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PARTICIPAÇÃO DA MICRÓGLIA DO LOCUS COERULEUS NO CICLO SONO-
VIGÍLIA E NA RESPOSTA RESPIRATÓRIA E COMPORTAMENTAL A ESTÍMULOS 

PANICOGÊNICOS 

Resumo: Os transtornos relacionados ao estresse são fortemente influenciados 

por circuitos noradrenérgicos e apresentam diferenças sexuais marcantes; no 

entanto, a contribuição da micróglia do locus coeruleus (LC) para as respostas 

fisiológicas e comportamentais ao estresse em fêmeas permanece pouco 

compreendida. Neste estudo, investigamos o papel da micróglia do LC em 

camundongos fêmeas na regulação das respostas ventilatórias, 

comportamentais e do ciclo sono–vigília diante de desafios hipercápnicos e de 

estresse precoce na vida. Utilizando a depleção farmacológica da micróglia com 

clodronato dissódico, avaliamos as respostas ventilatórias e comportamentais à 

exposição moderada (7%) e elevada (20%) ao CO2, bem como a arquitetura do 

ciclo sono–vigília. Paralelamente, examinamos fêmeas submetidas ao protocolo 

de adoção cruzada repetida como modelo de estresse precoce na vida, 

avaliando a responsividade ao CO2 e a morfologia microglial do LC na idade 

adulta. A manipulação microglial no LC não alterou as respostas ventilatórias ao 

CO2, mas atenuou o comportamento de fuga durante o estímulo panicogênico. 

Além disso, os animais que receberam microinjeção do fármaco depletor de 

micróglia, clodronato dissódico (CDS), apresentaram aumento do tempo de sono 

NREM durante a fase escura. Notavelmente, o estresse precoce na vida não 

potencializou as respostas ventilatórias do tipo pânico ao CO2 em fêmeas, 

sugerindo uma dissociação sexo-específica entre alterações neuroimunes e 

reatividade quimiossensória. Em conjunto, esses achados indicam que a 

micróglia do locus coeruleus não constitui um determinante primário das 

respostas ventilatórias ou comportamentais do tipo pânico evocadas pelo CO2 

em fêmeas, mas pode contribuir para a regulação da arquitetura do sono, 

particularmente do sono NREM. A ausência de potencialização das respostas ao 

CO2 induzida pelo estresse precoce reforça a existência de uma dissociação 

sexo-específica entre alterações neuroimunes e reatividade quimiossensória, 

destacando mecanismos regulatórios distintos subjacentes ao estresse, ao sono 

e ao processamento de ameaças interoceptivas em fêmeas. 

Palavras-chave: Locus coeruleus (LC); Micróglia; Sono e vigília; Transtorno do 
Pânico; Estresse precoce; Adoção Cruzada Repetida 
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Participation of locus coeruleus microglia in the sleep–wake cycle and in 

respiratory and behavioral responses to panicogenic stimuli 

Abstract: Stress-related disorders are strongly influenced by noradrenergic 

circuits and neuroinflammation and show marked sex differences, yet the 

contribution of locus coeruleus (LC) microglia to physiological and behavioral 

stress responses in females remains poorly understood. Here, we investigated 

the role of LC microglia in female mice in regulating ventilatory, behavioral, and 

sleep–wake responses to hypercapnic challenges and early-life stress. Using 

pharmacological microglial depletion with disodium clodronate, we assessed 

ventilatory and behavioral responses to moderate (7%) and high (20%) CO2 

exposure, as well as sleep–wake architecture. In parallel, we examined females 

subjected to repeated cross-fostering as a model of early-life stress, assessing 

CO2 responsiveness and LC microglial morphology in adulthood. Microglial 

manipulation in the LC did not alter ventilatory responses to CO2, but attenuated 

escape behavior during the panicogenic stimulus; animals that received 

microinjections of the microglial-depleting drug clodronate disodium (CDS) 

exhibited increased time spent in NREM sleep during the dark phase. Notably, 

early-life stress did not potentiate panic-like ventilatory responses to CO2 in 

females, suggesting a sex-specific dissociation between neuroimmune 

alterations and chemosensory reactivity. Together, these findings indicate that 

LC microglia are not a primary driver of CO2-evoked ventilatory or panic-like 

behaviors in females but contribute to the regulation of sleep architecture, 

particularly NREM sleep. Moreover, the lack of early-life stress–induced 

potentiation of CO2 responses supports a sex-specific dissociation between 

neuroimmune alterations and chemosensory reactivity, highlighting distinct 

regulatory mechanisms underlying stress, sleep, and interoceptive threat 

processing in females.  

Keywords: neuroinflammation; glia; Sleep/awake cycle; Panic Disorder; Early 

life stress; Repeated Cross-Fostering, Hypercapnia 
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CAPÍTULO 1- CONSIDERAÇÕES GERAIS  

1. Introdução 

O locus coeruleus (LC) abriga a maioria dos neurônios produtores de 

noradrenalina (NA) no encéfalo e envia projeções noradrenérgicas 

generalizadas para todas as principais divisões do sistema nervoso central 

(SNC) (Schwarz & Luo, 2015; Poe, 2020). Essa região regula funções 

fundamentais, como o controle respiratório, por meio da quimiossensibilidade ao 

CO2, e respostas emocionais e físicas durante episódios de estresse 

(Gargaglioni et al., 2010; Ripamonte et al., 2024). 

Os neurônios noradrenérgicos do LC são essenciais para a regulação do 

estado de vigília/alerta (Berridge et al., 2012), apresentando atividade 

dependente do estado de despertar e sendo considerados um dos principais 

núcleos promotores da vigília (Samuels e Szabadi, 2008). Além dos neurônios, 

as células da glia tornam-se alvos relevantes em estudos que buscam 

compreender os mecanismos celulares envolvidos na regulação do ciclo sono-

vigília. Nesse contexto, ainda não se verificou se a micróglia do LC está 

envolvida na modulação do ciclo sono-vigília ou se participa da 

quimiossensibilidade ao CO2 de forma ciclo-dependente, uma vez que já foi 

demonstrado que essas células afetam a duração do sono, aumentando o tempo 

gasto em sono NREM durante a fase escura, e que são importantes para 

alterações sinápticas durante a vigília (Corsi et al., 2022). 

