NEUROENDOCRINE-IMMUNOLOGICAL
INTERACTIONS IN HEALTH AND
DISEASE

EDITED BY: Vinicius Frias Carvalho, Ana Rosa Pérez and Clarissa M. Maya-Monteiro
PUBLISHED IN: Frontiers in Endocrinology and Frontiers in Neuroscience

,frontiers Research Topics


https://www.frontiersin.org/research-topics/9196/neuroendocrine-immunological-interactions-in-health-and-disease#articles
https://www.frontiersin.org/research-topics/9196/neuroendocrine-immunological-interactions-in-health-and-disease#articles
https://www.frontiersin.org/research-topics/9196/neuroendocrine-immunological-interactions-in-health-and-disease#articles
https://www.frontiersin.org/research-topics/9196/neuroendocrine-immunological-interactions-in-health-and-disease#articles
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org/journals/neuroscience

:' frontiers

Frontiers eBook Copyright Statement

The copyright in the text of
individual articles in this eBook is the
property of their respective authors
or their respective institutions or
funders. The copyright in graphics
and images within each article may
be subject to copyright of other
parties. In both cases this is subject
to a license granted to Frontiers.

The compilation of articles
constituting this eBook is the
property of Frontiers.

Each article within this eBook, and
the eBook itself, are published under
the most recent version of the
Creative Commons CC-BY licence.
The version current at the date of
publication of this eBook is

CC-BY 4.0. If the CC-BY licence is
updated, the licence granted by
Frontiers is automatically updated to
the new version.

When exercising any right under the
CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or eBook, as
applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of

others may be included in the

CC-BY licence, but this should be

checked before relying on the
CC-BY licence to reproduce those
materials. Any copyright notices
relating to those materials must be
complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed

in any copy, derivative work or
partial copy which includes the
elements in question.

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers” Conditions for Website
Use and Copyright Statement, and
the applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-88971-525-1
DOI10.3389/978-2-88971-525-1

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a
pioneering approach to the world of academia, radically improving the way scholarly
research is managed. The grand vision of Frontiers is a world where all people have
an equal opportunity to seek, share and generate knowledge. Frontiers provides
immediate and permanent online open access to all its publications, but this alone
is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access,
online journals, promising a paradigm shift from the current review, selection and
dissemination processes in academic publishing. All Frontiers journals are driven
by researchers for researchers; therefore, they constitute a service to the scholarly
community. At the same time, the Frontiers Journal Series operates on a revolutionary
invention, the tiered publishing system, initially addressing specific communities of
scholars, and gradually climbing up to broader public understanding, thus serving
the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include some
of the world’s best academicians. Research must be certified by peers before entering
a stream of knowledge that may eventually reach the public - and shape society;
therefore, Frontiers only applies the most rigorous and unbiased reviews.

Frontiers revolutionizes research publishing by freely delivering the most outstanding
research, evaluated with no bias from both the academic and social point of view.
By applying the most advanced information technologies, Frontiers is catapulting
scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals
Series: they are collections of at least ten articles, all centered on a particular subject.
With their unique mix of varied contributions from Original Research to Review
Articles, Frontiers Research Topics unify the most influential researchers, the latest
key findings and historical advances in a hot research area! Find out more on how
to host your own Frontiers Research Topic or contribute to one as an author by
contacting the Frontiers Editorial Office: frontiersin.org/about/contact

Frontiers in Endocrinology

1 October 2021 | Neuroendocrine and Immune Interactions


https://www.frontiersin.org/research-topics/9196/neuroendocrine-immunological-interactions-in-health-and-disease#articles
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/about/contact

NEUROENDOCRINE-IMMUNOLOGICAL
INTERACTIONS IN HEALTH AND
DISEASE

Topic Editors:
Vinicius Frias Carvalho, Oswaldo Cruz Foundation (Fiocruz), Brazil

Ana Rosa Pérez, Consejo Nacional de Investigaciones Cientificas y Técnicas
(CONICET), Argentina

Clarissa M. Maya-Monteiro, Oswaldo Cruz Foundation (Fiocruz), Brazil

Citation: Carvalho, V. F, Pérez, A. R., Maya-Monteiro, C. M., eds. (2021).
Neuroendocrine-Immunological Interactions in Health and Disease.
Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88971-525-1

Frontiers in Endocrinology 2 October 2021 | Neuroendocrine and Immune Interactions


https://www.frontiersin.org/research-topics/9196/neuroendocrine-immunological-interactions-in-health-and-disease#articles
https://www.frontiersin.org/journals/endocrinology
http://doi.org/10.3389/978-2-88971-525-1

Table of Contents

06

09

23

33

51

65

77

89

97

108

Editorial: Neuroendocrine-Immunological Interactions in Health and
Disease

Ana Rosa Pérez, Clarissa M. Maya-Monteiro and Vinicius Frias Carvalho
Diet-Induced Obesity Disturbs Microglial Immunometabolism in a
Time-of-Day Manner

Irina V. Milanova, Martin J. T. Kalsbeek, Xiao-Lan Wang, Nikita L. Korpel,
Dirk Jan Stenvers, Samantha E. C. Wolff, Paul de Goede,

Annemieke C. Heijboer, Eric Fliers, Susanne E. la Fleur, Andries Kalsbeek
and Chun-Xia Yi

Nursing Markedly Protects Postpartum Mice From Stroke: Associated
Central and Peripheral Neuroimmune Changes and a Role for Oxytocin
Creed M. Stary, Lijun Xu, Ludmilla A. Voloboueva,

Marcela Alcantara-Hernandez, Oiva J. Arvola, Juliana Idoyaga and

Rona G. Giffard

Toward the Existence of a Sympathetic Neuroplasticity Adaptive Mechanism
Influencing the Immune Response. A Hypothetical View—Part Il

Emanuel Bottasso

Toward the Existence of a Sympathetic Neuroplasticity Adaptive Mechanism
Influencing the Immune Response. A Hypothetical View—Part |

Emanuel Bottasso

Adrenal Steroids Modulate Fibroblast-Like Synoviocytes Response During
B. abortus Infection

Maria Virginia Gentilini, Guillermo Hernan Giambartolomei and

Maria Victoria Delpino

Overexpression of miR-146a Might Regulate Polarization Transitions of
BV-2 Cells Induced by High Glucose and Glucose Fluctuations
Yingiong Huang, Zhenling Liao, Xiahong Lin, Xiaohong Wu, Xiaoyu Chen,
Xuefeng Bai, Yong Zhuang, Yingxia Yang and Jinying Zhang

Progress of Research on Exosomes in the Protection Against Ischemic
Brain Injury

Xianhui Kang, Ziyi Zuo, Wandong Hong, Hongli Tang and Wujun Geng
Genotype-Phenotype Relationships and Endocrine Findings in
Prader-Willi Syndrome

Régis Afonso Costa, Igor Ribeiro Ferreira, Hiago Azevedo Cintra,
Leonardo Henrique Ferreira Gomes and Leticia da Cunha Guida

Leptin Induces Proadipogenic and Proinflammatory Signaling in
Adipocytes

Lohanna Palhinha, Sally Liechocki, Eugenio D. Hottz,

Jéssica Aparecida da Silva Pereira, Cecilia J. de Almeida,

Pedro Manoel M. Moraes-Vieira, Patricia T. Bozza and

Clarissa Menezes Maya-Monteiro

Frontiers in Endocrinology

3 October 2021 | Neuroendocrine and Immune Interactions


https://www.frontiersin.org/research-topics/9196/neuroendocrine-immunological-interactions-in-health-and-disease#articles
https://www.frontiersin.org/journals/endocrinology

