discharge. However, the collective response of most LC neurons in adult rats, and particularly
those in the STZ-AD group, was inhibited by CO,.

1. Introduction

nervous system involved in a variety of functions, including wakeful-
ness, learning and memory (Aston-Jones and Cohen, 2005; Aston-Jones

Alzheimer's disease (AD) is a neurodegenerative disease often as-
sociated with aging (Folch et al., 2016; Wilson et al., 2012). In addition
to the typical decline in cognition and memory, patients with AD also
present with respiratory problems (Deak and Kirsch, 2014; Gaig and
Iranzo, 2012; Lee et al., 2019; Liguori et al., 2017). Over 70% of in-
stitutionalized AD patients have respiratory disturbances, such as in-
sufficient ventilation during sleep, sleep apnea, and shortness of breath
(Deak and Kirsch, 2014; Gaig and Iranzo, 2012; Leng et al., 2017).
Recent studies show respiratory problems may lead to cognitive decline
and may be a consequence of AD progression (Lee et al., 2019; Liguori
etal., 2017; Yaffe et al., 2011). Therefore, respiratory impairment likely
reflects alterations in brain areas that control breathing (Deak and
Kirsch, 2014; Smith et al., 2013).

The locus coeruleus (LC) is a noradrenergic nucleus of the central

and Waterhouse, 2016; Berridge and Waterhouse, 2003), and re-
spiratory function (Biancardi et al., 2008; Gargaglioni et al., 2010;
Hilaire et al., 2004; Oyamada et al., 1998; Putnam et al., 2004). Spe-
cifically, LC neurons have a vital role in central chemoreception
(Biancardi et al., 2008; Filosa and Putnam, 2003; Gargaglioni et al.,
2010; Vicente et al., 2016). Previous studies in neonates (postnatal <
10 days) showed CO, and pH sensitivity for a high percentage (80%) of
LC neurons, thus, making this nucleus important for compensatory re-
sponses to CO, (Filosa et al., 2002; Johnson et al., 2008; Oyamada
et al., 1998; Pineda and Aghajanian, 1997).

The LC of AD patients is severely affected (Andrés-Benito et al.,
2017; Arendt et al., 2015; Serra et al., 2018; Wilson et al., 2013) and
abnormalities in this chemosensitive area may have direct implications
in the respiratory dysfunction with AD. The LC is one of the first regions
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that undergoes degeneration in the progression of human AD (Andrés-
Benito et al., 2017; Arendt et al., 2015; Braak and Del Tredici, 2011;
Peterson and Li, 2018). Postmortem analysis of AD brains indicated cell
loss in the LC as high as 50%, which correlated with high levels of
hyperphosphorylated tau protein and amyloid beta in this nucleus
(Matthews et al., 2002; Pamphlett and Kum Jew, 2015; Simi¢ et al.,
2017; Thal et al., 2002; Zarow et al., 2003). The reduced number of
noradrenergic LC cells, in turn, may play a role in the declining level of
noradrenaline in the hypothalamus and cortex, contributing to the se-
verity of cognitive impairments. Interestingly, AD damage seems
greater in the LC than in any other subcortical nuclei, including the
nucleus basalis, that is typically implicated with cholinergic loss in
patients with AD (Simié et al., 2017; Zarow et al., 2003). The collective
data suggest an early dysfunctional LC in AD, which may also have an
underlying role in breathing dysfunction observed in patients.

To date, there is little data associating LC with respiratory dys-
functions in AD progression. Therefore, we started to focus on the re-
spiratory deficits of the disease using the streptozotocin (STZ)-induced
rat model of sporadic AD (Brown et al., 2019; Vicente et al., 2018).
Besides progressive deterioration of learning and memory, in-
tracerebroventricular administration of STZ mimics the biochemical
and structural changes found in the brains of AD patients. These
changes include increased amyloid beta accumulation and tau protein
phosphorylation, reduced glucose and energy metabolism, and the ty-
pical oxidative stress and neuroinflammation leading to neuronal death
(Deng et al., 2009; Griinblatt et al., 2004; Johnston et al., 2010;
Knezovic et al., 2015; Lannert and Hoyer, 1998; Rai et al., 2014; Tota
et al., 2010), all of which are prominent features of human AD
(Ingelsson et al., 2004; Lyness et al., 2003; Milton, 2004; Sato and
Morishita, 2015; Zhang et al., 2015). Furthermore, we previously
showed that an increase in amyloid beta peptide in the LC region
paralleled alterations in the ventilatory responses to hypercapnia. Thus,
analyzing the intrinsic activity of LC neurons could provide mechanistic
insight into respiratory alterations in this model and in patients with
AD. In the current study, we used the patch clamp technique to evaluate
the electrophysiological responses of LC neurons to CO, in the STZ-AD
model.

2. Material and methods
2.1. Animals

The current study used male Sprague-Dawley rats (6-7 weeks; total
of 39 rats) that were kept in an AAALAC accredited vivarium at A.T.
Still University's Kirksville College of Osteopathic Medicine in
Kirksville, Missouri, USA. Rats were maintained on a 12-h day/night
cycle at 24 °C and 46% humidity with water and food available ad
libitum. All experimental protocols were conducted in accordance with
the guidelines of the NIH (“Guide to the Care and Use of Laboratory
Animals”) and were approved by A.T. Still University's Animal Care and
Usage Committee.

2.2. Sporadic Alzheimer's disease model

Similar to our previous studies (Brown et al., 2019; Ebel et al., 2017;
Vicente et al., 2018), the typical symptoms of AD were induced by
pressure injection of a subdiabetogenic dose of STZ (2 mg/kg, Alfa
Aesar, Haverhill, MA) into both lateral ventricles of the brain (5 pL per
side). Unlike STZ-AD rats, control (CTL) rats received vehicle only
(0.9 mM citrate buffered saline, pH 4.5). For intracerebroventricular
injections, rats were anesthetized using isoflurane (5% induction, 2%
maintenance, Piramal, Bethlehem, PA) and positioned in a stereotaxic
frame (type 68,001, RWD Life Science, San Diego, CA). A sagittal
midline incision was made on the scalp to expose the sagittal and
coronal suture of the skull. Two holes were drilled into the skull with a
rotating tool (Dremel 7300 with engraving cutter 105) to allow access
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to the lateral ventricles. Injection glass capillaries (type 1B120F-4,
World Precision Instruments, Sarasota, FL) were drawn using a P-97
micropipette puller (Sutter Instruments, Novato, CA) and used for in-
tracerebroventricular injections at the following stereotaxic coordinates
(Paxinos and Watson, 2007): —0.9 mm AP, + 1.5 mm ML, and 3.6 mm
DV. After surgery, rats received high sugar supplements (Froot Loops,
Kellogg's, Battle Creek, MI) in addition to normal rat chow to facilitate
weight recovery.