As informações sobre o LC e sua micróglia tornam-se ainda mais 

relevantes quando consideradas à luz das evidências de que experiências 

adversas no início da vida modulam de forma duradoura a suscetibilidade a 

transtornos psiquiátricos, incluindo o transtorno do pânico (Heim & Nemeroff, 

2001; Horesh et al., 1997; McEwen, 2000). Nesse contexto, modelos 

pré-clínicos que combinam separação materna precoce, hipersensibilidade ao 

CO2 e alterações em circuitos de estresse, como aqueles baseados no protocolo 

de adoção cruzada repetida (ACR), demonstram que o estresse precoce está 

associado a aumento do volume corrente e hiperventilação em resposta a 

desafios hipercápnicos ao longo da vida (Battaglia et al., 2007; 2008; 2014; 



5 

D’Amato et al., 2011; Dumont et al., 2011; Leibold et al., 2016; Winter et al., 

2017; Spiacci et al., 2018; Battaglia et al., 2019). Inseridos nesse cenário, o LC 

(pela sua posição central em circuitos noradrenérgicos de resposta ao estresse 

e de controle respiratório) e a micróglia local surgem como possíveis alvos para 

compreender como o estresse precoce interage com a quimiossensibilidade ao 

CO2. 
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4. Discussion

This study demonstrates that LC microglia are not primary drivers of 

CO₂-evoked ventilatory or panic-like responses in females, but instead exert a 

modulatory influence on sleep regulation, particularly NREM sleep. Notably, 

early-life stress failed to potentiate CO₂ responsiveness, revealing a sex-

specific dissociation between neuroimmune alterations and chemosensory 

reactivity. Together, these findings point to distinct regulatory mechanisms 

underlying stress-related neuroimmune signaling, sleep architecture, and 

interoceptive threat processing in females. 

The absence of robust changes in the ventilatory response to 

hypercapnia following LC microglial depletion in females may be explained by 

the distributed organization of central chemoreception (Nattie, 2012). Several 

studies indicate that ventilation in response to elevated CO2 arises from the 

integration of multiple chemosensitive sites located in the brainstem, 

including the retrotrapezoid nucleus (RTN), raphe nuclei, nucleus of the 

solitary tract, and the LC itself, such that lesioning or manipulating a single 

nucleus tends to attenuate, but not abolish, the ventilatory response (Guynet et 

al., 2015). Indeed, in rats, selective lesion of LC noradrenergic neurons with 

6-hydroxydopamine reduces the ventilatory response to hypercapnia (7% 

CO2), primarily through a decrease in tidal volume, without completely 

eliminating the increase in ventilation (Biancardi et al., 2008), demonstrating 

the existence of compensatory mechanisms in other chemosensitive 

neuronal populations. In this context, the fact that LC microglial depletion in 

females in the present study resulted in a modest reduction in VT and, 

consequently, VE during CO2 exposure (when compared with the control group), 

without reaching statistical significance, suggests that microglia may 

contribute subtly to the modulation of this response but do not constitute a 

determining element of the ventilatory response. Another possibility is that in 

females, there is a small participation of LC in the CO2-ventilatory response. 

Indeed, previous study from our laboratory showed that females did not exhibit 

LC noradrenergic 
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activation after CO2 challenge (20% CO2) (Ripamonte et al., 2024). In addition, 

females exhibited attenuated behavioral responsiveness to CO₂ compared with 

males (Ripamonte et al., 2024). Accordingly, sex-specific patterns of CO₂-evoked 

LC recruitment may contribute to the divergent behavioral responses observed 

between males and females. Such differences in LC activation are likely shaped, 

at least in part, by sex-dependent variation in the distribution of sex steroid 

hormone receptors within the LC, as well as by differences in circulating sex 

hormone levels. 

Studies involving microglial manipulation in other regions implicated in 

respiratory control have predominantly shown modulatory and context-dependent 

effects that are more pronounced under challenge conditions, such as systemic 

inflammation (Lorea-Hernández et al., 2015; Marciante et al., 2024). 

Pharmacological modulation or microglial depletion in brainstem respiratory 

rhythm–generating regions alters respiratory pattern and plasticity, particularly 

during hypoxia or inflammatory states, but does not necessarily produce large 

changes in resting ventilation (Lorea-Hernández et al., 2015; Marciante et al., 

2024). Thus, it is plausible that, in healthy females, localized depletion of LC 

microglia is compensated by other chemosensitive nuclei and by intrinsic 

neuronal mechanisms within the LC itself, resulting in discrete ventilatory 

changes in response to CO2. 

Depletion of LC microglia altered panic-like behavior during exposure to a 

panicogenic hypercapnic challenge (20% CO2). Although the animals remained 

responsive to CO2, the expression of active escape behaviors, specifically 

running episodes (maximum speed), was reduced, indicating that LC microglia 

contribute more to the regulation of escape responses than to the initial 

perception of the threat. These findings suggest that local microglial populations 

within the LC may play a role in organizing or sustaining defensive strategies. In 

this context, a recent study by Ripamonte et al. (2024) showed that disruption of 

noradrenergic signaling in the LC (LC–NA) also attenuates active escape 

behaviors during CO2-induced panic-like responses, with animals displaying 

reduced locomotor escape. These findings indicate that proper LC–NA function 

is necessary for the expression of panic-related behaviors and suggest that LC 

microglia may modulate escape responses during panicogenic challenges. 
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Microglial depletion of the LC in females produced alterations in the sleep–

wake cycle consistent with the modulatory role of these cells in sleep 

homeostasis, particularly via noradrenergic regulation. Animals treated with CDS 

in the LC exhibited an apparent prolongation of wakefulness during the light 

phase, with a concomitant reduction during the dark phase, although these 

effects did not reach statistical significance. At this point, it is important to highlight 

some limitations of our study, such as (1) the sample size of the groups and, 

consequently, (2) intra-group variability, which together may have limited the 

more precise detection of changes in the parameters investigated. This response 

pattern suggests destabilization of wakefulness, with greater fragmentation and 

unstable transitions between states, a finding that has been widely reported 

following systemic or regional microglial depletion (Seifinejad et al., 2025; Liu et 

al., 2021; Picard et al., 2023). Specifically, microglia-depleted mice exhibit 

reduced stable nocturnal wakefulness (dark phase) and increased wake→NREM 

and NREM→wake transitions, resulting in shorter, more unstable wake episodes 

(Seifinejad et al., 2025; Liu et al., 2021). In the present study, the apparent 

increase in wakefulness during the light phase may reflect an initial compensatory 

response or a localized effect within the LC, a key noradrenergic nucleus for wake 

consolidation, whose microglial modulation affects norepinephrine (NE) signaling 

(Seifinejad et al., 2025; Gu et al., 2023; Ma et al., 2024). 