123

132

141

147

158

172

181

194

210

214

Evidence in Favor of an Alternative Glucocorticoid Synthesis Pathway
During Acute Experimental Chagas Disease

Esdras da Silva Oliveira Barbosa, Eduardo A. Roggero, Florencia B. Gonzalez,
Rocio del Valle Fernandez, Vinicius Frias Carvalho, Oscar A. Bottasso,

Ana R. Pérez and Silvina R. Villar

Role of the End-Point Mediators of Sympathoadrenal and
Sympathoneural Stress Axes in the Pathogenesis of Experimental
Autoimmune Encephalomyelitis and Multiple Sclerosis

Ivan Pilipovi¢, Zorica Stoji¢-Vukanic, lvana Priji¢ and Gordana Leposavic
Adrenocorticotropic Hormone-Producing Paraganglioma With Low
Plasma ACTH Level: A Case Report and Review of the Literature

Siyue Liu, Zhelong Liu, Fugiong Chen, Weijie Xu and Gang Yuan
Transcriptional Analysis of Sepsis-Induced Activation and Damage of the
Adrenal Endothelial Microvascular Cells

Lan-Sun Chen, Sumeet P. Singh, Gregor Muller, Stefan R. Bornstein and
Waldemar Kanczkowski

The Role of Short-Chain Fatty Acids From Gut Microbiota in Gut-Brain
Communication

Ygor Parladore Silva, Andressa Bernardi and Rudimar Luiz Frozza
Exposure to the UV Filter Octyl Methoxy Cinnamate in the Postnatal
Period Induces Thyroid Dysregulation and Perturbs the Immune System
of Mice

Fausto Klabund Ferraris, Esdras Barbosa Garcia, Amanda da Silva Chaves,
Thais Morais de Brito, Lais Higino Doro, Naina Monsores Félix da Silva,
Amanda Soares Alves, Tatiana Almeida Padua,

Maria das Gracas M. O. Henriques, Tiago Savignon Cardoso Machado and
Fabio Coelho Amendoeira

Behavioral Abnormalities in Knockout and Humanized Tau Mice

Rafaella Araujo Goncalves, Nadeeja Wijesekara, Paul E. Fraser and
Fernanda G. De Felice

Evidence for a More Disrupted Immune-Endocrine Relation and Cortisol
Immunologic Influences in the Context of Tuberculosis and Type 2
Diabetes Comorbidity

Rocio D. V. Fernandez, Ariana Diaz, Bettina Bongiovanni, Georgina Gallucci,
Diego Bértola, Walter Gardefiez, Susana Lioi, Yésica Bertolin,

Romina Galliano, Maria L. Bay, Oscar Bottasso and Luciano D’Attilio
Hashimoto’s Encephalopathy Mimicking Viral Encephalitis: A Case Report
Miaomiao Yu, Yu Yang, Xianyi Ma, Yinyin Xie, Ningning Sun and

Hongmei Meng

Immunoendocrine Peripheral Effects Induced by Atypical Antipsychotics
Samantha Alvarez-Herrera, Raul Escamilla, Oscar Medina-Contreras,
Ricardo Saracco, Yvonne Flores, Gabriela Hurtado-Alvarado,

José Luis Maldonado-Garcia, Enrique Becerril-Villanueva,

Gilberto Pérez-Sanchez and Lenin Pavon

Frontiers in Endocrinology

4 October 2021 | Neuroendocrine and Immune Interactions


https://www.frontiersin.org/research-topics/9196/neuroendocrine-immunological-interactions-in-health-and-disease#articles
https://www.frontiersin.org/journals/endocrinology

240

252

264

276

287

Intranasal Flunisolide Suppresses Pathological Alterations Caused by
Silica Particles in the Lungs of Mice

Tatiana Paula Teixeira Ferreira, Januario Gomes Mourdo e Lima,
Francisco Alves Farias-Filho, Yago Amigo Pinho Jannini de S3,

Ana Carolina Santos de Arantes, Fernanda Verdini Guimaraes,

Vinicius de Frias Carvalho, Cory Hogaboam, John Wallace,

Marco Aurélio Martins and Patricia Machado Rodrigues e Silva

Brucella abortus Infection Modulates 3T3-L1 Adipocyte Inflammatory
Response and Inhibits Adipogenesis

Ayelén Ivana Pesce Viglietti, Guillermo Hernan Giambartolomei,

Jorge Quarleri and Maria Victoria Delpino

Leptin Elicits In Vivo Eosinophil Migration and Activation: Key Role of
Mast Cell-Derived PGD2

Natalia R. T. Amorim, Glaucia Souza-Almeida, Tatiana Luna-Gomes,
Patricia T. Bozza, Claudio Canetti, Bruno L. Diaz, Clarissa M. Maya-Monteiro
and Christianne Bandeira-Melo

Intracerebroventricular Administration of Interferon-Alpha Induced
Depressive-Like Behaviors and Neurotransmitter Changes in Rhesus
Monkeys

Zhifei Li, Zhaoxia Li, Xiaoman Lv, Zhaofu Li, Lei Xiong, Xintian Hu and
Dongdong Qin

Current Aspects of the Role of Autoantibodies Directed Against
Appetite-Regulating Hormones and the Gut Microbiome in Eating
Disorders

Kvido Smitka, Petra Prochazkova, Radka Roubalova, Jiri Dvorak,

Hana Papezova, Martin Hill, Jaroslav Pokorny, Otomar Kittnar, Martin Bilej
and Helena Tlaskalova-Hogenova

Frontiers in Endocrinology

5 October 2021 | Neuroendocrine and Immune Interactions


https://www.frontiersin.org/research-topics/9196/neuroendocrine-immunological-interactions-in-health-and-disease#articles
https://www.frontiersin.org/journals/endocrinology

:\' frontiers

in Endocrinology

EDITORIAL
published: 06 September 2021
doi: 10.3389/fendo.2021.718893

OPEN ACCESS

Edited and reviewed by:
Hubert Vaudry,
Université de Rouen, France

*Correspondence:

Ana Rosa Pérez
perez@idicer-conicet.gob.ar
Clarissa M. Maya-Monteiro
clarissa@ioc.fiocruz.br
Vinicius Frias Carvalho
vfrias@ioc.fiocruz.br

Specialty section:

This article was submitted to
Neuroendocrine Science,

a section of the journal
Frontiers in Endocrinology

Received: 071 June 2021
Accepted: 07 July 2021
Published: 06 September 2021

Citation:

Pérez AR, Maya-Monteiro CM and
Carvalho VF (2021) Edlitorial:
Neuroendocrine-Immunological
Interactions in Health and Disease.
Front. Endocrinol. 12:718893.

doi: 10.3389/fendo.2021.718893

Check for
updates

Editorial: Neuroendocrine-
Immunological Interactions
in Health and Disease

5

Ana Rosa Pérez""?*, Clarissa M. Maya-Monteiro®>*°* and Vinicius Frias Carvalho ®*

7 Instituto de Inmunologia Clinica y Experimental de Rosario, Consejo Nacional de Investigaciones Cientificas y Técnicas
(CONICET), Rosario, Argentina, 2 Facultad de Ciencias Médicas, Universidad Nacional de Rosario, Rosario, Argentina,

