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LISTA DE FIGURAS

Sintese

Figura 1. Representacdo esquematica em corte sagital do tronco encefélico de rato contendo os
nucleos geradores de ritmo e padrdo respiratdrio. As regides ritmogénicas sdo destacadas em
vermelho: pré-BotC (inspiratorio); grupo respiratério parafacial lateral (pF_ - expiratdrio) e
ventral (pFv — expiratorio prevalente na fase perinatal) e complexo pés-inspiratério (PiCo).
Regides moduladoras do padrdo respiratério: nucleo do trato solitario (NTS), kolliker-fuse (KF)
e parabraquial (PB). Nucleos pré-motores: grupo respiratério ventral rostral (VRGr) e caudal
(VRGC).

Figura 2. Representacdo esquematica da localizacdo dos quimiorreceptores centrais demarcados
em vermelho ao longo do SNC em corte sagital (A) e em visdo coronal no tronco encefalico (B).
Abreviagdes: LHA, hipotalamo lateral; FN, ndcleo fastigial; LC, locus coeruleus; cNTS, nucleo
do trato solitario caudal; PBC, pré-BoTC; rVRG, grupo respiratério ventral rostal; cVVLM, bulbo
ventrol lateral caudal; RTN/pFRG, ndcleo retrotrapezoéide/ grupo respiratério parafacial.

Capitulo 1

Figure 1: Effect of prenatal WIN exposure on straightening (A) and mastication reflexes (B) in
PO male and female rats. The graphs are presented as boxplots. Values are expressed as
percentile and median. *indicates the mean.

Figure 2: Effect of prenatal WIN exposure on A: ventilation (VE), tidal volume (V7),
respiratory frequency (fr); B: oxygen consumption (VOz) and air convection requirement
(VE/VOz) for PO, P6-7, P12-13 and P27-28 control and WIN-treated male rats during
hypercapnia (7% CQO;) condition. The graphs are presented as boxplots. Values are expressed as
percentile and median. * indicates mean. * indicates a significant difference between control and

WIN-treated groups at the same age. The results of two-way ANOVA statistical analyzes are
represented in Supplementary Table 2C.

Figure 3: Effect of prenatal WIN exposure on A: ventilation (VE), tidal volume (V1),
respiratory frequency (fr); B: oxygen consumption (VOz) and air convection requirement

(Ve/VOz2) for PO, P6-7, P12-13 and P27-28 control and WIN-treated female rats during
hypercapnia (7% CO) condition. The graphs are presented as boxplots. Values are expressed as
percentile and median. * indicates mean. * indicates a significant difference between control and
WIN-treated groups at the same age. The results of two-way ANOVA statistical analyzes are
represented in Supplementary Table 2D.

Figure 4: Effect of prenatal WIN exposure on A: ventilation (VE), tidal volume (Vv),
respiratory frequency (fr); B: oxygen consumption (VOz) and air convection requirement
(VE /VOz) for PO, P6-7, P12-13 and P27-28 control and WIN-treated male rats during hypoxic

9



(10% 0O,) condition. The graphs are presented as boxplots. Values are expressed as percentile
and median. * indicates mean. * indicates a significant difference between control and WIN-
treated groups at the same age. The results of two-way ANOVA statistical analyzes are
represented in Supplementary Table 2E.

Figure 5: Effect of prenatal WIN exposure on A: ventilation (VE), tidal volume (V1),
respiratory frequency (fr); B: oxygen consumption (VOz) and air convection requirement

(VE/V02) for PO, P6-7, P12-13 and P27-28 control and WIN-treated female rats during
hypoxic (10% O2) condition. The graphs are presented as boxplots. Values are expressed as
percentile and median. * indicates mean. * indicates a significant difference between control and
WIN-treated groups at the same age. The results of two-way ANOVA statistical analyzes are
represented in Supplementary Table 2F.

Figure 6: Effect of prenatal WIN exposure on total (C+ — A and B), lung (C. — C and D) and
body wall (Cs — E and F) static compliance during inflation and deflation for PO, P6-7, P12-13
and P27-28 control and WIN-treated male rats. The graphs are presented as boxplots. Values are
expressed as percentile and median. * indicates mean. * indicates a significant difference
between control and WIN-treated groups at the same age. The results of two-way ANOVA
statistical analyzes are represented in Supplementary Table 2H.

Figure 7: Effect of prenatal WIN exposure on total (C+ — A and B), lung (C. — C and D) and
body wall (Cs — E and F) static compliance during inflation and deflation for PO, P6-7, P12-13
and P27-28 control and WIN-treated female rats. The graphs are presented as boxplots. Values
are expressed as percentile and median. * indicates mean. * indicates a significant difference
between control and WIN-treated groups at the same age. The results of two-way ANOVA
statistical analyzes are represented in Supplementary Table 2H.

Figure 8: Effect of prenatal WIN exposure on total (Ct — center panel), lung (C. — upper panel)
and body wall (Cg — bottom panel) dynamic compliance for PO (A), P6-7 (B), P12-13 (C) and
P27-28 (D) control and WIN-treated male and female rats. Values are expressed as
interconnected means over the intra-tracheal pressure. * indicates a significant difference
between control and WIN-treated males at the same age. * indicates a significant difference
between control and WIN-treated females at the same age. The results of two-way ANOVA
statistical analyzes are represented in Supplementary Table 2I.

Figure 9: Effect of prenatal WIN exposure on expression of CB1 receptor protein in the
brainstem of PO, P6-7, P12-13 and P27-28 control and WIN-treated male (A) and female (B)
rats. Values are expressed as percentage + S.E.M. * indicates a significant difference between
control and WIN-treated groups at the same age. The results of two-way ANOVA statistical
analyzes are represented in Supplementary Table 2J.

Figure 10: Effect of prenatal WIN exposure on quantification of CA neurons in A1/C1, A2, C3,
A5 and A7 regions, as well as light intensity reflected in A6 for PO (A), P6-7 (B), P12-13 (C)
and P27-28 (D) control and WIN-treated male rats. The graphs are presented as boxplots.
Values are expressed as percentile and median. * indicates mean. * indicates a significant
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difference between control and WIN-treated groups at the same age. The results of two-way
ANOVA statistical analyzes are represented in Supplementary Table 2K.

Figure 11: Effect of prenatal WIN exposure on quantification of CA neurons in A1/C1, A2, C3,
A5 and A7 regions, as well as light intensity reflected in A6 for PO (A), P6-7 (B), P12-13 (C)
and P27-28 (D) control and WIN-treated female rats. The graphs are presented as boxplots.
Values are expressed as percentile and median. * indicates mean. The results of two-way
ANOVA statistical analyzes are represented in Supplementary Table 2K.

Figure 12: Representative photomicrographs in a coronal plane of brainstem A1/C1 (A), A2 (B)
and C3 (C) region of PO, and A6 (D) region of P6-7 control (left side) and WIN-treated (middle)
animals, under a 10x objective. Schematic drawing of the location of the nuclei (red circle) with
an overview of the slice with the specific coordinates for each photomicrograph (right side).
Scale bar = 100 um. AP: area postrema, CC: central canal, 4V: fourth ventricle.

Figure 13: Effect of prenatal WIN exposure on OXPHOS (A), LEAK (B), ETS (C), P/L ratio
(D), P/E ratio (E), L/P ratio (F), and L/E ratio (G) for PO, P6-7, P12-13 and P27-28 control and
WIN-treated male rats. The graphs are presented as boxplots. Values are expressed as percentile
and median. * indicates mean. * indicates a significant difference between control and WIN-
treated groups at the same age. The results of two-way ANOVA statistical analyzes are
represented in Supplementary Table 2L.

Figure 14: Effect of prenatal WIN exposure on OXPHOS (A), LEAK (B), ETS (C), P/L ratio
(D), P/E ratio (E), L/P ratio (F), and L/E ratio (G) for PO, P6-7, P12-13 and P27-28 control and
WIN-treated female rats. The graphs are presented as boxplots. Values are expressed as
percentile and median. * indicates mean. * indicates a significant difference between control and
WIN-treated groups at the same age. The results of two-way ANOVA statistical analyzes are
represented in Supplementary Table 2L.

Capitulo 2

Figure 1: Effect of prenatal WIN exposure on A: ventilation (VE), tidal volume (V1),
respiratory frequency (fr); B: oxygen consumption (VOz) and air convection requirement

(VE /VOz) for control and WIN-treated male and female adult rats during resting condition
(Basal), hypercapnia (7% CO2) and hypoxia (10% O,) at awake state. Values are expressed as
mean = S.E.M. * indicates a significant difference between control and WIN-treated groups.
The results of two-way ANOVA statistical analyzes are represented in Supplementary Table
1B.

Figure 2: Effect of prenatal WIN exposure on A: ventilation (VE), tidal volume (Vr),
respiratory frequency (fr); B: oxygen consumption (VOz) and air convection requirement

(VE /VOz) for control and WIN-treated male and female adult rats during resting condition
(Basal), hypercapnia (7% CO2) and hypoxia (10% O-) at sleep state. Values are expressed as
mean + S.E.M. * indicates a significant difference between control and WIN-treated groups.
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The results of two-way ANOVA statistical analyzes are represented in Supplementary Table
1C.

Figure 3: Effect of prenatal WIN exposure on total (C+ — A and B), lung (C. — C and D) and
body wall (Cg — E and F) static compliance during inflation and deflation for control and WIN-
treated male and female adult rats. Values are expressed as mean + S.E.M. * Indicates
significant difference between sex in the same group of treatment. The results of two-way
ANOVA statistical analyzes are represented in Supplementary Table 1D.

Figure 4: Effect of prenatal WIN exposure on total (C+ — A and B), lung (C. — C and D) and
body wall (Cs — E and F) dynamic compliance for control and WIN-treated male and female
adult rats. Values are expressed as mean + S.E.M. * indicates a significant difference between
control and WIN-treated male groups. * indicates a significant difference between control and
WIN-treated female groups. The results of two-way ANOVA statistical analyzes are represented
in Supplementary Table 1D.

Figure 5: Effect of prenatal WIN exposure on mean arterial pressure (MAP), systolic arterial
pressure (SAP), diastolic arterial pressure (DAP), and heart rate (HR) for control and WIN-
treated male (A) and female (B) adult rats under resting, hypercapnic (7% COz) and hypoxic
(10% 0,) conditions at awake state. Values are expressed as mean + S.E.M. * indicates a
significant difference between control and WIN-treated groups. The results of two-way
ANOVA statistical analyzes are represented in Supplementary Table 1E.

Figure 6: Effect of prenatal WIN exposure on mean arterial pressure (MAP), systolic arterial
pressure (SAP), diastolic arterial pressure (DAP), and heart rate (HR) for control and WIN-
treated male (A) and female (B) adult rats under resting, hypercapnic (7% CO_) and hypoxic
(10% Oy) conditions at sleep state. Values are expressed as mean + S.E.M. * indicates a
significant difference between control and WIN-treated groups. The results of two-way
ANOVA statistical analyzes are represented in Supplementary Table 1E.

Figure 7: Effect of prenatal WIN exposure on body temperature (Tg) for control and WIN-
treated male (A) and female (B) adult rats under resting, hypercapnic (7% CO_) and hypoxic
(10% Oy). Values are expressed as mean + S.E.M. * indicates a significant difference between
control and WIN-treated groups. The results of two-way ANOVA statistical analyzes are
represented in Supplementary Table 1F.

Figure 8: Effect of prenatal WIN exposure on expression of CB1 receptor protein in the
brainstem of control and WIN-treated male (A) and female (B) adult rats. Values are expressed
as percentage + S.E.M.

Figure 9: Effect of prenatal WIN exposure on quantification of CA neurones in A1/C1, A2, C3,

A5 and A7 regions, as well as light intensity reflected in A6 for control and WIN-treated male
(A) and female (B) adult rats. Values are expressed as mean + S.E.M.
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Tabela 1. A - Resumo dos principais resultados obtidos no Capitulo 1 para ratos (esquerda) e
ratas (direira) neonatos (PO, P6-7 e P12-13) e juvenis (P27-28). B - Resumo dos resultados
obtidos no Capitulo 2 para ratos (esquerda) e ratas (direira) adultos (P80-81), durante sono (S) e
vigilia (V).

Capitulo 1

Table 1. Body mass and weight of heart and lungs for PO, P6-7, P12-13 and P27-28 control and
WIN-treated male and female rats.

Table 2. Ventilation (VE ), tidal volume (Vr), respiratory frequency (fr), 0xygen consumption

(VO2) and air convection requirement (Ve /VOz) for PO, P6-7, P12-13 and P27-28 control
and WIN-treated male and female rats, under resting condition.

Table 3. The variability of breath duration (mean + S.E.M.) at basal, hypercapnia (7% CO,) or
hypoxia (10% O;) of PO, P6-7, P12-13 and P27-28 control (VEH) and WIN-treated male and
female rats.

Supplementary Table 1. A - Systolic arterial pressure (SAP), diastolic arterial pressure (DAP),
mean arterial pressure (MAP) and heart rate (HR); B - Body temperature (Ts - °C) for P27-28
control and WIN-treated male and female rats, under resting, hypercapnic and hypoxic
conditions.

Supplementary Table 2. Results of two-way ANOVA statistical analyzes for body mass, and
heart and lungs weight (A), respiratory and metabolic measurements during baseline (B) and
during hypercapnia for males (C) and females (D), ventilation and oxygen consumption during
hypoxia for males (E) and females (F), breathing variability (G), static (H) and dynamic (1)
compliance, brainstem CB1 receptor expression (J), CA neurons quantification (K), brainstem
mitochondrial respiration (L), and cardiovascular and body temperature data (M).

Capitulo 2

Table 1. Body mass, weight of heart and lungs of control and WIN-treated adult male and
female rats.

Supplementary Table 1: Results of two-way ANOVA statistical analyzes for body mass and
heart weight (A), respiratory and metabolic parameters during baseline, hypercapnia and
hypoxia during awake (B) and sleep state (C) for male and female rats, static and dynamic
compliance (D), cardiovascular data at awake and sleep state (E), and body temperature (F) for
adult males and females.
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pPFRG — Grupo respiratorio parafacial
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pH — Poténcial hidrogenidnico
Pre-BotC — Complexo pré-Botzinger
PVN — Ndcleo paraventricular

REM — Movimento rapido dos olhos
RTN — Nucleo retrotrapezdide

RVLM — Bulbo ventrolateral rostral
SNC / CNS — Sistema nervoso central
SIDS — Sindrome da morte subita infantil
Tg — Temperatura corporal

TH — Tirosina hidroxilase

THC - Tetra-hidrocanabinol

Trot — Tempo total do ciclo respiratério
Ve - Ventilagdo

VEH - Veiculo

VEe/ VOz2 - Equivalente respiratorio
VO2 - Consumo de oxigénio

V1 — Volume corrente

WIN — Agonista de receptor canabindide
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RESUMO

Politicas de flexibilizacdo e legalizacdo do uso de Cannabis em diversos paises
tem aumentado consideravelmente nos ultimos anos e o uso de drogas de abuso durante
a gestacao pode afetar o desenvolvimento de sistemas fisiologicos incluindo a rede de
controle respiratorio, principalmente devido a suscetibilidade do periodo pré-natal a
intervencdes externas e farmacologicas ocasionando em possiveis consequéncias na
vida pds-natal da prole. Os compostos psicoativos da Cannabis podem agir diretamente
sobre o sistema endocanabinoide presente no Sistema Nervoso Central (SNC) ja nos
estagios iniciais de desenvolvimento embrionario sendo um importante elemento para
regulacdo estrutural e funcional da maturacdo do SNC, incluindo as areas responsaveis
pelo controle cardiorrespiratério. Entretanto, apesar do aumento do consumo dessa
substancia durante a gestacdo, o conhecimento sobre a influéncia de canabindides
exogenos no desenvolvimento do sistema respiratério e as consequéncias na vida pos-
natal é escasso. O presente estudo avaliou os possiveis efeitos da exposicdo ao agonista
de receptor canabindide (CB) durante a gestacdo sobre o controle respiratorio de ratos e
ratas neonatos (PO, P6-7 e P12-13), juvenis (P27-28) e adultos (P80-81) através do
implante subcutaneo de bomba osmética em ratas gravidas para a liberacdo do veiculo
ou agonista de receptor canabindide (WIN 55212-2, 0,5 mg/kg/dia) entre o dia
gestacional 0 e 21. A exposicdo ao WIN interferiu de modo sexo dependente na
regulacdo da ventilagdo dos filhotes, ocasionando em uma maior sensibilidade ao CO>
nos machos neonatos, juvenis e adultos. Um quimiorreflexo alterado em resposta a
hipoxia foi observado nos machos neonatos PO e P6-7. Nas fémeas, o tratamento pre-
natal resultou apenas em uma hiperventilagdo durante hipercapnia durante a fase juvenil
e uma reduzida resposta ventilatéria ao CO2 e O, quando adulta. Adicionalmente,

analises neuroanatdmicas do tronco encefalico evidenciaram um aumento do ndmero de
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neurdnios catecolaminérgicos e expressdo de receptores CB1, bem como alteracGes da
respiracdo tecidual em machos neonatos. Uma expressiva reducdo da complacéncia
pulmonar também foi observada em machos juvenis tratados. Por fim, alteracGes
cardiovasculares também foram evidenciadas para os animais machos e fémeas na idade
adulta em decorréncia da exposicao pré-natal ao WIN. Esses achados demonstram que a
exposicdo ao agonista de receptor canabinOide durante a gestacdo resulta em
consequéncias prolongadas e sexo dependente para o0 sistema de controle

cardiorrespiratdrio.
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ABSTRACT

Policies for the flexibility and legalization of Cannabis use in several countries
has increased considerably in recent years and the use of drugs of abuse during
pregnancy can affect the development of physiological systems including the respiratory
control network, mainly due to the susceptibility of the prenatal period to external and
pharmacological interventions resulting in possible consequences in the offspring’s
postnatal life. Cannabis psychoactive compounds can act directly on the
endocannabinoid system present in the Central Nervous System (CNS) already in the
early stages of embryonic development, being an important element for structural and
functional regulation of CNS maturation, including for the areas responsible for
cardiorespiratory control. However, despite the increased consumption of this substance
during pregnancy, knowledge about the influence of exogenous cannabinoids on the
development of the respiratory system and the consequences on postnatal life is limited.
The present study evaluated the possible effects of cannabinoid receptor (CB) agonist
exposure during pregnancy on the respiratory control system of neonatal (PO, P6-7 and
P12-13), juvenil (P27-28) and adult (P80-81) male and female rats through
subcutaneous implantation of osmotic pumps in pregnant female rats at embryonic day
0 and delivered vehicle or agonist (WIN 55212-2, 0.5 mg/kg/day) for 21 days. WIN
exposure interfered in a sex-specific maner with breathing regulation of offspring,
thereby promoting a greater sensitivity to CO> in neonatal, juvenile and adult males. An
altered chemoreflex in response to hypoxia was observed in PO and P6-7 newborn
males. In females, prenatal treatment resulted only in a hyperventilation during
hypercapnia at juvenile age and a reduced ventilatory response to CO. and O at
adulthood. In addition, brainstem neuroanatomical analysis showed an increase in the
number of catecholaminergic neurons and CB1 receptor expression and alteration of
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tissue respiration in early stages of males. A significant reduction in lung compliance
was also observed in treated juvenile males. Finally, cardiovascular changes were also
observed for male and female animals in adulthood due to prenatal WIN exposure.
These findings demonstrate that exposure to the cannabinoid receptor agonist during
pregnancy results in prolonged and sex-dependent consequences for the

cardiorespiratory control system.
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INTRODUCAO

Desenvolvimento do sistema de controle respiratorio

Em mamiferos, a respiracdo € um comportamento motor continuo e vital cuja
principal funcéo é adequar a ventilacdo alveolar dos pulmdes para manter dentro de uma
faixa constante a pressdo parcial arterial de oxigénio (PaO.) e dioxido de carbono
(PaCOz), bem como os valores de pH. Imediatamente ap0s o nascimento, as trocas
gasosas, anteriormente realizadas via placenta, passam a ser desempenhadas pelos
pulmdes. Embora seja funcional ao nascimento, sabe-se que 0s componentes neurais e
mecanicos do sistema respiratorio sofrem um processo de amadurecimento na fase pds-
natal (Nunez-Abades e Cameron, 1995; Onimaru et al., 1997; Greer et al., 2006; Anju et
al., 2013; Imber et al., 2014). Desta forma, o desenvolvimento do sistema respiratorio se
inicia precocemente, ja na vida fetal.

Os movimentos respiratorios fetais sdo um dos primeiros comportamentos
motores a surgirem e a geracdo de uma respiracdo fetal mesmo que episddica é essencial
para o crescimento e desenvolvimento pulmonar pré e pds-natal (Kotecha, 2000; Thoby-
Brisson et al., 2009). Através de registros eletrofisiologicos em preparagdes tronco
encéfalo-medula espinhal, a ritmogénese respiratoria foi evidenciada por volta do dia
embrionario (E) 17 em fetos de ratos (Greer et al., 1992; Di Pasquale et al., 1992) e E15
em fetos de camundongos (Abadie et al.,, 2000; Thoby-Brisson et al., 2005). Os
movimentos respiratorios episodicos fetais também foram observados por meio de
registros ultrassdnicos em ratas gravidas (Jansen e Chernick, 1991; Kobayashi et al.,
2001), assim como em registros de atividade neuronal do complexo Pré-Botzinger (pré-
B6tC) em fatias do bulbo de fetos de ratos (Pagliardini et al., 2003). Em humanos, 0s
movimentos respiratorios fetais intra-uterinos foram detectados por volta da 30° semana
de gestacdo (Florindo et al., 2005), sugerindo que a rede de controle respiratério ja

possui um papel funcional na fase embrionaria. Entretanto, 0s mecanismos responsaveis
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pelo inicio da atividade respiratdria durante a vida fetal sdo desconhecidos. Especula-se
que possa ser uma consequéncia da caracteristica genética de cada um dos nucleos
constituintes da rede de controle respiratério ao atingir certo grau de maturagdo ou
devido a uma possivel contribuicdo de aferéncias sensoriais recentemente formadas que
irdo desencadear a atividade oscilatéria na rede neural respiratoria. Entretanto, a
auséncia de movimentos respiratorios antes do inicio da atividade ritmica da rede de
controle respiratorio no tronco encefalico torna improvavel a influéncia dos
mecanorreceptores pulmonares e da caixa toracica no desencadeamento do ritmo
respiratorio (Beltran-Castillo et al., 2017).

O pré-BotC é um pequeno nucleo localizado na superficie ventral do bulbo que
desempenha um papel essencial e autossuficiente para a geracdo do ritmo respiratério
(Smith et al., 1991; Feldman et al., 2003; Del Negro et al., 2005; Feldman e Kam 2015).
Sua atividade ritmica é responsavel por gerar os eventos de inspiracdo do ciclo
respiratorio (Smith et al., 1991; Rekling e Feldman, 1998; Feldman et al., 2013). Apesar
dos esforcos cientificos em melhor compreender as propriedades ritmogénicas,
estruturais e mecanismos celulares a respeito da circuitaria do pré-BotC, algumas
lacunas ainda existem, principalmente sobre 0s seus mecanismos intrinsecos de disparo
e a geracao do padrao respiratorio (Del Negro et al., 2018).

Embora o pré-BotC tenha papel de destaque sobre a geracdo da inspiracdo, o
gerador de ritmo e padrdo respiratério (GRR e GPR) sdo constituidos por outras
estruturas bulbares e pontinas. O GRR inclui populagdes de neurdnios distribuidos ao
longo do grupo respiratério ventral (GRV) com propriedades oscilatérias, como o
proprio pre-BotC, assim como o complexo poés-inspiratorio (PiCo) e o ndcleo
retrotrapezoide/grupo respiratério parafacial (RTN/pFRG), responsaveis pela atividade
pos-inspiratoria e pré-inspiratéria/expiratoria, respectivamente (Onimaru e Homma
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2003; Janczewski e Feldman 2006; Anderson et al., 2016). O complexo B6tC, apesar de
ndo ser considerado um nucleo oscilador do GRR, também tem participacéo na geracao
do ritmo respiratério uma vez que 0s neurbnios dessa regido apresentam um papel
inibitdrio sobre a atividade do pré-BotC na fase final da inspiracdo/inicio da expiracao
(Alheid e McCrimmon, 2008; Del Negro et al., 2018). Os neurdnios pré-motores do
nervo frénico, assim como da musculatura intercostal externa (recrutados na inspiragéo)
estdo localizados no grupo respiratério ventral rostral (GRVr) e sua atividade é
modulada pela aferéncia do pré-BotC. O grupo respiratério ventral caudal (GRVc)
possui neurbnios expiratorios pré-motores abdominais e da musculatura intercostal
interna, sendo modulados por projecdes de neurénios localizados no B6tC e RTN (Del
Negro et al., 2018).

A modulacdo do padrdo respiratério (GPR) é realizada por dois grupamentos: o
grupo respiratorio dorsal (GRD), constituido pelo nucleo do trato solitario (NTS) e pelo
grupo respiratorio pontinho (GRP), composto pelos ndcleos parabraquial e kolliker-
fuse. O NTS esta localizado bilateralmente na superficie dorsal do bulbo e possui
principalmente neurbnios inspiratorios 0s quais sao iniciadores da atividade do nervo
frénico. A modulacdo do NTS sobre a atividade dos geradores de ritmo € relevante
devido as projecdes aferentes dos quimiorreceptores periféricos e dos receptores de
estiramento pulmonar que chegam até esse nlcleo (Guyenet, 2014; Molkov et al., 2017;
Ghali, 2019). Em relacdo aos nucleos parabraquial e kolliker-fuse, esses estéo
localizados bilateralmente e na porcdo rostral da ponte, possuem neurdnios poés-
inspiratorios e expiratdrios fornencendo uma modulagéo excitatoria e inibitoria tonica e
fasica aos osciladores de ritmo, além de controlarem a resisténcia das vias areas
superiores (Chamberlin, 2004; Dutschmann e Herbert, 2006; Mdrschel e Dutschmann,
2009; Dutschmann e Dick, 2012; Geerling et al. 2017; Barnett et al., 2018).
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Figura 1. Representagdo esquematica em corte sagital do tronco encefélico de rato contendo os
nucleos geradores de ritmo e padrdo respiratério. As regides ritmogénicas sdo destacadas em
vermelho: pré-BotC (inspiratério); grupo respiratorio parafacial lateral (pFL - expiratorio) e
ventral (pFv — expiratorio prevalente na fase perinatal) e complexo pos-inspiratério (PiCo).
Regides moduladoras do padréo respiratdrio: nicleo do trato solitario (NTS), kélliker-fuse (KF)
e parabraquial (PB). Nicleos pré-motores: grupo respiratério ventral rostral (VRGr) e caudal
(VRGc) (Del Negro et al., 2018).

Rostral

Em uma visdo cronoldgica da ontogenia do ritmo respiratério em ratos, por
volta do dia E12 e 14 ocorre o surgimento dos neurénios do pré-BotC e migracdo dos
axonios do frénico, concomitantente se inicia a formacdo do musculo diafragma
progredindo até o dia E17. A formacdo do ndcleo pré-BotC se concretiza por volta do
dia E17, no qual se evidencia o inicio dos ritmos inspiratorios juntamente com o0s
movimentos respiratérios fetais. Por fim, na fase final do desenvolvimento fetal
correspondente entre os dias E18 e 21 ocorre uma maturacdo da atividade dos
motoneurénios do frénico que inervam o diafragma aumentando a frequéncia e
estabilidade dos movimentos respiratdrios intra-uterinos (Feldman et al., 1991; Fortin e

Thoby-Brisson, 2009; Greer, 2012).
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Quimiorrecepgao

Além da ritmogénese, uma outra caracteristica essencial do sistema de controle
respiratorio € a quimiorrecepcdo. Os quimiorreceptores sensiveis ao CO2/pH séo
fundamentais para o controle da respiracdo, pelo fato de auxiliarem na geracao do ritmo
e na modulacdo do padrdo respiratorio, a fim de prevenir grandes variacfes das
concentragdes de CO> e pH arterial, visto que pequenas alteracfes podem resultar em
danos irreversiveis ao individuo. Os quimiorreceptores sensiveis ao CO2/pH séo
classificados como periféricos (localizados nos corpos carotideos e no arco aortico) e
centrais (localizados no SNC), sendo os centrais com predominancia sobre a resposta
ventilatoria ao CO> (Blain et al., 2010; Forster e Smith, 2010).