Rats also received 2 mg/kg Dexamethasone (VetOne, Boise, ID) as
an immunosuppressant before injections to avoid possible brain swel-
ling. Postoperatively rats were treated with 50 pg/kg buprenorphine
hydrochloride (Reckitt Benckiser, Slough, UK) for pain management,
7 mg/kg enrofloxacin (VetOne) for antibiotic treatment, and 3 mL of
0.9% sodium chloride solution (Hospira, Lake Forest, IL) for fluid re-
constitution.

2.3. Behavioral test

Eleven days after intracerebroventricular injections, we used the
Morris water maze as a positive control to test spatial reference learning
and memory in the STZ-AD model (Bao et al., 2017; Bromley-Brits
et al., 2011). The apparatus consisted of a 178-cm diameter cylindrical
tank filled with water (~730 L, pH = 7.2, 22 °C) that was made opaque
with black nontoxic paint (DyeMond pond dye, Airmax, Romeo, MI).
The pool was conceptually divided into four equal quadrants, and each
quadrant was marked with a visual cue (i.e., yellow star, blue square,
red circle, or green triangle). A black platform (10-cm diameter) that
was height adjustable was positioned close to the middle of the target
quadrant (green triangle).

On day 1, animals were trained during five initial trials to find the
raised escape platform (1 cm above water level). Then, the platform
was submerged 1cm below water level and rats were subjected to 15
consecutive trials per day for 3 days (each series was 24 h apart). The
rats were placed at randomized starting positions (except the target
quadrant) and given 60 s (cutoff time) to find the submerged platform.
If the rat was unable to find the hidden escape platform within the
cutoff time, it was manually guided to the platform. The time to reach
the platform was noted as the escape latency. The swim velocity was
recorded using a camera (AW615, Ausdom, City of Industry, CA) po-
sitioned above the tank and analyzed using the Animal Tracker plugin
in Fiji software (version 1.52i, NIH).

2.4. Patch clamp recordings

2.4.1. In vitro brain slice preparation

Similar to Ting et al. (2014, 2018), rats were anesthetized with
isoflurane and transcardially perfused with 60 mL of ice-cold oxyge-
nated N-Methyl-D-glucamine (NMDG)-based artificial cerebrospinal
fluid (aCSF) with the following composition (in mM): 93 NMDG, 2.5
KCl, 1.2 NaH,PO,4, 30 NaHCO3, 20 HEPES, 25 glucose, 2 thiourea, 5
sodium ascorbate, 3 sodium pyruvate, 0.5 CaCl,2H,0, and 10
MgSO47H>0, pH 7.4, 300-305 mOsm. NMDG-based solutions were
used to better preserve the health of brain tissue from adult rats. Next,
the brainstem was rapidly removed and horizontal brain slices (250-um
thick) containing the LC were obtained using a vibratome (7000smz-2,
Campden Instruments, Lafayette, IN). Slices were then incubated for
20 min in warm (35 °C) oxygenated (95% O»-5% CO5) NMDG aCSF. For
patch clamp recordings, tissue sections were placed in a superfusion
chamber, secured with a nylon mesh, and superfused at 2-3 mL/min
with standard recording aCSF (in mM: 124 NaCl, 3 KCl, 1.2 NaH,PO,,
1.2 MgS0,, 25 NaHCO3, 11 p-glucose, and 2 CaCl,, saturated with 95%
05,-5% CO,, pH 7.4, 300 mOsm) at 35 °C.

2.4.2. Electrophysiological recording
Similar to our previous studies (Ostrowski et al., 2014a, 2014b), LC
cell somas were recorded to analyze the electrophysiological properties.
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Recordings were primarily obtained from neurons in the dorsal LC
because of the greater number of healthy cells. Pipettes (8250, King
Precision Glass, Claremont, CA) were made with a Flaming/Brown
micropipette puller (Model P-97, Sutter Instruments) and had re-
sistances of 4.5-5 MQ when filled with standard recording solution (in
mM: 130 potassium gluconate, 10 HEPES, 0.4 EGTA, 1 MgCl,, 0.3 Na,-
GTP, and 2 Nay-ATP, pH 7.45, 280 mOsm) (Nichols et al., 2008). Re-
cording pipettes were guided with a motorized micromanipulator (MP-
225, Sutter Instruments). Data were recorded (20 kHz sampling rate)
and filtered at 2 kHz using a Patch Clamp EPC 10 USB amplifier/AD
converter (HEKA Instruments, Holliston, MA). The liquid junction po-
tential was not corrected and the series resistance was not compen-
sated.

The activity of LC neurons was recorded under normocapnia
(baseline: standard 5% CO», balanced with O,) and 5 min into perfusion
of hypercapnic aCSF (10% CO,, balanced with O,). CO, concentrations
were achieved by saturating the perfusate using mass flow controllers
(MC-5SLPM-D, Alicat Scientific, Tucson, AZ). Increasing CO, content
from 5% to 10% lowered the pH from an initial 7.4 to 7.0. This drop in
pH is sufficient to study the CO5-induced response of LC neurons (Li and
Putnam, 2013; Lopes et al., 2016; Oyamada et al., 1998).

All electrophysiological data were analyzed using Igor Pro 8
(WaveMetrics, Portland, OR), MiniAnalysis (Synaptosoft, Fort Lee, NJ),
and Excel (Microsoft, Redmond, WA) software programs.