3 Laboratory of Immunopharmacology, Oswaldo Cruz Institute (I0OC), Oswaldo Cruz Foundation (FIOCRUZ), Rio de Janeiro,
Brazil, # Department of Endocrinology and Metabolism, Amsterdam University Medical Centers (Amsterdam UMC),
Amsterdam, Netherlands, ® Metabolism and Reward Group, Netherlands Institute for Neuroscience (NIN), Amsterdam,
Netherlands, € Laboratory of Inflammation, Oswaldo Cruz Institute (IOC), Oswaldo Cruz Foundation (FIOCRUZ), Rio de
Janeiro, Brazil

Keywords: neuroendocrine, immunoendocrine, neuroimmune, metabolism, hormones, adipocytokines, cytokines

Editorial on the Research Topic

Neuroendocrine-Immunological Interactions in Health and Disease

Historically, scientists have delimited the immune, endocrine, and neural systems to study
physiology and disease (Figure 1). Although questions relating to whether there is a strict
boundary between these systems do persist today, we do not believe in that. Biology does not
seem to “respect” the established limits between these systems. Indeed, since Claude Bernard’s early
studies in physiology, we know that the different organs and systems must communicate in an
integrative way to maintain homeostasis. During recent decades, we have investigated these systems
in an integrative way, since both the tools and the information to perform these studies are now
available. In this Research Topic, we gathered diverse studies that increase our knowledge about the
complex interactions among the immune, endocrine, and neural systems in both homeostasis and
disease, and the potential therapeutic or disrupting agents of these circuits.

The similarities between nervous, immune, and endocrine systems are remarkable, and there are
a number of shared mechanisms, agents, and receptors. As an example, cytokines and hormones are
both important mediators of the hypothalamus-pituitary-adrenal (HPA) and hypothalamus-
pituitary-thyroid (HPT) axes in response to stress and promoting immune modulation.
Activation of the HPA axis triggers the synthesis of hypothalamic corticotropin-releasing
hormone (CRH), followed by the release of the pituitary adrenocorticotropic hormone (ACTH)
and activation of adrenal glands to secrete cortisol and dehydroepiandrosterone (DHEA). An
imbalance of these components affects both positive and negative regulatory loops, leading to the
predisposition for, and/or exacerbation of several infectious diseases. This imbalance was well
described by Fernandez et al. as they studied the immune-endocrine system in the presence of
tuberculosis and diabetes comorbidity, and demonstrated opposite effects on DHEA and cortisol. In
humans, the immune response developed against B. abortus is also influenced by DHEA and
cortisol secretions. Here, Gentilini et al. evaluated the consequence of both adrenal steroids on
synoviocytes during B. abortus infection, contributing to knowledge about this infectious
osteoarthritis. Furthermore, infectious-driven immune stimulation could sustain glucocorticoid
production through changes in the intra-adrenal catabolic pathways or induced cellular damage, as
shown by Silva Barbosa et al. and by Chen et al. in experimental models of Chagas disease and
sepsis, respectively.
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FIGURE 1 | Neuroendocrine, immune and even metabolic systems are interconnected by a profuse network of mediators.

It is known that endogenous hypercortisolism or exposure to
exogenous glucocorticoids can lead to Cushing’s syndrome. Liu
et al. report on a rare case of an ectopic ACTH-dependent
Cushing’s syndrome and proposed a mechanism for this unique
clinical phenotype. Despite the adverse effects that sustained
hypercortisolism may cause, the chronic use of corticosteroids to
treat inflammatory diseases is widely accepted in clinical settings.
As reported here, Ferreira et al. revealed a promising use of
flunisolide as a pharmacological treatment for silicosis. Another
important neuro-endocrine circuit, essential for dealing with
stress, is the sympatho-adrenal system. Pilipovic et al.
summarized the data, pointing to an immunopathogenic role
for the sympathoadrenal axis in the pathogenesis of experimental
autoimmune encephalomyelitis and multiple sclerosis.

Activation of the HPT axis induces the production of
hypothalamic thyrotropin-releasing hormone (TRH), followed
by the release of the thyroid-stimulating hormone (TSH), and

synthesis of thyroid hormones. Hashimoto’s encephalopathy
(HE) is an unusual neuropsychiatric syndrome characterized
by elevated levels of autoantibodies against several thyroid
antigens. Yu et al. described a case report of HE in a patient
whose clinical symptoms and laboratory test results mimicked
viral encephalitis. The effective diagnosis enabled the successful
use of immunosuppressive therapy. In addition, Ferraris et al.
showed that octyl methoxycinnamate, one of the most used UV
filters, disrupted thyroid regulation and modulated the immune
system in mice pups.

The adipose tissue is considered to be an immunoendocrine
organ capable of producing a wide variety of mediators; the main
adipose tissue specific cytokines, the adipocytokines, are leptin
and adiponectin. Disruption of adipose tissue homeostasis can
lead to alterations in many critical aspects of immunity. Pesce
Viglietti et al. showed how B. abortus can modulate the
transcription of adipocytokines and affect the process of
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adipogenesis both directly and indirectly. Palhinha et al.
described for the first time that leptin autocrine signaling
pathways induce adipogenesis and proinflammatory profile.
This effect may have particular importance during obesity
when leptin central nervous system signaling is defective.
Amorim et al. showed that leptin can also trigger an
eosinophilic inflammatory response in vivo, by an indirect
mechanism dependent on the activation of resident mast cell
secretory activity and mediated by TNFo, CCL5, and PGD2.

Immunometabolism can be regarded as a branch of
neuroendocrine-immunology examining the crosstalk between
metabolism and the immune response. Smitka et al. summarized
evidence showing that the gut microbiome is a potential
modulator of adipose tissue, energy homeostasis, and appetite
satiety in eating disorders, like anorexia and bulimia. The work
from Silva et al. proposed that short-chain fatty acids from gut
microbiota can be used as a therapy for central nervous system
(CNS) disorders through its capacity to regulate the neuro-
immunoendocrine function. Milanova et al. showed that
hypothalamic microglia from high-fat diet fed mice were
activated and lost rhythm, displaying immuno-metabolic
functions different from those observed in microglia from
control animals. Huang et al. demonstrated that high glucose
or glucose fluctuations caused M2 phenotype polarization in a
microglial cell line in vitro. They also showed that miR-146a
overexpression inhibited high-glucose-induced M1/M2
polarization transitions in those cells.

In literature, activation of immune system secondary
lymphoid organs (SLOs) has been observed to coincide with
the decrease in noradrenergic activity and/or retraction of
sympathetic fibers. Bottasso (part I) and Bottasso (part II)
introduced a challenging hypothesis for the existence of a
neural plasticity program in the sympathetic fibers innervating
both SLOs and non-lymphoid peripheral tissues during
inflammation. According to the author, this plasticity implies a
retraction and degeneration of sympathetic fibers during
immune activation and their re-generation once homeostasis is
re-established. The activation of the immune system can be
important in the disruption of neural circuits and induction of
nervous system disorders. In this regard, Li et al. showed that
IFN-0, administered by i.c.v. routes induced depression-like
behavior in monkeys. This was associated with a dysfunction
in some monoamine neurotransmitters founded in the
cerebrospinal fluid. Stary et al. found that nursing in the post-
partum period protected the mouse nervous system in a model of
middle cerebral artery occlusion-induced stroke. They showed a
reduced neurological deficit, lower pro-inflammatory cytokine
levels, and lower migration of blood leukocytes into the brain,
apparently by an increase of local oxytocin levels in the nursing
mice. Along these lines, Kang et al. summarized the protective
effects of exosomes on ischemic and hypoxic brain injury by
inhibiting neuronal apoptosis, mediating axon reconstruction
and neurogenesis, and alleviating inflammatory response and
immune suppression.