Em camundongos, a resposta quimiossensivel ao CO; surge ja na fase fetal em
torno do dia E14,5 (Eugenin et al., 2006; Thoby-Brisson et al., 2009), contribuindo na
coordenacdo dos movimentos respiratorios fetais, importantes para a estabilizacdo do
volume pulmonar e maturacdo dos pulmdes para a respiracdo aérea continua pos-parto
(Darnall, 2010). Em relacdo a localizacdo dos quimiorreceptores centrais, Thoby-
Brisson e colaboradores (2009) demonstraram através de registros eletrofisioldgicos em
preparacdes in vitro contendo o bulbo que a regido parafacial de fetos de camundongos
(homéloga ao RTN de neonatos e adultos) apresenta um aumento de atividade quando
exposta a um reduzido pH. Os neurbnios serotoninérgicos da rafe bulbar (Richerson,
2004), assim como 0s neurénios noradrenérgicos do Locus coeruleus (LC) (Ritucci et
al., 2005; Nichols et al., 2008) sdo importantes areas quimiossensiveis na fase neonatal,
incluido em animais PO, porém ndo existem estudos demonstrando a participacao dessas
regides na resposta quimiossensivel ao CO2/pH durante a fase fetal.

Nos animais juvenis e adultos, os quimiorreceptores centrais estdo amplamente
distribuidos pelo SNC, mas principalmente ao longo do tronco encefalico, incluindo o
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NTS (Coates et al., 1993; Nattie e Li, 2002; Nichols et al., 2008), nucleo fastigial, RTN
(Mulkey et al., 2004; Guyenet et al., 2005), pré-BotC (Solomon et al., 2000; Solomon,
2003), rafe rostral bulbar, LC (Loeschcke, 1982; Coates et al., 1993; Nattie, 1999;
Biancardi et al., 2008; Gargaglioni et al., 2010) e os neur6nios orexinérgicos do
hipotdlamo lateral (Williams e Burdakov, 2008; Dias et al., 2010), como demonstrado

pela Figura 2.

Figura 2. Representacdo esquemaatica da localizacdo dos quimiorreceptores centrais
demarcados em vermelho ao longo do SNC em corte sagital (A) e em visdo coronal no tronco
encefélico (B). Abreviagfes: LHA, hipotalamo lateral; FN, nudcleo fastigial; LC, locus
coeruleus; cNTS, nucleo do trato solitario caudal; PBC, pré-BoTC; rVRG, grupo respiratorio
ventral rostal; cVLM, bulbo ventrol lateral caudal; RTN/pFRG, nucleo retrotrapezdide/ grupo
respiratorio parafacial (Nattie e Li, 2012).

Em particular sobre 0 RTN, 0 mesmo origina-se na transicdo entre a vida fetal
e a pos-natal a partir do grupo parafacial, previamente existente no feto. O RTN ¢é
constituido por neurdnios glutamatérgicos que expressam um dos marcadores genéticos
especificos dentre 0s neurdnios considerados quimiossensiveis, o chamado fator de
transcricdo Phox2b (Stornetta et al., 2006; Guyenet et al., 2009), sendo classificado
como uma regido com capacidade intrinseca de detecgédo de alteracdes relacionadas ao
COa2/pH, mesmo que em reduzidas propor¢des (Wang et al., 2013; Takakura et al.,

2014; Ruffault et al., 2015). Diversos estudos demonstram que 0 RTN recebe aferéncias
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periféricas provenientes dos quimiorreceptores localizados no corpo carotideo e dos
receptores de estiramento pulmonar, auxiliando na modulacdo do controle respiratério
(Takakura et al., 2006; 2007; Moreira et al., 2007; Guyenet et al., 2008; Guyenet e
Mulkey, 2010). Camundongos recém nascidos com mutacdo para o gene Phox2b
apresentaram uma resposta atenuada ao CO> e uma alta taxa de mortalidade ocasionada
pelos eventos apnéicos exacerbados ap6s o nascimento (Dubreuil et al., 2008).

Outra regido de destaque na quimiossensibilidade central intriseca € o LC,
possuindo mais de 80% dos neurbnios altamente sensiveis as variagdes de CO2/pH
(Pineda e Aghajanian, 1997; Oyamada et al., 1998; Hilaire et al., 2004; Putnam et al.,
2004; Biancardi et al., 2008; Gargaglioni et al., 2010). A acidificacdo local do LC por
meio de &cidos ou CO> resultou em aumentos da atividade do nervo frénico,
demonstrando sua participacdo no controle ventilatorio (Elam et al., 1981; Coates et al.,
1993). O LC ¢é maior conjunto de neurdnios noradrenérgicos do SNC, formando um par
de nucleos adjacentes ao quarto ventriculo, localizados bilateralmente na ponte. Estima-
se que metade de todas as projecGes noradrenérgicas no SNC originam-se no LC
(Aston-Jones et al., 1995; Berridge e Waterhouse, 2003). De acordo com alguns
estudos, a atividade dos neurdnios do LC esta relacionada a atividade respiratoria
(Oyamada et al., 1998; Andrzejewski et al., 2001), e alteracbes do sistema
noradrenérgico na fase perinatal afetam a atividade dos neur6nios respiratorios do
tronco encefalico responsaveis pela geragdo do ritmo respiratério (Viemari et al., 2004;
Hilaire, 2006). Fetos de camundongos mutantes para o fator de transcricdo Phox2a, com
auséncia dos neuronios noradrenérgicos do LC, apresentam uma frequéncia respiratoria
menor e uma variabilidade do ciclo respiratdrio expressivamente maior (Viemari et al.,
2004). Dessa forma, os neurdnios do LC parecem ser de grande importancia para o
desenvolvimento normal do ritmo respiratério em fetos e neonatos.
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E importante ressaltar que a contribuicdo de cada um dos nucleos
quimiossensiveis no controle respiratorio em mamiferos é condicionado a alguns
fatores, como limiar de excitacdo, sexo, anestesia, bem como o estado de ciclo sono-
vigilia (Nattie, 2001; Nattie e Li, 2012). As respostas quimiossensiveis variam de
acordo com estado de sono-vigilia, uma vez que determinados nucleos do tronco
encefalico tem maior importancia no controle da ventilagcdo durante o estado de vigilia e
outros durante o sono (Li et al., 1999; Nattie e Li, 2001; da Silva et al., 2010; Dias et al.,
2010; Li et al., 2013). Em ratos livres de anestesia, a acidificacdo local do RTN com
25% CO> resultou em um expressivo aumento da ventilagdo durante a vigilia (Li et al.,
1999), enquanto que o mesmo estimulo na rafe bulbar ocasionou em um aumento
ventilatorio proporcional durante o sono (Nattie e Li, 2001). No NTS caudal, o estimulo
hipercapnico local resultou em respostas ventilatorias semelhantes independente do
estado de sono-vigilia (Nattie e Li, 2002). Por outro lado, a acidificacdo do bulbo
ventrolateral caudal através de microdialise desencadeou aumentos da ventilacdo apenas
durante a vigilia (da Silva et al., 2010). Adicionalmente, foi demonstrado que a
acidificacdo dos neurdnios orexinérgicos da regido do hipotalamo lateral aumentou a
ventilacdo em vigilia, o que ndo foi observado durante o sono (Li et al., 2013). Assim,
esses dados sugerem a estreita relacdo existente entre a quimiorrecepcao central e estado
de sono-vigilia.

N&o somente o CO,, mas também alteracdes das pressdes parciais de oxigénio
arterial geram respostas ventilatorias compensatorias. CondicGes de hipdxia resultam
em um aumento da ventilacdo pulmonar mediado pela ativacdo de quimiorreceptores
periféricos, localizados no corpo carotideo e no arco da artéria aorta. A informacéo dos
quimiorreceptores periféricos é inicialmente direcionada ao tronco encefélico, chegando
aos nucleos respiratérios bulbares, em especial no NTS, para a integracdo das
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informacdes aferentes periféricas a rede neural de controle respiratdrio. Essa informacao
é processada pelos nucleos do SNC e através de vias eferentes motoras uma resposta €
desencadeada gerando os ajustes necessarios para a modulacao da resposta ventilatoria
compensatéria (Gonzalez et al., 1995; Nattie e Li, 2006; Takakura et al., 2006; Guner et
al., 2008).

Os quimiorreceptores periféricos ndo apresentam uma atuacao relevante sobre
a respiracdo fetal, embora as pressdes parciais de oxigénio sejam baixas no meio
uterino, sua atividade ndo € essencial para o estabelecimento da respiracao ritmica pos-
natal (Jansen et al., 1981; Blanco et al., 1984). Devido as diferencas de pressdes parciais
ambientais entre 0 meio intra-uterino e o ar atmosférico, logo apés o nascimento 0s
quimiorreceptores periféricos sdo relativamente insensiveis a hipdxia. Essa
sensibilidade € ajustada a nova condicdo ambiental do individuo alguns dias apds o
nascimento (Sterni et al., 1999). A resposta ventilatdria a hipoxia se estabiliza quando o
neonato atinge a idade de P8, mantendo-se constante até P16-21, devido a maturacéo da
rede neural respiratoria e dos quimiorreceptores periféricos (Blanco et al., 1984,

Kholwadwala e Donnelly, 1992; Bamford et al., 1999; Gauda et al., 2004).

Neuroplasticidade

A plasticidade neural pode ser claramente observada durante o
desenvolvimento do SNC e até mesmo na fase adulta. Porém, a plasticidade adaptativa
ocorre com maior proeminéncia no inicio da fase pés-natal, devido a sucetibilidade do
SNC as interferéncias exdgenas e pelo fato de estar em um processo temporéario de
processos de proliferacdo, migragdo, diferenciacdo, sinaptogénese, mielinizacdo e
apoptose celular (Rice e Barone, 2000). A exposicdo a estimulos fisicos e biologicos,

especificamente na fase critica de desenvolvimento, pode resultar em efeitos duradouros
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sobre 0s processos cognitivos, comportamentais, assim como sobre os sistemas de
controle (Fleming et al., 2002; Teicher et al., 2012; Gonzalez-Mariscal e Melo 2013). O
desenvolvimento pré-natal consiste em um momento critico para moldar o SNC e suas
interconexdes. Assim, interferéncias nesse processo podem definir um cenario de
vulnerabilidade para o acometimento de fisiopatologias a curto, médio e longo prazo.
De modo geral, a plasticidade do SNC pode decorrer em resposta a uma demanda
fisioldgica, como resultado de alteracdes da atividade neural ou até mesmo em resposta
a algum tipo de dano ao tecido nervoso (Caroni et al., 2014). Fatores ndo genéticos,
como estresse, déficit nutricional e exposicdo a compostos quimicos durante a formacéo
do individuo podem influenciar negativamente o processo de ontogenia do SNC durante
a janela de vulnerabilidade do processo de desenvolvimento e, consequentemente alterar
a estruturacdo e funcdo normal dos sistemas fisiologicos (Maccari et al., 2003; Harris e
Seckl, 2011).

Os processos biologicos envolvendo a plasticidade estrutural ou arquitetdnica
abrangem a neurogénese, migracdo celular, alteracdes de excitabilidade neuronal e
neurotransmissao, geracdo de novas conexdes e modificacbes das pré existentes. A
remodelacdo das conexdes ocorre através do surgimento de novas sinapses, expansao ou
retracdo da arborizacdo dendritica, assim como pela ramificacdo ou poda axonal (Fauth
e Tetzlaff, 2016; Von Bernhardi et al., 2017). A eficacia sindptica ¢ normalmente
considerada como a capacidade de evocar eventos pos-sinapticos apds a liberacdo de
neurotransmissor pelo terminal pré-sinéptico. Ja a plasticidade sinaptica é a capacidade
de alterar a eficacia sinaptica como consequéncia de uma intervencdo sobre a sinapse.
Em determinadas circunstancias pode existir a dependéncia de um agente intermediario
na interacdo entre o terminal pré e pos sinaptico. Devido as suas caracteristicas
intrinsecas, 0 sistema endocanabinodide pode atuar nas interacdes entre 0s terminais
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sinapticos, alterando a eficacia sinéptica devido a um processo de plasticidade neural
(Freund e Hajos, 2003; Freund et al., 2003). Desta forma, o processo de plasticidade no
SNC pode ocorrer sem necessariamente existir uma alteracdo quantitativa de neurénios

e/ou sinapses, de densidade ou area total de sinapse.

Sistema endocanabindide e controle cardiorrespiratorio

O sistema endocanabinodide consiste em receptores acoplados a proteina G
(receptores CB1 e CB2), ligantes enddgenos (chamados endocanabinoides) e proteinas
envolvidas na sintese e inativacdo dos endocanabindides (Piomelli, 2003; Di Marzo et
al., 2005; Di Marzo e Petrocellis, 2006). Estudos revelaram que o receptor CB1 é o
receptor acoplado a proteina G mais abundante no SNC, sendo expresso em areas que
participam do controle cardiorrespiratério e do ciclo sono-vigilia (Herkenham et al.,
1991; Tsou et al., 1998; Pilowsky e Goodchild, 2002; Calik e Carley, 2017; Méndez-
Diaz et al., 2021). O sistema endocanabindide mostra-se presente no SNC ja nos
estagios iniciais do desenvolvimento embrionario (Rodriguez de Fonseca et al., 1993;
Harkany et al., 2007), uma vez que o0s receptores CB1 e seus ligantes, assim como 0s
niveis de RNAm, foram detectados em torno do 11-14° dia gestacional em ratos,
coincidindo com o tempo de expressdao fenotipica da maioria dos neurotransmissores
(Mulder et al., 2008; Morozov et al., 2009). Esse sistema parece ser funcional ja nos
estagios iniciais do desenvolvimento, visto que ja estdo acoplados a mecanismos de
transducéo de sinal que envolvem proteinas de ligagdo ao trifosfato de guanosina (GTP)
(Berrendero et al.,, 1998; Mato et al., 2003). De fato, durante a vida fetal, os
endocanabinoides sdo importantes para o desenvolvimento encefélico, regulando a
diferenciacéo dos progenitores neurais e sinaptogénese, orientando a migracdo axonal e
consolidando comunicagdes sindpticas (Fernandez-Ruiz et al., 2000; Bernard et al.,
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2005; Fride et al., 2009). A densidade de receptores CB1 (Rodriguez de Fonseca et al.,
1993) e os niveis de RNAm (McLaughlin e Abood, 1993) aumentam progressivamente
durante o desenvolvimento pos-natal, atingindo um pico entre as idades P30-40, pouco
antes do inicio da puberdade, seguido de uma reducao dos niveis dos receptores CB1,
atingindo valores observados na fase adulta (Rodriguez de Fonseca et al., 1993;
Berrendero et al., 1999).

Em relacdo aos receptores CB2, embora sua presenca tenha sido relatada no
SNC, por exemplo, no cerebelo, hipocampo e areas restritas do tronco encefalico (Van
Sickle et al., 2005; Onaivi et al., 2006; Chen et al., 2017), estes sdo principalmente
expressos em células do sistema imunolégico (Munro et al., 1993). Porém, atualmente
estd bem estabelecido que ambos os receptores sdo expressos na periferia e no SNC,
como em quimiorreceptores periféricos e na circuitaria neuronal responsavel pela
ativacdo e controle cardiorrespiratorio (Padley et al., 2003; McLemore et al., 2004).
Neste sentido, 0 RNAmM para receptores CB1 é encontrado no corpo carotideo e em uma
grande populacdo de corpos celulares de neurdnios nos ganglios sensoriais
glossofaringeo e vagal (jugular, petroso e nodoso) (McLemore et al., 2004).

No que diz respeito aos ligantes de receptores canabindides, a anandamida
(Devane et al., 1992) e 2-araquidonoilglicerol (2-AG) (Mechoulam et al., 1995) foram
0s primeiros compostos a serem identificados e isolados, e sdo os mais estudados dentre
os endocanabindides. Devido a natureza lipofilica, os endocanabindides ndo sédo
armazenados em vesiculas sinapticas, mas sim sintetizados pelos neurdnios mediante a
demanda, via hidrolise de lipidios precursores da membrana celular, apds
despolarizagdo da membrana e aumento das concentragBes intracelulares de Ca?*
(Freund et al., 2003; Piomelli, 2003). Uma vez liberados, os endocanabindides
recentemente sintetizados deslocam-se retrogradamente em direcéo a fenda sinaptica, se
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ligando aos receptores canabindides nos terminais das células pré-sinapticas (Freund et
al.,, 2003). A inibicdo ou ativacdo dos canais i0nicos sdo uma das principais
consequéncias da ativacao dos receptores canabinoides (Szabo e Schlicker, 2005), que
por sua vez podem estimular ou inibir a liberacdo de neurotransmissores a partir dos
terminais axénicos, desempenhando assim um papel importante em varias formas de
plasticidade sinaptica de curto e longo prazo (Vigano et al., 2005; Chevaleyre et al.,
2006; Mackie, 2006). Tal peculiaridade de mecanismo de producdo e atuacdo dos
endocanabindides sugere que esses compostos atuam principalmente como
neuromoduladores, ao invés de neurotransmissores classicos. E importante mencionar
que determinados endocanabindides (Anandamida), assim como fitocanabinoides
(Canabidiol e THC) e canabindides sintéticos (WIN 55,212-2) também podem atuar
sobre canais i6nicos de potencial receptor transitério, em especial sobre a subfamilia
vaniloide (TRPV) (De Petrocellis et al., 2011; Patel et al., 2017; Karwad et al., 2019;
Muller et al., 2019), assim os efeitos dos canabindides endégenos e exdgenos podem ser
em decorréncia da ativacao sinérgica de outros receptores além dos receptores CB.

De forma interessante, estudos recentes localizaram os receptores CB1 na
membrana externa da mitocéndria de neurénios (Bénard et al., 2012; Hebert-Chatelain
et al., 2014; Koch et al., 2015). A ativacdo desses receptores promoveu uma diminuicéo
na concentracdo de AMPc, da atividade da proteina quinase A e da respiracdo
mitocondrial (Bénard et al., 2012; Fisar et al., 2014; Hebert-Chatelain et al., 2014).
Desta forma, os canabinoides exogenos podem ativar os receptores CB1 mitocondriais e
alterar o metabolismo energético neuronal, deprimindo a respiragdo mitocondrial
alterando as respostas fisiologicas mediadas pelos endocanabindides (Whyte et al.,

2010; Alger e Tang, 2012; Lipina et al., 2014).
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Em relacdo a regulacdo respiratoria, sabe-se que o0s canabinoides administrados
agudamente deprimem a respiracdo em animais de laboratério (Graham e Li, 1973;
Moss e Friedman, 1976; Doherty et al., 1983; Estrada et al., 1987), uma vez que estudos
com fitocanabindide (THC) e canabindides sintéticos, administrados sistemicamente,
demonstraram o seu efeito depressor respiratorio através da ativacéo de receptores CB1
(Vivian et al., 1998; Schmid et al., 2003). As consequéncias da intensa diminuicdo da
frequéncia respiratéria em ratos foram quadros de hipoxemia, hipercapnia e acidose
sanguinea (Schmid et al., 2003). Neste contexto, Pfitzer et al. (2004) demonstraram que
a ativacdo central de receptores CB1 deprime o0s neurbnios geradores do ritmo
respiratorio no tronco encefalico, além de causar aumento da pressao arterial, queda na
frequéncia cardiaca e aumento das catecolaminas plasmaticas. Alteracdes da atividade
do nervo frénico, assim como das variaveis cardiacas também foram observadas por
Padley et al. (2003) ap0s ativacdo dos receptores canabindides do bulbo ventrolateral.
Adicionalmente, dados a partir do blogueio desses receptores em ratos recém-nascidos
reforcam a participacdo dos endocanabindides no controle ventilatério durante a
normoxia, bem como durante a hipdxia, uma vez que esse bloqueio resultou em um
aumento da ventilacdo e reducdo dos eventos de apneia (Tree et al., 2014). Os mesmos
autores também relataram que alteragdes no sistema endocanabindide durante a
gestacdo resultaram em uma hiperventilagdo em condi¢Oes basais, alteracdo do
quimiorreflexo periférico e apnéias prolongadas em neonatos de ratos (P0-2 e P10-12).
Acredita-se que a acdo dos canabinoides na ventilagcdo ocorra principalmente sobre as
vias centrais, embora estudos tenham comprovado que 0s canabinodides ex0genos
podem afetar a fungédo das vias periféricas envolvidas na regulacdo respiratoria, como

quimio e barorreceptores, receptores de estiramento pulmonar, além de influenciar a
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resisténcia das vias aéreas agindo diretamente sobre os bronquios (Calignano et al.,
2000; Schmid et al., 2003).

Diversos estudos tém demonstrado a participacdo direta do sistema
endocanabinoide no controle das func@es cardiovasculares (Lake et al., 1997; Sierra et
al., 2017). Em humanos, a administracdo aguda intravenosa de THC induziu uma forte
taquicardica, juntamente com um aumento da pressdo arterial média (Perez-Reyes et al.,
1972; Weiss et al., 1972; Roth et al., 1973), enquanto uma hipotensdo e bradicardia
foram prevalecentes em condicGes de uso crénico (Benowitz e Jones, 1975; Benowitz et
al.,, 1979; Mathew et al., 1992). Estudos realizados em ratos hipertensivos, a
estimulacdo dos receptores CB1 com agonista no nucleo paraventricular resultou em
reducBes da pressdo arterial e da frequéncia cardiaca, provavelmente relacionado a
diminuicdo da atividade simpatica (Grzeda et al., 2017). Curiosamente, as alteracdes
cardiovasculares em resposta a estimulacdo do sistema endocanabindide variam de
acordo com a regido encefalica. Pfitzer et al. (2004) demonstraram que a ativacdo dos
receptores CB1 por meio de injecdes intra cisterna magna de canabindide sintético
ocasionou em aumentos da pressdo arterial, porém a frequéncia cardiaca reduziu.
Entretanto, a ativacdo local dos receptores CB1 localizados no bulbo ventrolateral
rostral resultou em respostas opostas (Padley et al., 2003; Wang et al., 2017). Acredita-
se que o mecanismo de acdo e modulacdo do sistema endocanabindide na funcdo
cardiovascular ocorra por influéncia direta sobre a liberagdo de neurotransmissores no
SNC e também localmente sobre os receptores [ adrenérgicos da musculature lisa dos

vasos sanguineos (Beaconsfield et al., 1972; Martz et al., 1972; Hillard, 2000).
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Exposicéo fetal aos canabinoides ex6genos

O desenvolvimento dos componentes neurais e sua rede altamente complexa de
conexdes ndo segue um modelo genético rigidamente predeterminado (Carroll e
Agarwal, 2010). Pelo contrario, o desenvolvimento estrutural dos sistemas fisiologicos e
a diferenciacdo dos neurbnios em fendtipos funcionais especificos sdo resultados de
interacdes extremamente complexas entre genes, fatores transcricionais e neurotroficos.
Estes fatores operam sob restri¢cGes estruturais e temporais variaveis a medida em que o
desenvolvimento ocorre, sendo que todos esses processos dindmicos estdo sujeitos a
alteracdes por influéncias externas durante o desenvolvimento (Carroll e Agarwal,
2010). Desta forma, o desenvolvimento dos sistemas fisioldgicos, incluindo o sistema
de controle cardiorrespiratorio, € um processo altamente dindmico que pode ser
influenciado durante a maturacdo por fatores ambientais (por exemplo, hipdxia ou
hiperdxia), quimicos (por exemplo, nicotina, medicamentos ou drogas de abuso) e até
psicolégicos (depressdo materna) (Bavis e Mitchell, 2008; Campos et al., 2009;
Cayetanot et al., 2009; Bairam et al., 2015). A exposi¢do a condi¢Oes adiversas in utero
também pode ser responsavel por remodelar o desenvolvimento ontogenético
ocasionando em alteracdes na formacdo e maturacdo do SNC, incluindo dos nucleos
responsaveis pela funcdo cardiovascular e respiratoria, e assim resultar em
desregulacBes epigenéticas no controle cardiorrespiratorio na vida pos-natal do
individuo (Burggren, 2014; Burggren e Crews, 2014; Koos e Rajaee, 2014). Cada vez
mais estudos epigenéticos lancam mdo de ferramentas para demonstrar como o0
ambiente de desenvolvimento do individuo modula a transcricdo de genes, produzindo
efeitos a longo prazo, mais especificamente na vida pés-natal, sobre a expressdo desses
genes, assim como sobre os fenotipos (Silveira et al., 2007; Gluckman et al., 2016;
O’Donnell e Glover, 2016).
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Particularmente em relacdo as intervencfes quimicas que podem ocorrer na
gestacdo, a manipulacdo perinatal do sistema endocanabinoide, seja pela administracdo
de canabinoides ou pelo consumo de Cannabis materna, altera a neutransmisséo e as
funcGes comportamentais da prole (Correa et al., 2016). O principal componente
psicoativo da Cannabis sativa, o A9-tetrahidrocanabinol (THC), afeta profundamente as
funcBes neurais e fisioldgicas, incluindo os processos motores, cognitivos, nociceptivos,
termorregulatdrios e cardiorrespiratorios, atraves da ligacdo a receptores canabindides
(Onaivi et al., 2002).

De acordo com estudo da Fiocruz (2015), no Brasil a Cannabis € a droga ilicita
com maior prevaléncia de consumo entre pessoas de 12 a 65 anos, e consistem em uma
das drogas recreativas mais usadas em idades altamente correlacionadas com uma
gravidez e estdo entre as drogas de abuso mais utilizadas pelas mulheres gravidas na
sociedade ocidental (Fried e Smith, 2001; Fried, 2002; Nida, 2005), principalmente no
primeiro trimestre de gestacdo devido as caracteristicas antieméticas dessas substancias
(Volkow et al., 2017). Nos ultimos anos, o consumo de compostos canabinomiméticos
entre mulheres gravidas tem aumentado expressivamente, motivado pelas politicas de
flexibilizacdo e legalizacdo do uso de compostos a base de Cannabis (Young-Wolff et
al., 2019; Bérard, 2020). A concentracdo de THC na maconha aumentou de 4% no ano
de 1995 para 12% em 2014 (Volkow et al., 2017). Acredita-se que aproximadamente
50% do THC e outros canabindides presentes nas preparacdes de Cannabis sdo inalados
e entram na corrente sanguinea (fase aguda). A alta solubilidade pelos lipidios dos
canabindides leva a um rapido acimulo no tecido adiposo, a partir do qual s&o liberados
lentamente para o organismo (fase cronica). Os canabinoides sdo capazes de atravessar
a barreira placentaria durante a gestacdo (Vardaris et al., 1976; Hutchings et al., 1989;
Little e VanBeveren, 1996), podendo também ser transferidos através do leite materno
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durante a lactagdo. Portanto, essas substancias podem atingir o encéfalo fetal e neonatal
em quantidades substanciais durante o periodo de desenvolvimento e resultar em
consequéncias a curto, medio e longo prazo para a prole no periodo pds-natal.