More robustly, LC microglial depletion significantly increased NREM sleep 

time during the dark phase and appeared to reduce it during the light phase. This 

pattern aligns with findings from multiple mouse studies in which microglial 

depletion (pharmacological or genetic) increases total NREM time and the 

number of NREM episodes specifically during the active period (dark phase), 

without major changes in REM sleep (Seifinejad et al., 2025; Liu et al., 2021; 

Picard et al., 2023). For example, microglial depletion with PLX5622 reduces 

wakefulness and increases NREM sleep during the dark phase, an effect 

attributed to wake instability, mediated by alterations in the anterior thalamic 

reticular nucleus (aTRN) and by ceramide production (Seifinejad et al., 2025; Liu 

et al., 2021). Similarly, selective microglial depletion in females increases both 

the duration and number of NREM episodes, with more pronounced effects 

during the dark phase (Picard et al., 2023). These data suggest that LC microglia, 
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through suppression of NE signaling or the release of mediators such as 

adenosine, TNF-α, or ceramide, favor NREM consolidation during periods of 

higher sleep homeostatic pressure (Gu et al., 2023; Ma et al., 2024; Pinto et al., 

2024). 

The ventilatory responses of females subjected to the repeated cross-

fostering (RCF) protocol showed a significant increase in ventilatory response to 

hypercapnia, a pattern similar to that observed in the control group. These 

findings suggest that postnatal stress induced by RCF did not alter ventilatory 

sensitivity to CO2 in female mice. These data diverge from those reported by 

D'Amato et al. (2011) and Luchetti et al. (2021), who observed exacerbated 

hyperventilation in male rats and C57BL/6J mice subjected to the same 

environmental stress during exposure to 6% CO2 from infancy to adulthood. The 

discrepancy between studies may be attributed to important methodological 

differences: the present experiment was conducted exclusively in females and 

used a higher CO2 concentration (20%), which may influence the ventilatory 

response. In addition, sex differences in neurophysiological and hormonal 

responses to stress and hypercapnia are well recognized and may contribute to 

the observed divergences (Ripamonte et al., 2024). In the present study, females 

subjected to the RCF did not exhibit a behavioral response to CO2, in contrast to 

previous findings. Those earlier studies demonstrated that disturbances in the 

early postnatal environment, modeled by the cross-fostering protocol, produce 

sex-dependent effects on the adult phenotype. While male mice develop 

depression-like characteristics, females exhibit increased sensitivity to rewarding 

stimuli (Di Segni et al., 2016).  

The present findings demonstrate that the RCF protocol applied during 

early life did not induce long-lasting alterations in the morphology of LC microglial 

cells in adult females. These results can be interpreted in light of the literature 

describing baseline sex differences in microglial number, morphology, and 

developmental maturation trajectories, as well as the existence of critical 

windows of susceptibility to environmental and inflammatory challenges 

(Schwarz et al., 2012; Lenz & McCarthy, 2015). Evidence indicates that during 

early developmental stages, males have more microglia with an amoeboid 

phenotype than females, whereas females show a relative increase in microglial 

number only at later stages, such as adolescence and adulthood (Schwarz et al., 
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2012; Hanamsagar & Bilbo, 2017). In this context, females have been shown to 

exhibit greater resilience to the long-term consequences of neonatal immune 

activation, as early-life immune challenges tend to induce persistent alterations 

in males, whereas comparable effects are absent or attenuated in females in 

adulthood (Bilbo et al., 2011; Hodgson & Knott, 2002). These findings suggest 

that males and females exhibit fundamentally distinct responses to immune 

activation during early life, with females showing a greater capacity for adaptation 

or recovery following early neuroimmune perturbations. However, it is important 

to acknowledge that the interpretation of our findings is limited by the exclusive 

inclusion of females in the present analyses. Given the evidence for sex 

differences in microglial dynamics and responses to early-life stressors, the 

inclusion of males in future studies will be essential for a more comprehensive 

understanding of the effects of early-life stress on LC microglia, enabling the 

identification of potential windows of increased male vulnerability and clarifying 

whether the absence of morphological alterations observed in females reflects a 

sex-specific pattern of resilience or whether distinct outcomes would emerge in 

males exposed to the same experimental protocol. 

Several preclinical studies have investigated the long-term impact of 

critical early-life experiences on responses to motivational and aversive stimuli, 

highlighting the complexity of interactions between early stress and adult 

behavior (Nelson et al., 2009; Pechtel & Pizzagalli, 2011; Ventura et al., 2013; Di 

Segni et al., 2016; Novick et al., 2018). Furthermore, both the incidence of and 

susceptibility to stress-related disorders show marked differences between men 

and women. Studies indicate that women are at least twice as likely as men to 

develop psychopathologies involving altered processing of motivational stimuli, 

such as depression and anxiety (Kessler et al., 2003; Altemus, 2006; Valentino 

et al., 2012). In contrast to these patterns, the present data indicate that, in the 

panicogenic response to CO2, female mice did not exhibit changes relative to the 

control group, suggesting that ventilatory and behavioral sensitivity associated 

with early-life stress may be modulated differently by sex and stimulus type. This 

sex-specific resilience, or decoupling, in CO2-induced responses aligns with 

evidence that female rodents often exhibit distinct ventilatory chemosensitivity 

and active coping strategies (e.g., increased rearing) during interoceptive threats, 

potentially driven by differential recruitment of noradrenergic systems, such as 
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the locus coeruleus (Ahlbrand et al., 2024). Future studies examining stimulus-

specific interactions between early-life stress, sex hormones, and brainstem 

circuits will be crucial to elucidate these divergent trajectories and their 

translational relevance to panic disorder vulnerability in women.  