Neuroendocrine disorders interfere with the interactions
between the nervous and the endocrine systems, causing

excessive or deficient hormone production with a negative
impact on metabolism. The Prader-Willi syndrome (PWS) was
the first neuroendocrine disease to be related to genomic
imprinting errors. Costa et al. reviewed and summarized the
disrupted genes related to the clinical phenotypes of PWS.
Another important neuroendocrine disorder is Alzheimer’s
disease (AD), where deficiency of the tau protein in the CNS is
an important feature in AD pathology. Gongalves et al. showed
that an AD mouse model knockout for tau protein presented
anxiety-related behavior and memory impairment. They also
verified that the introduction of human tau, in tau knockout
mice, did not restore anxiety or metabolic alterations and
triggered insulin resistance and further impairments in
learning and memory features. Finally, Alvarez-Herrera et al.
summarize the peripheral immunological, endocrine, and
intestinal microbiome changes induced by atypical
antipsychotics used for the treatment of schizophrenia and
other psychiatric disorders.

In recent decades, our understanding of the intricate network
between nervous, immune, and endocrine systems, and the
development of diseases has remarkably increased. However,
extensive challenges remain in providing a more comprehensive
picture. The articles presented in this Research Topic show the
complex circuitry affecting the neuroendocrine-immunological
interactions in different diseases and indicate future directions
for research in this area.
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" Department of Endocrinology and Metabolism, Amsterdam University Medical Center, University of Amsterdam,
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Gastroenterology & Metabolism, University of Amsterdam, Amsterdam, Netherlands, ° Endocrine Laboratory, Department of
Clinical Chemistry, Amsterdam University Medical Center, Amsterdam Gastroenterology & Metabolism, Vrije

Universiteit Amsterdam, Amsterdam, Netherlands, ¢ Netherlandsinstitute for Neuroscience, Royal Netherlands Academy of
Arts and Sciences, Amsterdam, Netherlands

Background: Disturbance of immunometabolic signaling is a key process involved in
the progression of obesity. Microglia—the resident immune cells in the brain, initiate
local immune responses. It is known that hypercaloric diets lead to microglial activation.
Previously, we observed that hypothalamic microglial cells from mice fed high-fat diet
(HFD) lose their day/night rhythm and are constantly activated. However, little is known
about daily rhythmicity in microglial circadian, immune and metabolic functions, either
in lean or obese conditions. Therefore, we hypothesized that HFD disturbs microglial
immunometabolism in a day/night-dependent manner.

Methods: Obesity was induced in Wistar rats by feeding them HFD ad libitum for the
duration of 8 weeks. Microglia were isolated from HFD- and chow-fed control animals
at six time points during 24 h [every 4 h starting 2 h after lights on, i.e., Zeitgeber Time 2
(ZT2)]. Gene expression was evaluated using quantitative RT-PCR. JTK_Cycle software
was used to estimate daily rhythmicity. Statistical analysis was performed with two-way
ANOVA test.

Results: Consumption of the obesogenic diet resulted in a 40g significantly higher
body weight gain in week 8, compared to chow diet (o < 0.0001), associated
with increased adiposity. We observed significant rhythmicity of circadian clock
genes in microglia under chow conditions, which was partially lost in diet-induced
obesity (DIO). Microglial immune gene expression also showed time-of-day differences,
which were disrupted in HFD-fed animals. Microglia responded to the obesogenic
conditions by a shift of substrate utilization with decreased glutamate and glucose
metabolism in the active period of the animals, and an overall increase of lipid
metabolism, as indicated by gene expression evaluation. Additionally, data on
mitochondria bioenergetics and dynamics suggested an increased energy production
in microglia during the inactive period on HFD. Finally, evaluation of monocyte
functional gene expression showed small or absent effect of HFD on peripheral
myeloid cells, suggesting a cell-specific microglial inflammatory response in DIO.

Frontiers in Endocrinology | www.frontiersin.org 9

June 2019 | Volume 10 | Article 424


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2019.00424
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2019.00424&domain=pdf&date_stamp=2019-06-26
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:c.yi@amsterdamumc.nl
https://doi.org/10.3389/fendo.2019.00424
https://www.frontiersin.org/articles/10.3389/fendo.2019.00424/full
http://loop.frontiersin.org/people/720457/overview
http://loop.frontiersin.org/people/757684/overview
http://loop.frontiersin.org/people/713407/overview
http://loop.frontiersin.org/people/103429/overview
http://loop.frontiersin.org/people/24389/overview

Milanova et al.
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Conclusions: An obesogenic diet affects microglial immunometabolism in a time-of-day
dependent manner. Given the central role of the brain in energy metabolism, a better
knowledge of daily rhythms in microglial immunometabolism could lead to a better
understanding of the pathogenesis of obesity.

Keywords: microglia, immunometabolism, neuroinflammation, diet-induced obesity, high-fat diet, daily rhythms

INTRODUCTION

Arising evidence highlights the disturbed interaction between
immunity and metabolism as a key player in the pathogenesis
of obesity (1-3). Immune cell function is highly dependent
on metabolic adaptation of the immune cells, allowing for
abrupt shifts in energy utilization, thus promoting either a
resting or an activated state (4). Moreover, distinct immune cell
populations show specific metabolic patterns, modulating their
functional properties (4). In the brain, microglia are involved in
maintaining brain homeostasis by surveying the environment,
sensing invading pathogens and phagocyting dead neurons,
and cellular debris, thus eliciting an innate immune response
(5, 6). Microglial metabolic reprogramming is associated with
polarization to pro- or anti-inflammatory state, which involves
both functional and phenotypic plasticity (7, 8). It has been
shown that hypercaloric environment induces a proinflammatory
response in the hypothalamus via NF-kB and toll-like receptor
activation, leading to disturbed energy homeostasis (9-13). This
could be due to hypothalamic microglial activation as seen in
rodents fed an obesogenic diet (14-17). We observed that under
physiological conditions in mice, microglial cells exert their
function in a strict time-of-day manner with higher activity
during the dark, active phase, compared to the light, sleep
phase (18). However, this day-night rhythm was abolished in
animals fed an obesogenic, high-fat diet (HFD), suggesting an
interaction of diet content and daily rhythms. Indeed, recent
evidence suggest an involvement of circadian function in the
progression of obesity (19, 20). It is well-known now that a
master circadian clock in mammals generates daily rhythms
in behavioral, physiological, and hormonal processes to allow

Abbreviations: (Abbreviations in italic represent target genes tested) Atp5b,
ATP synthase subunit b; Afp5g, ATP synthase subunit g; bactin, Beta-actin;
Bmall, Brain and muscle ARNT-Like 1; Cd36, Cluster of differentiation 36;
Cde68, Cluster of differentiation 68; Clock, Circadian locomotor output cycles
kaput; Cox4, Cytochrome C oxidase subunit 4; Cryl, Cryptochrome 1; Cry2,
Cryptochrome 2; Dbp, D-box binding protein; DIO, Diet-induced obesity; Drp1,
Dynamin-related protein 1; EDTA, Ethylenediaminetetraacetic acid; FA, Fatty acid;
Fas, Fatty acid synthesis; Fisl, Fission 1; Gdh, Glutamate dehydrogenase; GIs,
Glutaminase; Glut5, Glucose transporter type 5; Gpx1, Glutathione peroxidase 1;
HFD, High-carbohydrate-high-fat diet; Hk2, Hexokinase 2; Hprt, Hypoxanthine
phosphoribosyltransferase 1; Ikbkb, Inhibitor of nuclear factor kappa B kinase
subunit betta; I11b, Interleukin 1 betta; Lpll, Lipoprotein lipase 1; Mfn2, Mitofusin
2; Myd88, Myeloid differentiation primary response 88; NEFA, Non-esterified fatty
acids; Opal, Optic atrophy 1; Pdk4, Pyruvate dehydrogenase kinase 4; Perl, Period
1; Per2, Period 2; POMC, Proopiomelanocortin; Ppard, Peroxisome proliferator
activated receptor delta; pWAT, Perirenal white adipose tissue; Reverba, Reverse
viral erythroblastosis oncogene product alfa; RIA, Radioimmunoassay; ROS,
Reactive oxygen species; SEM, Standard error of the mean; Sirtl, Sirtuin 1; Tnfa,
Tumor necrosis factor alfa; ZT, Zeitgeber Time.