2.4.3. Current clamp protocol

Criteria for healthy LC neurons under baseline conditions (after
establishing whole cell configuration) were a resting membrane po-
tential (RMP) close to —45 to —50 mV and spontaneous spike activity.
We used step depolarization (—20 to 100 pA, 10 pA steps, 100-ms
duration) to induce action potential (AP) discharge (Kline et al., 2010;
Ostrowski et al., 2014a). Because of the heterogeneous response of LC
neurons to CO, (Lopes et al., 2016; Nichols et al., 2008), we grouped
cells according to their change in AP discharge from baseline to hy-
percapnia. Cells that increased spike activity by 5% (average over all
current steps) were categorized as CO,-activated, those that decreased
by 5% as COs-inhibited, and those that did not change as non-re-
sponder. These classifications do not represent the intrinsic chemo-
sensitivity of LC cells (see Discussion).

Phase plan plots (change of membrane voltage [mV/ms] against the
membrane potential [mV]) were generated from an AP elicited during
the step depolarizations protocol (first AP to lowest depolarizing cur-
rent to exclude possible effects from repetitive spiking with stronger
stimulation). AP threshold (THR) was identified when the voltage
change exceeded 10 mV/ms (Gudes et al., 2015). Other parameters
analyzed were AP rising slope (maximal Na* conductance) (Jenerick,
1963), AP peak (overshoot), AP falling slope, AP half-width (measured
at 50% AP amplitude from RMP), and the afterhyperpolarization
(measured from THR). The delay to the first AP in response to 100 pA
current is the time from stimulus begin until AP peak. RMP was re-
corded in the absence of current induction (I = 0).

2.4.4. Voltage clamp protocol

All cells were clamped at —60 mV (at the calculated reversal potential
for chloride), and the membrane resistance (i.e., input resistance, R;) was
determined from a 5-mV hyperpolarizing step. K* conductances were
measured using a step protocol between —100 and + 80 mV (+20 mV
per step, 400 ms step). Cell capacitance was equal between cells from
control and STZ-AD groups (CTL, 104.0 =+ 11.0 pF vs STZ-AD,
111.5 *= 7.6;p = .58; n = 13 in each group). The transient K* current
was examined by subtracting the steady-state current (near the end of the
voltage step) from the initial current to the voltage step (Kline et al., 2010;
Ostrowski et al., 2014a). Spontaneous postsynaptic currents (sPSC) were
recorded for 1 min in the absence of stimulation and constitute network
activity (Fortin and Champagnat, 1993) within the LC.
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2.5. Immunohistochemistry

Similar to our previous studies (Brown et al., 2019; Ebel et al.,
2017), slices containing the LC (30 pm thick; if previously used for
patch clamp recordings, slice thickness was 250 pm) were washed in
phosphate buffered saline (PBS) and blocked for 30 min in 10% normal
donkey serum (MilliporeSigma, Burlington, MA) with 0.3% Triton-PBS.
Next, slices were incubated overnight in 1% normal donkey serum with
0.3% Triton-PBS and primary antibody against tyrosine hydroxylase
(TH) (chicken, 1:1000, ab76442, Abcam, Cambridge, MA) and, in some
applications, additionally with NeuN (mouse, 1:500, MAB377, Milli-
poreSigma). The next day, slices were washed and incubated for 2 h in
secondary antibody using Alexa Fluor 647 (donkey anti-chicken, 1:200,
703-605-155, Jackson ImmunoResearch, West Grove, PA) or Alexa
Fluor 488 (donkey anti-chicken, 1:200, 703-545-155, Jackson Im-
munoResearch) and, in some applications, with Alexa Fluor 594
(donkey anti-mouse, 1:200, 715-585-151, Jackson ImmunoResearch).
After a final wash, slices were mounted on gelatin-coated glass slides,
dried, and cover-slipped using ProLong Diamond (Thermo Fisher Sci-
entific, Waltham, MA). All immunohistochemical steps were performed
at room temperature. In a subset of experiments, the patch pipette so-
lution contained 3% Lucifer yellow (LY) (L0259, Sigma-Aldrich, St.
Louis, MO) that was ionophoretically injected (negative current for
approximately 20 min) into LC neurons after electrophysiological
characterization. Patch-slices were then fixed in 4% paraformaldehyde
for later immunohistochemical identification of TH. Immunoreactivity
was examined on a conventional epifluorescent microscope (Eclipse
80i, Nikon, Tokyo, Japan) with a digital monochrome camera (DS-
QilMec, Nikon) and appropriate filter sets or on a confocal microscope
(DMI6000 B, Leica, Wetzlar, Germany) using lasers (Argon, HeNe 633)
with fluorophore-specific excitation and emission wave length and
appropriate filter sets. Confocal images were collected in z-stacks
(0.5 um optical slices). Post-processing of the images (adjustment of
contrast and brightness for clarity) was done using the software Fiji.

Schematics of the LC were created with the Inkscape program
(version 0.91, http://www.inkscape.org/), and nuclei were identified
using Paxinos and Watson's rat brain atlas (Paxinos and Watson, 2007).
Analysis of neuron number was completed in representative sections of
the LC (Bregma level: from —9.96 to —9.60) and counted blindly by 3
independent persons using Fiji software. Neurons were counted in a
200 X 200 pm box in the dorsal-most portion of the LC excluding
spaces that are devoid of cells (e.g., blood vessels). Results of all
counters were averaged and compared between groups.

2.6. Statistical analysis

Behavioral, electrophysiological, and immunohistochemical data
were analyzed using the t-test or two-way repeated measures ANOVA
followed by Newman-Keuls post-hoc test where appropriate. All results
were considered statistically significantly different at p < .05. Group
data are presented as mean * SEM.

3. Results

3.1. Diminished memory performance in the streptozotocin-induced
Alzheimer's disease (STZ-AD) model

Previous research has shown the STZ-AD rat model results in re-
duced memory performance (Lannert and Hoyer, 1998; Salkovic-
Petrisic et al., 2013). To verify memory dysfunction in our study, we
used the Morris water maze. Trial-to-trial performance was compared
between groups as measure of spatial memory. Fig. 1A shows the escape
latencies for 15 trials on each of the consecutive testing days. During
the initial trials (with the visible platform), escape latency of all animals
was typically near the cutoff time of 60 s, indicating a similar perfor-
mance for both groups in the new environment. With an increasing
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number of trials (and a hidden platform), STZ-AD rats spent sig-
nificantly more time finding the platform than the control group, de-
monstrating impairment in learning and retention of spatial memory.
Both groups had comparable swim velocity (Fig. 1B), indicating motor
function of STZ-AD rats was not affected.