Um estudo clinico sobre a influéncia do uso de psicotrépicos maternos em
recém-nascidos, relatou que a exposicdo a Cannabis pode aumentar o risco de
comprometimentos respiratérios em neonatos (Lacroix et al., 2007). Scragg et al. (2001)
mostraram que um fator de risco para Sindrome da Morte Subita Infantil (SIDS) poderia
estar associado ao uso frequente de maconha durante a gestacdo. Os endocanabinoides
ao nascimento parecem modular a respiracdo e proteger o recém-nascido contra as
apnéias. No entanto, quando exposta pré-natalmente a estes componentes, a rede
respiratoria em desenvolvimento parece ser modificada, provavelmente tornando o
recém-nascido mais vulneravel frente a ambientes instaveis, como meios hipoxicos
(Gonzalez et al., 2005; Desai et al., 2013). Dados de preparacdes in vitro, contendo o
bulbo de neonatos de camundongos com exposicdo pré-natal ao canabindide sintético,
demonstraram uma depressdo exagerada da atividade do nervo C4 durante hipdxia,
sugerindo um impacto negativo da exposicao pré-natal ao composto quimico sobre a
rede respiratdria ritmica bulbar (Tree et al., 2014).

Diversos estudos tém relatado que a exposicdo pré-natal aos canabinoides
exogenos pode afetar o desenvolvimento de varios sistemas de neurotransmissores. Em
particular, estudos demonstraram os efeitos dos canabindides sobre a maturacdo do
sistema catecolaminérgico (Fernandez-Ruiz et al., 1999; 2004). Tree et al. (2010)
demonstraram que os receptores CB1 estéo localizados em uma densa rede de fibras ao
redor do soma de neurdnios catecolaminergicos bulbares, relatando uma influéncia dos
endocanabinodides sobre a neurotransmissdo catecolaminérgica. Os efeitos dos
canabindides no desenvolvimento das vias catecolaminérgicas aparecem sobre a
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diferenciacdo e maturacdo das projecdes desses neurbnios a suas regides-alvo. Em
particular, na fase final da gestacdo, os canabindides sdo capazes de afetar a expressao
de genes-chave para a transmissdao catecolaminérgica como o da tirosina hidroxilase
(TH) (Bonnin et al., 1996). Neurdnios de ratos em cultura, obtidos a partir de fetos
expostos diariamente a partir do 5° dia gestacional ao THC, exibiram uma atividade da
TH mais elevada em comparacdo com células controles (Hernandez et al., 2000).
Assim, esses dados sugerem que a interferéncia de canabindides externos sobre os
eventos envolvendo a expressdo do gene para TH, durante o desenvolvimento
embrionario, pode contribuir para uma maturacao pré e pés-natal anormal dos neurdnios
catecolaminérgicos, bem como dos seus nucleos alvos. De fato, estudos prévios
sugerem que alteracdes do sistema catecolaminérgico durante o periodo neonatal seja
responsavel pelo surgimento de distarbios clinicos respiratorios (Viemari et al., 2005).
Apesar de todas as informac6es aqui apresentadas, os estudos relacionados a
manipulacdo da sinalizacdo do sistema endocanabinodide durante a vida fetal e os
possiveis efeitos sobre o controle cardiorrespiratério a curto, médio e longo prazo na
vida pés-natal da prole ainda sdo escassos. Esses dados sdo importantes para uma
melhor compreensdo e avaliar a existéncia de adaptacdes e/ou plasticidade neural que
acarrete em mudancas no padrdo respiratorio, assim como nas respostas de controle

respiratdrio as condi¢cdes ambientais adversas.
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OBJETIVOS

Tendo elucidado todos esses elementos e buscando melhor compreender os
efeitos da exposicao fetal a canabindides no controle cardiorrespiratorio durante a vida
pos-natal de ratos, o presente trabalho é apresentado em dois capitulos cujos objetivos

gerais foram:

Capitulo 1

Avaliar os efeitos da exposicdo pré-natal a canabindide sintético sobre o
controle respiratorio e metabolico, a complacéncia do sistema respiratorio, a expressdo
de receptores CB1, neurdnios catecolaminérgicos e respiracdo tecidual do tronco
encefalico na vida pds-natal de ratos e ratas neonatos (PO, P6-7 e P12-13) e juvenis

(P27-28).

Capitulo 2

Investigar as consequéncias a longo prazo da exposicdo intra-uterina a
canabinoide sintético sobre a modulacdo do controle cardiorrespiratorio e metabolico
durante estado de sono-vigilia, complacéncia pulmonar, temperatura corporal, expressao
de receptores CB1 e neurdnios catecolaminérgicos do tronco encefalico de ratos e ratas

adultos (P80-81).
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MATERIAL E METODOS

O protocolo de exposicdo pré-natal a canabindide foi realizado através de
implante de bomba osmética no dorso de ratas gravidas para infusdo do veiculo (50%
DMSO) ou do farmaco (WIN 55212-2; 0,5 mg/kg/dia) entre os dias 0 e 21° de gestacao.
De acordo com Bara et al. (2018), a dose diaria de 0,5 mg/kg possui caracteristica
clinica relevante uma vez que corresponde a uma exposi¢cdo moderada a Cannabis em
mulheres gravidas, visto que o tratamento nas ratas gravidas ndo ocasionou em partos
prematuros, malformacdo congénita ou até mesmo reducdo da massa corpOrea dos

filhotes.

Capitulo 1

A abordagem experimental utilizada no Capitulo 1 foi a realizacdo de medidas
de ventilagdo “in vivo” em condi¢des normais, hipercapnicas e hipoxicas por meio de
pletismografia de pressao para 0s animais neonatos e por pletismografia de corpo inteiro
para os juvenis. A taxa metabdlica foi mensurada através de medidas de calorimetria
indireta. A mecanica respiratdria dos animais foi avaliada por meio da determinacéo da
complacéncia pulmonar. A quantificacdo de receptores CB1 no tronco encefalico foi
determinada por técnicas de Western Blot. Também foi realizada imunohistoquimica
para quantificar os neurdnios catecolaminérgicos do tronco encefalico. Andlises de
respiracdo tecidual do tronco encefalico foram feitas a partir da mensuracdo do consumo

de oxigénio em respirdmetro.

Capitulo 2
No Capitulo 2 abordamos as medidas de ventilagdo “in vivo” em animais

adultos (P80-81) por meio da plestismografia de corpo inteiro em condi¢des normais e
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frente a hipercapnia e hipoxia. O consumo de oxigénio foi utilizado para inferéncia da
taxa metabdlica. Através de implantes de eletrodos de eletroencefalograma e
eletromiograma foi possivel determinar os estados de sono e vigilia do animal. Os
paramentos cardiovasculares foram aferidos através de canulacdo da artéria femoral. O
componente mecanico do sistema respiratorio foi avaliado pela complacéncia pulmonar.
Um sensor foi inserido na cavidade abdominal dos animais para medidas de temperatura
corporal. Os receptores CB1 no tronco encefalico foram quantificados por técnicas de
Western Blot. A avaliacdo quantitativa dos neurdnios catecolaminérgicos do tronco

encefalico foi realizada através de imunohistoquimica para TH.
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PRINCIPAIS RESULTADOS ENCONTRADOS

Capitulo 1

Os resultados obtidos demonstram que a exposicdo cronica a canabinoide
exogeno (WIN) durante a gestacdo promoveu uma excitacdo tonica do drive respiratorio
em machos neonatos (P0) e juvenis (P27-28), acompanhado de uma queda na eficiéncia
respiratoria tecidual nos animais PO, e significativas reducdes da complacéncia
pulmonar nos juvenis. As consequéncias do tratamento pré-natal para os machos
também se caracterizaram por um aumento da resposta quimiossensivel ao CO, em
todas as idades pos-natais, com exce¢do dos neonatos P6-7 0s quais apresentaram uma
hipoventilacdo. Nas fémeas, foram observadas alteracbes na resposta ventilatéria a
hipercapnia apenas na idade juvenil. Na hipdxia, os machos neonatos PO tiveram uma
hiperventilacdo, enquanto os P6-7 uma hipoventilacdo. Paralelamente, um aumento no
namero de neurdnios catecolaminérgicos em determinadas regides do tronco encefalico
foi observado para os machos recém-nascidos, assim como um significativo aumento na

expressao de receptores CB1 no tronco encefalico.

Capitulo 2

O tratamento intra-uterino com canabindide sintético (WIN) desencadeiou
mudangas robustas no controle ventilatério relacionadas a quimiossensibilidade ao CO>
e O, de uma maneira sexo dependente para os animais adultos, e algumas dessas
mudancas foram dependentes do ciclo sono-vigilia. Os machos tratados apresentaram
um aumento da resposta ventilatoria a hipercapnia e hipoxia durante o sono, enquanto as
fémeas uma reducdo, seja em estado de sono ou vigilia. A exposigdo pré-natal ocasiou
em importantes alteracGes no controle dos pardmetros cardiovasculares para ambos 0s
sexos. Apesar das alteragdes cardiorrespiratorias, ndo foram relatadas alteragdes
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neuroanatbmicas quanto a quantificacdo dos neurdnios catecolaminérgicos do tronco

encefalico e nem a expressdo dos receptores CBL1.
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DISCUSSAO GERAL

Os principais resultados do presente estudo demonstram que a exposicao ao
agonista de receptor canabinoide (WIN) in utero promove mudangas no sistema de
controle respiratério de uma forma sexo especifica, tanto na vida pds-natal de neonatos
quanto na fase adulta. Também foram evidenciadas alteragdes neuroanatdmicas nas
idades iniciais do desenvolvimento poés-natal, no qual uma maior expressdo de
receptores CB1 no tronco encefalico e um aumento quantitativo de neurdnios em alguns
nucleos catecolaminérgicos nos machos pré-natalmente tratados reforcam os efeitos
adversos da exposicdo ao agonista durante a gestacao.

O tratamento pré-natal com WIN ndo promoveu alteragdes no tempo de
gestacdo, no ganho de massa corpOrea das ratas durante a gravidez, no numero de
filhotes por ninhadas e nem alterou o peso corporal dos neonatos (PO, P6-7 e P12-13),
juvenis (P27-28) e adultos (P80-81) de ambos 0s sexos. No entanto, a exposi¢do pre-
natal ao WIN afetou a mortalidade, resultando em um aumento de mortes de recém-
nascidos logo ap6s o nascimento. Sabe-se que o consumo moderado de Cannabis
durante a gravidez ndo estd associado a um aumento nas taxas de aborto, partos
prematuros, anomalias fisicas ou quaisquer outras complica¢fes durante a gravidez
(Fried, 2002; Gray et al., 2005). No entanto, alguns estudos em modelos animais e
estudos de casos em humanos, com utilizacdo dos principios ativos da Cannabis em
doses mais elevadas, reportaram uma diminuicdo na massa corporal (Zuckerman et al.,
1989; Fergusson et al., 2002; ElI Marroun et al., 2009), e uma correlagdo com aumento
nos casos de morte neonatal (Abel et al., 1980; Howard et al., 2019; Grzeskowiak et al.,
2020).

Em relagdo ao controle ventilatorio, em condi¢es basais um aumento da

ventilacdo (Ve) foi evidenciado para os machos PO tratados, similar aos dados prévios
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de Tree et al. (2014). Acreditamos que esse aumento da Ve possa estar relacionado aos
sintomas de abstinéncia da droga, uma vez que a administracdo aguda de canabinoides
resulta em uma diminuicdo da funcdo ventilatéria (Padley et al., 2003; Schmid et al.,
2003). Adicionalmente, a ativacdo cronica e excessiva da sinalizacdo endocanabinoide
durante a gravidez promoveu alteracdes no sistema de controle respiratorio que afetam
principalmente a quimiossensibilidade ao CO. durante o desenvolvimento pos-natal
inicial, bem como na fase juvenil e adulta. Interessantemente, 0s machos expostos ao
tratamento apresentaram uma hiperventilacdo frente a hipercapnia nas idades PO, P12-
13, P27-28, e nos adultos durante o estado de sono. Para as fémeas, um padrdo de
resposta diferente foi encontrado, visto que a hiperventilagdo ocorreu apenas na idade
juvenil e na fase adulta uma hipoventilacdo ficou evidenciada. Curiosamente, os efeitos
do tratamento pré-natal foram evidenciados nas fémeas apenas a partir da idade juvenil,
periodo em que ocorre 0 aumento das concentracfes dos hormdénios sexuais circulantes
(Ojeda et al., 1980). Sabe-se que 0s hormonios sexuais podem atuar sobre sistemas
neuromoduladores que influenciam a rede integradora do padrdo e geradora do ritmo
respiratério no tronco encefalico, input sensorial periférico e atividade motora dos
musculos respiratorios ocasionando em diferentes respostas ventilatorias entre machos e
fémeas (Regensteiner et al., 1989; Jensen et al., 2008; Gargaglioni et al., 2019).

Os dados do presente estudo sugerem uma maior suscetibilidade dos machos a
influéncia do canabindide exdégeno WIN durante a fase de desenvolvimento intra-
uterino e na formacédo da rede respiratéria. Em consonéancia com os dados ventilatorios,
a expressdo de receptores CB1 no tronco encefalico foi singnificativamente maior para
0s machos nas idades iniciais do desenvolvimento. Adicionalmente, a expressao de
neurdnios catecolaminérgicos nas regides A1/C1, A2 e C3 foi maior para 0s machos

expostos ao canabinoide sintético durante a gestacdo. Sabe-se que os receptors CB1
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estdo localizados em diversas areas centrais relevantes para a geracdo e modulacao dos
padrdes respiratorios e integracdo da atividade motora (Haji et al., 2000), incluindo o
ganglio nodoso, o0 nucleo do trato solitario (Rohof et al., 2012) e o nicleo motor do
hipoglosso (Mukhtarov et al., 2005). Sinergicamente, a ativacdo de nucleos
catecolaminérgicos como A1/C1, A2 e C3 é responsavel por aumentos acentuados da
ventilacdo (Burke et al., 2014; Menuet et al. 2014; Yamamoto et al., 2015), assim a
exacerbada resposta ventilatoria ao CO2 pode ser em decorréncia de uma plasticidade da
rede de controle respiratorio, principalmente pelo fato de que as analises de
complacénica do sistema respiratério apenas identifiou o efeito da exposicao pré-natal
ao WIN nos machos juvenis.

Na fase adulta, a exposicdo pré-natal ao canabinoide sintético resultou em uma
resposta ventilatoria quimissensivel distinta, no qual os machos apresentaram
hiperventilacdo, enquanto as fémeas hipoventilacdo frente aos estimulos hipercapnico e
hipdxico. Acreditamos que essas alteracdes se devam principalmente as modificacbes
na rede de controle respiratério, uma vez que o componente mecanico do sistema
respiratorio ndo foi afetado pela exposi¢do pré-natal ao WIN, embora ndo tenha sido
observado alteracdes neuroanatémicas, em especifico sobre a expressao de receptores
CB1 e neur6nios catecolaminérgicos do tronco encefalico. Tanto os machos quanto as
fémeas podem ser afetados pela a¢do do canabindide exdgeno na idade embrionaria e,
assim, o desenvolvimento da rede de controle respiratorio sofre alteracdes, mas as
consequéncias na vida pos-natal podem ser distintas, uma vez que existem diferencas na
fisiologia respiratoria em que o sexo ¢ um fator importante (Gargaglioni et al., 2019).
Alguns nucleos que integram a rede respiratoria sdo sexualmente dimorficos, como o
LC (Luque et al., 1992; Hormigo et al., 2015; Bangasser et al., 2016; Gargaglioni et al.,
2019) e rafe bulbar (Cordero et al., 1999), ou possuem uma quimiossensibilidade
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diferente entre os sexos como o RTN (Niblock et al., 2010; 2012), portanto, a
estimulacdo crénica do sistema endocanabindide durante a ontogenia do SNC na fase
pré-natal pode ter influenciado de forma desigual o desenvolvimento e maturacao
desses nucleos de controle respiratorio resultando em respostas antagbnicas entre
machos e fémeas na idade adulta.

Em relacdo aos parametros cardiovasculares em ratos machos juvenis, o Unico
efeito observado nos animais tratados com WIN foi um ligeiro aumento da presséo
arterial sistolica (PAS) em repouso, sem afetar a pressdo arterial média (PAM) e uma
pequena reducdo da frequéncia cardiaca (FC) durante a hipercapnia. Portanto, parece
que a superestimulacdo do sistema endocanabindide ndo teve grandes impactos no
controle cardiovascular, pelo menos em ratos jovens. Ja nos animais adultos, em relacédo
a FC, tanto os machos quanto as fémeas expostos ao WIN tiveram uma FC aumentada
em condicéo de hipdxia. A PAM basal das ratas tratadas foi significativamente maior, e
a hipotensdo induzida pela hipoxia foi menor para ambos o0s sexos. Adicionalmente, foi
observado uma bradicardia para as fémeas tratadas em condic6es de hipercapnia.

Estudos tém demonstrado a ocorréncia de hipotensdo reflexa induzida por
hipéxia (Biancardi et al., 2010; Perim et al., 2020). Essa resposta pode ser observada
nos animais adultos controles do presente estudo, entretanto a exposicdo pré-natal ao
agonista atenuou a queda reflexa da PAM durante hipxia em ambos sexos. Sabe-se que
o0 sistema endocanabindide atua em regiGes de controle cardiovascular como o NTS
(Mailleux e Vanderhaeghen, 1992), bulbo ventrolateral rostral (RVLM) (Wang et al.,
2017) e ndcleo paraventricular do hipotalamo (PVN) (Grzeda et al., 2017). Além disso,
0s receptores CB1 também s&o localizados no coragdo e nos vasos sanguineos (Liu et
al., 2000; Bonz et al., 2003), dessa forma a exposicdo in utero ao agonista também pode
ter afetado a fungdo vasomotora desses animais, dificultando mecanismos de
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vasocontricdo/vasodilatacdo. Estudos tém demonstrado a participacdo direta dos
endocanabinoides na pressao arterial, contratilidade e modulacdo da frequéncia cardiaca
(Lake et al., 1997; Sierra et al., 2017). A hipertenséo e a taquicardia foram os efeitos
cardiovasculares mais marcantes causados pelo uso agudo de Cannabis (Weiss et al.,
1972) ou administracdo intravenosa de THC em humanos (Perez-Reyes et al., 1972;
Roth et al., 1973). Desta forma, o0 uso de canabindides durante a gestacdo pode
promover alteracBes a longo prazo na rede de controle cardiovascular, acarretando em
alteracdes de repostas pressoras na vida adulta em machos e fémeas. Interessantemente,
a respota bradicardica observada nas fémeas tratadas em condicdo de hipercapnia pode
ser um evento de causa consequéncia em decorréncia da reducao da temperatura coporal
que também foi observada nesses animais. Estudos prévios reportaram a influéncia da
temperatura corporal sobre a FC, no qual uma queda da temperatura coporal pode
resultar em diminuicdo da atividade das células marca-passo do coracdo e dessa forma
reduzir a FC (LeBlanc et al., 1976; Davies e Maconochie, 2009). Assim, os efeitos
cardiovasculares obtidos para as fémeas tratadas durante hipercapnia pode ser uma
resposta reflexa a reducdo da temperatura corporal das femeas tratadas, visto que o
sistema endocanabindide, em determinada circunstancias, pode desempenhar papel
regulatério na termogénese (Silvestri e Marzo, 2013; Krott et al., 2016).

Em conjunto, nossos dados demonstraram que a exposi¢do ao agonista de
receptor canabindide durante a gestacdo tem consequéncias duradouras e sexo-
especificas para o sistema de controle respiratorio, afetando o numero de neurénios
catecolamineérgicos, a expressdo de receptores CB1 do tronco encefalico em neonatos de
PO a P12-13, a respiracdo mitocondrial em neonatos e a complacéncia pulmonar de
animais juvenis. Ja na idade adulta, foi observada uma maior quimiossensibilidade ao
CO; e O para ratos e diminuida para as fémeas. O controle cardiovascular também foi
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alterado em ambos os sexos, onde animais tratados com canabinoide sintético no
periodo pre-natal apresentam maior probabilidade de apresentar hipertensdo e
taquicardia durante condicGes ambientais adversas. Porém, ndo foram observadas
alteracdes no componente mecanico do sistema respiratério, bem como ndo ocorreram
alteracdes neuroanatdbmicas, como aumento da expressao de receptores CB1 no tronco
encefalico, nem aumento do nimero de neurdnios nas regides catecolaminérgicas. Esses
achados destacam que a interferéncia externa na sinalizacdo dos endocanabindides
durante o desenvolvimento embrionario causa efeitos de longa duracdo especificos do
sexo para o sistema cardiorrespiratorio na idade adulta. Essas descobertas sdo
particularmente relevantes, uma vez que o uso global de Cannabis tem aumentado e
politicas mais liberais do uso recreativo foram adotadas. Além disso, existe uma grande
falta de compreensao entre a populacdo em geral sobre o0s riscos potenciais do uso de
Cannabis durante a gravidez. Nossas observacdes pré-clinicas apoiam que embora as
preparacdes de Cannabis possam ser utilizadas de forma medicinal e ter efeitos
benéficos em alguns casos, elas também podem causar alteraces no sistema
cardiorrespiratério em desenvolvimento, e podem ter efeito até na vida adulta da prole.
Desta forma, cautela deve ser considerada quando potenciais usos terapéuticos de
medicamentos a base de canabinoides forem definidos e regulamentados para mulheres

gravidas.
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Tabela 1. A - Resumo dos principais resultados obtidos no Capitulo 1 para ratos (esquerda) e
ratas (direira) neonatos (PO, P6-7 e P12-13) e juvenis (P27-28). B - Resumo dos resultados
obtidos no Capitulo 2 para ratos (esquerda) e ratas (direira) adultos (P80-81), durante sono (S) e
vigilia (V).

A.

d CAPITULO 1: Neonatos e Juvenis Q
Parametros Parametros
corporais corporais
Comportamento Comportamento -
reflexo = reflexo
Mecanica Mecinica
respiratoria ¥ P27-28 respiratéria
Respiracao Respiracao -
tecidual VPO tecidual
Receptores CB1 N PO, P6-7 e P12-13 Receptores CB1 -
Neurdnios CA N PO e P6-7 Neurénios CA

MRS PPN g e T

AP0, P12-13
T PO e e P27-28 (RED

Ventilaca ilaca - £ -
entilagio P27-28 . 4 P67 Ventilagio N P27-28

Metabolismo ™ PO - - Metabolismo = = =

B.

O" CAPITULO 2: Adultos Q

Massa Corporal Massa Corporal
Mecanica Mecanica _
respiratéria = respiratoria
Receptores CB1 = Receptores CB1 =
Neurdnios CA Neuronios CA
e,
Ventilagio = /I\ S 4\ S Ventilagio = q/ S/V 4, S/V
Metabolismo = = = Metabolismo - - -
FaM = = N VIS PAM NV/S - MNV/S
e - - 1S FC - VYV AV
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CAPITULO 1

Prenatal chronic stimulation of endocannabinoid signaling affects the

respiratory control system in neonatal and juvenile rats



ABSTRACT

Cannabis legalization has risen in many countries and its use during pregnancy
has increased. The psychoactive compounds of this substance act directly on the
endocannabinoid system that is already present in the central nervous system (CNS) at
early stages of embryonic development and shows to be an important element for
regulating structural and functional brain maturation, including in areas responsible for
respiratory control. Regardless of increasing reports of Cannabis use during pregnancy,
data on the influence of external cannabinoids on the respiratory system development
and the possible resulting consequences during postnatal life is limited. We evaluated
the possible effects of exposure to a synthetic cannabinoid during the gestational phase
on the respiratory control system in neonates (PO, P6-7 and P12-13) and juvenile (P27-
28) male and female rats by implanting subcutaneously osmotic pumps in pregnant
female rats at embryonic day 0 and delivered vehicle or cannabinoid (WIN 55212-2, 0.5
mg/kg/day) for 21 days. WIN administration to pregnant rats interfered in a sex-specific
manner with breathing regulation of offspring, thereby promoting a greater sensitivity to
CO; at all ages in males (except P6-7) and in juvenile females. An altered chemoreflex
in response to hypoxia was observed in PO (hyperventilation) and P6-7
(hypoventilation) males, without any effects on females. In line with breathing
alterations, brainstem analysis showed an increase in the number of catecholaminergic
neurons and CBL1 receptors and alteration of tissue respiration in early stages of males.
A reduction in pulmonary compliance was also observed in juvenile male rats. These
findings demonstrate that excess stimulation of the endocannabinoid system during
gestation has prolonged and sex-specific consequences for the respiratory control

system.

54



INTRODUCTION

Cannabis is the most common drug of abuse used during pregnancy, and its
consumption has been rising among pregnant women in recent years (Brown et al.,
2016; Young-Wolff et al., 2019; Bérard, 2020), mainly during the first trimester of
gestation due its antiemetic properties (Volkow et al., 2017). Indeed, global legalization
and increasing accessibility highlight the critical need for generating more studies
concerning possible risks and benefits (e.g. pain reduction) of Cannabis use.
Cannabinoids easily cross the placenta, thus may interfere with fetal endocannabinoid
signaling pathways during neurodevelopment, causing long-lasting effects (Bara et al.,
2018). Studies have shown that the psychoactive component of Cannabis sativa
profoundly affects neural and physiological functions, including motor, cognitive,
nociceptive, thermoregulatory and cardiorespiratory processes, through the connection
to cannabinoid receptors (Devane et al., 1988; Onaivi et al., 2002). Furthermore, during
fetal life, endocannabinoids show to be important for brain development, regulating the
differentiation of neural progenitors and synaptogenesis, guiding axonal migration and
consolidating synaptic communications (Fernandez-Ruiz et al., 2000; Bernard et al.,
2005; Fride et al., 2009).

The development of the ventilatory control system begins early in pregnancy
and is a highly dynamic process that can be influenced by environmental factors (e.g.
hypoxia or hyperoxia) and chemicals substances (e.g. nicotine, prescription drugs or
drugs of abuse) (Bavis and Mitchell, 2008; Campos et al., 2009; Cayetanot et al., 2009;
Bairam et al., 2015; Bravo et al., 2016). Particularly about chemical interventions that
may occur during the prenatal phase, perinatal manipulation of the endocannabinoid
system, either by administration of cannabinoids or by maternal consumption of

Cannabis may alter the respiratory control system since it is well known that CB1

55



receptors are expressed in brainstem areas involved in respiratory control and also in the
alveolar Type Il cells in the lung (Pilowsky et al., 1990; Herkenham et al., 1991; Rice et
al., 1997; Tsou et al., 1998; Padley et al., 2003). On the other hand, CB2 receptors are
less present in the CNS, e.g., in the cerebellum and some restricted areas of the
brainstem (Van Sickle et al., 2005; Onaivi et al., 2006), and mainly expressed in the
periphery, such as in cells immune system (Munro et al., 1993). In addition, both
receptors are expressed as well in peripheral chemoreceptors (McLemore et al., 2004).
Remarkably, central CB1 receptors are already present in the early stages of embryonic
development, around 11" to 14" gestational day in rodent (Harkany et al., 2007),
coinciding with the time of phenotypic expression of most neurotransmitters (Mulder et
al., 2008; Morozov et al., 2009), and seem to be functional already at this phase
(Berrendero et al., 1999; Mato et al., 2003), with a progressively increase in the density
of CB1 receptors during postnatal development (Rodriguez de Fonseca et al., 1993;
Correa et al., 2016).