adaptation to daily environmental changes, thus optimizing
metabolic function to the time of day (21). However, little is
known about daily rhythms in microglial function. Therefore,
we performed a detailed investigation of daily rhythmicity
in microglial immunometabolism in lean and obese rats. As
mentioned earlier, many studies have focused on hypothalamic
microglial inflammatory response due to the clear relation
between the hypothalamus and energy homeostasis. Here, we
chose to evaluate cortical microglial activation, to expand on
available knowledge on microglial immunometabolism in obesity
outside of the hypothalamus.

We induced obesity with HFD for the duration of 8 weeks
in rats and evaluated the expression of key clock genes involved
in maintaining circadian rhythms (Figure 1). Microglial cells,
as many other immune cells, have a high metabolic demand
(22). Therefore, we also evaluated the expression of key genes
involved in microglial glucose, lipid, and glutamate metabolism.
As higher activity and substrate utilization require higher
energy production we also assessed the state of mitochondria
bioenergetics and dynamics in response to either healthy or
obesogenic diet. The immune state of the cells was studied by
evaluating cytokine production and phagocytosis (Figure 1). Our
results showed time-of-day disturbances in microglial circadian
and inflammatory functions in the obesogenic conditions,
accompanied with changes in substrate utilization and energy
production. We compared these data to monocytes, isolated from
the same animals, to evaluate the state of peripheral myeloid
cells in a hypercaloric environment. We observed a small effect
of HFD on monocyte function, suggesting a microglia-specific
response to hypercaloric intake. These results shed further light
on microglial time-of-day innate immunometabolism in health
and obesity.

METHODS

Animals

Seventy-two male Wistar rats (Charles River, Germany) were
group housed on a 12-h-light/12-h-dark cycle [lights on at 7:00
am; Zeitgeber time zero (ZT0)] at 22 £ 2°C with access to food
and water ad libitum. Obesity was induced for the duration
of 8 weeks, with a diet containing 60 kcal% fat and 20 kcal%
carbohydrates (HFD, 5.24 kcal/g, D12492, Research Diets Inc.).
Control animals were fed a standard chow diet (3.1 kcal/g, 2018,
Teklad diets, Invigo). Body weight was monitored once per week,
and food intake twice per week. All studies were approved by the
Animal Ethics Committee of the Royal Dutch Academy of Arts
and Sciences (KNAW, Amsterdam) and performed according
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FIGURE 1 | Microglial circadian, immune, metabolic, and mitochondrial profile. Schematic representation of the pathways and/or functions tested on microglial cells

to the guidelines on animal experimentation of the Netherlands
Institute for Neuroscience (NIN, Amsterdam).

Microglia/Monocyte Isolation and Plasma

Collection
Animals were sacrificed at six time points during 24h (every
4h starting at ZT2) by euthanasia with 60% CO,/40% O,
followed by decapitation. Perirenal white adipose tissue (pWAT)
was dissected for evaluation of fat mass gain, evaluating the
amount of pWAT in grams weight. Microglial cells from cerebral
cortex were isolated for gene expression analysis using the Percoll
isopycnic isolation, as it provides a high cell number (23).
Briefly, brains were mechanically homogenized with RPMI 1640
medium (Ref.: 11875-093, Gibco™) and filtered through 70 um
cell strainer (Ref.: 431751, Corning®) in a 15mL Falcon tube.
Brain homogenate was centrifuged for 5' (380g, 4°C). Pellets
were resuspended with 7mL RPMI medium and mixed with
100% Percoll solution [for 10 mL: 9 mL Percoll® stock (Ref.: 17-
5445-01, GE Healthcare, Sigma-Aldrich®) with 1 mL 10x HBSS
(Ref.: 14185-045, Gibco™)]. The cell suspension was layered
slowly on 70% Percoll solution [for 10 mL: 7mL 100% Percoll
solution with 3mL 1x HBSS (Ref.: 14175-053, Gibco™)] and
centrifuged for 30" (500 g, 18°C, break 1/0). Cell debris on the
surface was discarded and fuse interphase, containing microglial
cells were collected in 8 mL 1x HBSS, followed by centrifuging
for 7/ (500 g, 18°C, break 9/9). Supernatant was discarded and
the microglial cell pellet was used directly for RNA extraction.
During decapitation trunk blood was collected for
measurement of different parameters. Briefly, blood was

collected in 50mL Falcon tubes, containing 0.5M EDTA
(ethylenediaminetetraacetic acid). Blood was filtered through
a 70 um cell strainer in a 15mL Falcon tube and separated
for monocyte isolation. For plasma collection, 2 mL blood was
centrifuged for 15’ (4,000 rpm, 4°C, break 9/9). Plasma was
collected in a new tube and stored at —80°C until usage. For
monocyte isolation, 30 mL lysis buffer (containing 1x ACK;
155mM NH4Cl; 10mM KHCOj3; 0.1 mM EDTA) was added
to ~3mL blood and vortexed gently, followed by incubation
at RT for 10-15". The cell suspension was centrifuged for 5’
(200 g, RT, 9/9 break), supernatant was discarded and cells were
resuspended in 2mL PBS-FBS (PBS containing 1% FBS). The
new cell suspension was again centrifuged for 5’ (200 g, RT, 9/9
break), supernatant was discarded and cells were resuspended
in 0.5mL PBS-FBS. The cell suspension was added to 4.5mL
RPMI medium and layered slowly on 5mL Ficoll® (Ref.:
17-1440-02, GE Healthcare, Sigma-Aldrich®), followed by
centrifuging for 30’ (400 g, 20°C, break 1/1). The fuse interphase,
containing monocytes, was collected in 8 mL 1x HBSS, followed
by centrifuging for 5’ (200 g, RT). Supernatant was discarded and
the monocyte pellet was used for RNA extraction.

Real-Time PCR

For gene expression analysis, RNA from microglial cells and
monocytes was extracted using the RNeasy Micro Kit (Cat No.
74004, Qiagen®) according to the manufacturers guidelines.
RNA was quantified by spectrophotometry at 260 nm (DS 11;
Denovix). RNA was reverse transcribed using Transcriptor First
Strand cDNA Synthesis Kit (04897030001; Roche) according to
the manufacturer’s guidelines. Levels of mRNA for Tnfa, Bmall,
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Perl, Per2, Cryl, Cry2, Dbp, Reverba, Clock, Gls, Gdh, Gpxl,
Cd36, Fas, Lpll, Opal, Mfn2, Fisl, Drpl, Pdk4, Ppard, Ikbkb,
Cde8, 111b, Cox4, Atp5b, Atp5g, Hk2, Glut5, Myd88, Sirtl, Hprt
(internal control), and bactin (internal control) were measured by
semiquantitative real-time PCR on a LightCycler LC480 (Roche),
using the SensiFAST SYBR® No-ROX Kit (BIO-98020, GC-
Biotech) according to the manufacturer’s guidelines. Expression
levels of all genes were normalized to the geometric mean of the
internal controls. Primer sequences (see Table S1) were designed
using the Basic Local Alignment Search Tool (BLAST) from the
National Center for Biotechnology Information (NCBI). Primers
were purchased from Sigma-Aldrich® and validated by melt
curve analysis and DNA band size and/or purity on agarose gel
electrophoresis (data not shown).