3.2. No change in locus coeruleus (LC) neuron number in the STZ-AD
model

Because of neurodegeneration of the LC in advanced human AD, we
analyzed neuronal number in our STZ-AD model (Fig. 2). We con-
centrated on three representative regions for the caudal-rostral extent
of the LC and immunohistochemically stained for NeuN (neuronal
marker) and tyrosine hydroxylase (TH) (typically found in the LC). The
numbers of neurons that co-stained for TH and NeuN were compared
between the STZ-AD and control group. No difference was found be-
tween groups, likely indicating that the AD model of the current study
represents an early time point in disease progression (two weeks after
AD induction) and that morphological changes in the LC are not (yet)
present.

3.3. Spike response of LC neurons during hypercapnia
The LC is located adjacent to the 4th ventricle in the dorsal aspect of

the pons. Fig. 3A shows an example of the LC (white dashed line) in a
horizontal brainstem slice used for patch clamp recordings. A 40 x
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Fig. 1. Spatial learning and memory deficits in the

sporadic Alzheimer's disease (AD) animal model.

A) Escape latency to find the hidden platform (HP) in

the Morris water maze for the control (CTL) and
o streptozotocin-induced Alzheimer's disease (STZ-AD)
groups during the 3-day testing period with 15
training sessions per day. Cutoff time was 60 s. B)
Swim velocity as measure for locomotor function
shows no impairment in the STZ-AD group.
Data are reported as mean = SEM. # p < .05; 2-way
repeated measures ANOVA. n = 6-7 rats per group.
VP = visible platform.
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magnification from a typical cell in the LC with attached patch pipette
is shown in Fig. 3B. In a subset of rats and after completion of elec-
trophysiological recordings, we immunohistochemically stained for TH
(Fig. 3C). Dense TH is found in the noradrenergic LC (Grzanna and
Molliver, 1980) and verified correct placement of our patch pipettes.

The LC is a chemosensitive nucleus with a population of neurons
having different response patterns to increased CO, conditions. Neurons
may show an increase, decrease, or no alteration of activity when ex-
posed to CO, (Lopes et al., 2016; Nichols et al., 2008). To test this
heterogeneity of neuronal responses to CO5, we performed a step de-
polarization protocol (100 ms steps with increasing current, +10 pA/
step) to evoke action potential (AP) discharge (Figs. 3D and 4). In the
control group (data from 6 rats), the majority of LC neurons (57%, 8
cells from 5 rats) were inhibited by CO, (i.e., reduced current-evoked
AP discharge) (Fig. 3E). Only a few cells were either activated (in-
creased spiking, 21%, 3 cells from 3 rats) by CO, or did not respond
(21%, 3 cells from 3 rats). A similar result was obtained for the STZ-AD
group (data from 6 rats). The majority of cells (64%, 9 cells from 6 rats)
were inhibited by CO,, only 14% (3 cells from 2 rats) showed activa-
tion, and 21% (2 cells from 2 rats) did not change spike discharge to
current injections under hypercapnic conditions (Fig. 3F).

Given previous studies that found over 50% of noradrenergic LC
neurons in neonatal rats increased firing rate to CO, exposure (Berridge
and Waterhouse, 2003; Filosa et al., 2002; Johnson et al., 2008), we
wanted to confirm the phenotype of LC cells in our preparation using
adult rats. A subset of cells (5 cells in uninjected control rats) were
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Fig. 2. Unaltered neuronal density in the locus coeruleus (LC) of the streptozotocin-induced Alzheimer's disease (STZ-AD) group.

Three representative coronal sections (30 pm) of the LC with labeling of NeuN-identified neurons (red) and tyrosine hydroxylase (TH) -positive cells (green). Brain
schematics illustrate the location and extent of the pontine LC (green area) in relation to bregma. TH* neurons were counted in a 200 X 200 pum box (yellow box) in
the dorsal-most portion of the LC.

Data are presented as mean * SEM. n = 6 rats per group. 4 V = 4th ventricle.



M.C. Vicente, et al. Experimental Neurology 328 (2020) 113250

Baseline 10% CO,
604 60
40+ 40+
< 20- 20
£ 0 04
<E -201 -20+
-40- -40-
-60 L/"' -60-

70 pA 40 ms 40 ms
0mV
E CTL group F STZ-AD group

Response to 10% CO,:
= activated (n=3)

. Response to 10% CO,:
= activated (n=3)

= inhibited (n=9)
no response (n=3) no response (n=2)

= inhibited (n=8)

G

Cell inhibited
by 10% CO,:

Cell activated
by 10% CO,:

Fig. 3. Response classes of locus coeruleus (LC) neurons to increased CO, exposure.

A) Representative horizontal brainstem section (250 pm) illustrating the location of the LC during patch clamp experiments. B) Magnification of a LC neuron with
attached glass electrode during the recording. C) Immunohistochemical staining of tyrosine hydroxylase (TH) (blue) in a horizontal brainstem slice subsequent to
neuronal recordings in the region of the LC. D) Representative responses of a CO,-inhibited LC neuron to step depolarization (10 pA steps, 100 ms) at baseline and
during the CO, condition. Reponses are shown for —20 pA (gray trace) and + 70 pA (black trace) only. The stimulus is shown underneath the traces. Note that CO,
eliminates spontaneous spike activity (before and after the stimulus) and blunts action potential discharge to current injection. E) Response classes of LC neurons to
hypercapnia in the control (CTL) group F) Response classes of LC neurons to hypercapnia in the streptozotocin-induced Alzheimer's disease (STZ-AD) group. G)
Confocal images (40 x oil) of electrophysiologically identified LC neurons that were loaded with Lucifer yellow (LY) (green fluorescence) and stained against tyrosine
hydroxylase (TH) (blue). Note the overlap of LY and TH in the merged image, indicating the same LC-specific phenotype for cells that were excited and inhibited by
CO,. All images shown are merged z-stack images from five sections (0.5 um apart). 4 V = 4th ventricle, r = rostral, ¢ = caudal, m = medial, | = lateral.
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Fig. 4. Spike discharge of locus coeruleus (LC) neu-
rons to current injections at baseline and during in-
creased CO,.