Studies in animal models show that acute activation of CB1 receptors depress
ventilation by acting on the brainstem respiratory rhythm-generating neurons (Graham
and Li, 1973; Moss and Friedman, 1976; Doherty et al., 1983; Estrada et al., 1987;
Vivian et al., 1998, Schmid et al., 2003; Pfitzer et al., 2004). More importantly,
exposure to Cannabis in utero is associated with increases in respiratory disease,
hypotonia, hypotrophy, neonatal withdrawal and is considered a risk factor for Sudden
Infant Death Syndrome (SIDS) (Scragg et al., 2001; Lacroix et al., 2007; Desai et al.,
2013). In fact, prenatal exposure to the synthetic cannabinoid WIN 55,212-2 (WIN) in
rats increases apnea duration in room air and shows a tendency for the occurrence of
increased apneas during hypoxia, reinforcing the participation of endocannabinoids in
ventilatory control of neonates (Tree et al., 2014).
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Here, we examined the effects of a chronic stimulation of the endocannabinoid
system during prenatal phase by using preexposure to a synthetic cannabinoid (WIN)
during the entire gestation and by evaluating the postnatal consequences on ventilatory
control of neonatal (PO, P6-7 and P12-13) and juvenile (27-28) male and female rats.
We observed that fetal exposure to synthetic cannabinoid caused marked sex-specific
alterations of breathing regulation of offspring, and chemosensitivity to CO, and
hypoxia, with a greater sensitivity in males. We also found that embryonic WIN
exposure induced an increase in brainstem catecholaminergic (CA) neurons and CB1
receptors and alterations of tissue respiration in early stages of males. Also, a reduction
in pulmonary compliance was observed in juvenile male rats. Hence, these findings
demonstrate that over stimulation of endocannabinoid system during gestation has long-

lasting and sex-specific consequences for the offspring’s respiratory control system.

57



MATERIAL AND METHODS

Animals and ethical approval

The male and female arrays were acquired from UNESP — Botucatu, SP,
Brazil. Pregnant female Wistar rats and their litters (first generation) were individually
placed in cages housed in a temperature-controlled room, maintained at 25 + 1°C with a
12 h light-dark cycle (lights on at 6:30 a.m.), with water and food provided ad libitum.
The offspring were born in our animal care facility and stayed in the same cage with the
mother until they were weaned (P21). Experiments were performed between 7:00 a.m.
and 6:00 p.m., during the light phase, on unanesthetized neonatal (PO, P6-7 and P12-13)
and juvenile (P27-28) male and female rats obtained randomly from different litters. An
accurate animal sexing was done at the day of birth and confirmed at the experimental
day.

All the experiments were done in compliance with the guidelines of the
National Council of Control in Animal Experimentation (CONCEA-MCT-Brazil), and
with the approval of the local College of Agricultural and Veterinary Sciences Animal
Care and Use Committee (CEUA-FCAV-UNESP-Jaboticabal; Protocol: 011284/17).
All efforts were made to minimize the number of animals and their suffering throughout

the experiments.

Drug and gas mixture

The synthetic cannabinoid (WIN 55,212-2 mesylate salt) was purchased from
Sigma Chemical CO. (St. Luis, MO, USA) and dissolved in DMSO 50%. The
hypercapnic (7% CO2, 21% O, balance N.) and hypoxic (10% O-, balance N2) gas

mixture was purchased from White Martins Gases Industrials Ltda (Osasco, SP, Brazil).
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Cannabinoid treatment protocol

The pregnant female rats were treated constantly from the 0 to the 21% day of
gestation and divided in two groups: 1) treated with vehicle (DMSO 50%, diluted in
sterile water); 2) treated with synthetic cannabinoid WIN 55,212-2 (WIN) (Sigma
Aldrich, USA), dose of 0.5 mg/kg/day (based on Mereu et al., 2003; Tree et al., 2014;
Bara et al., 2018). The vehicle or drug were delivered to the pregnant female rats
through osmotic pumps (Alzet Osmotic Pumps, Cupertino, CA, USA; model 2ML4; 2.5
puL/hour/28 days) implanted subcutaneously into the back of the animals between the
scapulars, after confirmation of sperm via vaginal smear, under inhalation anesthesia
with 5% of isoflurane (Cristalia, Sao Paulo, Brazil) for induction and 1% for
maintenance. After giving birth, the mothers were anesthetized with isoflurane and the

osmotic pump removed.

Straightening reflex and mastication

The straightening and mastication reflexes were evaluated in the male and
female newborn rats 4-6 hours after birth. To investigate mastication behavior, the
number of jaw opening elicited by an oral stimulation with a P50 tubing (Chatonnet et
al., 2007) were counted during 30 s. For the straightening reflex, the rats were placed in
the supine position and the time (in sec) until get the prone position was measured

(Kroeze et al., 2016).

Respiratory measurements
Neonates (PO, P6-7 and P12-13)
Ventilation (VEe) of neonates was measured using the pressure-

plethysmography method as previously described (Mortola, 1984; Mortola and Frappell,
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2013; Patrone et al., 2018; 2020). For each age group a different animal was used. One
chamber was used to house the animal’s body (50 mL for PO and P6-7; 80 mL for P12-
13) and another chamber was used to allocate the head (15 mL and 30 mL,
respectively). The chambers were connected and sealed by each other with a pliable
neck collar made of plastic film, and the room air, hypercapnic (7% CO2, 21% O,
balance N2) or hypoxic (10% O, balanced with N2) gas mixture was delivered to the
face mask.

The two chambers were placed inside a water bath with a heater maintained at
35°C for PO, 33°C for P6-7 and 30°C for P12-13 (PolyScience, Model 9112 - Serial
G48325, IL, USA), keeping the animal’s body temperature constant (~36°C), which is
the recommended ambient temperature for thermal comfort at these ages (Julien et al.,
2008). During the measurements, airflow was not interrupted. The pressure signal
obtained from the body chamber during breathing (animal’s ribcage movement) was
directly proportional to tidal volume (Vr) of the animal’s breath. Volume calibration
(0.2 mL of air for PO and P6-7, and 0.4 mL for P12-13) was performed during each
experiment using a graduated syringe attached to the body chamber, which allowed for
the calibration of pressure signals (volts) to V1 (mL). The signals were monitored by a
differential pressure transducer (TSD 160A, Biopac Systems, Santa Barbara, CA, USA)
and fed into a pre-amplifier (DA 100C, Biopac Systems), passed through an analog-to-
digital converter and digitized on a computer equipped with data acquisition software
(MP100ACE, Biopac Systems). The sampling frequency was 200 Hz. The LabChart

software (PowerLab System, ADInstruments®/ LabChart Software, version 7.3,

Sydney, Australia) was used for data analysis. Ve was obtained from the multiplication

of respiratory frequency (fr) and V', and was normalized to the animal’s body mass.
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Juveniles (P27-28)
The barometric method by whole body plethysmography — closed system was
used to measure ventilation of juvenile rats (P27-28) (Drorbaugh and Fenn, 1955;
Patrone et al., 2014; 2018). The animal was placed in a Plexiglas experimental chamber

(700 mL) for at least 30 min before initiating measurements at an ambient temperature

of 25°C. During Ve measurements, airflow was interrupted and the chamber persisted
fully sealed for approximately 1 min. The airflow was maintained at 0.7 L.min"! using a
flow meter coupled to a suction pump (MFS, Sable Systems International, Inc, Las
Vegas, USA) at the air outlet of the chamber. A volume calibration was performed for
each experiment by injecting 0.6 mL of air into the chamber using a graduated syringe.

V1 was calculated with the appropriate formula from Drorbaugh and Fenn (1955):

V1=Vk X (P1/Pk) X Te X (Ps - Pc) / Te X (P - Pc) — Ta X (P — PRr)

where Pt is the pressure deflection associated with each VT, 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, Tg is the body temperature (in Kelvin), and Pr is the

water vapor pressure at Tc. VE and Vr were presented under ambient barometric
pressure conditions, at Tc and saturated with water vapor (BTPS). Pc and Pr were

calculated indirectly using an appropriate table (Dejours, 1981).

O, consumption measurements

Metabolic rate was inferred by indirect calorimetry, measuring O2 consumption
(VO2), which was recorded using a flow-through Pull mode configuration by an open
respirometry system (Mortola, 1984; Cummings et al., 2011; Patrone et al., 2018;
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2020). A pump inside the oxygen analyzer (model ML206, ADInstuments®, Australia),
connected to the outlet port of the head chamber, controlled the inflow gas rate (100
mL.min"* for PO and P6-7, and 150 mL.min* for P12-13). For juvenile (P27-28) animals
(150 mL.min), a MFS (Mass Flow System, Sable Systems International, Las Vegas,
IL, USA) was coupled to the animal’s chamber outlet to control the airflow inside the
chamber (700 mL.min'%).

For all experiments, the expired gas was dried over a small column of Drierite
(W.A. Hammond Drierite Co. Ltd, Xenia, OH, USA) before passing through the

analyzer. The air was continuously sampled by the O, analyzer (model ML206,

ADInstuments®, Australia), allowing for the determination of VO2 by a data
acquisition program (Power-Lab System, ADInstruments® / Chart Software, version

7.3, Sydney, Australia).

As CO; was neither analyzed nor scrubbed, the VO2 was calculated using the

following equation (Koteja, 1996):

VO2 = [FRe (FiO2 — FeO2)] / [1 - FiO2 (1 - RQ)]

where FRe is the flow rate of air through the chamber, FiO- is the inlet O> fraction, FeO>

is the end O fraction, and RQ is the respiratory quotient (considered to be 0.85). The

VO2 was corrected for the body mass.

Cardiovascular and body temperature measurements

One day before the experiment, the juvenile P27-28 animals were anesthetized
with isoflurane (Cristalia, Sao Paulo, Brazil) 5% for induction and 1% for maintenance
and underwent two surgeries. Through the femoral artery, a catheter [PE-10 connected

to PE-50 (Clay Adams, Parsippany, NJ, USA)] was inserted into the abdominal aorta to
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measure pulsatile arterial pressure (PAP). The catheter was taken subcutaneously to the
animal’s dorse until the neck region and externalized. In the next day, in a way that
allowed free movement of the rat, this catheter was connected to the pressure transducer
(TSD 104A, Biopac systems), the signal was amplifier (DA 100C, Biopac systems) and
digitized on a computer equipped with data acquisition software (MP100ACE; Biopac
Systems). The cardiovascular parameters, systolic (SAP) and diastolic (DAP) arterial
pressure, mean arterial pressure (MAP) and heart rate (HR) were quantified from the
PAP records using the LabChart program (Power-Lab System, ADInstruments® / Chart
Software, version 7.3, Sydney, Australia).

At the same surgical procedure, a temperature datalogger (SubCue
Dataloggers, Calgary, Canada) was inserted into the abdominal cavity through a midline
laparotomy for body temperature (Ts) measurements. The datalogger was programmed
to acquire data every 5 min. At the end of the surgery, the animals were treated with
antibiotic (enrofloxacin, 10 mg.kg™?, I.M.; Bayer SA, Sao Paulo, Brazil) and analgesic
(flunixin meglumine, 2.5 mg.kg™?, S.C.; Schering-Plough Santé Animale, Segré,

France) agents.

Experimental protocol

Control (VEH) and WIN-treated PO, P6-7 and P12-13 male and female animals
were placed individually into the body and head chambers as previously described, and
P27-28 rats were allowed to move freely inside a Plexiglas chamber at room

temperature of 25°C. Initially, the chambers were flushed with room air (21% O) for 30

min during the acclimation phase. Posteriorly, Ve and VO2 were recorded in room air
conditions for 10 min. The animals were then exposed to hypercapnic condition (7%

CO2 gas mixture) for 20 min. After CO2 exposure, the chamber was ventilated again
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with room air for 40 min to allow recovery baseline values. Subsequently, the animals

were submitted to hypoxia (10% O gas mixture) for 20 min, followed by a recovery
period of 20 min with room air. For neonatal animals, Ve and VO2 were recorded

throughout the experiment. For juveniles, the VO2 was constantly measured, and the
ventilatory parameter measurements were performed at the end of room air condition,
and at 5, 10 and 20 min during each gas mixture exposure. The cardiovascular

parameters and Tg of the juveniles were also recorded during the entire experiment.

Determination of respiratory mechanics

Measurements of respiratory system mechanics were performed based on
previous studies (Frappell et al., 1998; Hedrick et al., 2011). Neonatal (PO, P6-7 and
P12-13) and juvenile (P27-28) male and female rats were euthanized by isoflurane
inhalation. Next, through a tracheostomy, a cannula was inserted into the animal's
trachea. A pressure transducer (TSD 104A, Biopac systems), coupled to the tracheal
cannula by a three-way connector, was used to measure intra-tracheal pressure. The
signals were amplified (DA 100C, Biopac systems), filtered and recorded in a data
acquisition system (Biopac Systems Inc., Santa Barbara, CA, USA). A graduated
syringe was also connected to the tracheal cannula to allow the injection and removal of
air volumes into the lungs. To obtain the inflation and deflation pressure-volume curves,
to assess the static respiratory mechanics, the animals were placed in the supine position
and the lungs were gradually inflated and deflated. The volumes of air injected were
established according to the animals' age (PO: 0.05 mL; P6-7 and P12-13: 0.1 mL; and
P27-28. 0.5 mL). Inflation was stopped when intra-tracheal pressure reached
approximately 30 cmH20. The lungs were then emptied in the same gradual manner,

until the pressure reached -20 cmH20, and finally inflated again to the resting lung

64



pressure (0 cmH20). At the end, the trachea was opened to the atmosphere to balance
intra-tracheal pressure. To prevent the lungs from collapsing, before starting a new
curve, the lungs were fully inflated and then spontaneously allowed to return to resting
volume by opening the system to the atmosphere. The static volume—pressure curves
allowed determining residual lung volumes as well as the maximum lung volume of
each animal. Following the determination of the static pressure-volume curves,
maximum volume was injected steadily over an interval of 20 s to determine the
dynamic respiratory mechanics. These entire procedures were repeated three times for
each animal. After the static and dynamic measurements were carried out on intact
animals (Cr), the body cavity and rib cage were opened, the ribs, muscles, diaphragm
and abdominal organs were removed leaving the lungs completely exposed.
Subsequently, the static and dynamic experimental protocols were repeated with the
lungs exposed (CL). At the end of the experiments, the animals' heart and lungs were

removed and weighed.

Quantitative analysis of CB1 receptors

The Western Blot technique was used to assess the expression of CB1 receptor
in the brainstem of neonatal (PO, P6-7 and P12-13) and juvenile (P27-28) male and
female animals. To this end, the animals were deeply anesthetized with isoflurane and
the brainstem quickly removed and frozen in 2-methylbutane at -20°C. The samples
were homogenized in RIPA buffer (50 mM tris, 150 mM NaCl, 0.1% triton, 0.5%
sodium deoxycholate, and 0.1% sodium dodecyl sulfate). Previous to Western Blot,
quantification of proteins in the tissue was performed by Lowry’s method. Samples with
15 pg of protein were mixed with the sample buffer (1.25 M tris pH 6.8, 2% SDS,
0.01% blue bromophenol, 10% glycerol, and 250 mM 2-ME) and heated to 95°C for 5
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minutes. The samples were submitted to SDS-PAGE in bis-acrylamide gel with 10%
gradient, in buffer (192 mM glycine, 25 mM tris, and 0.1% SDS, pH 8.3). The proteins
that migrated in the gel were transferred to the nitrocellulose membrane (Bio-Rad
Laboratories, ON, Canada) by wet electrotransfer (15 mM tris, 120 mM glycine, and
20% methanol, pH 8.3). After transfer, non-specific sites on the membrane were
blocked with T-TBS buffer (20 mM tris, 150 mM NacCl, and 0.1% tween 20, pH 7.4)
with 5% bovine serum albumin (BSA) for 1 hour at room temperature, under constant
agitation. After washing the blocking solution with T-TBS, the membranes were
incubated overnight at 4°C with the rabbit polyclonal anti-CB1 antibody (1:1000;
Sigma) in T-TBS solution with 3% BSA. The membranes were washed five times for 5
minutes with T-TBS, and then incubed with anti-rabbit peroxidase-labeled secondary
antibody (1:5000, Santa Cruz Biotechonology) diluted in T-TBS with 5% BSA for 1 h
at room temperature. Posteriorly, the membranes were washed again five times for 5
minutes with T-TBS and added the chemiluminescence enhancer (ECL) and the film
exposed. The bands were quantified using the ImageJ program (available for free

download at https://imagej.nih.gov/ij/download.html). The bands of the CB1 protein

were normalized by B-actin using mouse monoclonal anti-BActin (1:15000, Sigma),
followed by anti-mouse peroxidase-labeled secondary antibody (1:20000, Santa Cruz

Biotechonology).

Assessment of catecholaminergic (CA) neurons

At the end of the plethysmography experiments, neonatal (PO, P6-7 and P12-
13) and juvenile (P27-28) male and female rats were deeply anesthetized with isoflurane
and perfused intracardially using a pump machine (Masterflex; Cole-Parmer Instrument
Company, Vernon Hills, IL, USA) with phosphate buffered saline (PBS, 0.01 M, pH
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7.4), followed by 4% paraformaldehyde (PFA) in 0.2 M phosphate buffer (PB). The
brain was removed from the skull, postfixed with 4% PFA at 4°C for 12 h, and then
immersed in 30% sucrose solution for at least 48 h at 4°C. The brain was dipped in 2-
methylbutane at -20°C, frozen and fixed in Tissue-Plus (Fisher Healthcare™ O.C.T.
Compound, CA, USA). Serial sections (40 um) of the brainstem were made in
triplicates using a cryostat microtome (CM1860 — Ag Protect; Leica, Wetzlar,
Germany).

Immunohistochemistry for tyrosine hydroxylase (TH) was performed to
quantify the CA neurons in the brainstem (Xu et al., 2003). Initially, the slices were
washed 3 times with PBS for 5 min, followed by an antigenic recovery process, where
slices were incubated for 30 min in a target retrieval solution (Dako, Glostrup,
Denmark) at 70°C, then cooled to room temperature and washed 3 times with PBS for 5
min. The slices were incubated in 1% hydrogen peroxide solution for 3 min, washed
and followed by 1 h in a 10% horse serum solution (Life Technologies, USA) at room
temperature to prevent non-specific binding. After rinse, slices were incubated for 24 h
with a mouse monoclonal anti-TH antibody (1:10000; Sigma) in T-PBS (0.3% Triton-
PBS, pH 7.4) solution with 5% horse serum at room temperature with constant
agitation. Then, the slices were washed and incubated for 3 hours with secondary goat
anti-mouse IgG antibody (h&l), conjugated to dy light 488 (1:300, Immunoreagents,
NC, USA,) at room temperature, also on a shaker. After that, the slices were washed 3
times with PBS. Finally, the slices were mounted on gelatinized sheets, dried and

covered with coverslip.
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Tissue respiration measurement

To obtain fresh biological material for brainstem tissue respiration analysis,
neonatal (PO, P6-7 and P12-13) and juvenile (P27-28) male and female rats were
profoundly anesthetized with isoflurane and the brain was removed from the skull and
the brainstem dissected. A longitudinal cut in the midline of the brainstem was
performed to obtain approximately 30 mg of wet tissue, then the sample was
homogenized in 5 mL of MiR05 (0.5 mM EGTA, 3 mM MgCl,, 60 mM K-lactobionate,
20 mM taurine, 10 mM KH2POg4, 20 mM HEPES, 110 mM sucrose, 1 g/L albumin, pH
7.1) of which 2.1 mL were inserted into each respirometric chamber. Respiration was
maintained by 10 mM glutamate and 4 mM malate.

Respiratory rates were determined monitoring oxygen consumption in an
Oxygraph-2k respirometer (Oroboros, Innsbruk, Austria) containing 2.1 mL of air
saturated respiration medium. The respiratory states were determined as follows:
NADH-linked, after substrate (9 mM glutamate and 5 mM malate) addition; OXPHOS
(phosphorylation), in the presence of adenosine diphosphate (ADP, 1 mM); LEAK
(non-phosphorylating), after ATP synthase inhibition by oligomycin (1 pg/mL); ETS
(non-coupled), in the presence of the mitochondrial uncoupler carbonyl cyanide m-
chlorophenylhydrazone (CCCP, 1 uM); Rox (residual), after complex Il inhibition by

antimycin A (AA, 3 uM). The value of Rox was subtracted from the other states.

Data and statistical analysis
The body mass was acquired from animals of different experimental protocols
throughout the study and grouped according to treatment and age, and for heart and

lungs weight, animals were obtained from respiratory mechanic protocol.
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The cardiorespiratory and metabolic parameters were collected at the end of
room air conditions and at 10 min during exposure to hypercapnia and hypoxia, when

the effects were most evident. Approximately 2 min of recording were used to

respiratory (fr and V1) and metabolic (VOz2) measurements for PO, P6-7 and P12-13

animals, and 1 min for P27-28. Additionally, the variability of breath duration (TtoT)

was analyzed, as described by Patrone et al. (2018). VO2 was calculated with the

suitable formula and also normalized by animal’s body mass. The air convection

requirement (Ve /VVO2) was obtained by dividing the values of Ve by the VO2. The
respiratory and metabolic variables are represented as percentile and median with the
graphs presented as boxplots, whereby the mean, 25%, and 75% quartiles are used,
except for variability data, which is reported as mean £ SEM. The cardiovascular data
are presented as mean = SEM. All the analysis and interpretation in the present study
were performed based on the means.

The evaluation of the mechanical component of the respiratory system was
assessed through the static and dynamic compliance of the total system (Cr, intact
animal), lungs (Ci, lungs exposed) and body wall (Cg, Ct — CL). The static compliance
was measured at the steepest stretch of both inflation and deflation curve around 0-15
cmH20, which is the normal range experienced in vivo intrapulmonary pressures over a
ventilatory cycle. This curve was constructed using the values of intra-tracheal pressure
(cmH20) for each volume of air injected (mL). The highest and lowest point on the steep
inflation and deflation curve were applied to the formula: V2-V1 / P2-P1 to obtain
inspiratory and expiratory compliance. Dynamic compliance was calculated using the
same formula for intra-tracheal pressure values of 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21,
26, 31 and their corresponding injected air volume, following Hedrick et al., (2011). For

both static and dynamic measurements, body wall (Cg) compliance was calculated by
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the differences between Ct and Cp (1/Ct = 1/CL + 1/Cg). Static compliance data are
given as percentile and median with the graphs presented as boxplots, while dynamic
compliance is shown as interconnected mean.

Brainstem immunohistochemistry photomicrographs were captured using a
fluorescence microscope (Zeiss, Axio Image Z2, Baden-Wirttemberg, Germany) using
the LAS image acquisition program. The analysis was based in the quantification of
immunoreactive cells for TH (TH-ir) within brainstem CA nuclei using a computerized
image analysis system (Imagel). Using one of the triplicates, the cell bilaterally
counting was performed over the entire length of the brainstem in which it contained the
CA nuclei A1/C1, A2, C3, A5 and A7 (based on anatomical landmarks from Paxinos
and Watson, 1998). Specifically, for the A6 region, due to the large number of
noradrenergic neurons, the comparative analysis between the groups was done through
the density of TH expression per fixed sampled area. The intensity of fluorescent light
emitted in the tissue, as well as the adjustment of contrast and brightness were the same
among all animals. To avoid background interference, the density of the sampled A6
region was subtracted by the density region without TH labelling. Representative
sections from the control and WIN-treated groups were acquired at the same coordinate.
The quantification data are represented as percentile and median with the graphs
presented as boxplots.

The parameters evaluated in tissue respiration were oxygen consumption
during phosphorylation (OXPHOS), oxygen consumption with ATP synthase inhibition
(LEAK), oxygen consumption during maximum performance, stimulated by chemical
uncoupler CCCP (ETYS), ratio of normalized phosphorylation by uncoupling (P/L), ratio
of uncoupling with phosphorylation as reference (L/P), ratio of phosphorylation with
maximum capacity as a reference (P/E) and ratio of uncoupling with the maximum
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respiratory capacity as a reference (L/E). The data are reported as percentile and median
with the graphs presented as boxplots.

Sigma-Stat version 11 software was used for statistical analyses. The variables
of the present study were compared between groups by two-way ANOVA, with
repeated measures when appropriated. Post-hoc multiple comparisons were performed
using Tukey’s test. The results of the statistical analysis are detailed in the

Supplementary Figure 2. Statistical results with P < 0.05 were considered significant.
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RESULTS

The exposure during pregnancy to synthetic cannabinoid (WIN 55,212-2; 0.5
mg/kg/day) did not promote premature or late births, since control and WIN-treated
females gave birth between the 21 and 22% day of gestation in the same proportion. The
treatment also did not alter the body mass gain of females during pregnancy, as well as
did not change the average number of newborns per litter. However, prenatal WIN
exposure affected neonatal mortality, since an increase of 29% of death at birth was
observed in the treated group litters (P < 0.001, Chi-square). Regarding the offspring,
Table 1 shows the body mass and weight of heart and lungs of neonatal and juvenile
rats. As expected, the body mass significantly increased with age, and in the opposite
way, the ratio of heart and lungs’ weight to body mass decreased, but none of these

parameters were altered by prenatal WIN-treatment.

Table 1. Body mass and weight of heart and lungs for PO, P6-7, P12-13 and P27-28 control and
WIN-treated male and female rats.

Body mass (g) Heart (g.kg™) Lungs (g.kg™)

VEHICLE 7.0+08 8.6+05 20.9+0.8

Male
PO WIN 6.7+05 85+0.4 21.7+1.0
VEHICLE 6.8+0.3 9.0+0.4 228+1.2

Female
WIN 6.6 +0.2 9.9+0.4 227409
VEHICLE 18.7+0.8 83+0.2 18.1+0.6

Male
P67 WIN 16.7+0.5 9.2+0.8 205+0.5
) VEHICLE 17.1+0.9 76+03 19.9+0.4

Female
WIN 16.3+0.5 85+0.3 20.8+0.9
VEHICLE 326+16 7.4+0.3 16.1+0.8

Male
WIN 32.0+0.7 7.6+0.3 17.6+0.9

P12-13

VEHICLE 30.8+1.3 77+04 149+0.8

Female
WIN 31.1+0.9 7.0+0.3 169+1.0
VEHICLE 85.7+2.7 6.2+0.4 7.9+0.4

Male
WIN 86.8 + 3.7 6.0+0.3 85+0.3

p27-28

VEHICLE 82.6+2.7 6.2+0.3 85+0.2

Female
WIN 794 +2.7 5.7+0.3 87+0.3

Values are expressed as mean + S.E.M. The results of two-way ANOVA statistical analyzes
are represented in Supplementary Table 2A.
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Reflex behavior

Figure 1 shows the results for straightening (A) and mastication (B) reflexes
for PO control and WIN-treated male and female animals. As evidenced, the prenatal
treatment with synthetic cannabinoid did not cause significant differences in these reflex

behaviors for both sexes.
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Figure 1: Effect of prenatal WIN exposure on straightening (A) and mastication reflexes (B) in
PO male and female rats. The graphs are presented as boxplots. Values are expressed as
percentile and median. *indicates the mean.
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Breathing pattern and Metabolism
The intra-uterine synthetic cannabinoid WIN exposure resulted in significant

alterations in breathing control during postnatal development. Table 2 shows the effect
of WIN-treatment on ventilation (Ve ), tidal volume (V7), respiratory frequency (fr),

oxygen consumption (VOz2) and air convection requirement (Ve /VO2) for PO, P6-7,
P12-13 and P27-28 control and WIN-treated male and female rats, under resting

condition. For PO male, prenatal treatment resulted in a significant increase of 45% in
resting Ve compared with control group, as well as an increase in basal VO2. The

intra-uterine exposure also caused changes in the baseline Ve of juvenile male rats with

an increase of 25%, due to a significant increase in V. Additionally, an increase in

VE/VO2 for the P27-28 treated male was evidenced. There were no effects of

treatment for other males’ age, as well as for females.

74



Table 2. Ventilation (VE ), tidal volume (Vr), respiratory frequency (fr), oxygen consumption

(VO2) and air convection requirement (Ve /VOz) for PO, P6-7, P12-13 and P27-28 control
and WIN-treated male and female rats, under resting condition.