5. References

Ahlbrand, Rebecca, et al. "Sex-specific threat responding and neuronal engagement in carbon 
dioxide associated fear and extinction: Noradrenergic involvement in female mice." 
Neurobiology of Stress 30 (2024): 100617. 

Altemus, M. (2006). Sex differences in depression and anxiety disorders: Potential biological 
determinants. Hormones and Behavior, 50, 534–538. 

Antila, Hanna et al. A noradrenergic-hypothalamic neural substrate for stress-induced sleep 
disturbances. Proceedings of the National Academy of Sciences, v. 119, n. 45, p. 
e2123528119, 2022.  

Asher, M., Asnaani, A., Aderka, I.M., 2017. Gender differences in social anxiety disorder: A 
review. Clin Psychol Rev 56, 1–12. 

Aston-Jones, G., Bloom, F.E. 1981. Activity of norepinephrine-containing locus coeruleus 
neurons in behaving rats anticipates fluctuations in the sleep-waking cycle. J Neurosci., 
8, 876–86. 

Basilico, B., et al. (2022). What microglia depletion approaches tell us about the role of microglia 
on synaptic function and behavior. Frontiers in Cellular Neuroscience, 16, 1022431. 

Bast, N., Poustka, L., & Freitag, C. M. (2018). The locus coeruleus-norepinephrine system as 
pacemaker of attention - a developmental mechanism of derailed attentional function in 
autism spectrum disorder. Eur J Neurosci, 47(2), 115-125. doi:10.1111/ejn.13795 

Battaglia, M. (2012). Challenges in the appraisal and application of gene–environment 
interdependence. European Journal of Developmental Psychology, 9(4), 419–425. 

Battaglia, M., Ogliari, A., Harris, J., Spatola, C. A., Pesenti-Gritti, P., Reichborn-Kjennerud, T., 
Torgersen, S., Kringlen, E., & Tambs, K. (2007). A genetic study of the acute anxious 
response to carbon dioxide stimulation in man. Journal of Psychiatric Research, 41(11), 
906–917. 

Battaglia, M., Pesenti-Gritti, P., Medland, S. E., Ogliari, A., Tambs, K., & Spatola, C. A. (2009). A 
genetically informed study of the association between childhood separation anxiety, 
sensitivity toCO2, panic disorder, and the effect of childhood parental loss. Archives of 
General Psychiatry, 66(1), 64–71.  

Battaglia, M., Pesenti-Gritti, P., Spatola, C. A., Ogliari, A., & Tambs, K. (2008). A twin study of 
the common vulnerability between heightened sensitivity to hypercapnia and panic 
disorder. American Journal of Medical Genetics part BNeuropsychiatricGenetics, 
147B(5), 586–593.  

Battaglia, M., Rossignol, O., Bachand, K., D’Amato, F. R., & Koninck, Y. (2019). Amiloride 
modulation of carbon dioxide hypersensitivity and thermal nociceptive hypersensitivity 
induced by interference with early maternal environment. Journal of 
Psychopharmacology, 33(1), 101–108. 

Behan, M., & Wenninger, J. M. (2008). Sex steroidal hormones and respiratory control. 
Respiratory Physiology & Neurobiology, 164(1–2), 213–221. 

Bekhbat, M., Neigh, G.N., 2018. Sex differences in the neuro-immune consequences of stress: 
Focus on depression and anxiety. Brain Behav Immun 67, 1–12.  

Berridge, Craig W.; SCHMEICHEL, Brooke E.; ESPAÑA, Rodrigo A. Noradrenergic modulation 
of wakefulness/arousal. Sleep medicine reviews, v. 16, n. 2, p. 187-197, 2012 

Bhaskaran, D., Freed, C.R. 1988. Changes in neurotransmitter turnover in locus coeruleus 
produced by changes in arterial blood pressure. Brain Res Bull., 21, 191–199. 



48 

 

Biancardi, V., Bicego, K.C, Almeida, M.C, Gargaglioni, L.H. 2008. Locus coeruleus 
noradrenergic neurones and CO2 drive to breathing. Eur J Physiol., 455, 1119–1128  

Biancardi, V., Bícego, K.C., Gargaglioni, L.H. 2014. ATP in the locus coeruleus as a modulator 
of cardiorespiratory control in unanaesthetized male rats. Exp Physiol. Exp Physiol., 99, 
232-47.  

Bilbo SD, Smith SH, Schwarz JM. A Lifespan Approach to Neuroinflammatory and Cognitive 
 Disorders: A Critical Role for Glia. J. Neuroimmune Pharmacol. 2011 

Brody, D.J., Pratt, L.A., Hughes, J.P., 2018. Prevalence of Depression Among Adults Aged 20 
and Over: United States, 2013–2016. NCHS Data Brief(303), 1–8.  

Corsi, Giorgio et al. Microglia modulate hippocampal synaptic transmission and sleep duration 
along the light/dark cycle. Glia, v. 70, n. 1, p. 89-105, 2022.  

D’Amato, F. R., Zanettini, C., Lampis, V., Coccurello, R., Pascucci, T., Ventura, R., Puglisi-
Allegra, S., Spatola, C. A., Pesenti-Gritti, P., Oddi, D., Moles, A., & Battaglia, M. (2011). 
Unstable maternal environment, separation anxiety, and heightened CO2 sensitivity 
induced by gene-by-environment interplay. PLoS One, 6(4), e18637.  

Danese A, et al. (2008) Elevated inflammation levels in depressed adults with a history of 
childhood maltreatment. Arch Gen Psychiatry 65(4):409–415.  

Danese A, et al. (2009) Adverse childhood experiences and adult risk factors for age- related 
disease: Depression, inflammation, and clustering of metabolic risk markers. Arch 
Pediatr Adolesc Med 163(12):1135–1143.  

Danese A, et al. (2011) Biological embedding of stress through inflammation pro- cesses in 
childhood. Mol Psychiatry 16(3):244–246.  

Danese A, Pariante CM, Caspi A, Taylor A, Poulton R (2007) Childhood maltreatment predicts 
adult inflammation in a life-course study. Proc Natl Acad Sci USA 104(4):1319–1324.  