Action potential (AP) number in response to step
depolarization during baseline and hypercapnia
(10% CO») for cells that were inhibited by CO, in the
control (CTL) group (A) and the streptozotocin-in-
duced Alzheimer's disease (STZ-AD) group (B).

Data are expressed as mean + SEM. ** p < .01 and
**% p < .001 indicated a difference between baseline
and the hypercapnia condition. ## p < .01 indicated
a difference between STZ-AD and CTL groups; 2-way
repeated measures ANOVA.

* %%
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loaded with the fluorescent dye Lucifer yellow (LY) during and after
electrophysiological characterization. We later co-stained against TH
and visualized LY-labeled cells using confocal microscopy (Fig. 3G).
Cells that were excited or inhibited by CO, expressed the same phe-
notype for TH. This result furthermore suggests that all neurons re-
corded in the current study are noradrenergic (see also Fig. 3C). In the
following analysis, we concentrated on the majority of LC neurons that
were inhibited by CO,.

3.4. Decreased excitability of LC neurons during hypercapnia is exaggerated
in the STZ-AD model

Group data for current-evoked spike discharge in LC neurons that
responded to CO, is shown in Fig. 4. In the control group, spike dis-
charge of cells inhibited by hypercapnia (Fig. 4A) decreased sig-
nificantly across all current steps when compared with their baseline
response. Spike discharge in the STZ-AD group was also significantly
blunted by CO, at all current steps (Fig. 4B). This hypercapnic inhibi-
tion on discharge was exaggerated in the STZ-AD group when compared
with the control group (%change at 100 pA: CTL, 16.7 + 8.3% vs STZ-
AD,57.4 = 11.8;p < .01; n = 8-9). Notably, the baseline discharge of
both groups reached similar magnitudes. A closer look at the spike
discharge in the absence of depolarizing current (— 20 to 0 pA in Fig. 4)
showed the spontaneous activity of LC cells. Hypercapnia also reduced
the spontaneous activity of COs-inhibited cells in both groups (Fig. 4A
and B), indicating the inhibitory effect of CO, was independent of
neuronal activity. Together, these data suggest that CO, is able to de-
press activity in a large subgroup of LC cells and that the STZ-AD rat
model exhibits an impaired response to hypercapnic conditions.

3.5. CO; exposure decreases overall LC network activity

Network activity in the LC can be assessed by analyzing the spon-
taneous postsynaptic currents (sPSCs) in the absence of stimulation. All
cells were clamped at —60 mV (the calculated equilibrium potential for
chloride) and sPSCs recorded in this configuration likely represent ex-
citatory inputs. Fig. 5A is a representative example of LC network ac-
tivity during baseline and at 10% CO,. CO, exposure significantly de-
creased the number of sPSCs as shown for CO,-inhibited cells in both
groups (Fig. 5B). The magnitude of this reduction was similar between
groups (COs-induced change in network activity: CTL,
—34.3 = 12.3% vs STZ-AD, —32.1 = 13.2%; p > .05; n = 8-9).
The amplitude of sPSCs did not change with exposure to hypercapnia in
the control group (baseline, 25.3 + 3.4 pA vs CO,, 26.3 * 2.1 pA;
p > .05;n = 8) or STZ-AD group (baseline, 27.5 * 1.9 pA vs CO,,
26.4 = 2.8 pA;p >.05n = 9).

40
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current [pA]

3.6. CO_ decreases resting membrane potential (RMP) in the STZ-AD model

To determine whether CO, alters basic cell membrane properties,
we initially analyzed input resistance (R;) (resistance across the cell
membrane) from a 5 mV step (-60 to -65 mV) in voltage clamp con-
figuration. There was no difference in R; between groups at baseline
and during hypercapnia. However, within the STZ-AD group R; de-
crease significantly from baseline to hypercapnia in CO»-inhibited cells
(Table 1). This decrease of R; is indicative of membrane channel
opening. Consistent with this reduction of R;, RMP was significantly
hyperpolarized to more negative potentials in CO,-inhibited cells from
the STZ-AD group. This change indicates alterations of K* currents that
are important for RMP generation and may contribute to the hy-
percapnia-induced reduction of AP discharge in the STZ-AD rat model.
RMP of CO,-inhibited cells in the control group did not change.

3.7. COz Depolarizes Spike Threshold (THR) and Increases AP
Repolarization in LC Neurons

To identify additional mechanisms for CO5-induced inhibition of AP
discharge in the majority of LC neurons, we closely examined AP
properties during our step depolarization protocol. The delay to the first
AP in response to 100 pA step depolarization is given in Table 2 and
serves as an indicator of neuronal excitation. CO,-inhibited cells in the
STZ-AD group comprised a strong increase in delay of AP discharge,
which is consisted with hypercapnia-induced inhibition of the response.
This increase in delay is underestimated since three cells (STZ-AD group
only) did not elicit spikes at 100 pA under hypercapnia and a higher
current step needed to be evaluated. AP delay of CO,-inhibited cells
from the CTL group only showed a small and non-significant increase.

As detailed in Fig. 6A, main AP properties include THR, upstroke,
AP peak amplitude, and downstroke. To reliably quantify these para-
meters, we generated phase plane plots that show the first derivative of
membrane voltage against the change in membrane potential. A com-
plete list of all parameters, their changes, and statistical analysis is
provided in Table 2. In CO,-inhibited cells of the CTL and STZ-AD
groups, THR increased significantly with hypercapnia (Fig. 6B and 6C,
Table 2). The COy-induced change in THR also increased the voltage
difference from RMP to THR in both groups, making it harder to
overcome this voltage difference by a depolarizing stimulus and eli-
citing AP discharge. The significant hyperpolarization of RMP in the
STZ-AD group (Table 1) added to this difference. The STZ-AD group
also had a hypercapnia-induced increase in rising slope and peak am-
plitude of the AP, suggesting alteration of Na*-dependent inward
currents. A prominent change in both groups was the CO5-induced re-
duction of half-width resulting from a significantly steeper falling slope
of the AP (Fig. 6B and 6C, Table 2). Faster AP repolarization is
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indicative of increased K" -dependent outward currents that may con-
tribute to the inhibitory effects of CO, observed in the majority of LC
neurons.