\ZE N VT_1 fr . V_Oz_  VEIVO2

(mL.kg.mint) (mL.kg™) (breaths.min") (mL.kg™'.min™")
VEHICLE 1216.4 £73.8 12.7+0.9 99.0+9.1 416 +5.6 32.0+3.6
Male WIN 1762.7 £197.4* 149+15 1185+6.4 61.3+7.7* 29.0+0.8
PO VEHICLE 1426.7 +160.6 124+1.4 1156 +4.1 56.2+54 256+24
Female WIN 1827.0 £137.8 159+1.1 114.8+6.8 66.8£5.5 27715
VEHICLE 19276+188.8 11.7%+0.6 163.9+10.9 453+4.0 42.7+2.0
Male WIN 1625.7 £94.4 10.3+0.4 156.5+4.6 457 +3.3 36.4+25
P6-7 VEHICLE 1654.3+112.3 11.1+£0.9 152.2+9.9 424+29 39.2+15
Female WIN 1539.0 £104.3 10.4+0.6 147.4+49 41.4+3.6 37.7+18
VEHICLE 971.4 £ 86.0 75+04 129.8+9.1 429+1.9 227+19
Male WIN 1156.0 £129.3 85+0.7 133947 435+21 26927
P12-13 VEHICLE 958.9 £19.3 73103 131.1+4.2 441 +1.7 21.8+0.9
Female WIN 10254 +£77.9 8.7+0.6 1185+4.2 43.7+1.38 22110
VEHICLE 1868.1 £ 87.7 12.7+05 148.3 +5.6 36.4+1.9 52.3+3.1
Male WIN 2371.7 +196.8* 159+1.1* 148.7 £5.2 38.0+35 65.0 +5.6*
p27-28 VEHICLE 1635.8+54.2 11.6+0.5 141.3+4.6 30.5+3.0 57.7+58
Female WIN 1960.8 £94.0 13.3+£0.7 148.3 +6.3 36.9+4.2 58.0+7.8

Values are expressed as mean + S.E.M. * Indicates significant difference between control and
WIN-treated groups at the same age. The results of two-way ANOVA statistical analyzes are
represented in Supplementary Table 2B.

With regard to the hypercapnic ventilatory response (HCVR), high levels of

CO; caused an increase in Ve in all male and female groups, because of increases in V-1
and fr in control and WIN-treated male and female animals. The values related to
ventilatory (A) and metabolic (B) parameters during 7% CO2 exposure for neonatal and
juvenile males and females are shown in the Figure 2 and 3, respectively. As can be
seen, the ventilatory response to CO: of all postnatal male ages was affected by intra-

uterine exposure to synthetic cannabinoid WIN (Figure 2A), since PO, P12-13 and P27-
28 treated males had an increased Ve, mainly due to a significant increase in V7, and

also in the fr for PO WIN-treated male; however, P6-7 treated group had a reduced Ve

and Vr compared with the control group. Prenatal exposure to WIN did not result in
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metabolic changes at any male age (Figure 2B), but Ve/VOz2 of PO, P12-13 and P27-

28 treated males was higher, and for P6-7 treated group significantly lower.

For female offspring, prenatal exposure to WIN resulted in an increased Ve
during CO> challenge only for P12-13 and P27-28 treated rats (Figure 3A), also
followed by a higher V1. The use of synthetic cannabinoid WIN during pregnancy did

not result in ventilatory control changes at other postnatal age for females, nor did it
alter the metabolic demand and the Ve/VO2 of these animals, except for juvenile

WIN-treated group, which showed a significant increase in Ve /VO2 (Figure 3B).
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Figure 2: Effect of prenatal WIN exposure on A: ventilation (VE), tidal volume (V1),
respiratory frequency (fr); B: oxygen consumption (VOz) and air convection requirement
(Ve/VOz2) for PO, P6-7, P12-13 and P27-28 control and WIN-treated male rats during
hypercapnia (7% CQO_) condition. The graphs are presented as boxplots. Values are expressed as
percentile and median. * indicates mean. * indicates a significant difference between control and
WIN-treated groups at the same age. The results of two-way ANOVA statistical analyzes are
represented in Supplementary Table 2C.
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Figure 3: Effect of prenatal WIN exposure on A: ventilation (VE), tidal volume (V7),
respiratory frequency (fr); B: oxygen consumption (VOz) and air convection requirement

(Ve/VOz2) for PO, P6-7, P12-13 and P27-28 control and WIN-treated female rats during
hypercapnia (7% CQO;) condition. The graphs are presented as boxplots. Values are expressed as
percentile and median. * indicates mean. * indicates a significant difference between control and
WIN-treated groups at the same age. The results of two-way ANOVA statistical analyzes are
represented in Supplementary Table 2D.

The Ve of all postnatal ages of both sexes was significantly increased not only

by high levels of CO,, but also by lower environmental O» concentration, with sustained

higher V/t and fr. Further, VOz2 of all groups was reduced by exposure to hypoxia, with
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the exception of P6-7 male and female groups, which had no change in the VO
compared to the corresponding control groups. Figures 4 and 5 show the consequences
of prenatal WIN exposure on respiratory (A) and metabolic (B) variables during
hypoxic condition for male and female rats, respectively. For males, the prenatal WIN-
treatment resulted in a higher hypoxic ventilatory response (HVR) at PO age, due to an
increase in fr; however, at P6-7 age, the HVR of treated newborns was lower compared

with control group, although there were no significant changes in both Vt and fr
parameters, as evidenced in Figure 4A. In addition, no change in VO2 was observed for

both ages. Thus, a significant increase in Ve /VOz2 for PO treated newborns, as well as a
reduction for P6-7 treated rats were observed (Figure 4B). For older males, no
ventilatory and metabolic changes were observed in WIN-treated animals during
hypoxic condition.

Regarding females, WIN exposure during gestational period did not affect the

postnatal ventilatory response to hypoxia. As shown in the Figure 5A, Ve of neonatal
and juvenile WIN-treated females was not changed during hypoxia exposure, although
alterations in the ventilatory pattern was observed, since an increase in V', concomitant
with a reduction of fr was found in PO treated newborns, and a reduction in fr for P12-

13. Regarding the metabolic measurement for female group, the intra-uterine exposure

to WIN did not affect the VO2 at any postnatal age, in the same way that Ve /VO2 was

not altered by WIN treatment (Figure 5B).
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Figure 4: Effect of prenatal WIN exposure on A: ventilation (VE), tidal volume (V7),
respiratory frequency (fr); B: oxygen consumption (VOz) and air convection requirement

(Ve /VO2) for PO, P6-7, P12-13 and P27-28 control and WIN-treated male rats during hypoxic
(10% 0,) condition. The graphs are presented as boxplots. Values are expressed as percentile
and median. * indicates mean. * indicates a significant difference between control and WIN-
treated groups at the same age. The results of two-way ANOVA statistical analyzes are
represented in Supplementary Table 2E.
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Figure 5: Effect of prenatal WIN exposure on A: ventilation (VE), tidal volume (V7),
respiratory frequency (fr); B: oxygen consumption (VOz) and air convection requirement

(Ve/VOz2) for PO, P6-7, P12-13 and P27-28 control and WIN-treated female rats during
hypoxic (10% O) condition. The graphs are presented as boxplots. Values are expressed as
percentile and median. * indicates mean. * indicates a significant difference between control and
WIN-treated groups at the same age. The results of two-way ANOVA statistical analyzes are
represented in Supplementary Table 2F.

The breathing variability was analyzed by quantification of cycle duration
(Tror) distribution points (SD1 and SD2) during basal, hypercapnic and hypoxic

conditions for neonatal and juvenile control and WIN-treated male and female rats,
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which is shown in Table 3. The main findings for synthetic cannabinoid prenatal
treatment on Tror variability was at baseline, with P6-7 treated males presenting a
lower variance, P12-13 treated males a reduction in SD1 and SD2 variables, while P12-
13 female WIN-treated group showed a significant increase. Additionally, P27-28
prenatal treated animals of both sexes exhibit an increase in breathing variability during
resting condition. There was no evidence of WIN treatment effects in other conditions.
In general, exposure to high levels of CO., as well as reduced oxygen content, resulted
in significant reduction respiratory variability as described in the Table 3 and

Supplementary Table 2G.
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Table 3. The variability of breath duration (mean £ S.E.M.) at basal, hypercapnia (7% CO-) or
hypoxia (10% O_) of PO, P6-7, P12-13 and P27-28 control (VEH) and WIN-treated male and
female rats.

AGE

VEH WIN
PO Basal 7% CO2 10% O2 Basal 7% CO2 10% O2
Male
SDI1 533.0+201.1 2700+ 113.0 2113 +59.1% 3394+ 146.3 123.5+262 90.7+122
SD2 598.5+229.2 272.0+98.1 207.7+51.0" 433.8+190.8 146.9£29.9 96.1+ 104"
Female
SD1 2425+ 113.0 969+268 1109+39.5 412.6+ 1420 203.6 +60.4" 1437 £42.5%
SD2 2879+ 1162 1313+19.8 1168+298 4331+ 1340 199.7 +46.9* 170.4 + 54.0%
P6-7
Male
SD1 91.9+19.6 65.6+73 348 £647 58.2+9.9% 489+56 40.1+62
SD2 1283217 108.7+10.2 488+ 69 86.2 + 7.6% 839+33 553+7.1
Female
SD1 732+10.0 492+597 497 +55% 844+93 58.7+5.5° 492+3.0°
SD2 1114124 86.2+7.9 703 £6.2° 121.7£11.5 100.1£9.3 63.2£2.77
P12-13
Male
SD1 105.8+216 34.6+6.0° 237+1.9% 60.4 + 8.2% 462+ 11.1 294+3.1
SD2 138.5+29.7 544917 352+3.1% 78.3 £ 12.0% 63.1+12.6 43.1+45
Female
SD1 477+ 74 41.5+7.1 275+4.6 85.8 £ 15.7% 22.1+£3.1° 333+6.7°
SD2 735+10.0 624+79 417+49 117.4+21.7% 35.7+43% 50.6+8.4%
P27-28
Male
SD1 235+12 9717 51.9+28 53.3+£19.8% 14.0+207 823 +6.8%
SD2 285+2.6 123+2.1 79.8+4.5 82.7 +36.6% 17.5+24 88.0+12.2
Female
SD1 242430 128+23 846 +13.7 559 +18.8% 99+ 1.7 852+79
SD2 359+£54 16.6+3.5 90.7 £10.8° 98.0 £ 34.1* 12.1£2.07 91.7£6.0

Both SD1 and SD2 presented in ms. * Indicates significant difference compared with basal
condition. ** Indicates significant difference compared with the other two environmental
conditions. * Indicates significant difference between control and WIN-treated groups in the
same condition. The results of two-way ANOVA statistical analyzes are represented in
Supplementary Table 2G.
Mechanical component of the respiratory system

Chronic exposure to synthetic cannabinoid WIN during pregnancy also
affected the mechanical component of the respiratory system in the postnatal offspring’s
life. Figure 6 shows the static mechanical properties as total (Ct — A and B), lung (CL -
C and D) and body wall (Cs — E and F) compliance during inflation and deflation for
PO, P6-7, P12-13 and P27-28 control and WIN-treated males. Prenatal WIN-treatment

mostly caused mid-term postnatal changes in all static compliance parameters, since
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WIN-treated juvenile male rats had a lower Ct and C. during inflation and deflation, as
well as a reduced Cg at deflation. A significant, but punctual reduction in C_ at deflation
was observed for PO treated newborns, however not sustained for other mechanical
variables, as well as any change was observed for P6-7 and P12-13 male ages.

The same static mechanical components were evaluated in females, and as can
be seen in Figure 7, intra-uterine exposure to synthetic cannabinoid WIN did not result
in respiratory system compliance changes, with the exception of a reduction in Cg at

deflation for juvenile treated group.
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Figure 6: Effect of prenatal WIN exposure on total (C+ — A and B), lung (C. — C and D) and
body wall (Cs — E and F) static compliance during inflation and deflation for PO, P6-7, P12-13
and P27-28 control and WIN-treated male rats. The graphs are presented as boxplots. Values are
expressed as percentile and median. * indicates mean. * indicates a significant difference
between control and WIN-treated groups at the same age. The results of two-way ANOVA
statistical analyzes are represented in Supplementary Table 2H.
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Figure 7: Effect of prenatal WIN exposure on total (C+ — A and B), lung (C. — C and D) and
body wall (Cs — E and F) static compliance during inflation and deflation for PO, P6-7, P12-13
and P27-28 control and WIN-treated female rats. The graphs are presented as boxplots. Values
are expressed as percentile and median. * indicates mean. * indicates a significant difference
between control and WIN-treated groups at the same age. The results of two-way ANOVA
statistical analyzes are represented in Supplementary Table 2H.

Regarding the dynamic component of the respiratory mechanics, Figure 8

shows the data for dynamic total (Ct — center panel), lung (CL — upper panel) and body

86



wall (Cg — bottom panel) compliance of control and WIN-treated male and female rats
at PO (A), P6-7 (B), P12-13 (C) and P27-28 (D) ages. According to the results, the
effects of prenatal WIN treatment on dynamic compliance during postnatal development
were mostly observed at P27-28 age, more specifically for males (Figure 8D). Juvenile
treated male rats presented a robust reduction in dynamic Ct between pressures of 5 to
15, and at 21, which was in line with a decreased dynamic C_ at pressures of 9 to 17,
and 21. Juvenile female WIN-treated group showed subtle changes as higher dynamic
Cr only at pressures of 11 and 15, and lower at 26, and for dynamic C. female treated
group had a significant reduction at pressures 9 to 13.

Occasional changes were observed for younger animals, such as a punctual
increase in dynamic Cr at pressure 25 for PO treated females, and for PO treated males a
higher dynamic C at 9 cmH20, followed by a significant decrease at 13 cmH.0 (Figure
8A). Although small, P6-7 neonatal rats had an increased dynamic Ct at 1 cmH20 for
treated males, and also an increase at 26 cmH.O for treated females, as well as a higher
C at 13 and 15 cmH20 for WIN-treated female. The Cg was lower only at 1 cmH20 for
P6-7 treated females (Figure 8B). At P12-13 age, only an increase in C at 26 cmH.0
for males and reduced Cg at 3 cmH2O of pressure for females treated groups (Figure

8C).

87



Crdyn (mL.cm H20‘1.K

Crdyn (mL.cm H20‘1.Kg‘l)

9

Cydyn (mL.cmH,0 K

g

Cydyn (mL.cmH,0 " K

PO

0

5 10 15 20 25 30 35 40 45 50 55 60

Pressure (cmH,0)

0

5 10 15 20 25 30 35 40 45 50 55 60

Pressure (cmH,0)

P12-13

.0 T T T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50 55 60
Pressure (cmH,0)

P27-28

.57

0

5 10 15 20 25 30 35 40 45 50 55 60

Pressure (cmH,0)

kg

Cg dyn (mL.cmH,0 " Kg™)

Cgdyn (mL.cmH,0™"

C_dyn (mL.cmH,0 " .Kg™)

°

Cg dyn (mL.cmH,0 " Kg™)

IS

w

C_dyn (mL.cmH,0 " .Kg™)
- ~

— Male - VEH
Male - WIN
— Female - VEH
Female - WIN

o

2017

-104

0 5 10 15 20 25 30 35 40 45 50 55 60

-20

0 5 10 15 20 25 30 35 40 45 50 55 60

C_ dyn (mL.cmH,0 "Kg™)

Pressure (cmH,0)

0 5 10 15 20 25 30 35 40 45 50 55 60

0 5 10 15 20 25 30 35 40 45 50 55 60

Pressure (cmH,0)

0

5 10 15 20 25 30 35 40 45 50 55 60

0

5 10 15 20 25 30 35 40 45 50 55 60

Pressure (cmH,0)

0

2017

5 10 15 20 25 30 35 40 45 50 55 60

0

5 10 15 20 25 30 35 40 45 50 55 60 88

Pressure (cmH,0)



Figure 8: Effect of prenatal WIN exposure on total (Ct — center panel), lung (C. — upper panel)
and body wall (Cg — bottom panel) dynamic compliance for PO (A), P6-7 (B), P12-13 (C) and
P27-28 (D) control and WIN-treated male and female rats. Values are expressed as
interconnected means over the intra-tracheal pressure. * indicates a significant difference
between control and WIN-treated males at the same age. * indicates a significant difference
between control and WIN-treated females at the same age. The results of two-way ANOVA
statistical analyzes are represented in Supplementary Table 2I.

Brainstem CB1 receptor expression

The effect of WIN exposure during the prenatal period for CB1 receptor
expression in the brainstem of neonatal and juvenile male (A) and female (B) animals is
provided by the Figure 9. Cannabinoid type 1 receptor expression levels were higher in
WIN-treated PO, P6-7 and P12-13 newborn males when compared to control groups.
Juvenile males, as well as all postnatal female ages, did not have CB1 receptor

expression affected by prenatal treatment with synthetic cannabinoid WIN.
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Figure 9: Effect of prenatal WIN exposure on expression of CB1 receptor protein in the
brainstem of PO, P6-7, P12-13 and P27-28 control and WIN-treated male (A) and female (B)
rats. Values are expressed as percentage = S.E.M. * indicates a significant difference between
control and WIN-treated groups at the same age. The results of two-way ANOVA statistical
analyzes are represented in Supplementary Table 2J.
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Catecholaminergic neurons

The quantification of TH-positive neurons per section in the brainstem CA
groups Al/C1, A2, C3, A5 and A7, as well as the reflected light intensity of the A6
region for PO (A), P6-7 (B), P12-13 (C) and P27-28 (D) control and WIN-treated male
and female animals are shown in Figures 10 and 11, respectively. In utero exposure to
synthetic cannabinoid WIN during the pregnancy caused a significant increase in the
number of CA neurons in the A1/C1, A2, and C3 region for PO and P6-7 males, as well
as a higher intensity of light reflected in the A6 for P6-7 males (Figure 10B and 12). For
P12-13 and P27-28 males, and for all female ages, intrauterine exposure to WIN did not

result in significant changes of TH neurons expression.
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Figure 10: Effect of prenatal WIN exposure on quantification of CA neurons in A1/C1, A2, C3,
A5 and A7 regions, as well as light intensity reflected in A6 for PO (A), P6-7 (B), P12-13 (C)
and P27-28 (D) control and WIN-treated male rats. The graphs are presented as boxplots.
Values are expressed as percentile and median. * indicates mean. * indicates a significant
difference between control and WIN-treated groups at the same age. The results of two-way

ANOVA statistical analyzes are represented in Supplementary Table 2K.
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Figure 11: Effect of prenatal WIN exposure on quantification of CA neurons in A1/C1, A2, C3,
A5 and A7 regions, as well as light intensity reflected in A6 for PO (A), P6-7 (B), P12-13 (C)
and P27-28 (D) control and WIN-treated female rats. The graphs are presented as boxplots.
Values are expressed as percentile and median. * indicates mean. The results of two-way

ANOVA statistical analyzes are represented in Supplementary Table 2K.
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Figure 12: Representative photomicrographs in a coronal plane of brainstem A1/C1 (A), A2 (B)
and C3 (C) region of PO, and A6 (D) region of P6-7 control (left side) and WIN-treated (middle)
animals, under a 10x objective. Schematic drawing of the location of the nuclei (red circle) with
an overview of the slice with the specific coordinates for each photomicrograph (right side).
Scale bar = 100 um. AP: area postrema, CC: central canal, 4V: fourth ventricle.
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Tissue respiratory performance

Figure 13 shows the effect of WIN exposure during prenatal period on
brainstem tissue respiration throughout offspring’s postnatal development. The
mitochondrial variables assessed of neonatal and juvenile control and WIN-treated
males were oxygen consumption during phosphorylation (A), oxygen consumption with
inhibition of ATP synthase (B), maximum oxygen consumption, stimulated by chemical
uncoupler CCCP (C), normalized phosphorylation ratio by uncoupling (D), ratio of
phosphorylation with maximum capacity as reference (E), ratio of uncoupling with
phosphorylation as a reference (F), and uncoupling ration with maximum respiratory
capacity as a reference (G).

Prenatal WIN exposure induced postnatal changes in tissue respiration function
of PO newborn males, such as an increased LEAK (Figure 13B), an reduction in the P/L
ratio (Figure D), and a higher L/P and L/E ratio (Figure F and G, respectively),
compared to the control group. Additionally, P12-13 WIN-treated animals had a lower
ETS value (Figure 13C), with increased P/E and L/E ratio (Figure E and G,
respectively).

The same tissue respiration parameters were also evaluated for neonatal and
juvenile females (Figure 14). Only two differences were detected for females, in which
the P6-7 treated newborns had a raised P/E ratio (Figure 14E) and P27-28 treated group

showed a higher oxygen consumption during phosphorylation (Figure 14A).
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Figure 13: Effect of prenatal WIN exposure on OXPHOS (A), LEAK (B), ETS (C), P/L ratio
(D), P/E ratio (E), L/P ratio (F), and L/E ratio (G) for PO, P6-7, P12-13 and P27-28 control and
WIN-treated male rats. The graphs are presented as boxplots. Values are expressed as percentile
and median. * indicates mean. * indicates a significant difference between control and WIN-
treated groups at the same age. The results of two-way ANOVA statistical analyzes are
represented in Supplementary Table 2L.
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Figure 14: Effect of prenatal WIN exposure on OXPHOS (A), LEAK (B), ETS (C), P/L ratio
(D), P/E ratio (E), L/P ratio (F), and L/E ratio (G) for PO, P6-7, P12-13 and P27-28 control and
WIN-treated female rats. The graphs are presented as boxplots. Values are expressed as
percentile and median. * indicates mean. * indicates a significant difference between control and
WIN-treated groups at the same age. The results of two-way ANOVA statistical analyzes are
represented in Supplementary Table 2L.
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Cardiovascular and body temperature measurements

Systolic arterial pressure (SAP), diastolic arterial pressure (DAP), mean arterial
pressure (MAP) and heart rate (HR) assessment for juvenile control and WIN-treated
male and female rats showed the prenatal treatment effects on cardiovascular variables
at resting, hypercapnic or hypoxic condition (Supplementary Figure 1A). Some changes
were observed such as an increase in basal SAP, and a bradycardia during hypercapnia
for WIN-treated males. Additionally, an effect of hypoxic condition on cardiovascular
parameters were observed and best demonstrated in the Supplementary Figure 1A.

The Tg for control and prenatal WIN treatment juvenile rats of both sexes was
monitored during resting, hypercapnic and hypoxic condition. Intra-uterine exposure to
synthetic cannabinoid did not influence the body temperature control of male and
female animals at rest or during ventilatory challenge, and as expected, exposure to
hypoxia resulted in a significant drop in Ts in all groups, without any effect of WIN

treatment (Supplementary Figure 1B).
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DISCUSSION

Although Cannabis usage during pregnancy is rising, little is known
concerning how prenatal chronic stimulation of endocannabinoid signaling alters
newborns’ ventilatory control system. Here, we investigated the short and medium-term
consequences of exposure to synthetic cannabinoid (WIN) during the gestational phase

on the respiratory control in neonates and juvenile male and female rats. We show that

exposure to WIN during the prenatal period promotes a tonic excitatory drive on VE in
newborn (P0) and juvenile males accompanied by a reduction in brainstem tissue
respiratory efficiency and decrease in pulmonary compliance, respectively. Notably,
these changes were sex-specific, since only male rats presented these basal alterations.
WIN-exposed male offspring were also characterized by increased CO, chemoresponse,
except P6-7 neonates, that presented a hypoventilation. A greater HCVR was observed
only in juvenile females. As to hypoxia, only PO and P6-7 males presented a higher
hyperventilation and hypoventilation, respectively. In parallel, an increase in the
number of neurons from some brainstem CA regions and CB1 expression in early
postnatal ages were observed in males, but not in females. Thus, in utero manipulation
of cannabinoid signaling promotes short and medium-lasting changes in the respiratory
control system in a sex-specific way.

The WIN prenatal treatment did not cause changes in premature or late births,
neither altered body mass gain of the female during pregnancy, as well as the size of the
litters and the body weight of neonates (PO, P6-7 and P12-13) and juvenile (P27-28) of
both sexes. However, prenatal WIN exposure affected neonatal mortality, resulting in an
increase of death at birth. It is known that moderate consumption of Cannabis during
pregnancy is not associated with an increase in abortion rates, premature births, physical
anomalies, or any other complications during pregnancy (Fried, 2002; Gray et al.,
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2005). The dose of WIN used in the present study (0.5 mg/kg/day) was the same as in
previous studies and it is considered clinically relevant, since it corresponds to a
moderate exposure of Cannabis in humans, correcting for the differences in route of
administration and body weight surface area (Garcia et al., 1998; Mereu et al., 2003;
Bara et al., 2018). However, some studies in animal models using the active principles
present in Cannabis at higher doses, and some prospective cohort studies with humans
have reported a decrease in body weight (Zuckerman et al., 1989; Fergusson et al.,
2002; El Marroun et al., 2009), lower body size of the newborns (Zuckerman et al.,
1989; Day and Richardson, 1991), and a correlation with increases in neonatal death
cases (Abel et al., 1980; Howard et al., 2019; Grzeskowiak et al., 2020). Also, no
differences in chewing and righting reflexes were observed in PO animals, indicating

that in utero WIN exposure did not impact the early maturation reflexes of rats.

During room air conditions, an increase in resting Ve was observed in the PO
WIN-treated males similar to previous data by Tree et al. (2014). This is the opposite to

WIN acute administration, which depresses ventilation (Padley et al., 2003; Schmid et

al., 2003). Therefore, we believe that this increase in Ve might be related to drug
withdrawal symptoms. Likewise, in utero morphine exposed neonatal guinea pig
hyperventilated during withdrawal (Nettleton et al., 2008). In addition, neonate rats
head shaking, paw tremors or wet-dog shakes were observed in the first hours after birth
characterizing withdrawal syndrome (data not shown). Similarly, motor hyperactivity
has been reported to be caused postnatally by WIN (Mereu et al., 2003), which can
contribute to higher metabolic rate and ventilation. In humans, increased tremors and
prolonged and exaggerated startle reflexes are observed in the first week and persisted
for 9 and 30 days of life in those infants who were exposed to marijuana in utero (Fried

etal., 1987).
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CB1 receptors are located in many peripheral and central areas relevant for the
generation of respiratory patterns and integration of motor activity (Haji et al., 2000),
including the nodosum ganglion, the NTS (Rohof et al., 2012), and the hypoglossal
motor nucleus (Mukhtarov et al., 2005). We indeed observed an upregulation of CB1
receptors located in the brainstem in all neonate males but not in juveniles, although,
through the technique used is not possible to determine whether these receptors are in
the active form in the cell membrane, or internalized in the cell. Overall, these findings
support that embryonic WIN administration transiently increases CB1 function in the
developing brain. In contrast, previous study that evaluate embryonic THC exposure
(E12.5 to E16.5) observed a down regulation in THC-treated embryonic brains at E17.5
and a return to normal levels at P2.5 (de Salas-Quiroga et al., 2015). However, the
authors evaluated the whole brain, whereas our analysis was restricted to the brainstem.
Also, the synthetic agonist used and the period of in utero exposure were different,
which might contribute to the discrepancies between the two studies.