Deslauriers, Jessica, et al. Current status of animal models of posttraumatic stress disorder: 
behavioral and biological phenotypes, and future challenges in improving translation. 
Biological psychiatry 83.10 (2018): 895-907.  

Di Segni, D., Andolina, A., Luchetti, L., Babicola, L., D’Apolito, L. I., Pascucci, T., Conversi, D., 
Accoto, A., D’Amato, F. R., & Ventura, R. (2016). Unstable maternal environment affects 
stress response in adult mice in a genotype-dependent manner. Cerebral Cortex, 26, 
4370–4380. 

Di Segni, Matteo, et al. "Sex-dependent effects of early unstable post-natal environment on 
response to positive and negative stimuli in adult mice." Neuroscience 413 (2019): 1-10. 

Dumont, F. S., Biancardi, V., & Kinkead, R. (2011). Hypercapnic ventilatory response of 
anesthetized female rats subjected to neonatal maternal separation: Insight into the 
origins of panic attacks? Respiratory Physiology and Neurobiology, 175(2), 288–295.  

Fabris, G., Anselmo-Franci, J.A, Branco, L.G. 1999. Role of nitric oxide in hypoxia-induced 
hyperventilation and hypothermia: participation of the locus coeruleus. Braz J Med Biol 
Res.32,1389–1398.  

Finnell, J.E., Wood, S.K., 2018. Putative Inflammatory Sensitive Mechanisms Underlying Risk 
or Resilience to Social Stress. Front Behav Neurosci 12, 240.  

Fortress, A. M., Hamlett, E. D., Vazey, E. M., Aston-Jones, G., Cass, W. A., Boger, H. A., & 
Granholm, A. C. (2015). Designer receptors enhance memory in a mouse model of Down 
syndrome. J Neurosci, 35(4), 1343- 1353. doi:10.1523/JNEUROSCI.2658-14.2015  

Fóscolo, Daniela RC, et al. "Early maternal separation alters the activation of stress-responsive 
brain areas in adulthood." Neuroscience Letters 771 (2022): 136464.  

Furtado, Melissa, and Martin A. Katzman. Neuroinflammatory pathways in anxiety, posttraumatic 
stress, and obsessive compulsive disorders. Psychiatry Research 229.1-2 (2015): 37-
48.  

Gargaglioni, L.H., Hartzler, L.K., Putnam, R.W. 2010. The Locus coeruleus and central 
chemosensitivity. Respir Physiol Neurobiol., 173, 264-273 

Garofalo, Stefano et al. Role of glia in the regulation of sleep in health and disease. Compr. 
Physiol, v. 10, p. 687-712, 2020 

Gu, Xiaochun, et al. "Imaging microglia surveillance during sleep-wake cycles in freely behaving 
mice." Elife 12 (2023): RP86749. 



49 

 

Guyenet PG, Bayliss DA. Neural Control of Breathing and CO2 Homeostasis. Neuron. 2015 Sep 
2;87(5):946-61. doi: 10.1016/j.neuron.2015.08.001. PMID: 26335642; PMCID: 
PMC4559867. 

Hanamsagar, Richa, and Staci D. Bilbo. "Sex differences in neurodevelopmental and 
neurodegenerative disorders: focus on microglial function and neuroinflammation during 
development." The Journal of steroid biochemistry and molecular biology 160 (2016): 
127-133. 

Hankin, B.L., Abramson, L.Y., Moffitt, T.E., Silva, P.A., McGee, R., Angell, K.E., 1998. 
Development of depression from preadolescence to young adulthood: emerging gender 
differences in a 10-year longitudinal study. J Abnorm Psychol 107 (1), 128–140.  

Heim, C., & Nemeroff, C. B. (2001). The role of childhood trauma in the neurobiology of mood 
and anxiety disorders: Preclinical and clinical studies. Biological Psychiatry, 49(12), 
1023–1039.  

Hilaire, G., Viemari, J.C., Coulon, P., Simonneau, M., Bévengut, M. 2004. Modulation of the 
respiratory rhythm generator by the pontine noradrenergic A5 and A6 groups in rodents. 
Respir Physiol Neurobiol., 143, 187-197. 

Hodgson DM, Knott B. Potentiation of tumor metastasis in adulthood by neonatal endotoxin 
exposure: sex differences. Psychoneuroendocrinology. 2002; 27:791–804.  

Holmes, S.E., Hinz, R., Conen, S., Gregory, C.J., Matthews, J.C., Anton-Rodriguez, J.M., 
Gerhard, A., Talbot, P.S., 2018. Elevated Translocator Protein in Anterior Cingulate in 
Major Depression and a Role for Inflammation in Suicidal Thinking: A Positron Emission 
Tomography Study. Biol Psychiatry 83 (1), 61–69.  

Horesh, N., Amir, M., Kedem, P., Goldberger, Y., & Kotler, M. (1997). Life events in childhood, 
adolescence and adulthood and the relationship to panic disorder. Acta Psychiatrica 
Scandinavica, 96(5), 373–378.  

Hu, Y., Shi, P., & Gao, Z. (2020). Norepinephrine from the locus coeruleus regulates microglia 
dynamics during wakefulness. Neuroscience Bulletin, 36(5), 554–556. 

Ingiosi, Ashley M.; OPP, Mark R.; KRUEGER, James M. Sleep and immune function: glial 
contributions and consequences of aging. Current opinion in neurobiology, v. 23, n. 5, p. 
806-811, 2013.  

Irwin, Michael R. Why sleep is important for health: a psychoneuroimmunology perspective. 
Annual review of psychology, v. 66, p. 143, 2015.  

Kessler RC, Chui WT, Demler O, Merikangas KR, Walters EE. Prevalence, severity and 
comorbidity of 12 month DSM-IV disorders in the National  Comorbidity Survey 
Replication. Arch. Gen. Psychiatry 62: 617-627, 2005  

Kessler, R. C., Berglund, P., Demler, O., Jin, R., Koretz, D., Merikangas, K. R., Rush, A. J., 
Walters, E. E., & Wang, P. S. (2003). The epidemiology of major depressive disorder: 
Results from the National Comorbidity Survey Replication (NCS-R). JAMA, 289, 3095–
3105. 