3.8. CO, Modulates Currents Through Voltage-Gated K* (Ky) Channels

Because of the CO»-induced increase of AP repolarization and the
reduction of AP discharge in the majority of LC neurons, we analyzed
the potential contribution of outward K* currents. We used step de-
polarization of the membrane from —100 to +80 mV (20 mV steps) to
elicit outward K* currents in LC neurons. Fig. 7A shows representative
K* currents during baseline and at 10% CO, in a LC cell that was in-
hibited by CO,. The blue lines depict the time points used to measure
the current-voltage (IV) relationship of transient (beginning of the sti-
mulus) and steady-state (end) currents for each voltage step. Results for
the steady-state current of CO,-inhibited cells in the CTL and STZ-AD
groups are shown in Fig. 7B. The IV relationship of both groups com-
prised a significant reduction of steady-state K™ current with perfusion
of 10% CO,. This decrease of outward K* currents occurred at mem-
brane potentials greater than +20 mV, a range that is typically asso-
ciated with activity of Ky channels (Johnston et al., 2010; Mathie et al.,
1998). Interestingly, a reduced steady-state K™ current with depolar-
ization would facilitate AP discharge. Enhanced AP discharge to CO,
was not observed in this group of LC neurons, likely indicating a minor
role of steady-state K* currents on overall neuronal spike activity.
While steady-state IV curves at baseline were similar between groups,
CO, induced a significantly greater reduction of steady-state current in
STZ-AD rats than in control animals.

A reliable increase in transient K* current (calculated by sub-
tracting the steady-state current from the initial current at the begin-
ning of the voltage step) was seen for CO»-inhibited cells between -40 to
+40 mV under baseline conditions (Fig. 7C), which is consistent with
the response typical for A-type K* channels (K,) channels (Sonner and
Stern, 2007). Responses of K, channels became variable at membrane
potentials of +40 mV and higher. The transient current increased in
CO»-inhibited cells when exposed to hypercapnia. While this change
was only a strong trend in the control group at 0 mV membrane

Table 1
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Figure 5. Reduced locus coeruleus (LC) network ac-

tivity with increased CO,.

A) Typical example for a reduced number of spon-
* taneous postsynaptic currents (sPSC), representing
LC network activity, with 10% CO,. B) Group data for
sPSCs at baseline (Bsl) and at 10% CO, for the control
(CTL) and streptozotocin-induced Alzheimer’s dis-
ease (STZ-AD) groups.
Data are expressed as mean * SEM. *p < .05; t-test.
n = 8-9 rats per group.

STZ-AD

Bsl CO,

potential and amounted to an increase of ~135% (baseline,
0.142 = 0.033 nA vs CO,, 0.337 = 0.078 nA; p = .059; n = 8), cells
of the STZ-AD group were significantly increased by ~170% (baseline,
0.153 + 0.054 nA vs CO,, 0.417 + 0.045nA;p < .05; n = 9). The
CO,-dependent increase of K, current in CO»-inhibited cells can an-
tagonize AP generation (Li and Putnam, 2013) and may in part explain
the observed decrease in AP discharge.

4. DISCUSSION

The current study showed that the majority of noradrenergic LC
neurons in adult rats (64% in the STZ-AD group and 57% in the CTL
group) were inhibited by CO, as indicated by a significant decrease in
AP discharge to current injections. The remainder of cells either in-
creased AP discharge (~20%) or did not respond (~20%). The STZ-AD
group also had a greater sensitivity to CO, than controls as demon-
strated by a significantly stronger inhibition of spike discharge during
hypercapnia, which was in part from hyperpolarization of the RMP.
Reduction of AP discharge in both groups was generally accompanied
by lower LC network activity, depolarized AP threshold, increased AP
repolarization, and increased current through a subpopulation of Ky
channels. The latter result was indicated by enhanced transient Ky
currents (strong trend in the control group and significant change in the
STZ-AD group). Interestingly, steady-state Ky currents were reduced
under hypercapnia, a change that would favor enhanced AP discharge.
However, the collective response of most LC neurons in adult rats was
inhibited by CO,.

In the current study, STZ-AD rats had impairment in learning and
retention of spatial memory when tested in the Morris water maze.
These data corroborate previous studies demonstrating learning and
memory deficits with brain-injection of STZ (Ebel et al., 2017; Motzko-
Soares et al., 2018; Salkovic-Petrisic et al., 2013; Vicente et al., 2018)
and therefore, we were able to reproduce the cognitive alterations
found in patients with AD (Kumar et al., 2015; Qiu et al., 2019). It is
well known that LC is involved in regulating a broad range of higher
cognitive functions, such as working memory, learning and attention
(Aston-Jones and Cohen, 2005; Benarroch, 2009; Mather and Harley,

Changes of membrane resistance and resting membrane potential to hypercapnia in the STZ-AD animal model. Data are expressed as mean + SEM. n = 8-9

rats per group.

CO,-inhibited LC neurons

CTL  STZ-AD

Parameter Baseline (bsl) 10% CO, p, bslvs. CO,
Membrane resistance (R;) 116.1+19.5 113.5+18.7 0.693
[MQ] 126.5+14.9 98.4+8.2 0.006
Resting membrane -46.4+1.4 -47.7 2.1 0.393
potential (RMP) [mV] -49.0+ 1.6 -52.2+1.7 0.030
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Alteration of action potential properties at baseline and increased CO2 in locus coeruleus (LC) neurons of STZ-AD rats. Data are expressed as mean + SEM. #

p < .05.n = 8-9 rats per group.
CO,-inhibited LC neurons

Parameter

Baseline (bsl)

10% CO, p, bslvs. CO,

Delay to first AP [ms]

AP threshold (THR) [mV]

RMP to THR [mV]

AP peak [mV]

Max. AP rising slope
[mV/ms]

Max. AP falling slope
[mV/ms]

AP half-width [ms]

Afterhyperpolarization
[mV] from THR

2016; Robbins, 1984), as well as memory consolidation and retrieval
(Sara, 2009; Sterpenich et al., 2006). We have previously observed an
increase of amyloid beta peptide in the LC of STZ-AD animals (Vicente
et al., 2018). In fact, selective lesions of LC neurons exacerbate AD
neuropathology and cognitive deficits in both amyloid-based transgenic
mouse models and mouse models of tauopathy (Hammerschmidt et al.,
2013; Heneka et al., 2010). Therefore, decreased cognitive function in
STZ-treated rats may be related to neuronal alterations occurring in the
LC-noradrenergic system.