In any case, syntethic cannabinoid (WIN) overexposure causes an increase in
Ve and VO:z in PO and a hyperventilation in juvenile males. Hence, the increase in
VE, observed in PO WIN-treated males, may be due to the action of the agonist in the

areas responsible for respiratory control. Additionally, the effect on resting Ve may
indicate the effect of the circulating drug and not properly a plasticity of the system as
previously discussed. However, at this age we have already observed an increase in the
number of catecholaminergic neurons in A1/C1, A2 and C3 cell groups. The stimulation
of these groups activates breathing (Burke et al., 2014; Menuet et al. 2014; Yamamoto
et al., 2015), therefore, the higher ventilation observed in PO animals might be related to
the higher respiratory drive mediated by these cell groups. Interestingly, the ratio of

normalized phosphorylation by uncoupling (P/L - liquid phosphorylation) was lower for
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PO treated males, that is, the efficiency of mitochondria in the production of ATP is
negatively affected by exposure to WIN. According to these results, the percentage of
uncoupling with phosphorylation as reference (L/P), as well as the percentage of
uncoupling with maximum respiratory capacity as reference (L/E), were significantly
higher for WIN-treated PO males, corroborating the lower brainstem mitochondrial yield
in the production of ATP, indicating a possibly disfunction. Recent studies have located
CB1 receptors on the outer membrane of neuronal mitochondria (Bénard et al., 2012;
Hebert-Chatelain et al., 2014; Koch et al., 2015). Activation of these receptors leads to a
decrease in CAMP concentration, protein kinase A activity and mitochondrial
respiration (Bénard et al., 2012; Hebert-Chatelain et al., 2014). In this way, exogenous
and endogenous cannabinoids can activate mitochondrial CB1 receptors and regulate
neuronal energy metabolism, depressing mitochondrial breathing and altering the

physiological responses mediated by endocannabinoids (Alger and Tang, 2012).
Regarding juvenile males, hyperventilation was caused by an increase in Ve

due to a greater V1, with no change in VOz2. A reduction of total and lung static and
dynamic compliance were also observed for these juvenile treated males. Therefore, it is
possible that a more rigid respiratory system with reduced compliance, the animal
prioritizes deeper inspirations (higher V), instead of ventilating the system more often,
which would be more energetically costly. According to Vitalis and Milsom (1986), an
increase in V1 keeps the compliance equal, but an increase in frequency reduces
compliance even more. Therefore, the animal that ventilates with greater V1 and lower
frequency, takes advantage of a more compliant system, thus compensating for the
reduced compliance due to WIN treatment. In addition, some studies have reported the
presence of CB1 receptors in lung tissue (Galieque et al., 1995; Rice et al., 1997), and

that CB1 receptor activation inhibits airway contraction by inhibiting cholinergic-
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induced contractions (Wang et al., 2016). It was also demonstrated that CB-mediated
effect is associated with the improvement of static lung elastance and reduced collagen
fiber content (Vuolo et al., 2019).

The breathing pattern in neonates is highly erratic and unstable, mainly in the
first hours after birth, but stabilizes with increasing age as the animal transitions to
postnatal life (Hoppenbrouwers et al., 1978; Mortola, 1984; Barrett et al., 2012). In the
present study, prenatal WIN treatment promoted sex and age-specific effects on
breathing variability under room air conditions. We found that P6-7 and P12/13 WIN-
treated males displayed a reduced breathing variability compared to their controls,
whereas in P12/13 WIN-treated females, the breathing variability was greatest. The
opposite response occurred in WIN-treated juvenile males that presented a greater
breathing variability, similar to juvenile females. These changes may be related to an
imbalance of excitatory and inhibitory modulation of respiratory network excitability.

It is important to note that, during room air conditions, PO WIN-treated females
had no alterations in breathing, which indicates a greater sensitivity of PO males to the
cannabinoid agonist. Sex differences in the endocannabinoid system and the behavioral
effects of synthetic cannabinoids have been previously recognized (Fattore and Fratta,
2010). In this regard, a recent study by Bara et al. (2018) demonstrated that fetal
exposure to cannabinoids causes sex-specific changes in behavioral and synaptic
functions. Specifically, the authors showed that prenatal exposure to the cannabinoid
reduces social interactions in males, but not in females. At the same time, prenatal
exposure to THC specifically altered neuronal excitability and synaptic plasticity in the
prefrontal cortex of male rats rather than females. In agreement, the affinity of the
cannabinoids for the CB1 receptor is greater in males, while the receptor density is
similar in both sexes in the limbic forebrain; however, in the midbrain both parameters
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are higher in males (Rodriguez de Fonseca et al., 1994; Bara et al., 2018). In agreement,

we also found an increased expression of brainstem CBL1 receptors in males. Thus, the

differences found in Ve at PO age may be due to the fact that the receptors are more
sensitive in males.

The data from the current study show that chronic and excessive activation of
the endocannabinoid signaling during pregnancy promotes changes in the respiratory
control system that affects CO, and O. chemosensitivity during the early postnatal
development, as well as in the juvenile phase. As evidenced in the PO animals, males

that were exposed to the synthetic cannabinoid during prenatal period showed a greater

HCVR, and HVR. Since no significant differences were observed in VO2 under these
conditions, we can suggest that these individuals presented a hyperventilation possibly
due to changes in the respiratory control network during the intra-uterine development
phase, that affected the chemosensitivity of CO2 and O». Interestingly, PO females
prenatally exposed to WIN did not present such ventilatory changes, either in

hypercapnia or hypoxia, except for a change in the ventilatory pattern with a decrease in

fr and an increased V1 during hypoxia, without significant effects on Ve . These data
suggest a greater susceptibility of PO males to the influence of exogenous cannabinoid
during the intra-uterine development phase and the formation of the respiratory
network, as well as in the ventilatory control in the first days of life.

In contrast, in P6-7 males we found that WIN exposure resulted in a reduced
hypoxic and hypercapnic chemoreflex response. According to previous studies, there is
a developmental window during the first two weeks of life in rats through which the
respiratory control system undergoes significant changes as it completes its
development (Putnam et al., 2005; Davis et al., 2006; Liu and Wong-Riley, 2008; Greer,

2012; Bavis and MacFarlane, 2017; Wong-Riley et al., 2019, Sprenger and Milsom,
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2021). Comparing PO, P6-7 and P12-13 control animals, we can observe that
hypercapnic and hypoxic ventilatory response in rats changed markedly post-natally,
with a higher response in P6-7 animals. Therefore, a critical period of potential
vulnerability at P6-7 WIN-treated males when pups hypoventilate under hypercapnia
and hypoxia presenting a lower chemosensitivity compared to control animals might be
related to abnormal maturation of the respiratory control system. Intriguingly, we found
a greater TH expression in A1/C1l, A2 and C3 neurons, an upregulation of CB1
receptors in the brainstem similar to PO WIN-treated males. Different from PO WIN-
treated males, P6-7 animals also presented a higher expression of TH at A6 neurons.
However, previous studies have demonstrated that this area is excitatory for
hypercapnic response (Biancardi et al., 2008; De Carvalho et al, 2010; Gargaglioni et
al., 2010) and has no role in hypoxic drive. Therefore, it is possible that the lower
chemosensitivity at this age in the WIN-treated group must be due to an effect in the
peripheral chemoreceptors. In fact, CB1 mRNA is expressed within the peripheral
arterial chemoreceptors, with the greatest expression in the nodose-petrosal-jugular
ganglia complex, moderate expression in the superior cervical ganglia, and minimal
expression in the carotid body, and the level of expression in these tissues increases
with postnatal age (McLemore et al., 2004). Also, in this study, the authors observed
that CB1 receptors mRNA levels significantly increased in the nodose-petrosal-jugular
ganglia complex from P5 to P7, with no further change at P14. Therefore, P7 seems to
be the peak of receptor expression.

The data from the present study also showed that chronic intra-uterine
exposure to the synthetic cannabinoid promotes ventilatory changes in the neonatal
(P12-13) and juvenile (P27-28) animals under CO> challenge. Males and females of
both ages had a higher ventilatory response to CO», with increased Vt without changes
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in the metabolic rate, indicating a higher sensitivity to CO». In this case, as the response
persisted up to P27-28, probably a plasticity of central CO2/pH chemosensitive areas
may be occurring. Many studies support the idea of humans with anxiety and panic
disorders showing a hypersensibility of the CO> chemoreception system (Perna et al.,
1996; Bellodi et al., 1998; Coryell et al., 2001; Battaglia et al., 2007). Therefore, it is
possible that prenatal cannabis may increase the vulnerability to panic disorders, since
these animals are more sensitive to CO>. In fact, prenatal exposure to Cannabis is
associated with children self-reported anxiety symptoms (Goldschmidt et al., 2004;
Gray et al., 2005; Leech et al., 2006; Nashed et al., 2021). In this regard, P12 rat pups
prenatally exposed to THC displayed an increase in the frequency of ultrasonic
vocalizations when removed from the nest, a behavior that is possibly analogous to
human infant crying and that may suggest long-term neuro-behavioral changes (Trezza
et al., 2008). When tested during adolescence and adulthood, these rats exhibited a
decrease in play behavior and social interaction and an increase in anxiety-like behavior
on the elevate plus-maze test, respectively.

During hypoxic condition, we observed the same pattern of normoxic
conditions, PO showing a greater HVR whereas P6-7 a lower hypoxic chemosensitivity.
In in vitro preparations containing neonatal medulla from mice (P0-2) exposed
prenatally to WIN, an exaggerated depression of C4 nerve activity during hypoxia was
observed, suggesting an impact of WIN prenatal exposure on the medullar rhythmic

respiratory network (Tree et al., 2014). The same authors also reported that this prenatal

exposure to cannabinoid was responsible for changes in Ve in intact PO-2 and P10-12
animals, such as hyperventilation at baseline, an altered chemoreflex response to
hypoxia and longer apneas. The excitatory effects were only observed in PO males,

which may indicate the direct effect of the circulating drug on sensitivity to hypoxia. In
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fact, previous studies from Kobayashi and Yamamoto (2010) showed that anandamide,
a potent endocannabinoid, has an excitatory effect on the carotid body, which can
increase the sensitivity of this sensor to hypoxia. As pointed out before, the opposite
effects observed in PO and P6-7 might be related to different developmental events in
CB1 receptors expression and peripheral chemoreceptor sensitivity.

Cannabinoid receptors type 1 are present in regions outside the CNS, such as in
the heart and blood vessels (Liu et al., 2000; Bonz et al., 2003). Despite this knowledge,
the literature lacks information on the use of cannabinoids during pregnancy and its
postnatal effects on cardiovascular control. There is evidence demonstrating that the
endocannabinoid system is highly related to cardiovascular physiology, modulating
blood pressure, contractility and heart rate (Lake et al., 1997; Sierra et al., 2017). In
addition, acute use of external cannabinoids by humans, such as Cannabis promotes an
increase in mean arterial pressure and heart rate (Weiss et al., 1972), acting on the
release of neurotransmitters in the CNS and sympathetic nerve terminals, or even
locally by modulating the smooth muscle of the vessels (Hillard, 2000). Regarding
cardiovascular parameters in juvenile male rats, the only effect that was observed WIN-
treated animals was a slight increase in SAP under resting conditions, without affect
MAP and a small reduction in HR during hypercapnia. Therefore, it seems that
overstimulation of the endocannabinoid system did not have a great impact the

cardiovascular control, at least in juvenile rats.
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CONCLUSION

In summary, this preclinical study has major implications for understanding the
impact of prenatal exposure of cannabinoid agonist on neonatal and juvenile ventilatory
control system. Taken together, our data demonstrated that excess stimulation of the
endocannabinoid system during gestation has long-lasting and sex-specific
consequences for the respiratory control system, affecting the number of
catecholaminergic neurons, brainstem CB1 expression, tissue respiration and pulmonary
compliance. These findings are particularly relevant since global cannabis use has been
rising and more liberal recreational cannabis policies have been adopted. In addition,
there is a major lack of understanding among the general population regarding the
potential risks of Cannabis use during pregnancy. Therefore, our study raises a note of
caution that might be considered when the potential therapeutic or recreational uses of

cannabinoid-based medicines are defined and regulated for pregnant women.
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Supplementary Table 1. A - Systolic arterial pressure (SAP), diastolic arterial pressure (DAP),
mean arterial pressure (MAP) and heart rate (HR); B - Body temperature (Ts - °C) for P27-28
control and WIN-treated male and female rats, under resting, hypercapnic and hypoxic
conditions.

A.
Basal SAP DAP MAP HR
(mmHg) (mmHg) (mmHg) (bpm)
Male VEHICLE 92.7+36 69.0+1.8 80.7 +2.1 4256 +17.1
WIN 1047 £47%  728+4.0 87.7+28 426.3 £22.0
VEHICLE 102.2+6.5 81.7+2.3 915+35 394.7 £ 18.4
Female
WIN 112.4+55 824125 96.7 £ 2.7 438.2+58
Hypercapnia SAP DAP MAP HR
(mmHg) (mmHg) (mmHg) (bpm)
Mal VEHICLE 96.8 +3.1 709+1.4 83.5+0.8 404.0 +13.8
ale WIN 103.4+4.0 75.1+3.3 88.2+22  347.7+11.77*
Femal VEHICLE 99.9+7.0 80.5+2.4 89.6 +3.5 361.6 + 20.2
emale WIN 1144 +6.1 82.8+26 97.3+3.6 388.4 +10.3
Hypoxia SAP DAP MAP HR
(mmHg) (mmHg) (mmHg) (bpm)
Mal VEHICLE 88.1+3.3 72.0+4.9 80.1+35  544.0+12.7*
ale
WIN 99.5 +4.3* 71.7+3.1 85.3+2.0  509.2 %245
VEHICLE 91.3+3.1% 766+35  83.9+24* 5285+13.3"
Female
WIN 104.8 4.7 79.6 £3.4 92.2+3.8  544.8+33.1*
B.
Ts. Basal Hypercapnia Hypoxia
VEHICLE 376+0.3 37.6+0.2 36.4+0.3"
Male
WIN 378+0.1 37.7+0.2 36.7+0.3""
VEHICLE 378+0.3 37.4+0.2 36.7+0.3"
Female
WIN 38.1+0.3 37.6+0.4 365+05"

Values are expressed as mean + S.E.M. ** Indicates significant difference compared
with the other two conditions.* Indicates significant difference between control and
treated (WIN) groups. The results of two-way ANOVA statistical analyzes are represented
in Supplementary Table 2M.
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Supplementary Table 2. Results of two-way ANOVA statistical analyzes for body mass, and
heart and lungs weight (A), respiratory and metabolic measurements during baseline (B) and
during hypercapnia for males (C) and females (D), ventilation and oxygen consumption during
hypoxia for males (E) and females (F), breathing variability (G), static (H) and dynamic (1)
compliance, brainstem CB1 receptor expression (J), CA neurons quantification (K), brainstem
mitochondrial respiration (L), and cardiovascular and body temperature data (M).

A.
Two-way ANOVA
Treatment effect Age effect Factorial Interaction
Body Mass
Male n.s P <0001 n.s
' F(& 115 682.73 :
Female n.s P <0001 n.s
' F(s, 12~ 977.03 :
Heart
Male n.s P <0001 n.s
' F(gy 83)~ 17.43 :
Female n.s P <0001 n.s
' F(gy 03)~ 33.13 :
Lungs
Male n.s P<0.001 n.s
' F(s, 81)~ 116.86 :
Female n.s P <0001 n.s
' F(& 0)~ 127.88 :
B.
Two-way ANOVA repeated measures
Treatment effect Gas effect Factorial Interaction
Basaline
MALE
PO
P <0.01
Ve Fo 1= 24.59 n/a n.s
P <0.03
VO, Fo 1= 2.31 n/a n.s
pP27-28
P <0.03
Ve Fa 15)= 7.55 n/a n.s
P<0.01
VT Fa 15= 6.54 n/a n.s
P <0.05
Ve/VO, Fo 15= 4.64 n/a n.s
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Hypercapnia

MALE
PO

Ve

V1

fr

VO

Ve/VO2

P6-7

Ve

VT

VO

VE/VO?
P12-13

Ve

Vr

fr

VE/VO?
P27-28

Ve

VT

fr

Ve/VO2

Two-way ANOVA repeated measures

Treatment effect Gas effect Factorial Interaction
P <0.001 P <0.001 s
F, 1= 24.59 F, 1= 44.09 '
P <0.03 P <0.001 s
Fa, 1= 12.32 Fa, 1= 22.94 '
P <0.03 n.s n.s
Fa, 11)= 6.61 ' '
s P <0.007 P <0.03
' F, 1= 10.88 F@, 1= 6.01
P <0.002 P <0.001 P <0.03
Fa@, 1= 6.21 Fa, 1= 32.19 F, 1= 6.83
P<0.04 P <0.001 s
F, 13= 3.66 F, 13= 794.74 '
P <0.005 P <0.001 s
F@, 13= 8.09 Fa, 13=503.78 '
s P <0.001 s
' Fa, 13= 21.53 '

P <0.001 P <0.001 P <0.04
F(l, 13)= 11.05 F(l, 13)= 405.28 F(l, 13)= 5.20
P <0.008 P <0.001 P <0.05
F(l, 11)= 4.40 F(]_, 11)= 174.24 F(l, 11)= 4.97
P <0.002 P <0.001 P<0.01
F(l, 11)= 7.08 F(l, 11)= 358.72 F(l, 11)= 9.63
n.s P <0001 n.s
F@, 1= 55.27
P <0.008 P <0.001 P<0.01
Fa, 1= 4.03 F, 1= 355.11 F@, 1= 9.16

P<0.04 P <0.001 s
Fa, 15=17.55 F(, 15= 601.25 '
P <0.05 P <0.001 s
F,15=6.54 F, 15= 353.05 '
n.s P <0.001 s
' Fq, 15= 177.75 )
P<0.04 P <0.001 s
F, 15= 7.64 F@, 15= 113.11 '
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Hypercapnia
FEMALE

PO

VO3

Ve/VO,

P6-7

fr

Ve/VO;

P27-28

VE

fr

VEe/VO2

Two-way ANOVA repeated measures

Treatment effect Gas effect Factorial Interaction
ns P <0.001 s
' F, 13= 205.01 '
n.s P <0001 n.s
F, 13= 347.05
s P <0.001 s
' F, 13— 16.88 '
s P <0.001 s
' Fa, 13= 40.00 '
ns P <0.001 n.s
' F(, 14= 155.04 '
s P <0.001 s
' F, 14= 566.80 '
s P <0.001 s
' F,14= 171.28 '
P<0.01 P <0.001 ns
Fa,12=4.77 F, 12= 257.55 :
P <0.03 P <0.001 s
F, 12= 4.58 F,12= 180.34 '
s P <0.001 s
' F@, 12= 141.46 '
s P <0.001 s
' F(, 1= 201.64 '
P <0.001 P <0.001 P <0.04
F, 12= 21.46 F, 12= 334.62 F@, 12=5.03
P <0.02 P <0.001 s
Fa, 12=7.01 Fa,12= 177.96 .
s P <0.001 s
' Fa, 12= 93.29 '
P <0.02 P <0.001 P <0.03
F, 12= 2.66 F@, 12= 157.41 F@, 12= 6.38
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Hypoxia
MALE
PO
VE
Vr
fr
VO,
VE/VO2
P6-7
VE
Vr
fr
Ve/VO,
P12-13
VE
VT
fr
VO,
VEe/VO2
pP27-28
VE
Vr
fr
VO,
Ve/VO2

Two-way ANOVA repeated measures

Treatment effect Gas effect Factorial Interaction
P<0.03 P <0.02 s
F, 10= 13.53 F, 10= 32.61 '
s P <0.02 s
' F,10=8.76 :
P <0.02 s s
Fa,10=8.20 ' '
n.s P <0.001 P <0.02
' F, 10= 23.62 F(, 10= 7.69
P <0.002 P <0.001 P <0.002
F, 10= 3.19 F, 10= 125.19 F(, 10= 16.17
P <0.05 P <0.001 N
F, 13= 3.81 F, 13= 275.88 '
s P <0.001 N
' F@, 13= 114.70 '
s P <0.001 s
' F(,13= 169.38 '
P <0.003 P <0.001 P <0.05
Fe, 13= 6.59 Fa, 13= 201.91 Fa13= 4.62
s P <0.001 s
' F, 15= 156.04 '
s P <0.001 s
' F, 15= 60.33 :
s P <0.001 s
' Fa,15= 73.52 '
ns P <0.001 N
] Fa,15=18.59 :
ns P <0.001 N
' F(, 15=113.36 :
n.s P <0.001 P <0.004

' F(, 15= 83.68 F, 15=11.82
n.s P <0.001 P<0.01

' F(, 15= 65.77 Fa 15= 7.66
s P <0.03 s

' F(,15=5.48 '
n.s P <0.001 s

' F@, 15=56.19 '
n.s P <0.001 P <0.02

' F(1, 15= 386.30 Fa, 15=6.18
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Hypoxia
FEMALE
PO

Ve
V1
fr
VO

VE/VO2
P6-7

fr

Ve/VO,
P12-13
Ve

fr
VO,

VEe/VO2
p27-28

fr
VO3

VE/VO,

Two-way ANOVA repeated measures

Treatment effect Gas effect Factorial Interaction
n.s P <0.001 s
' Fa,14= 28.51 :
P <0.05 P <0.001 s
F(, 14= 6.27 F, 14= 35.10 '
P <0.03 P <0.01 s
F, 14= 3.59 F(, 14)= 8.96 '
n.s P <0.001 s
] Fa,14= 24.54 :
n.s P <0.001 N
) Fa, 14=72.71 ’
n.s P <0.001 s
' F(, 14= 128.32 :
n.s P <0.001 N
' Fe, 14= 124.66 :
n.s P <0.001 s
' F, 14= 50.62 '
n.s P <0.001 s
' F, 14= 114.64 '
ns P <0.001 s
' Fq,13= 181.88 :
ns P <0.001 s
' Fa,13= 99.81 :
P <0.03 P <0.001 s
F, 13= 4.20 F(, 13= 155.21 '
n.s P <0.001 s
' F1,13=7.04 '
n.s P <0.001 s
' F(, 13)= 148.87 :
n.s P <0.001 s
' F(, 13= 157.03 :
n.s P <0.001 s
' F(, 13= 119.75 .
n.s P <0.04 s
' F(,13= 5.40 '
n.s P <0.001 s
' Fa,13=16.09 '
P <0.001
n.s n.s

F, 13= 124.17
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PO
Male

SD1

SD2
Female
SD1

SD2

P6-7
Male

SD1

SD2
Female
SD1

SD2

P12-13
Male

SD1

SD2
Female
SD1

SD2

p27-28
Male

SD1

SD2
Female
SD1

SD2

Two-way ANOVA

Treatment effect Gas effect Factorial Interaction
s P <0.03 s
' F(, 22)= 6.86 :
s P <0.003 s
' Fe,22=7.43 '
ns P <0.001 s
' F, 2= 8.71 :
ns P <0.001 s
' F, 28= 9.81 :
P <0.03 P <0.002 N
F, 26~ 6.36 F, 26)= 7.69 :
P <0.008 P <0.001 s
Fe, 26= 4.52 F(2, 26= 17.58 :
0 P <0.001 .
' Fe, 2= 10.71 '
s P < 0.001 o
' F(, 2= 18.07 '
P <0.007 P <0.001 P<0.04
F, 2= 8.12 F, 26= 14.85 F(2, 26)= 3.61
P <0.009 P <0.001 s
F1, 26)= 7.80 Fe, 26= 11.90 .

P <0.003 P <0.001 P <0.004
Fe, 26~ 8.96 F(2, 26)= 14.19 F(2,26= 6.71
P <0.009 P <0.001 P <0.008
F,26=7.78 F, 26= 14.18 F, 26)= 5.88

P <0.002 P <0.001 s
Fq,32= 13.57 F2 32= 23.26 .
P <0.01 P <0.001 s
F1,32=5.99 F(2 32= 10.00 :
P <0.03 P <0.001 s
F,27=6.16 F(2, 27)= 26.09 :
P <0.006 P <0.001 s
Fa,2n=8.14 Feo, 27= 12.49 '
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Male
PO

Cv. deflation

P27-28

Cr inflation

Ct deflation

Cv. inflation

C. deflation

Cg deflation

Female

All Ages

Cr inflation

Cy deflation

Cv. inflation

C. deflation

P27-28

Csg deflation

Two-way ANOVA

Treatment effect Age effect Factorial Interaction
P <0.02 P <0.001 n.s
F,41=11.29 Fs,41= 70.16 '
P <0.001 P <0.001 n.s
F,41= 13.50 F(,41= 16.47 '
P <0.03 P <0.001 s
F,41=6.74 F(,41= 31.59 '
P <0.05 P <0.001 s
F(l, 41)= 6.63 F(3, 41)= 27.45 '
P <0.02 P <0.001 s
F(l, 41)= 11.29 F(3, 41)= 70.16 '
P <0.006 P<0.01 s
F, 40)= 8.20 F@3, 40= 4.01 '
ns P <0.001 s
' F@, 4= 15.99 '
n.s P <0.001 s
' F@, 4= 41.69 '
n.s P <0.001 s
' F@, 4= 41.97 '
n.s P <0.001 s
' F,41)= 56.10 '
P <0.001 P <0.002 P <0.005
F, 30= 4.22 F(@,39=5.83 F@, 39= 4.90

115



PO
Male

Female

P6-7
Male

Female

P12-13
Male

Female

P27-28
Male

Female

CL

Cr

Cr

Cr

CL

Cs

CL

Cs

Cr

CL

Cr

Two-way ANOVA repeated measures

Treatment effect

Pressure effect

Factorial Interaction

P <0.05

F(, 108)= 5.72 n/a n.s

P<0.01 n/a s
Fa, 115= 7.34 -

P <0.03 n/a P <0.03
Fa, 118)= 8.82 F, 118= 1.93

P <0.03 n/a s
F, 118= 6.20 :

P <0.02 n/a s
F@, 117= 6.84 .

P <0.03 a s
F(, 110= 6.04 :

P <0.01 n/a s
F, 116= 7.14 .