Kessler, R.C., 2003. Epidemiology of women and depression. J Affect Disord 74 (1), 5–13.  
Kessler, R.C., McGonagle, K.A., Swartz, M., Blazer, D.G., Nelson, C.B., 1993. Sex and 

depression in the National Comorbidity Survey. I: Lifetime prevalence, chronicity and 
recurrence. J Affect Disord 29 (2–3), 85–96.  

Klein, D. F. (1993). False suffocationalarms, spontaneouspanic, and relatedconditions. Archives 
of General Psychiatry, 50(4),  

Koshmanova, E., et al. (2023). Locus coeruleus activity while awake is associated with REM 
sleep quality in older individuals. JCI Insight, 8(20), e172008. 

Lawson, Linda J. et al. Heterogeneity in the distribution and morphology of microglia in the 
normal adult mouse brain. Neuroscience, v. 39, n. 1, p. 151-170, 1990.  

Leibold, N. K., van den Hove, D. L., Viechtbauer, W., Buchanan, G. F., Goossens, L., Lange, I., 
Knuts, I., Lesch, K. P., Steinbusch, H.W., &Schruers, K. R. (2016). CO2 exposure as 
translational cross-species experimental model for panic. Translational Psychiatry, 6(9), 
e885.  

Lenz, Kathryn M., and Margaret M. McCarthy. "A starring role for microglia in brain sex 
differences." The Neuroscientist 21.3 (2015): 306-321. 



50 

 

Leskin, G. A., & Sheikh, J. I. (2004). Gender differences in panic disorder. Psychiatric Times, 
21(1) 

Little e Mallow et al., 2023. Disponível em: https://www.medicaleconomics.com/view/not-
screening-for-anxiety-costs-and-solutions.  

Liu H, Wang X, Chen L, Chen L, Tsirka SE, Ge S, Xiong Q. Microglia modulate stable 
wakefulness via the thalamic reticular nucleus in mice. Nat Commun. 2021 Jul 
30;12(1):4646. doi: 10.1038/s41467-021-24915-x. PMID: 34330901; PMCID: 
PMC8324895. 

Lorea‐Hernández, Jonathan‐Julio, et al. "Microglia modulate respiratory rhythm generation and 
autoresuscitation." Glia 64.4 (2016): 603-619. 

Luchetti, A., Battaglia, M., & D’Amato, F. R. (2016). Repeated cross-fostering protocol as a 
mouse model of early environmental instability. Bio-Protocol, 6(4), e1734. 

Luchetti, A., et al. (2021). Mouse model of panic disorder: Vulnerability to early environmental 
instability is strain-dependent. Developmental Psychobiology, 63(6), e22135. 

Luchetti, A., Oddi, D., Lampis, V., Centofante, E., Felsani, A., Battaglia, M., & D’Amato, F. R. 
(2015). Early handling and repeated cross-fostering have opposite effect on mouse 
emotionality. Frontiers in Behavioral Neuroscience, 9, 93.  

Luchetti, Alessandra, et al. Mouse model of panic disorder: Vulnerability to early environmental 
instability is strain‐dependent." Developmental Psychobiology 63.6 (2021): e22135.  

Ma, C., et al. (2024). Microglia regulate sleep through calcium-dependent modulation of 
norepinephrine transmission. Nature Neuroscience, 27(2), 249–258. 

Ma, Chenyan, et al. "Microglia regulate sleep through calcium-dependent modulation of 
norepinephrine transmission." Nature Neuroscience 27.2 (2024): 249-258. 

Mallampalli MP, Carter CL. (2014). Exploring sex and gender differences in sleep health: a 
Society for Women's Health Research Report. J Womens Health (Larchmt). 23(7):553-
62.  

Marciante, Alexandria B., et al. "Microglia regulate motor neuron plasticity via reciprocal 
fractalkine and adenosine signaling." Nature Communications 15.1 (2024): 
10349. 

Marques, Danuzia A., et al. Impact of ovariectomy and CO2 inhalation on microglia morphology 
in select brainstem and hypothalamic areas regulating breathing in female rats. Brain 
Research 1756 (2021): 147276.  

McEwen, B. S. (2000). Effects of adverse experiences for brain structure and function. Biological 
Psychiatry, 48(8), 721–731.  

McKinney A, Hu M, Hoskins A, Mohammadyar A, Naeem N, Jing J, Patel SS, Sheth BR, Jiang 
X. 2023. Cellular and circuit organization of the locus coeruleus of adult mice.  

McLean, C. P., Asnaani, A., Litz, B. T., & Hofmann, S. G. (2011). Gender differences in anxiety 
disorders: Prevalence, course of illness, comorbidity and burden of illness. Journal of 
Psychiatric Research, 45(8), 1027–1035. 

Michopoulos, V., Powers, A., Gillespie, C. F., Ressler, K. J. & Jovanovic, T. Inflammation in fear- 
and anxiety-based disorders: PTSD, GAD, and beyond. Neuropsychopharmacology 42, 
254–270 (2017).  

Moieni, M., Irwin, M.R., Jevtic, I., Olmstead, R., Breen, E.C., Eisenberger, N.I., 2015. Sex 
differences in depressive and socioemotional responses to an inflammatory challenge: 
implications for sex differences in depression. Neuropsychopharmacology 40 (7), 1709–
1716.  

Nattie E, Li A. Central chemoreceptors: locations and functions. Compr Physiol. 2012 
Jan;2(1):221-54. doi: 10.1002/cphy.c100083. PMID: 23728974 

Nelson, E. E., Herman, K. N., Barrett, C. E., Noble, P. L., Wojteczko, K., Chisholm, K., Delaney, 
D., Ernst, M., Fox, N. A., Suomi, S. J., Winslow, J. T., & Pine, D. S. (2009). Adverse 
rearing experiences enhance responding to both aversive and rewarding stimuli in 
juvenile rhesus monkeys. Biological Psychiatry, 66, 702–704. 

Novick, A. M., Levandowski, M. L., Laumann, L. E., Philip, N. S., Price, L. H., & Tyrka, A. R. 
(2018). The effects of early life stress on reward processing. Journal of Psychiatric 
Research, 101, 80–103. 