The majority of studies analyzing LC neuron responses to CO, were
done in neonatal rodents (Filosa et al., 2002; Oyamada et al., 1998;
Ritucci et al., 2005; Stunden et al., 2001). In these studies, up to 80% of
LC neurons in neonates (postnatal < 10 days) were activated/depolar-
ized by CO, in the presence of synaptic blockage (i.e., neurons were
intrinsically chemosensitive to CO,). Studies in older neonates (post-
natal > 10 days) showed only 20%—-40% of LC neurons were activated/
depolarized by hypercapnia (Gargaglioni et al., 2010; Nichols et al.,
2008), indicating that the number of CO»-activated LC neurons is de-
pendent on the age of the animal. Although no synaptic blocker was
used in the current study, meaning changes may not exclusively arise
from intrinsic chemosensitivity, we also found a low number of acti-
vated LC neurons (up to 21%) in 8-9 week old rats (Fig. 3E and 3F). The
majority of neurons (more than 57% of cells independent of group)
were inhibited by CO, exposure as indicated by reduced current-evoked
spike discharge (Fig. 4) and overall lower network activity (Fig. 5).
These results, in conjunction with the above mentioned previous stu-
dies, indicate that inhibition by CO5 may be unique to LC neurons in
adult animals only. Similarly, Lopes et al. (2016) showed a
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hypercapnia-induced decrease in firing rate of LC neurons projecting to
the commissural nucleus tractus solitarii, a brainstem area heavily in-
volved in respiratory control. According to Imber et al. (2018), blunted
CO,-responses of LC neurons in older animals is related to a develop-
mental increase in Ca®*-activated BK channel current. Hypercapnic
acidosis raised intracellular Ca®* content and led to BK channel-de-
pendent lowering of spike discharge to CO,. This process is known as
brake phenomenon and appears to be minimally active in the LC neu-
rons of newborn rats, but develops over the first two weeks of life. The
influence of such a limiting mechanism may increase with advanced
age and result in a general inhibition to hypercapnia as observed in the
current study. Additional changes, such as the hypercapnia-induced
increase in transient Ky currents (this study), may further contribute to
the developmental brake mechanism, ultimately lowering output of LC
neurons in adult animals in response to COs.

Hypercapnic exposure significantly altered currents through Ky
channels. Steady-state K* currents, presumably from delayed-rectifying
K* channels (Kpg) (Mathie et al., 1998), were significantly reduced
under CO, in all LC neurons in the current study. CO5-sensitivity of Kpg
in LC neurons has been previously reported in neonates (Filosa and
Putnam, 2003; Li and Putnam, 2013). Similar to our data, these studies
showed hypercapnia-induced inhibition of Kpg currents. A reduction in
Kpg current likely favors excitatory responses; however, spike discharge
to CO, was reduced in the majority of LC neurons in our study, sug-
gesting a minor role for decreased steady-state currents at least in adult
rats. Conversely, transient K* currents from K, channels (Mathie et al.,
1998) may play a greater role whether LC neurons increase or decrease
spike discharge in response to CO,. The strong impact of K, on spike
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Figure 6. Action potential waveform for locus coeruleus (LC) neurons at baseline and increased CO,.

A) Representative action potential (AP) with the corresponding phase plane plot. Phase plane plots for CO,-inhibited LC cells in the control (CTL) group (B) and the
streptozotocin-induced Alzheimer’s disease (STZ-AD) group (C). Insets show a representative AP at baseline (Bsl) and increased CO,. Red arrowheads indicate a
significant change in spike threshold. Black arrowheads indicate significant changes to baseline (see Table 2).

Data are expressed as mean = SEM. V,,, = membrane potential.

discharge was previously reported in neonatal LC neurons, where
blockade of K, led to increased spike discharge (Li and Putnam, 2013).
The opposite may then hold true for the response of LC cells from this
study that increased K, current and decreased AP discharge. Similarly,
K, are well known to modulate AP delay (Dekin and Getting, 1987;
Schild et al., 1993). Our data on the delay of the first AP (to 100 pA
current injection) is consistent with CO,-induced modulation of K.
However, other channels (e.g. those controlling RMP or AP threshold)
may change AP delay as well (Corbin-Leftwich et al., 2018; Noble,
1966). Ku also significantly influences AP waveforms (Sonner and
Stern, 2007). Blocking K, resulted in a lower THR and widened APs
from delayed repolarization. Enhanced K, current may then lead to
increased THR and reduced AP width. These changes were observed in
the majority of LC neurons from the current study and suggest an im-
portant role of K, on the activity of LC neurons during hypercapnic
conditions.

Few studies address the CO, response of LC neurons in adult rats.
Elam et al. (1981) performed extracellular recordings in single LC
neurons in intact anesthetized rats (200-300 g, ~7-9 weeks of age),
where CO, was supplied through the inspired gas mixture. That study
reported increased activity of LC neurons in response to hypercapnia,
but there was no information about the percentage of cells that re-
sponded to activation with CO,. Similar to our current-evoked AP dis-
charge, increased activation of LC neurons may resemble external in-
puts that drive neuronal activity of LC neurons to CO,. In intact
animals, such input may stem from other chemosensitive brain regions

like the retrotrapezoid nucleus, medullary raphe, and commissural
nucleus tractus solitarii (Lopes et al., 2016; Putnam et al., 2004). Thus,
whether CO, modulates or attenuates spike discharge in LC cannot be
concluded from experiments with intact connections to the LC. A study
by Pineda and Aghajanian (1997) used slice preparations from adult
rats (170-220 g, ~6-7 weeks) and found a depolarizing effect of CO, on
LC neurons. Their slice thickness was 600 pm and cut in coronal or-
ientation; these two factors allow for intact tracts/inputs coming from
more ventral chemosensitive regions in the same slice (e.g., retro-
trapezoid nucleus, medullary raphe). Again, in this preparation it
cannot be excluded that responses of LC neurons may be driven by
input from other centers. We used 250-um thick horizontal slices con-
taining the dorsal portion of the LC. This preparation excludes re-
spiratory centers that are situated more rostral, ventral, and caudal
from the LC and therefore resembles a highly reduced preparation that
may reveal responses of LC neurons to CO, with very limited external
drive.