Glucose, Insulin, and Non-esterified Fatty

Acids (NEFA) Measurements in Plasma
Plasma glucose concentrations were measured using the Glucose
GOD-PAP kit (Ref. 80009, Biolabo S.A.S.), following the
manufacturer’s guidelines. Absorbance of colored samples,
proportional to glucose concentration, was measured at 500 nm
with Varioskan® Flash spectral scanning multimode reader
(Version 40053; Thermo Scientific). Insulin concentrations
were measured using Rat Insulin Radioimmunoassay (RIA) Kit
(RI-13K; Millipore, Merck), according to the manufacturer’s
guidelines. Non-esterified fatty acids (NEFA) concentration in
plasma was measured using the NEFA HR(2) reagents (R1 set,
Ref. 434-91795; R2 set, Ref. 436-91995; Standard, Ref. 270-77000,
Wako Chemicals GmbH) following the adjusted protocol
from the Mouse Metabolic Phenotyping Centers [https://www.
mmpc.org/shared/document.aspx?id=196&docType=Protocol].
Within-run variations for all measurements fall in the range
suggested by the manufacturers.

Statistical Analyses

All results are expressed as mean = SEM. Statistical analyses were
performed using Graph-Pad PRISM (version 7.03, GraphPad
Software, Inc.) and JTK_Cycle software (24). Two-way ANOVA
analysis was used for effects of Diet, Time, (ZT) and Interaction.
Unpaired t-tests were used to evaluate the effect of diet
for each time point, unless stated otherwise. Sidak’s multiple
comparison test was used to compare the effect of diet for the
food intake, body weight gain, and plasma measurements data
(Figures 2A,B,D-F). One-way ANOVA analysis was used to
assess the effect of Time for the chow and HFD groups separately.
JTK_Cycle analysis p-values were obtained by fitting the dataon a
curve with fixed 24 h period. Results were considered statistically
significant when p < 0.05.

RESULTS

HFD Intake Induces Obesity in Rats

We observed that chronic feeding with HED for 8 weeks induced
obesogenic phenotype in adult male rats, compared to control
animals on the standard chow diet. The HFD rats had a higher
caloric intake (Figure 2A) and a 40 g higher body weight gain
after 8 weeks as compared to controls (Figure 2B). Moreover,

there was a 2-fold increase in pWAT mass in HFD-fed animals
compared to controls (Figure 2C). These results were in line
with other literature available on diet-induced obesity (DIO) in
rodents (14, 25). To assess glycemic status at the time of death,
we evaluated glucose and insulin concentrations in plasma over
the 24 h cycle. Control animals showed the expected daily rhythm
in glucose concentrations in the plasma (26). However, HFD-
fed animals showed increased glucose concentrations during the
light phase at ZT6 (inactive period) (Figure 2D). The overall
high levels of glucose concentration in both conditions could
be explained by our choice of euthanasia (60% CO2/40% O,),
as it has been shown previously that CO, causes acidosis
which stimulates enzymes of the glycolytic pathway, leading to
decreased liver glycogen stores and increased plasma glucose
concentrations, both in fed and fasted animals (27, 28). Insulin
concentrations were significantly elevated in HFD-fed animals
during the dark phase (active period) at ZT18, which could
indicate an impaired insulin sensitivity, as glucose concentrations
during this period were not elevated, but overall maintained
during 24h (Figure 2E). A similar trend of increased insulin
secretion during the dark phase has also been observed in mice
on a HFD (29). Evaluation of the NEFA concentrations in plasma
showed a significant increase in HFD-fed animals during the
light phase (ZT2-ZT10) compared to chow controls (Figure 2F).
Together, these data indicate metabolic changes toward obesity
in animals fed HFD.

HFD Disturbs Microglial Circadian Gene

Expression

It has been shown previously that microglial cells express
clock genes (30, 31). Diets rich in fat and/or sugar are
known to alter circadian rhythms of clock gene expression in
peripheral tissue (32, 33). To test whether HFD also disturbs
daily microglial rhythmicity, we studied expression of genes
within the transcriptional feedback loop—circadian locomotor
output cycles kaput (Clock) and brain and muscle ARNT-Like 1
(Bmall)—the so-called activators and the repressors—period and
cryptochrome genes (Perl, Per2, Cryl, and Cry2). Additionally,
we assessed the expression of two other clock genes—reverse viral
erythroblastosis oncogene product alfa (Reverba), a Clock and
Bmall repressor, and D-box binding protein (Dbp), a regulator
of peripheral circadian input (34).

Control animals fed chow diet showed a clear rhythmic
expression for all genes, except Clock and Cry2 (see Table S2).
Rhythmicity of Bmall, DBP, and Reverba was not influenced
by HFD, although a reduced amplitude was observed for DBP
and Reverba. There was a gain of rhythm for Clock expression.
However, Perl, Per2, and Cryl showed a loss of rhythmic
expression during HFD, as evaluated with JTK_Cycle (see
Table S2). Moreover, all genes showed a significant Interaction
effect, as well as difference between HFD and chow-fed animals
at the transition period between dark and light phase (ZT22
and/or ZT2) (Figures 3A-H; Table 1). These data point to a clock
disturbance, which could lead to irregularity in the expression of
other key microglial genes, as it is known that clock genes regulate
the expression of 10-20% of all cell genes (34).
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Inflammatory Signaling During HFD expression of Tnfa at the transition between dark and light
To evaluate the effect of HFD on daily changes in microglial ~ Phase, as well as increased Il1b production at the end of the
activation, we assessed the relative gene expression of the light period for animals fed HFD, pointing to an increased
main cytokines secreted by microglia—tumor necrosis factor — microglial activation in the obesogenic group, compared
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TABLE 1 | Two-way ANOVA assessment of effect of Time, Diet, and Interaction in

microglia.
Genes Two-way ANOVA analysis
p-value

Interaction Time Diet
Circadian
Bmal1 0.0356 <0.0001 0.3308
Clock 0.0006 0.4015 0.9599
Cry1 <0.0001 0.0002 0.1484
Cry2 <0.0001 0.1616 0.7026
Pert 0.0011 0.0437 0.9673
Per2 <0.0001 0.0035 0.9989
Reverba 0.0023 <0.0001 0.5351
Dbp <0.0001 <0.0001 0.0573
Inflammatory
Tnfa 0.1547 0.0042 0.1705
I11b 0.0085 0.2610 0.4658
Myd88 0.0378 0.0022 0.0140
Ikbkb <0.0001 0.0165 0.7572
Cd6es 0.0685 0.0226 0.0014
Sirt1 0.0004 0.2071 0.4654
Metabolic
Gls 0.0138 0.4456 0.0888
Gadh 0.0095 0.8306 0.8648
Gpx1 0.0009 0.9390 0.8424
Hk2 0.0023 0.0274 0.0024
Gluts 0.0058 0.0935 0.0025
Cd36 0.0031 0.0004 0.1116
Lpl 0.0554 0.0064 0.0412
Ppard 0.0034 0.6143 0.7868
Fas 0.0030 0.5214 0.6840
Mitochondrial
Cox4 <0.0001 0.1598 0.8468
Atp5b 0.0020 0.0257 0.0194
Pdk4 0.2512 <0.0001 0.7817
Fis1 0.0001 0.3438 0.0934
Drp1 <0.0001 0.2189 0.6340
Mfn2 0.0001 0.4675 0.1899
Opat 0.0056 0.9284 0.6975