51 

 

Oliveira, B. F. G., Quagliato, L. A., Frias, A. T., Patrone, L. G. A., Fonseca, E. M., Reis, M. E., 
Raimundo, B. V. B., Oliveira, K. C., Biasioli, M. M. S., Marcos, C. M., Souza-Moreira, T. 
M., Dalvi-Garcia, F., Horato, N., Bícego, K. C., Zangrossi, H., Jr., Medeiros, A. I., Nardi, 
A. E., & Gargaglioni, L. H. (in press). Minocycline attenuates panicogenic responses in 
a CO₂-induced panic attack model: A translational approach 

Osorio-Forero, Alejandro et al. When the Locus Coeruleus Speaks Up in Sleep: Recent Insights, 
Emerging Perspectives. International Journal of Molecular Sciences, v. 23, n. 9, p. 5028, 
2022.  

Oyamada, Y. et al. Respiration‐modulated membrane potential and chemosensitivity of locus 

coeruleus neurones in the in vitro brainstem‐spinal cord of the neonatal rat. The Journal 
of physiology, v. 513, n. 2, p. 381-398, 1998. 

Pate, Brittany S., et al. Site-Specific Knockdown of Microglia in the Locus Coeruleus Regulates 
Hypervigilant Responses to Social Stress in Female Rats. Brain, Behavior, and Immunity 
(2023). 

Patrone, L.G.A., Bicego, K.C., Hartzler, L.K, Putnam, R.W., Gargaglioni, L.H. 2014. 
Cardiorespiratory effects of gap junction blockade in the locus coeruleus in 
unanesthetized adult rats. Respir Physiol Neurobio., 190, 86-95.  

Paxinos, G., & Franklin, K. B. (2019). Paxinos and Franklin's the mouse brain in stereotaxic 
coordinates. Academic press.  

Pechtel, P., & Pizzagalli, D. A. (2011). Effects of early life stress on cognitive and affective 
function: An integrated review of human literature. Psychopharmacology, 214, 55–70. 

Picard K, Corsi G, Decoeur F, Di Castro MA, Bordeleau M, Persillet M, Layé S, Limatola C, 
Tremblay MÈ, Nadjar A. Microglial homeostasis disruption modulates non-rapid eye 
movement sleep duration and neuronal activity in adult female mice. Brain Behav Immun. 
107:153-164, 2023.  

Picard, Katherine, et al. "Microglial homeostasis disruption modulates non-rapid eye movement 
sleep duration and neuronal activity in adult female mice." Brain, Behavior, and 
Immunity 107 (2023): 153-164. 

Pinto, Maria Joana, et al. "Microglial TNFα controls daily changes in synaptic GABAARs and 
sleep slow waves." Journal of Cell Biology 223.7 (2024): e202401041. 

Poe, Gina R. et al. Locus coeruleus: a new look at the blue spot. Nature Reviews Neuroscience, 
v. 21, n. 11, p. 644-659, 2020.  

Putnam, R.W, Filosa, J.A, Ritucci, N.A. 2004. Cellular mechanisms involved in CO2 and acid 
signaling in chemosensitive neurons. Am J Physiol Cell Physiol.,287, C1493-1526  

Richards, E.M., Zanotti-Fregonara, P., Fujita, M., Newman, L., Farmer, C., Ballard, E.D., 
Machado-Vieira, R., Yuan, P., Niciu, M.J., Lyoo, C.H., Henter, I.D., Salvadore, G., 
Drevets, W.C., Kolb, H., Innis, R.B., Zarate Jr., C.A., 2018. PET radioligand binding to 
translocator protein (TSPO) is increased in unmedicated depressed subjects. EJNMMI 
Res 8 (1), 57.  

Ripamonte GC, Fonseca EM, Frias AT, Patrone LG, Vilela-Costa HH, Szawka RE., Bícego KC, 
Zangrossi Jr H, Plummer N, Jensen P, Gargaglioni LH. Locus coeruleus noradrenaline 
depletion and its differential impact on CO2-induced panic and hyperventilation in male 
and female mice. 

Samuels, E.R, Szabadi, E. 2008. Functional neuroanatomy of the noradrenergic locus 
coeruleus: its roles in the regulation of arousal and autonomic function part I: principles 
of functional organisation. Curr Neuropharmacol., 6, 235-253.  

Schalbetter, Sina M., et al. Adolescence is a sensitive period for prefrontal microglia to act on 
cognitive development. Science Advances 8.9 (2022): eabi6672.  

Schwarz, Lindsay A.; LUO, Liqun. Organization of the locus coeruleus-norepinephrine system. 
Current Biology, v. 25, n. 21, p. R1051-R1056, 2015.  

Schwarz, Jaclyn M., and Staci D. Bilbo. "Sex, glia, and development: interactions in health and 
disease." Hormones and behavior 62.3 (2012): 243-253. 

Seifinejad, A, et al. Contrasting contribution of resident and repopulated brain macrophages in 
sustaining sleep-wake circuitry. Commun Biol 8, 1339 (2025). 



52 

 

Shaib, F., Attarian, H. (2017). Sex and gender differences in sleep disorders: An overview. In: 
Principles of Gender-Specific Medicine (Third Edition) Gender in the Genomic Era. Pp. 
585-601.  

Sheikh, J. I., Leskin, G. A., & Klein, D. F. (2002). Gender differences in panic disorder: Findings 
from the National Comorbidity Survey. American Journal of Psychiatry, 159(1), 55–58. 

Sima, J., et al. (2024). Restoration of locus coeruleus noradrenergic transmission during sleep. 
bioRxiv. 

Southwick, S. M., Bremner, J. D., Rasmusson, A., Morgan, C. A., 3rd, Arnsten, A., & Charney, 
D. S. (1999). Role of norepinephrine in the pathophysiology and treatment of 
posttraumatic stress disorder. Biol Psychiatry, 46(9), 1192-1204. doi:10.1016/s0006-
3223(99)00219-x  

Spatola, C. A., Pesenti-Gritti, P., & Battaglia, M. (2011). Early parental loss, attachment styles, 
and risk of panic disorder: A population-based study. Journal of Affective Disorders, 
130(1–2), 99–106. 