P <0.001 a s
F(, 118= 10.46 :

P <0.003 n/a P <0.003
F(l, 120): 1488 F(L 120): 270
P <0.008 n/a P<0.04
Fa,112=11.55 F, 112= 1.85
P<0.01 n/a P <0.002
F(, 120= 7.86 F(, 120= 2.76
P <0.04 n/a P <0.04
Fa, 124~ 3.93 Fa, 124= 1.85
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Two-way ANOVA

Treatment effect Age effect Factorial Interaction
MALE
P <0.05
PO Fa, 3= 12.07 n.s n.s
P <0.05
P6-7 F 3= 12.07 n.s n.s
P <0.002
P12-13 Faso= 12.07 n.s n.s
Two-way ANOVA
Treatment effect Age effect Factorial Interaction
MALE
PO and P6-7
P <0.007 P <0.001 P <0.03
AlIC1 F, 2= 10.73 F3, 28)= 8.56 F3, 2= 3.37
A2 P <0.002 P <0.001 P <0.001
F,28= 7.62 Fes, 28= 14.11 Fs, 26)= 7.68
C3 P <0.04 P <0.008 s
F, 28= 4.90 F@3, 28=4.79 '
P6-7
A6 P <0.001 P <0.001 P <0.001

F, 28= 19.94

F@, 28= 218.27

F@, 28= 31.44
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MALE
PO

LEAK

P/L

L/P

L/E

P12-13

ETS

P/E

L/E

FEMALE
P6-7

P/E

P27-28

OXPHOS

Two-way ANOVA

Treatment effect Age effect Factorial Interaction
P<0.04 P <0.001 s
F(1, 83)= 4.40 F(s 88)= 370.27 '
P <0.001 P <0.001 P <0.02
F, 8s= 13.43 F(, 88=15.35 F@ 88=3.18
P <0.001 P <0.001 n.s
F, 83=11.99 F(3,88=22.31 '

P <0.001 P <0.001 P <0.008
F(, 83)= 14.58 F@, 83)= 14.55 F@ 88— 4.23
P<0.01 P <0.001 P <0.04
F, 88= 3.57 F, 88= 817.20 F, 88=2.95

P <0.05 P <0.001 n.s
F(1, 88~ 2.83 F(3, 88)= 5.62 '

P <0.001 P <0.001 P <0.008
F(, 8s= 14.58 F(, 88= 14.55 F@, 88= 4.23
P <0.008 P <0.001 P <0.008
F(, 85= 3.87 F@ 85=12.12 F@, 85=4.20

P <0.02 P <0.001 ns
F(, 85= 3.58 F@, 85=431.04 '
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MALE

Basal

SAP
Hypercapnia
HR
Hypoxia
SAP

HR

FEMALE
Hypoxia

SAP

MAP

HR

TB

Male

Female

Two-way ANOVA

Treatment effect Gas effect Factorial Interaction
P <0.03 a -
F(, 22= 6.52 :
P <0.02 P <0.004 s
F, 22=7.32 F, 2= 15.33 .
s P < 0.007 s
' Fe,22= 14.46 '
s P <0.001 s
' F, 22= 33.60 '
ns P <0.001 s
’ Fe,23=11.05 ’
ns P <0.002 s
' F(, 23= 8.28 '
ns P <0.001 s
' F, 23= 53.87 '
ns P <0.001 s
’ Fe, 32=43.01 ’
ns P <0.001 s
) F, 28= 15.18 '
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CAPITULO 2

Long-term effects on cardiorespiratory control of male and female rats

prenatally exposed to cannabinoid agonist



ABSTRACT

The development of the respiratory network can be affected by the use of drugs
of abuse during pregnancy, since the prenatal period is highly sensitive to
pharmacological interventions, leading to long-term consequences. The psychoactive
compounds of Cannabis act directly on the endocannabinoid system, and the deleterious
effects of external cannabinoids during gestation may be related to negative interference
in the central nervous system (CNS) formation, structuring and functioning of the
respiratory and cardiovascular system. Nevertheless, the influence of external
cannabinoids on the cardiorespiratory network development, as well as in the
chemosensitivity and its future consequences at adulthood is still unclear. We aimed to
evaluate the effects of prenatal exposure to cannabinoid agonist on the cardiorespiratory
control system of male and female adult rats by osmotic pump implantation in pregnant
female rats delivering vehicle or synthetic cannabinoid (WIN 55212-2, 0.5 mg/kg/day)
during the entire gestation. Exogenous cannabinoid exposure during pregnancy resulted
in a sex-dependent difference in breathing control, specifically with a higher
chemosensitivity to CO> and O for males and decreased for females. An altered
cardiovascular control was also found, where prenatally treated male and female show
to be more likely to have hypertension and tachycardia during adverse environmental
conditions. However, changes in the mechanical component of the respiratory system
were not observed, as well as there were no neuroanatomical alterations such as
increased expression of CB1 receptors in the brainstem, nor increase in the number of
neurones in the catecholaminergic regions. These findings highlight that external
interference in the cannabinoid signaling during embryonic development cause sex-

specific long-lasting effects for the cardiorespiratory system at adulthood.
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INTRODUCTION

Disorders caused by use of drugs during pregnancy continue to be a current
major public health issue, representing a risk to the child's development and imposing
socioeconomic charges, with increased need for medical and social services. Cannabis
is one of the most widely used drug of abuse at ages highly correlated with a possible
pregnancy, and its use during gestation has considerably increased in recent years
driven by government flexibilization policies (Corsi et al., 2019; Volkow et al., 2019).
Worldwide legalization initiatives emphasize the crucial need to better understand the
risks and consequences of Cannabis use during pregnancy in the mothers’ health and
their offspring, especially because cannabinomic substances has been prescribed for
pregnant women due to its antiemetic properties (\Volkow et al., 2017).

The exogenous, phyto or synthetic cannabinoid, readily cross the placenta and
can enter the fetal bloodstream (Richardson et al., 2016), affecting prenatal and
postnatal biological processes, including central nervous system (CNS) ontogeny
(Fergusson et al., 2002). The endocannabinoid system plays a key role in
neurodevelopmental processes such as proliferation, migration and cell differentiation,
as well as neural connectivity and synaptic function (Mulder et al., 2008; Lubman et al.,
2015). Thus, in utero exposure to synthetic (WIN 55212-2) or phyto (A°-
tetrahydrocannabinol, THC) cannabinoid can disturb the fetal endocannabinoid
signaling and cause long-lasting deficits (Wu et al., 2011; Bara et al., 2018). Studies
performed in humans and animals strongly suggest that disruption of endogenous
cannabinoid system may lead to deficiencies in physiological functions, such as in
cognitive, motor, thermoregulatory and cardiorespiratory control (Devane et al., 1988;

Onaivi et al., 2002; Corsi et al., 2020).
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The development of the cardiorespiratory control system starts early in
pregnancy, with fetal breathing movements as one of the first motor behaviors to
emerge and appears to be essential for pre and postnatal lung growth (Kotecha, 2000;
Thoby-Brisson et al., 2009). Respiratory and cardiovascular system development is a
highly dynamic process that is subject to external influences (Carroll & Agarwal, 2010),
whether physical, psychological or chemical (Bavis & Mitchell, 2008; Cayetanot et al.,
2009; Bairam et al.,, 2015). Regarding the pharmacological intervention during
pregnancy, the endocannabinoid signaling interference by maternal consumption of
Cannabis, has been shown to be an important element for altering the newborn’s
cardiorespiratory control network (Tree et al., 2010; 2014). The exogenous
cannabinoids acts in the CNS mainly via cannabinoid type 1 (CB1) receptors, which
was already found throughout the brainstem regions highly related to cardiorespiratory
(Pilowsky et al., 1990; Mailleux & Vanderhaeghen, 1992; Rooney et al., 1994; Haji et
al., 2000; Harkany et al., 2007), as well as in the lungs (Galieque et al., 1995) and heart
(Liu et al., 2000; Bonz et al., 2003).

Studies carried out in human and animal models shows the inhibitory role of
the endocannabinoid system on ventilation, and stimulatory effect on blood pressure
(Bellville et al., 1975; Malit et al., 1975; Doherty et al., 1983; Padley et al., 2003; Tree
et al., 2010). Particularly for breathing maintenance, the contribution of each respiratory
nucleus is dependent on the animal’s sleep-wake state (Dias et al., 2010; Vicente et al.,
2016), and the endocannabinoid system participates in the sleep architecture (Méndez-
Diaz et al., 2021; Petrunich-Rutherford & Calik, 2021), being used in treatment of
respiratory disorders sleep-related (Carley & Radulovacki, 2008; Prasad et al., 2013).
Respiratory control is also influenced by sex (Gargaglioni et al., 2019), in which certain
respiratory nuclei have a sexual dimorphism, as retrotrapezoid nucleus (Niblock et al.,
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2010) and locus coeruleus (Hormigo et al., 2015; Bangasser et al., 2016), and
interestingly, studies have reported a sex-dependent long-term effects of exposure to
cannabinoids (for review see Viveros et al., 2012).

Despite the knowledge already established in the literature, long-term studies
on the effects of prenatal exposure to cannabinoid on cardiorespiratory control are
currently limited. Therefore, in the present study we investigated the long-term
consequences of intra-uterine synthetic cannabinoid (WIN) exposure on respiratory and
cardiovascular central control in male and female rats at adulthood. The results obtained
demonstrate a sex-dependent effect in control of breathing, specifically in
chemosensitivity. Additionally, significant changes in the cardiovascular control of

prenatally WIN treated male and female animals.
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MATERIAL AND METHODS

Animal model

The Wistar rats matrices were obtained from UNESP — Botucatu, SP, Brazil. In
our animal care facilities, the crossings were performed and pregnant female (first
generation) and their newborns were individually placed in cages until weaning (P21).
The offspring were then separated from their mothers and allocated in groups of up to 5
individuals per cage according to sex until reach experimental age. All the animals were
housed in a temperature-controlled room, maintained at 25 + 1°C with a 12 h light-dark
cycle (lights on at 6:30 a.m.), with water and food provided ad libitum. Experiments
were performed between 7:00 a.m. and 6:00 p.m., during the light phase, on
unanesthetized adult (P80-81) male and female rats obtained randomly from different
litters.

All the experimental procedures were performed in compliance with the
guidelines of the National Council of Control in Animal Experimentation (CONCEA-
MCT-Brazil), with the approval of the local College of Agricultural and Veterinary
Sciences Animal Care and Use Committee (CEUA-FCAV-UNESP-Jaboticabal;

Protocol: 011284/17).

Cannabinoid treatment and gas mixture exposure

Pregnant female rats received constantly from the 0 to the 21% day of gestation
vehicle (DMSO 50%, diluted in sterile water) or synthetic cannabinoid (WIN 55,212-2
mesylate salt, Sigma Chemical CO., St. Luis, MO, USA), in a daily dose of 0.5 mg/kg
(based on Mereu et al., 2003; Tree et al., 2014; Bara et al., 2018). After confirmation of
sperm via vaginal smear, females underwent a surgical procedure under inhalation

anesthesia with 5% of isoflurane (Cristalia, Sao Paulo, Brazil) for induction and 1% for
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maintenance, for subcutaneous osmotic pump (Alzet Osmotic Pumps, Cupertino, CA,
USA; model 2ML4; 2.5 pL/hour/28 days) implantation in the back of the animal close
to the scapula to delivery the vehicle or drug to the pregnant females. Under anesthesia,
the osmotic pump was removed from the female right after giving birth.

The ventilatory challenges were accomplished using gas mixture of
hypercapnia (7% CO., 21% O, balance N2) and hypoxia (7% COz, 21% Oz, balance

N2) purchased from White Martins Gases Industrials Ltda (Osasco, SP, Brazil).

Electromyogram (EMG) and electroencephalogram (EEG) implantation

One week prior to the experimental day, adult (P73-74) male and female rats
were anesthetized with isoflurane 5% induction and 1% maintenance and fixed in a
stereotaxic apparatus (Kopf Instruments, Kent, England) to allow electrodes
implantation for EEG and EMG for sleep/wake cycle recordings. Three EEG electrodes
were screwed into the skullcap: frontal electrode at 2 mm anterior to bregma and 2 mm
lateral to the midline; parietal electrode at 4 mm anterior to the lambda and 2 mm lateral
to the midline; and the third one, laterally between the frontal and parietal electrodes
forming a triangle. For EMG recordings, two electrodes were inserted deep into the
neck musculature of the rats. All the electrodes were fixed to the animal’s head using a
mini connector soaked in acrylic cement. At the end, the animals were treated with
antibiotic (enrofloxacin, 10 mg/kg, subcutaneous) and analgesic (flunixin meglumine,
2.5 mg/kg, subcutaneous) agents followed by the next 3 days and kept in cages up to
four animals.

The signals from the EEG and EMG electrodes were sampled at 150 Hz,
filtered at 0.3-50 and 0.1-100 Hz, respectively, and recorded on a computer with a data
analysis software (AcgKnowledge MP150, BioPac Systems, Inc., Santa Barbara, CA,
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USA). Wakefulness, rapid eye movement (REM) or non-rapid eye movement (NREM)
sleep states were registered constantly throughout the experiments. REM sleep state
were short and occurred irregularly between the experiments; thus, REM sleep periods
were excluded from analysis. The sleep/wake state was determined by analyzing the
EEG and EMG records as previously described (Nattie & Li, 2002; Vicente et al., 2016;
Leirdo et al., 2018), allowed cardiorespiratory and metabolic parameters analyses

during different phases of the sleep/wake cycle.

Cardiovascular and body temperature measures

One day before the experiment, male and female adult rats received inhalation
anesthesia (isoflurane, 5% for induction and 1% for maintenance) for a catheter [PE-10
connected to PE-50 (Clay Adams, Parsippany, NJ, USA)] insertion into the abdominal
aorta through the femoral artery to allow pulsatile arterial pressure (PAP) measures. The
catheter was externalized in the animal’s dorse close to the neck region. On the
experimental day, the catheter was connected to the pressure transducer (TSD 104A,
Biopac systems), the signal was amplifier (DA 100C, Biopac systems) and digitized on
a computer equipped with data acquisition software (MP100ACE; Biopac Systems).
Systolic (SAP) and diastolic (DAP) arterial pressure, mean arterial pressure (MAP) and
heart rate (HR) were quantified from the PAP records using the LabChart program
(Power-Lab System, ADInstruments®/Chart Software, version 7.3, Sydney, Australia).

For body temperature (Tg) measurements, a temperature datalogger (SubCue
Dataloggers, Calgary, Canada) was inserted into the abdominal cavity through a midline
laparotomy, at the same surgical procedure. The datalogger was programmed to acquire

data every 5 min.
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Pulmonary ventilation assessment

The ventilation (Ve ) of male and female adult rats were acquired by whole
body plethysmography — closed system (Drorbaugh & Fenn, 1955; Patrone et al., 2018).
The airflow was maintained at 1.8 L.min using a flow meter coupled to a suction pump

(MFS, Sable Systems International, Inc, Las Vegas, USA), and interrupted for

Ve measurements, with the chamber fully sealed for approximately 2 min. The pressure
oscillation due to temperature difference from inhaled and exhaled air were monitored
by a differential pressure transducer (TSD 160A, Biopac Systems, Santa Barbara, CA,
USA) and fed into a pre-amplifier (DA 100C, Biopac Systems), passed through an
analog-to-digital converter and digitized on a computer equipped with data acquisition
software (MP100ACE, Biopac Systems). The sampling frequency was 200 Hz. A
volume calibration was performed by injecting 1 mL of air into the chamber using a
graduated syringe. Tidal volume (V1) was calculated applying Drorbaugh & Fenn’s
formula (1955):
V1 =Vk X (P1/Pk) X Te X (Pe - Pc) / Te X (Ps - Pc) — Ta X (Ps — PRr)

where Pt. pressure deflection associated with each VT, Pk: pressure deflection
associated with the injection of the calibration volume (Vk), Ta: air temperature in the

animal chamber, Pg: barometric pressure, Pc: water vapor pressure in the animal

chamber, Tg: body temperature (in Kelvin), and Pr: water vapor pressure at Tc. VE was

calculated as the product of respiratory frequency (fr) and VT and normalized to the

animal’s body weight. VE and V- were presented under ambient barometric pressure
conditions at Tc and saturated with water vapor (BTPS). Pc and Pr were calculated
indirectly using an appropriate table (Dejours, 1981). The LabChart software
(PowerLab System, ADlInstruments®/LabChart Software, version 7.3, Sydney,

Australia) was used for data analysis.
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Determination of oxygen consumption

The indirect calorimetry method by measuring O, consumption (VOz2) with
flow-through Pull mode configuration in an open respirometry system was used for
metabolic rate determination (Mortola, 1984; Cummings et al., 2011; Patrone et al.,
2018). An O analyzer (model ML206, ADInstuments®, Australia) was connected to a
MFS pump (“Mass Flow System”, Sable Systems International, USA) that was coupled
to the outlet of the plethysmography chamber, keeping the airflow at 1.8 L.min%, with
subsampling of 150 mL.min? by the O, analyzer. The expired gas was dried over a
small column of Drierite (W.A. Hammond Drierite Co. Ltd, Xenia, OH, USA) before

goes through the analyzer. The air was continuously sampled allowing for the

determination of VO2 by a data acquisition program (Power-Lab System,
ADInstruments® / Chart Software, version 7.3, Sydney, Australia).

The CO2 was not analyzed or scrubbed, then aiming at a better metabolic rate
measurement the Oz was calculated using the following equation (Koteja, 1996):
VO2 = [FRe (FiO2 — F:02)]/ [1 - FiO2 (1 - RQ)]
where FRe: end flow rate of air through the chamber, FiOz: inlet O, fraction, F.O2: end

O fraction, and RQ: respiratory quotient (considered to be 0.85). The VO2 was

corrected for the body mass.

Experimental protocol
Control and WIN-treated male and female rats were individually placed inside
a plethysmography chamber allowing to move freely at room temperature of 25°C.

Firstly, the chamber was flushed with room air (21% O,) for 40 min during the

acclimation phase. Then, Ve and VO2 were recorded in normoxic normocapnic

conditions for 1 h. Subsequently, the animals were exposed to hypercapnia (7% CO- gas
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mixture) for 1 h min. After CO> exposure, the chamber was ventilated again with room

air for 1 h to allow for recovery baseline values. Posteriorly, the animals were submitted

to hypoxia (10% O, gas mixture) for 1 h. The VOz, PAP, Tg measurements and
sleep/wake cycle signals were recorded throughout the experiment. The ventilatory
parameter measurements were performed every 10 min during each environmental

condition.

Respiratory mechanics evaluation

The mechanical component of the respiratory system was evaluated according
to previous studies (Frappell et al., 1998; Hedrick et al., 2011). Male and female adult
rats were euthanized by isoflurane inhalation, and a cannula was inserted into the
animal's trachea. A pressure transducer (TSD 104A, Biopac systems), was connected to
the cannula for intra-tracheal pressure measurements. The signals were amplified (DA
100C, Biopac systems), filtered and recorded in a data acquisition system (Biopac
Systems Inc., Santa Barbara, CA, USA). To allow injections of known air volumes (2
mL) into the lungs a graduated syringe was connected to the tracheal cannula by a three-
way connector. In a supine position, the lungs were gradually inflated and deflated to
build the pressure-volume static curve. Inflation ended when intra-tracheal pressure
reached approximately 30 cmH2O. Posteriorly, the lungs were deflated in the same
gradual manner, until -20 cmH-O of pressure, and finally inflated again to the resting
lung pressure (0 cmH20), and the trachea opened to the atmosphere to balance intra-
tracheal pressure. Before starting another curve, the lungs were fully inflated and then
spontaneously allowed to return to resting volume by opening the system to the

atmosphere, to prevent collapsing. The maximum lung volume determined by the static
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curve protocol was injected steadily over an interval of 20 s for dynamic respiratory
mechanics measurements.

For each animal, these procedures were repeated three times with on intact
animal (Cr), then the body cavity and rib cage opened and the muscles and organs
removed leaving the lungs free. Next, the static and dynamic experimental protocols
were repeated with the lungs exposed (CL). At the end of the experiments, the animals'

heart and lungs were removed and weighed.

Western blotting analysis

To assess the CB1 receptor protein expression in the brainstem of male and
female adult rats, Western Blot technique was applied. Control and WIN-treated
animals were deeply anesthetized with isoflurane and the brainstem removed and frozen
in 2-methylbutane at -20°C. RIPA buffer (50 mM tris, 150 mM NacCl, 0.1% triton, 0.5%
sodium deoxycholate, and 0.1% sodium dodecyl sulfate) was used to homogenize the
samples, and Lowry’s method for protein quantification. Samples containing 15 pg of
protein were mixed with buffer (1.25 M tris pH 6.8, 2% SDS, 0.01% blue bromophenol,
10% glycerol, and 250 mM 2-ME) and heated to 95°C for 5 minutes, then submitted to
SDS-PAGE in bis-acrylamide gel with 10% gradiente, in buffer (192 mM glycine, 25
mM tris, and 0.1% SDS, pH 8.3). Proteins migrated in the gel were transferred to the
nitrocellulose membrane (Bio-Rad Laboratories, ON, Canada) by wet electrotransfer
(15 mM tris, 120 mM glycine, and 20% methanol, pH 8.3). Next, non-specific sites on
the membrane were blocked with T-TBS buffer (20 mM tris, 150 mM NaCl, and 0.1%
tween 20, pH 7.4) with 5% bovine serum albumin (BSA) for 1 hour at room
temperature, under constant agitation. The blocking solution was washed with T-TBS
and the membranes incubated overnight at 4°C with the rabbit polyclonal anti-CB1
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antibody (1:1000; Sigma) in T-TBS solution with 3% BSA. The membranes were
washed five times for 5 minutes with T-TBS, and then incubed with anti-rabbit
peroxidase-labeled secondary antibody (1:5000, Santa Cruz Biotechonology) diluted in
T-TBS with 5% BSA for 1 h at room temperature. Posteriorly, the membranes were
washed again with T-TBS, chemiluminescence enhancer (ECL) added and the film
exposed. The bands were quantified using the ImageJ program (available for free

download at https://imagej.nih.gov/ij/download.html). The bands of the CB1 protein

were normalized by B-actin using mouse monoclonal anti-BActin (1:15000, Sigma),
followed by anti-mouse peroxidase-labeled secondary antibody (1:20000, Santa Cruz

Biotechonology).

Catecholaminergic (CA) neurones labeling

Adult male and female rats were deeply anesthetized with isoflurane at the end
of the plethysmography experiments. The animals were perfused intracardially using a
pump machine (Masterflex; Cole-Parmer Instrument Company, Vernon Hills, IL, USA)
with phosphate buffered saline (PBS, 0.01 M, pH 7.4), followed by 4%
paraformaldehyde (PFA) in 0.2 M phosphate buffer (PB). Quickly, the brain was
removed, postfixed with 4% PFA at 4°C for 12 h, and then immersed in 30% sucrose
solution for at least 48 h at 4°C. The brain was dipped in 2-methylbutane at -20°C,
frozen and fixed in Tissue-Plus (Fisher Healthcare™ O.C.T. Compound, CA, USA).
Serial sections (40 um) of the brainstem were made in triplicates using a cryostat
microtome (CM1860 — Ag Protect; Leica, Wetzlar, Germany).

To labeling and quantify brainstem catecholaminergic (CA) neurones,
immunohistochemistry for tyrosine hydroxylase (TH) was performed (Xu et al., 2003).
First, the slices were washed with PBS, followed by an antigenic recovery with 30 min
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incubation in a target retrieval solution (Dako, Glostrup, Denmark) at 70°C, then cooled
to room temperature and washed with PBS. To avoid non-specific binding, the slices
were incubated in 1% hydrogen peroxide solution for 3 min, washed and followed by 1
h in a 10% horse serum solution (Life Technologies, USA) at room temperature. After
rinse, slices were incubated for 24 h with a mouse monoclonal anti-TH antibody
(1:10000; Sigma) in T-PBS (0.3% Triton-PBS, pH 7.4) solution with 5% horse serum at
room temperature with constant agitation. Then, slices were washed and incubated for 3
hours with secondary goat anti-mouse IgG antibody (h&I), conjugated to dy light 488
(1:300, Immunoreagents, NC, USA,) at room temperature with constant agitation.
Finally, the slices were washed 3 times with PBS, and mounted on gelatinized sheets,

dried and covered with coverslip.

Data analyses
The cardiorespiratory and metabolic parameters were analyzed based on 2 min
of records at intervals of every 10 min throughout the time recording during room air,

hypercapnia or hypoxia. The results obtained for all variable for each of these

conditions were grouped according to sleep and wakefulness state. The Ve and VO:

was calculated as previous described and normalized by animal’s body mass. The air
convection requirement (Ve /VO2) was obtained by dividing the values of Ve by the

VO:. The cardiorespiratory and metabolic variables are represented as mean + SEM.
The mechanical component of the respiratory system was evaluated through
the static and dynamic compliance of the total system (Cr, intact animal), lungs (Ci,
lungs exposed) and body wall (Cg, Ct — Cv). The inflation and deflation curve was built
using the volume of air injected (mL) versus the corresponding intra-tracheal pressure

(cmH20). The highest and lowest point of the curves were applied to the formula: V2-
133



V1 / P2-P1 to obtain inspiratory and expiratory compliance. The static compliance was
calculated around the pressures 0-15 cmH20 of the inflation and deflation curve, which
correspond to the normal range that occurs during in vivo. Dynamic compliance was
calculated using the same formula, but for pre-established intra-tracheal pressure: 1, 3,
5 7,9, 11, 13, 15, 17, 19, 21, 26, 31 and their corresponding injected air volume, as
described by Hedrick et al., (2011). The static compliance is represented as mean +
SEM, while dynamic compliance as interconnected means.

The TH-immunoreactive (TH-ir) cells were analyzed by a fluorescence
microscope (Zeiss, Axio Image Z2, Baden-Wirttemberg, Germany) using the LAS
image acquisition program, that was consisted in the quantification of TH-ir cells within
brainstem CA nuclei using a computerized image analysis system (ImageJ). One of the
triplicates was used for bilaterally counting over the entire length of the brainstem in
which it contained the CA nuclei A1/C1, A2, C3, A5 and A7 (based on anatomical
landmarks from Paxinos & Watson, 1998). For A6 region, since it has a high amount of
clustered CA neurones, the analysis between the groups was done through the density of
TH expression per fixed sampled area. To avoid background interference, the A6 region
sampled density was subtracted by the density region without TH labelling. The
quantification data are represented as mean + SEM.

All the statistical analyzes were performed between groups by two-way
ANOVA, with repeated measures when appropriated. Post-hoc multiple comparisons
were performed using Tukey’s test. The results of the statistical analysis are detailed in

Supplementary Figure 1. Statistical results with P < 0.05 were considered significant.
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RESULTS

The exposure to synthetic cannabinoid (WIN) during embryonic development
did not cause changes in body mass gain when offspring reaches the adulthood (Table
1), although an expected effect of sex has been evident, with a lower body mass in
female groups. The heart and lungs’ weight of adult animals also was not affected by
prenatal WIN treatment. A significant sex-difference in heart weight was observed for
females but may be due to a direct influence by female’s body weight, since the variable

was normalized by body mass.

Table 1. Body mass, weight of heart and lungs of control and WIN-treated adult male and
female rats.

Body mass (g) Heart (g.kg™)  Lungs (g.kg™)

Mal VEHICLE 339.2+6.4 3.6+0.1 51+0.2
ale
WIN 322.6+12.3 3.7+0.1 50+0.1
VEHICLE 2154 +5.7* 4.6+0.2* 59+0.1
Female
WIN 2135+ 3.7* 4.2 +0.1* 55+0.5

Values are expressed as mean + S.E.M. * Indicates significant difference between sex in the
same group of treatment. The results of two-way ANOVA statistical analyzes are represented in
Supplementary Table 1A.

Respiratory control and metabolism

Regardless of sleep or wakefulness state, exposure to high levels of CO>, as
well as low concentrations of oxygen caused a robust increase in Ve for all groups of

both sexes, due to increased VT and fr. The VO2 was altered only by the hypoxia,
decreasing during this condition. On the other hand, the excess stimulation of the

endocannabinoid system by fetal exposure to synthetic cannabinoid seems to have a

long-term effect on breathing control of adult rats in a sex-specific manner. The Ve,
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Vr, fr, VO2 and the Ve /VO:2 for control and WIN-treated male and female rats during
basal condition, hypercapnic or hypoxic exposure are demonstrated in the Figure 1
(awake state) and Figure 2 (sleep state). As evidenced, WIN-treatment at gestational
phase did not result in respiratory (Figure 1A) or metabolic (Figure 1B) changes in any

environmental conditions during awake state for males at adulthood. In contrast, adult

females prenatally WIN exposed showed no resting Ve and VO: alteration; however,
the hypercapnic (HCVR) and hypoxic (HRV) ventilatory response was significantly

reduced by WIN treatment, although there was no significant alteration in the Vr and fr.
No treatment effects were found for VO2 during both ventilatory challenges, but a

smaller increase in VE/VO:2 was evidenced for hypercapnia and hypoxia exposure

during awake state.
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Figure 1: Effect of prenatal WIN exposure on A: ventilation (VE), tidal volume (V1),
respiratory frequency (fr); B: oxygen consumption (VOz) and air convection requirement

(VE /VOz) for control and WIN-treated male and female adult rats during resting condition
(Basal), hypercapnia (7% CO2) and hypoxia (10% O,) at awake state. Values are expressed as
mean = S.E.M. * indicates a significant difference between control and WIN-treated groups.
The results of two-way ANOVA statistical analyzes are represented in Supplementary Table
1B.