Diet, Time, and Interaction effects were evaluated in microglia for circadian, inflammatory,
metabolic, and mitochondrial genes. Statistical significance was determined using Two-
way ANOVA effect for Interaction, Diet, and Time (ZT). Data are presented as means +
SEM. Genes are considered rhythmic when p < 0.05 (Bold).

to controls (Figures 4A,B). However, myeloid differentiation
primary response 88 (Myd88) gene expression, an adaptor for
inflammatory signaling pathways, located downstream of Il1b,
showed a decrease at ZT2 in HFD-fed animals (Figure 4C).
Therefore, we assessed the expression of inhibitor of nuclear
factor kappa B kinase subunit betta (Ikbkb) as the protein
it encodes phosphorylates the inhibitor in the inhibitor/NFkB
complex, leading to activation of nuclear factor kappa-light-
chain-enhancer of activated B cells NFkB—a transcriptional

activator of key genes involved in cell survival, proliferation and
inflammatory response. We observed an inverted daily pattern
of Ikbkb expression between chow and HFD animals, with
higher expression at the beginning of the light phase, but lower
expression at the end of the dark phase for HFD-fed animals,
compared to chow diet controls (Figure 4D). We also studied
gene parameters reflecting the phagocytic capacity of microglia
as this is a key function of their immune response in health,
as well as different pathologies (35). We evaluated the gene
expression of cluster of differentiation 68 (Cd68), which encodes
for a microglial lysosomal protein, and is a good indicator of
phagocytic activity (36). Our results showed an overall steady
expression of Cd68 during the day-night cycle for HFD-fed
animals, with a loss of the time-of-day differences, as observed in
control animals (Figure 4E). One-Way ANOVA evaluation of the
effect of Time for each group showed a loss of significance during
HFD (see Table S3). Recent studies have shown that Sirtuin
1 (Sirtl) deficiency in microglia is associated with increased
Il1b production (37). We observed an inverted pattern of
expression of Sirtl expression in animals fed HFD, compared
to controls. Moreover, the significantly lower Sirt] expression
at ZT10 coincided with an increased expression of Il1b at the
same time point (Figure 4F). No significant daily rhythmicity
was observed for any of the genes, apart from Myd88 in Chow-fed
animals and ITkbkb in HFD-fed animals (see Table S2). These data
demonstrate that microglial innate immunity is affected in HFD-
fed animals, suggesting a disruptive effect of obesogenic diets on
the microglial inflammatory response.

Microglial Glutamate Metabolism
Decreases During the Dark Phase During
HFD

Glutamate metabolism is a key component in the biosynthesis
of nucleic acids and proteins (38, 39). Microglial cells have been
shown to be involved in glutamate uptake under physiological
conditions, which can be directly converted to glutathione as a
defense response against oxidative stress (40). This mechanism
has also been observed under pathological conditions, where
it has been shown that microglial cells express glutamate
transporters (41). We wanted to assess the state of glutamate
substrate utilization in microglial cells under control and
obesogenic conditions. We observed that glutaminase (Gls)—a
key enzyme in the glutamate pathway that converts glutamine
to glutamate, showed an effect of Time in control animals,
which was lost during HFD, with a decrease in expression
during the dark phase (ZT18) (Figure 5A) (see Table $3). Similar
observations were made for glutamate dehydrogenase 1 (Gdhl),
a mitochondrial matrix enzyme that converts glutamate to
a-ketoglutarate, a key intermediate in the tricarboxylic acid
cycle. Gdhl expression showed a lower expression during the
dark phase for HFD-fed animals (Figure 5B). Moreover, both
genes show a significant Interaction effect between time and
diet (Table 1). These data indicate a decrease in conversion
of glutamate during the active state of the animals. Microglial
activation leads to production of reactive oxygen species (ROS),
therefore self-produced antioxidants could have a protective role
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FIGURE 4 | Microglial inflammatory signaling is disturbed in DIO. Relative gene expression of innate immunity genes Tnfa (A), /1b (B), Myd88 (C), Ikbkb (D) as well as
phagocytic indicator gene Cd68 (E) and Sirt1 (F) in HFD-fed rats (red) compared to Chow-fed controls (black) evaluated at six time points, starting at ZT2. Data are
presented as means + SEM. Statistical significance was determined using Two-way ANOVA effect for Interaction, Diet, and Time (ZT); Student t-test is used for diet
effect within a separate time point (*p < 0.05; **p < 0.01; **p < 0.001). Scale (bottom right) represents light (ZT0-12) and dark (ZT12-24) phase.

in the cells. Expression of glutathione peroxidase 1 (GpxIl)—
an important antioxidant enzyme, involved in reduction of
organic hydroperoxides and hydrogen peroxide by glutathione,
showed an inverted pattern of expression during the light
phase between both groups (Figure 5C), suggesting a change
in this protective mechanism. No significant daily rhythmicity
according to JTK_Cycle analysis was observed for any of the
genes under control and obesogenic conditions (see Table S2).
Together, these data point to an overall decrease of glutamate
utilization during the active period of HFD-fed animals.

Decrease of Microglial Glucose Utilization
During the Dark Phase During HFD

It has been shown that glycolysis is crucial for immune cell
function (42). Moreover, it has been suggested that upregulation
of expression of glycolytic genes leads to M1 polarization in
macrophages, known for its proinflammatory function (43).
To assess the involvement of glucose metabolism in microglial
immune function when rats are fed HFD, we evaluated gene
expression of hexokinase 2 (Hk2)—the first glycolytic enzyme
converting glucose to glucose-6-phosphate. We observed a
decrease of Hk2 expression during the dark phase (ZT18-
22) for animals fed HFD, suggesting a decrease in glucose
utilization in microglial cells (Figure 5D). Moreover, there was
a gain of rhythm for Hk2 in animals, fed HFD (see Table S2).
To investigate this further, we evaluated the expression of
glucose transporter type 5 (Glut5)—a fructose transporter, which
is known to be highly specific for microglial cells (44). We
observed a similar trend for Glut5 in HFD-fed animals, with a
steady decreased expression toward the end of the dark phase

ZT22 (Figure 5E). Both genes show a significant Interaction
effect between time and diet (Table1). Together these data
on glutamate and glucose metabolism, suggest that under
obesogenic conditions microglial cells switch their substrate
utilization to other sources during their active state.

HFD Leads to an Increase in Lipid
Utilization and Sensing in Microglia During
the Light Phase

Fatty acid oxidation can contribute 20% of total brain energy
production (45). A recent study has shown that microglial cells
determine hypothalamic inflammation in response to excess
saturated fat intake through a direct and specific sensing
mechanism (16). To assess microglial fatty acid (FA) metabolism
in DIO, we evaluated genes involved in FA substrate utilization
and sensing. Expression of cluster of differentiation 36 (Cd36)—
a FA translocase responsible for import of FA inside the
cell, showed a flattening of the time-of-day differences in
animals fed HFD, compared to controls (Figure 5F). Evaluation
of daily rhythmicity of Cd36 gene expression confirms this
observation, with a loss of rhythm under obesogenic conditions
(see Table S2). This suggests an overall steady import of FA
during the day/night cycle under HFD. Previous research from
our group has shown that HFD stimulates the expression
of microglial lipoprotein lipase (Lpl)—a triglyceride hydrolase
receptor involved in receptor-mediated lipoprotein uptake, and
that lack of LPL impairs microglial immune reactivity (46). Here,
we show that this increase of Lpl expression takes place during
the light phase in animals fed HFD (Figure 5G). These data
highlight LPL as a key player in microglial immunometabolism in
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dark (ZT12-24) phase.