Spatola, C. A., Scaini, S., Pesenti-Gritti, P., Medland, S. E., Moruzzi, S., Ogliari, A., Tambs, K., 
& Battaglia, M. (2011). Gene-environment interactions in panic disorder and CO2 
sensitivity: Effects of events occurring early in life. American Journal of Medical Genetics 
part B Neuropsychiatric Genetics, 156(1), 79–88.  

Spiacci Jr, Ailton, et al. Panic-like escape response elicited in mice by exposure to CO2, but not 
hypoxia." Progress in Neuro-Psychopharmacology and Biological Psychiatry 81 (2018): 
178 186.  

Spiacci, A., Jr., Kanamaru, F., Guimarães, F. S., & Oliveira, A. (2018). Panic-like escape 
response elicited in mice by exposure to CO₂, but not hypoxia. Progress in Neuro-
Psychopharmacology and Biological Psychiatry, 81, 178–186. 

Steffens SK, Stenberg TH, Wigren HM. Alterations in microglial morphology concentrate in the 
habitual sleeping period of the mouse. Glia. 2023  

Stence, Nick, Marc Waite, and Michael E. Dailey. "Dynamics of microglial activation: A confocal 
time‐lapse analysis in hippocampal slices." Glia 33.3 (2001): 256-266.  

Stowell, R.D., Wong, E.L., Batchelor, H.N., Mendes, M.S., Lamantia, C.E., Whitelaw, B.S., 
Majewska, A.K. Cerebellar microglia are dynamically unique and survey Purkinje 
neurons in vivo. Dev. Neurobiol. 78, 627–644, 2018.  

Sved, A.F, Felsten, G. 1987. Stimulation of the locus coeruleus decreases arterial pressure. 
Brain Res., 414,19–32.  

Svensson, T.H., Thorén, P. 1979. Brain noradrenergic neurons in the locus coeruleus: inhibition 
by blood volume load through vagal afferents. Brain Res., 172,174–178.  

Tremblay, Marie-Ève; LOWERY, Rebecca L.; MAJEWSKA, Ania K. Microglial interactions with 
synapses are modulated by visual experience. PLoS Biol, v. 8, n. 11, p. e1000527, 2010.  

Valentino, R. J., Reyes, B., Van Bockstaele, E., & Bangasser, D. (2012). Molecular and cellular 
sex differences at the intersection of stress and arousal. Neuropharmacology, 62, 13–
20. 

Van Duinen, Marlies, Judith Rickelt, and Eric Griez. Validation of the electronic visual analogue 
scale of anxiety. Progress in neuro-psychopharmacology and biological psychiatry 32.4 
(2008): 1045-1047.  

Van Egroo, M., et al. (2022). Importance of the locus coeruleus–norepinephrine system in sleep–
wake regulation: Implications for aging and Alzheimer’s disease. Sleep Medicine 
Reviews, 62, 101592. 

VanRyzin JW, Marquardt AE, Pickett LA, McCarthy MM. Microglia and sexual differentiation of 
the developing brain: A focus on extrinsic factors. Glia. doi: 10.1002/glia.23740, 2019  

Ventura, R., Coccurello, R., Andolina, D., Latagliata, E. C., Zanettini, C., Lampis, V., Battaglia, 
M., D’Amato, F. R., & Moles, A. (2013). Postnatal aversive experience impairs sensitivity 
to natural rewards and increases susceptibility to negative events in adult life. Cerebral 
Cortex, 23, 1606–1617. 

Verdonk, Franck et al. Phenotypic clustering: a novel method for microglial morphology analysis. 
Journal of neuroinflammation, v. 13, n. 1, p. 153, 2016.  



53 

 

Vollmer LL, Ghosal S, McGuire JL, Ahlbrand RL, Li KY, Santin JM, Ratliff-Rang CA, Patrone LG, 
Rush J, Lewkowich IP, Herman JP, Putnam RW, Sah R.Biol Psychiatry. 2016 Oct 
1;80(7):541-51. doi: 10.1016/j.biopsych.2016.04.022  

Vollmer, L. L., Ainsworth, S., & Riccio, D. C. (2015). Panic responses in rodents exposed to CO₂: 
A translational model of panic disorder. Neuroscience & Biobehavioral Reviews, 48, 44–
56. 

Vollmer, L. L., Strawn, J. R., & Sah, R. (2015). Acid-base dysregulation and chemosensory 
mechanisms in panic disorder: A translational update. Translational Psychiatry, 5(5), 
e572.  

Weinshenker, D. (2018). Long Road to Ruin: Noradrenergic Dysfunction in Neurodegenerative 
Disease. Trends Neurosci, 41(4), 211-223. doi:10.1016/j.tins.2018.01.010  

Wiese, A. D., & Boutros, N. N. (2019). Diagnostic utility of sodium lactate infusion and CO2-35% 
inhalation for panic disorder. Neuropsychobiology, 78(2), 59–69.  

Wiese, S., Beckmann, H., & Winter, B. (2019). Behavioral and physiological responses to CO₂ 
exposure in experimental models of panic. Journal of Experimental Psychology, 32(3), 
212–220. 

Winter, A., Ahlbrand, R., Naik, D., & Sah, R. (2017). Differential behavioral sensitivity to carbon 
dioxide (CO2) inhalation in rats. Neuroscience, 346, 423–433. 

Winter, B., Wiese, S., Luchetti, A., & Battaglia, M. (2017). Testing the effects of early adverse 
environments on panic-like responses in mice. Behavioural Brain Research, 330, 56–62. 

Won, Eunsoo, and Yong-Ku Kim. Neuroinflammation-associated alterations of the brain as 
potential neural biomarkers in anxiety disorders. International Journal of Molecular 
Sciences 21.18 (2020): 6546. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 


	0b277eaacf83d35334f1758753e6eac16301659b622fbca0a615b3168cc465cf.pdf
	0b277eaacf83d35334f1758753e6eac16301659b622fbca0a615b3168cc465cf.pdf
	0b277eaacf83d35334f1758753e6eac16301659b622fbca0a615b3168cc465cf.pdf
	0b277eaacf83d35334f1758753e6eac16301659b622fbca0a615b3168cc465cf.pdf