A direct comparison between our groups showed that the hy-
percapnia-induced inhibition of LC neurons was exaggerated in the
STZ-AD group (Fig. 4B). Mechanisms contributing to this stronger in-
hibition may be the significantly reduced RMP and associated decrease
in R; (Table 1). Potential candidates for this change are two-pore-do-
main (Goldstein et al., 2001) and inwardly rectifying K* channels (Xu
et al., 2000), which have been previously shown to exhibit CO,/pH-
sensitive properties in LC neurons (Filosa and Putnam, 2003; Pineda
and Aghajanian, 1997) although with different consequences for the
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Figure 7. Current-voltage relationship for K* channels in locus coeruleus (LC) neurons at baseline and during 10% CO,.

A) Typical example of currents elicited by step changes of the membrane potential from -100 mV to +80 mV (20 mV step, 400 ms) in a CO,-inhibited LC neuron at
baseline (Bsl) and CO,. The blue lines describe the time points for measurements of the transient (beginning of stimulus) and steady-state current (end of stimulus) at
each voltage step. B) Steady-state K* currents of cells inhibited by CO, in the control (CTL) and streptozotocin-induced Alzheimer’s disease (STZ-AD) groups. C)

Transient K™ currents of cells inhibited by CO, in the CTL and STZ-AD groups.
SEM. * p < .05, ** p < .01, and *** p < .001 indicated a difference from the Bsl condition. # p < .05, ## p < .01 indicated a

Data are expressed as mean +

difference between the STZ-AD and CTL groups; 2-way repeated measures ANOVA. V,;, = membrane potential.

cell than observed in the current study. Hyperpolarization of RMP in
conjunction with a depolarized THR significantly increased the differ-
ence from RMP to THR and, thus, the voltage required for spike gen-
eration. This difference in RMP to THR was more pronounced in the
STZ-AD model than the CTL group (Table 2). Depolarized THR, reduced
AP half-width, and enhanced AP repolarization under CO, can be at-
tributed to the increase in K, currents (see above). This change was
significant in the STZ-AD group only (trend in the CTL group). Further,
the hypercapnia-induced reduction of Kpr was more pronounced in the
STZ-AD group than in the control group (Fig. 7B). Given the mainly
inhibitory actions of CO,, the impact of reduced Kpg on spike discharge
seems minimal. The combined data from the current study indicates an
overall increased CO,-sensitivity of LC neurons in the STZ-AD group, a
change that ultimately led to pronounced inhibition of the LC during
hypercapnic conditions. We also found a significant increase in AP peak
and rising slope. These results (and potentially the changes to THR)
may arise from altered voltage-gated Na™ channels (Ghovanloo et al.,
2018); however, specific involvement in the CO,-response of LC neu-
rons has not yet been reported.

Although responses of LC neurons in the control and STZ-AD groups
differed considerably during hypercapnic conditions, baseline re-
sponses were similar between groups. These results agree with our
previously published in vivo study about respiratory response to high
CO, conditions (Vicente et al., 2018). In that study, the STZ-AD group

10

had no changes in basal ventilation, but the ventilatory reflex to hy-
percapnia was significantly stronger than in the control group. Thus,
the respiratory response of the STZ-AD rat model to CO, exhibited a
higher sensitivity to CO,, which is similar to the responses of LC neu-
rons in the current study. Changes in respiratory function were also
correlated with increased amyloid beta protein in the LC region. It has
been previously shown that AD modulates K* channel expression in
humans (Angulo et al., 2004). Amyloid beta also alters currents through
Ka, Kpg, and voltage-gated Na™ channels in cortical and hippocampal
tissue of AD animal models (Chen, 2005; Pan et al., 2004; Verret et al.,
2012; Yu et al., 1998). Although some results from these studies are
inconsistent (possibly from tissue-specific effects), it is likely that
amyloid beta in the STZ-AD rat model affects the function of K™ and
Na* channels in the LC. Furthermore, ion imbalance (increased [Na*]
and [K*]) was shown in the cerebrospinal fluid of AD patients
(Vitvitsky et al., 2012). Increased extracellular [Na*] could also ac-
count for the observed increase in AP rising slope and peak in the
current study.

Previous studies of AD patients and AD animal models have mainly
concentrated on the cortex and hippocampus. AD patients have also
been shown to exhibit a high prevalence of breathing problems (Boeve,
2008; Gaig and Iranzo, 2012; Lee et al., 2019; Osorio et al., 2014), but
currently there is no information on changes of neuronal activity as-
sociated with respiratory dysfunction in AD. To our knowledge, our
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study reports the first data on neuronal changes in the LC of the
brainstem with abnormal response properties under respiratory stress
conditions in an animal model for sporadic AD. We did not observe any
changes in LC neuron number in the STZ-AD group, suggesting we were
analyzing an early stage of the disease as shown in human patients with
successive loss of LC neurons in the course of AD (Kelly et al., 2017;
Theofilas et al., 2017). This finding also indicates that AD-induced
changes of LC output are not necessarily due to lower neuron number;
they may rather be the result of altered intrinsic neuronal properties.

In summary, our study shows that the responses of LC neurons to
CO, in the STZ-induced model for sporadic Alzheimer’s disease is en-
hanced and potentially involves AD-induced changes in voltage-gated
K* and Na* channels. The exaggerated inhibitory response of the LC to
hypercapnia may be an underlying mechanism for the breathing dis-
turbances observed in patients with AD.
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