With regard the ventilatory control and metabolic demand in sleep state, all the
same parameters were evaluated when animals were sleeping, and it is shown in Figure
2. In this context, prenatal exposure to synthetic cannabinoid seems to result in a higher
HCVR and HVR for adult male rats, mainly due to an increase in V1 for CO exposure
and in the fr for hypoxia, without any effect on resting ventilation (Figure 2A). In adult
female rats, WIN-treated group presented a reduced ventilatory response to CO; and O>
at sleep state compared to control group, and the effect during hypoxic challenge was

mainly caused by a reduced fr. There was no influence of prenatal WIN treatment on
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the metabolic rate in adulthood for both sexes, since VO2 was not different between

control and treated animals (Figure 2B). Nevertheless, the Ve/VO2 equivalent was
significantly higher for treated rats in both environmental challenges, and significant

reduced in females, in line with ventilatory response.
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Figure 2: Effect of prenatal WIN exposure on A: ventilation (VE), tidal volume (V1),
respiratory frequency (fr); B: oxygen consumption (VOz) and air convection requirement

(VE/V02) for control and WIN-treated male and female adult rats during resting condition
(Basal), hypercapnia (7% CO,) and hypoxia (10% O_) at sleep state. Values are expressed as
mean + S.E.M. * indicates a significant difference between control and WIN-treated groups.
The results of two-way ANOVA statistical analyzes are represented in Supplementary Table
1C.

Respiratory system compliance

The experimental protocols of the ventilatory system mechanical component of
male and female adult rats demonstrate only a sex-difference between the total (Ct - A
and B) and lung (CL — C and D) compliance parameters during inflation and deflation,
without WIN treatment effects as can be observed in Figure 3. Thereby, control and
prenatal WIN exposed female adult rats had an increased compliance when compared

with respective male group.
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Figure 3: Effect of prenatal WIN exposure on total (C+ — A and B), lung (C. — C and D) and
body wall (Cg — E and F) static compliance during inflation and deflation for control and WIN-
treated male and female adult rats. Values are expressed as mean + S.E.M. # Indicates
significant difference between sex in the same group of treatment. The results of two-way
ANOVA statistical analyzes are represented in Supplementary Table 1D.
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The dynamic compliance of the respiratory system of male and female adult
animals, exposed to external synthetic cannabinoid during the embryonic phase, was not
remarkable altered by treatment, since only occasional changes were observed (Figure
4). For Cr, just at the pressure 5 cmH20 on the curve was significantly higher for the
treated male group. Not differently, the C. compliance was affected by WIN-treatment

only at 15 cmH20 of pressure for female group, without no effects on Cg for both sexes.

143



A — Male - VEH

) ==+ Male - WIN
o~ 3.07

o — Female - VEH
f. 2.5 --+ Female - WIN
(@]

o~

T

€

Q

-

E

c

>

©

-

(©)

0 5 10 15 20 25 30 35 40 45 50 55 60

Pressure (cmH,0)

Kg

C_dyn (m L.cmHZO'l.

0.0 T T T T T T T T T T T 1

0 5 10 15 20 25 30 35 40 45 50 55 60

Pressure (cmH,0)

o

301

Cgdyn (mL.cm HZO'l.Kg'l)

-30 T T T T T T T T T T T 1

0 5 10 15 20 25 30 35 40 45 50 55 60

Pressure (cmH,0)

Figure 4: Effect of prenatal WIN exposure on total (C+ — A and B), lung (C. — C and D) and
body wall (Cs — E and F) dynamic compliance for control and WIN-treated male and female
adult rats. Values are expressed as mean = S.E.M. * indicates a significant difference between
control and WIN-treated male groups. * indicates a significant difference between control and
WIN-treated female groups. The results of two-way ANOVA statistical analyzes are represented
in Supplementary Table 1D.
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Cardiovascular and body temperature data

The systolic arterial pressure (SAP), diastolic arterial pressure (DAP), mean
arterial pressure (MAP) and heart rate (HR) parameters of male and female adult rats
were measured to assess the possible long-term effect of prenatal WIN exposure on
cardiovascular control during hypercapnic and hypoxic condition during wakefulness
(Figure 5) and sleep (Figure 6). Regarding males at awake state (Figure 5A), the MAP
during hypoxic condition was significantly affected by prenatal treatment, since WIN-
treated animals did not present hypoxia-induced MAP decrease, mainly caused by a
higher SAP and DAP. No other changes were observed for males in cardiovascular
control during awake state. As to females (Figure 5B), exposure to synthetic
cannabinoid in the prenatal phase caused significant increases in basal MAP, as a
consequence of an increased SAP. Also, the treatment attenuated the MAP reduction
induced by hypoxia, due to changes in both SAP and DAP. Additionally, treatment with
WIN caused a dichotomous changes in the HR, since a bradycardia was observed under
conditions of hypercapnia in the treated females, while a tachycardia during hypoxic
exposure.

It is worth mentioning that MAP, SAP and DAP of both sexes had a
significantly decrease as an effect of hypoxic environmental condition, as well as HR

for hypercapnic gas mixture.
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Figure 5: Effect of prenatal WIN exposure on mean arterial pressure (MAP), systolic arterial
pressure (SAP), diastolic arterial pressure (DAP), and heart rate (HR) for control and WIN-
treated male (A) and female (B) adult rats under resting, hypercapnic (7% CO_) and hypoxic
(10% 0O,) conditions at awake state. Values are expressed as mean + S.E.M. * indicates a
significant difference between control and WIN-treated groups. The results of two-way
ANOVA statistical analyzes are represented in Supplementary Table 1E.
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In the Figure 6, the cardiovascular data are displayed during sleep state. As
noted for wakefulness, the effect of intra-uterine WIN exposure on MAP and DAP
during hypoxia was maintained in sleep condition for adult males (Figure 6A).
Additionally, an effect on HR was evidenced during hypoxic condition, since treated
males showed a tachycardia. For female group (Figure 6B), fetal exposure to WIN
resulted in a hypertensive MAP at resting and prevented the hypoxia-induced reflex
reduction of MAP, supported by an increase in DAP at rest, and SAP and DPA during
hypoxia, respectively. The HR also was affected by cannabinoid treated, with the

occurrence of tachycardia in WIN-exposed females.
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Figure 6: Effect of prenatal WIN exposure on mean arterial pressure (MAP), systolic arterial
pressure (SAP), diastolic arterial pressure (DAP), and heart rate (HR) for control and WIN-
treated male (A) and female (B) adult rats under resting, hypercapnic (7% CO_) and hypoxic
(10% Oy) conditions at sleep state. Values are expressed as mean + S.E.M. * indicates a
significant difference between control and WIN-treated groups. The results of two-way
ANOVA statistical analyzes are represented in Supplementary Table 1E.
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The Ts of control and WIN-treated male (A) and female (B) adult rats were
accompanied during room air, hypercapnia and hypoxia (Figure 7). As expected, low O
levels resulted in a significant drop in Tg for all groups evaluated. In addition, female

prenatally WIN exposed had an expressive reduction in Tg during 7% CO> condition.
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Figure 7: Effect of prenatal WIN exposure on body temperature (Tg) for control and WIN-
treated male (A) and female (B) adult rats under resting, hypercapnic (7% CO,) and hypoxic
(10% Oo). Values are expressed as mean = S.E.M. * indicates a significant difference between
control and WIN-treated groups. The results of two-way ANOVA statistical analyzes are
represented in Supplementary Table 1F.

Brainstem CB1 receptor and CA neurones assessment

The chronic and over exposure to synthetic cannabinoid during fetal life did
not result in long-term consequences related to brainstem CB1 receptor expression
levels, since no significant differences were found in Western Blot analyzes for control
and WIN-treated male and female adult animals (Figure 8).

In an aligned way, the exposure to synthetic cannabinoid during embryonic
phase, also did not trigger changes in brainstem CA neurones quantification throughout
the respiratory control regions, either for males (A) or females (B) in the adulthood

(Figure 9).
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Figure 8: Effect of prenatal WIN exposure on expression of CBL1 receptor protein in the
brainstem of control and WIN-treated male (A) and female (B) adult rats. Values are expressed
as percentage + S.E.M.
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Figure 9: Effect of prenatal WIN exposure on quantification of CA neurones in A1/C1, A2, C3,
A5 and A7 regions, as well as light intensity reflected in A6 for control and WIN-treated male
(A) and female (B) adult rats. Values are expressed as mean + S.E.M.
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DISCUSSION

Cannabis use during pregnancy and its possible long-term effects on offspring,
specifically on respiratory and cardiovascular control has been little investigated, while
the use of this substance has worldwide steadily increased, including by pregnant
women (Volkow et al., 2019; Corsi et al., 2020). Seeking for a better understanding of
how exogenous cannabinoids may interfere in the physiological systems development
during embryonic phase, particularly in the cardiorespiratory control network, and its
postnatal life’s assignments, we investigated the long-term consequences of intra-
uterine synthetic cannabinoid WIN exposure on respiratory and cardiovascular central
control in male and female rats at adulthood. We found that prenatal chronic exposure
to external cannabinoid (WIN) triggers robust changes in ventilatory control related to
chemosensitivity to CO2 and O in a sex-dependent manner. Interestingly, some of these
changes are sleep-wake cycle dependent. In consonance, in utero cannabinoid signaling
disturbance imply important changes in the control of cardiovascular parameters in
adulthood of male and female rats. Despite the cardiorespiratory alterations, no
neuroanatomical changes were reported regarding to brainstem CA neurones
quantification, nor CB1 receptor expression.

Fetal exposure to exogenous cannabinoid WIN did not result in changes of
animals' body mass when they reached adulthood. The association between Cannabis
use during pregnancy and the body mass of offspring it is still controversial. Studies in
animal models, but mainly humans, present distinct results in which the effect of
prenatal exposure to Cannabis on body mass of the newborn is evidenced with an
expressive reduction (Quinlivan & Evans, 2002; ElI Marroun et al., 2009; Gunn et al.,
2016; Howard et al., 2019), while other studies do not show this alteration (Shankaran
et al., 2004; Lozano et al., 2007; Shabani et al., 2011; Gargari et al., 2012). In fact, these
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inconsistent results are possibly due to a dose-dependent effect, active principle used
and time of exposure of each study.

Intra-uterine chronic exposure to WIN did not result in basal ventilatory
changes when offspring reaches the adulthood. Although several studies reported the
potential inhibitory role of cannabinoids on respiratory function after THC or synthetic
cannabinoid agonist were acutely administrated in humans and animals (Bellville et al.,
1975; Doherty et al., 1983; Estrada et al., 1987; Padley et al., 2003; Pfitzer et al., 2004),
the prenatal WIN exposure does not appear to result long-lasting changes in respiratory
control system under resting conditions. However, a long-term effect in the
chemosensitivity of adult rats was found, since the ventilatory response to hypercapnia
and hypoxia was increased in adult males prenatally WIN-exposed, specifically during
sleep state and unrelated to metabolic changes. Interestingly, the ventilatory responses
to CO. and O were sex-dependent, since WIN-treated females had an opposite
response with decreased HCVR and HVR, without any metabolic alteration, at both
sleep and wakefulness state.

It is known that the endocannabinoid system plays an essential role in the
ontogeny of the CNS during the pre and postnatal life, with notably differences in the
expression and activity of its components during the fetal and postnatal development
(Romero et al., 1997; Berrendero et al., 1999; Ferndndez-Ruiz et al., 2000; Harkany et
al., 2007; Fride et al., 2009). Hence, early gestational exposure to cannabinoid could be
able to entail lasting neurodevelopmental alterations, since endocannabinoid system is
highly correlated with processes of migration, proliferation and differentiation of
neurones and glial cells, besides neuronal connectivity and synaptic function (Lubman
et al., 2015; EI Marroun et al., 2016; Fogaca et al., 2018). Therefore, the changes in
ventilatory control, especially caused by chemosensitivity alteration found in the present
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study, may be due to a long-term consequence of the respiratory system structuring
during embryonic phase in which a CNS plasticity during postnatal development did not
occur or not sufficient to annul the effects of prenatal exposure to cannabinoid.

We believe that these ventilatory changes are mainly due to modifications in
the respiratory central network because the mechanical component of the respiratory
system were not affected by prenatally WIN exposure, since total or lung compliance,
as well as the size of the heart and lungs were not different between the WIN and
control groups. Although CB1 receptors are mainly found in the CNS, studies have
reported its presence in peripheral tissues, including the lungs (Galieque et al., 1995).
An effect of THC in pulmonary function was observed in humans (Graham, 1986), and
in certain circumstances in a dose-dependent manner, where moderate doses of THC
increased airway conductance (Tashkin et al., 1983), while heavy Cannabis smoking
resulted in decreased airway conductance (Tashkin et al., 1976). According to Rice et
al. (1997), CB1 receptors were found in alveolar Type Il cell of the lungs that are
responsible for synthesizes and secretes surfactant phospholipids and proteins in a
highly regulated manner important for successful adaptation to air-breathing at birth in
the perinatal period (Rooney et al., 1994). Thus, the role of CB1 receptors in the lungs
may is more related to early lifetime. In this sense, corroborating our findings, the
intravenous administration of anandamide did not result in dynamic pulmonary
compliance changes in adult guinea pigs (Stengel et al., 1998). Regarding the sex
difference related to the mechanical component of the respiratory system, we believe
that this significant difference in compliance between male and female is due to a direct
effect of body mass on the mechanical variable, since the gross data, which is not

corrected by the body mass, do not show such statistical differences depending on sex.
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In agreement, studies performed in humans (Gibson et al., 1976) or mice (Schulz et al.,
2002), did not show effect of sex on the pulmonary static compliance.

The modulation of the ventilatory control in face to adverse conditions is
carried out by several nuclei along the CNS, especially in the brainstem, and the
contribution of each nucleus to the ventilatory pattern maintenance alters depending on
the animal’s sleep-wake state (Dias et al., 2010; Vicente et al., 2016), which can also
affect the chemosensitive responses of these nuclei (Nattie & Li, 2010). Among nuclei
with prominence role in the ventilatory modulation during sleep, the medullary raphe
shows to be one of the important regions that is also chemosensitive to CO, (Taylor et
al., 2005; Dias et al. , 2010; da Silva et al., 2011; Ray et al., 2013; dos Santos et al.,
2015). Additionally, CB1 receptors are located in several brainstem regions, relevant to
the respiratory pattern generation and integration of the motor activity (Haji et al.,
2000), including in serotonergic neurones of the medullary raphe (Haring et al., 2007;
Mendiguren et al., 2018), and the activation of these receptors possibly can modulate

the activity of these neurones, and consequently the breathing pattern. Hence, the

increased Ve found in prenatal WIN-exposed adult males during sleep state, may be
due to changes in the respiratory network structuring during fetal life responsible for
ventilatory control maintenance during sleep, also shifting the chemosensitivity of these
neurones during respiratory adverse condition, as high levels of CO2 and hypoxia.
Interestingly, exogenous cannabinoid can be used to treat respiratory disorders
sleep-related (Carley & Radulovacki, 2008). In this context, the use of dronabinol, a
CB1 and CB2 receptor agonist, has been shown to stabilize breathing in rats with
spontaneous central apneas during sleep (Carley et al., 2002). The clinical relevance of
this finding is highlighted by the fact that dronabinol demonstrates improvements on the

respiratory disorder in patients with obstructive sleep apnea syndrome (Prasad et al.,
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2013), a result that may reflect the stabilization of the breathing pattern generation and
increased muscle activity in the upper airways. In line with this view, recent
experiments using an apnea model in anesthetized rats have shown that activation of the
nodose ganglia CB receptors suppress apneas induced by serotonin and increased the
phasic activity of the genioglossus muscle (Calik et al., 2014). In addition, the systemic
antagonism of CB1 or CB2, individually or in combination, prevented dronabinol from
suppressing serotonin-induced apneas (Calik & Caley, 2014). It is known that
cannabinoids can allosterically modulate many ionotropic receptors, including
serotonergic, glutamatergic and cholinergic receptors (Demuth & Molleman, 2006).
However, according to more recent studies, the suppression of apneas by dronabinol is
given mainly by the activation of CB1 receptors (Calik & Caley, 2014).

Regarding the sex-dependent difference in the HCVR and HVR found in the
present study, we observed opposite effect of WIN exposure with a greater
chemosensitivity to CO. and O2 for males and decreased for females. It is worth
mentioning that both male and female animals can be affected by the action of the
exogenous cannabinoid at the embryonic age and thus the development of the
respiratory control network may be impacted, but the consequences in postnatal life can
be distinct since there are differences in respiratory physiology in which the sex is an
important factor (Gargaglioni et al., 2019). We must emphasize that some nuclei that
integrate the respiratory network are dimorphic, such as RTN (Niblock et al., 2010;
2012), locus coeruleus (Luque et al., 1992; Hormigo et al., 2015; Bangasser et al., 2016;
Gargaglioni et al., 2019), and medullary raphe (Cordero et al., 1999), thereby the
chronic stimulation of the endocannabinoid system during CNS ontogeny in the prenatal

phase may have unevenly influenced the development and maturation of these
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respiratory control nuclei resulting in antagonistic responses between male and female
rats at the adulthood.

The sex differences in brain regions can create an unequal neural condition for
the action of Cannabis, especially during fetal development, with the brain more
vulnerable to structural and/or functional changes, such as during reducing the number
of synapses (synaptic prunning). Interestingly, a study by McQueeny et al. (2011) found
greater volumes of the amygdala in teenage girl users of Cannabis than in non-users,
which was not observed in boys. Several other sex-dependent morphoneurological
alterations correlated with exogenous cannabinoids are described in the literature (for
review see Viveros et al., 2012). Interestingly, we did not find changes in the brainstem
CA groups of male and female adult rats, since the quantification of TH-ir neurones did
not differ between the control group and those exposed to WIN during pregnancy. In the
same line, we also did not observe long-term modification in the expression of CB1
receptors located in the brainstem. Despite the fact that no difference in CB1 expression
be found, another point that must be considered is that there is a difference in the
affinity of the cannabinoids for the CB1 receptor being higher in males in the limbic
forebrain and midbrain (Rodriguez de Fonseca et al., 1994). Corroborating this study,
prenatal exposure to THC altered neuronal excitability and synaptic plasticity in the
prefrontal cortex of male rats rather than females (Bara et al., 2018). Therefore, this
increase in HCVR and HVR in males and decrease in females may be due to the fact
that the receptors are more sensitive in males. Additionally, although there are still
controversies, the influence of sex hormones on the ventilatory responses to
hypercapnia and hypoxia in adult animals should be a factor to be considered, since the
modulation of the hypercapnic response by [ progesterone receptors appears to be
different between males and females (Boukari et al., 2016), and the performance of
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these receptors on nuclei responsible for respiratory control might be altered due to
prenatal exposure to the synthetic cannabinoid WIN.

Intra-uterine synthetic cannabinoid exposure also affects the cardiovascular
control of the offspring when reached the adulthood. The present study found a long-
lasting effect in cardiovascular parameters, where WIN exposed males had an increased
MAP and HR in hypoxic condition, whereas treated females had higher MAP baseline
and hypoxic condition, bradycardia at CO2 exposure and an opposite effect on HR
during hypoxia.

It is known that the endocannabinoid system is present in cardiovascular
control regions like NTS (Mailleux & Vanderhaeghen, 1992), rostral ventrolateral
medulla (RVLM) (Wang et al., 2017), and paraventricular nucleus of the hypothalamus
(PVN) (Grzgda et al., 2017). In addition, CB receptors are present in regions outside of
the CNS, such as the heart and blood vessels (Liu et al., 2000; Bonz et al., 2003).
Studies have shown the direct participation of the endocannabinoids in the blood
pressure, contractility and heart rate modulation (Lake et al., 1997; Sierra et al., 2017).
A hypertension and tachycardia were the most marked cardiovascular effect caused by
acute use of Cannabis (Weiss et al., 1972) or intravenous administration of THC in
humans (Perez-Reyes et al., 1972; Roth et al., 1973). According to Pfitzer et al. (2004),
central activation of CB1 receptors by WIN administration was also responsible for
increased MAP, but in a drop in HR. However, the local activation of CB1 receptors in
different nuclei, as in the RVLM, the observed responses were opposed with a
decreased MAP (Padley et al., 2003; Wang et al., 2017).

Studies have shown that knockout mice for CB1 receptors exhibited an absence
of cannabinoid-induced hypotension and bradycardia (Ledent et al., 1999), and this
response was mainly due to the participation of CB1 receptors located in the nuclei that
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control the activity of sympathetic pre-motor neurons (Vollmer et al., 1974; Niederhofer
& Szabo, 2000). Accordingly, the stimulation of CB1 receptors in the PVN was
responsible for a drop in MAP, reduced HR and sympathetic activity in hypertensive
rats (Grzegda et al., 2017), as well as CB1 receptors activation in the cardiac muscle
resulted in hypotension and bradycardia (Kaschina, 2016). The cannabinoid mechanism
action in the cardiac function may can occur by direct influence on the release of
neurotransmitters in the CNS and sympathetic nerve terminals, or even locally by
adrenergic receptors modulating the smooth muscle of the vessels (Beaconsfield et al.,
1972; Martz et al., 1972; Hillard, 2000). Thus, despite the lack in the literature about the
use of cannabinoid during pregnancy and its long-term postnatal effects on
cardiovascular control, the endocannabinoid system shows to be part of cardiovascular
control network, especially because disorders such as hypertension, heart disease and
atherosclerosis have been linked to dysfunction of the endocannabinoid system (Randall
& Kendall, 1997; Hiley & Ford, 2003; Duerr et al., 2015).

The role of the endocannabinoid system in thermoregulation has been
described by several studies. The expression of CB1 receptor was found in critical
regions for the control of body temperature (Tsou et al., 1998). The systemic
administration or focused injections in the preoptic area of exogenous cannabinoid
(THC, WIN and CP 55,940) resulted in a hypothermic condition (Fitton & Pertwee,
1982; Martin, 1986; Little et al., 1988; Fan et al., 1994), mediated mainly by CB1
receptors, a primary mediator of cannabinoid-induced hypothermia (Rawls et al., 2002;
Valiveti et al., 2004; Ripamonte et al., 2020); however, the endocannabinoid system
does not participate in the tonic control of body temperature (Compton et al., 1996;
McGregor et al., 1996; Boctor et al., 2007). Despite reports of thermoregulation control
by the endocannabinoid system, it was not observed major changes in body temperature
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control in adulthood of male and female prenatally WIN exposure rats, except for the
treated females during hypercapnic condition in which a lower Tg was observed in WIN

treated females. The effect on body temperature possibly involves a smaller increase of

Ve and a lower HR during the hypercapnic challenge.

159



CONCLUSION

In conclusion, this study provides results of great relevance for a better
understanding about cannabinoids use in pregnancy and its impacts in offspring’s
adulthood. A long-term and sex divergent alteration in breathing control was observed,
in which an opposite chemosensitive response to adverse respiratory conditions
occurred between male and females. Also, important cardiovascular changes were
observed in adult rats prenatally exposed to WIN. The indiscriminate use of Cannabis
has increased worldwide, including among pregnant women, driven by increasingly
liberal government policies without established scientific knowledge about the medium
and long-term future consequences. Therefore, the existence of studies of this subject is
becoming even more necessary, and in this sense our study raises a precautionary note
that must be taken into account when it comes to medicinal or recreational use of

Cannabis during pregnancy.
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Supplementary Table 1: Results of two-way ANOVA statistical analyzes for body mass and
heart weight (A), respiratory and metabolic parameters during baseline, hypercapnia and
hypoxia during awake (B) and sleep state (C) for male and female rats, static and dynamic
compliance (D), cardiovascular data at awake and sleep state (E), and body temperature (F) for
adult males and females.

A.
Two-way ANOVA
Treatment effect Sex effect Factorial Interaction
Body Mass
Male n.s P < 0.001
p n.s
Female n.s Fa. 3= 217.92
Heart
Male n.s P < 0.001
_ n.s
Female n.s Fa.62= 25.48
B.
Two-way ANOVA repeated measures
Treatment effect Gas effect Factorial Interaction
AWAKE
Male
v s P <0.001 s
: ! Fe, 3= 388.13 '
v s P <0.001 s
T ! Fe, 38)= 347.89 '
£ s P <0.001 s
R ! Fe 39= 91.13 '
P <0.001
VO, n.s Fe, 2= 26,53 n.s
P <0.001
VEe/VO2 n.s Fo 9= 262.27 n.s
Female
v P <0.02 P <0.001 N
g F,37=6.03 F(, 3n= 458.50 '
v s P <0.001 N
T ' F(2, 37= 265.40 '
f s P <0.001 s
R ' F(2, 3= 150.56 '
P <0.001
VO n.s Fe 3= 14.53 n.s
P <0.03 P <0.001
VEVO: Fiu 34)= 4.98 Fiz, 4= 147.83 NS
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Two-way ANOVA repeated measures

Treatment effect Gas effect Factorial Interaction
SLEEP
Male
P <0.02
VE Fa 23)= 5.66 n/a n.s
P<0.04
VT Fo 22)= 7.43 n/a n.s
fr P <005 n/a n.s
F(, 23= 8.67
P<0.01
Ve/VO, Fa 22~ 6.52 n/a n.s
Female
v P <0.001 n/a P <0.001
E Fe, 22= 14.95 F(2, 2= 12.59
f P <0.03 n/a P < 0.006
R F, 24= 6.41 F, 24= 6.39
P <0.03
VE/VO, Fu 20= 5.19 n/a n.s
Two-way ANOVA
Treatment effect Sex effect Factorial Interaction
STATIC
] ) P <0.001
Cr inflation n.s Fa 20= 14.25 n.s
] P <0.002
Cr deflation n.s Fa 20= 12.68 n.s
) ) P <0.002
Cv. inflation n.s Fa 20= 13.09 n.s
. P<0.01
C. deflation n.s Fo20=7.13 n.s
DYNAMIC
Male
C P<0.01 n.s n.s
T F(, 120= 7.32 ' '
Female
C P<0.03 n.s n.s
- Fa. 105= 6.12 ' '
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Two-way ANOVA repeated measures

Treatment effect Gas effect Factorial Interaction
AWAKE
Male
MAP P <0.001 P <0.001 P <0.007
F(,38=5.54 Fe,38=13.74 F,38=5.73
SAP P <0.004 P <0.001 P <0.002
F(, 38= 8.56 F, 33= 16.28 F,38= 7.05
DAP P <0.002 P <0.001 P <0.04
F(, 38=5.32 F, 33— 6.84 F, 38= 3.53
P <0.001
HR n.s F, 38= 14.25 n.s
Female
MAP P <0.003 P <0.001 P <0.003
F, 33= 12.37 F(, 33= 32.88 F(2,33= 7.01
SAP P <0.02 P <0.001 P <0.001
F,33= 7.60 F, 33= 45.63 F(, 33= 45.63
DAP P <0.007 P <0.001 P <0.02
Fa 33=9.42 Fe.33=13.58 Fz,33= 4.39
HR P<0.01 P <0.001 P <0.001
F(, 33= 10.46 Fe,33=20.71 F(, 33= 8.50
SLEEP
Male
P <0.05
MAP F(, 23= 5.80 n/a n.s
P <0.02
DAP F(, 23= 6.05 n/a n.s
P <0.02 P <0.02
HR F(, 23= 5.69 a F,23= 4.82
Female
P <0.002 P <0.001
MAP F, 25= 12.63 n/a F(2. 25= 10.56
P<0.01 P<0.01
SAP Fa, 5= 7.11 na F2, 25= 5.59
P <0.002 P <0.003
DAP k= 12.75 n/a Fiz, 25= 7.52
HR P <0.004 n/a P <0.001
F(, 25= 10.45 Fe, 25= 13.12
Two-way ANOVA repeated measures
Treatment effect Gas effect Factorial Interaction
P <0.001
MALE n-S F(2, 3= 36.03 n.s
P <0.03 P <0.001 P <0.008
FEMALE F(1,38= 6.20 F(, 38= 38.09 F(2, 3= 5.50
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