DIO. Peroxisome proliferator-activated receptors (PPARs) have
an important physiological role in lipid sensing and regulation
of lipid metabolism during normal healthy conditions, as well in
the development of pathologies like obesity and type two diabetes
(47). PPAR delta (Ppard) is highly expressed by microglia and
its activity increases oxidative capacity. Our results showed an
inverted pattern of Ppard day/night expression in obesogenic
animals, with highest expression during ZT2, but lowest at
ZT22 (Figure 5H). To assess the effect of HFD-induced obesity
on fatty acid synthesis we evaluated gene expression of fatty
acid synthase (Fas)—a key enzyme catalyzing the synthesis of
palmitate from malonyl coenzyme A. Fas expression in microglia
from HFD-fed animals showed a lower expression at the end of
the dark phase and higher expression at the beginning of the
light phase, compared to control chow-fed animals (Figure 5I).
These data suggest a shift of FA synthesis to the light phase in
HFD-fed animals.

Taken together, these data suggest an overall increase in
lipid metabolism during the light, i.e., sleep, phase of animals
fed HFD. This increase could be partially explained by the
higher levels of NEFA in HFD-fed rodents during the light
phase (Figure 2F) (48, 49). Moreover, we observed a decrease
in glutamate and glucose utilization as shown above. This could

suggest a microglial metabolic switch to lipid substrate utilization
in HFD-induced obesity.

HFD Increases Mitochondrial
Bioenergetics and Dynamics Gene
Expression During the Light Phase

To assess whether microglial mitochondria bioenergetics are
affected by DIO, we evaluated the gene expression of cytochrome
¢ oxidase subunit 4 (Cox4), encoding a terminal enzyme of
the mitochondrial respiratory chain that catalyzes the reduction
of oxygen to water, and ATP synthase subunit beta (Atp5b)—
encoding a part of the enzyme, catalyzing ATP synthesis.
We observed a decrease in Cox4 and Atp5b expression in
animals fed HFD at ZT18 (dark phase), but an increase during
the beginning of the light phase (ZT2), suggesting a shift
of energy production to the resting state in obese animals
(Figures 6A,B). These data are in line with our observation on
lipid metabolism; therefore, we selected another mitochondrial
target, involved in FA metabolism. Pyruvate dehydrogenase
kinase 4 (Pdk4) is an enzyme located in the mitochondrial matrix,
inhibiting the pyruvate dehydrogenase complex and exerting
a regulatory function on substrate utilization by suppressing
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glycolysis and enhancing FA oxidation. Pdk4 expression showed
the same trend for HFD-fed animals, with an increase at
ZT2 (beginning of the light phase) (Figure 6C). This has also
been previously observed in heart tissue and soleus muscle
of rats fed HFD (49). Moreover, all three genes show a
daily rhythm under control conditions, which was lost in
HFD-fed animals, suggesting that hypercaloric diet impairs
time-of-day mitochondrial bioenergetics in microglial cells
(see Table S2).

To test if this trend was also observed in mitochondrial
dynamics, as they adjust to mitochondrial demand, we evaluated
key genes involved in mitochondrial fusion—mitofusin 2 (Mfn2)
and optic atrophy 1 (Opal); as well as mitochondrial fission—
fission 1 (FisI) and dynamin-related protein 1 (DrpI). Results
were supportive of changes in the bioenergetics state, with a
significant increase of expression for all four genes (Mfn2, Opal,
Fisl, Drpl) at ZT2 for HFD-fed animals (Figures 6D-G). Two-
way ANOVA test showed a significant Interaction effect for all
four genes (Table 1).

Taken together these data suggest an increased energy
production in microglia of DIO animals during the light
phase, which could be explained by an increased demand
to sustain the increase in lipid metabolism. Another recent
study indeed showed that mitochondrial fission is elevated
as a consequence of high-fat concentrated diets (50). This
indicates that mitochondrial dynamics adapt to changes in the
bioenergetics state in response to nutritional status.

The Effect of HFD-Induced Obesity on
Blood Monocyte Immunometabolism Is
Less Robust Than on Brain Microglial Cells

Following our observations in microglia, we were interested
if the same effects could be seen in monocytes—peripheral
myeloid cells. Originating from hematopoietic stem cells in the
bone marrow, monocytes circulate in the blood and migrate
to other tissue where they differentiate into tissue resident
macrophages. It is known that under obesogenic conditions,
circulating monocytes could infiltrate adipose tissue, leading
to macrophage activation and increasing proinflammatory
activity (51-53).

Our results indicated an overall loss of daily rhythmicity of
circadian gene expression, with Clock, Per2, and Dbp showing
daily rhythmicity in control animals, which was only maintained
for Per2 gene expression under obesogenic conditions (see
Table S2). Bmall and Perl showed a significant increase in
expression at the beginning of the light phase (ZT2) in HFD-
fed animals compared to control chow (Figures 7A,C). Gene
expression of Reverba and Dbp in monocytes showed a higher
expression at ZT6 in HFD-fed animals (Figures 7E,F). There
was no difference in Clock, Per2, Cryl and Cry2 gene expression
between both conditions (Figures 7B,D) (see Figures S1A,B).
Moreover, One-Way ANOVA analysis showed lack of Time effect
for all circadian genes during HFD (see Table S3).

We did not find any difference in monocyte immune response
between both groups for Tnfa, Ikbkb, Cd68, and Sirtl gene
expression (see Figures S1C-F). However, we did observe a daily

rhythm in Tnfa and Cd68 in control animals, as well as gain
of rhythm for Sirtl gene expression in HFD-fed animals (see
Table S2). There was an increase in I/1b expression at ZT2 for
the HFD group (Figure 7G). I11b showed daily rhythmicity under
control conditions, which was maintained under obesogenic
conditions with a shift in acrophase of 6 h (see Table S2). Il1b-
induced inflammation has been shown to be indirectly involved
in insulin resistance in type 2 diabetes (54, 55). Thus, these data
could indicate a reduction in insulin sensitivity. Moreover, we
observed an increased expression of Myd88 at ZT2 for HFD-fed
animals (Figure 7H).

No differences between obese and control animals were found
for representative genes of the glutamate pathway Gls and Gdh
(see Figures S1G,H). However, there was a gain of daily rhythm
for GIs gene expression in HFD-fed animals (see Table S2).
We found an increase in Gpxl expression at ZT2 for HFD
group with an overall stable day/night expression, suggesting
a mechanism of constant anti-oxidant production (Figure 71I).
This observation was supported by a loss of daily rhythmicity
under obesogenic conditions (see Table S2). Expression of the
glucose metabolic gene Hk2 was decreased at ZT22 in HFD-fed
animals, similar to what was observed in microglia (Figure 7J).
We observed no difference in FA metabolism and sensing genes
Fas and Ppard (see Figures S1LJ), apart from Cd36 expression
(Figure 7K). Cd36 expression showed a strong daily rhythm
under control conditions, which was significant also in HFD-fed
animals with an acrophase shift of 6h (see TableS2). The
expression of the FA translocase in monocytes has also been
shown to be associated with insulin resistance, supporting our
observation for I11b expression (56). Lpl evaluation showed low
expression (data not shown).

We observed no difference in mitochondrial bioenergetics
gene expression between both dietary groups for Afp5b,
Atp5g, and Cox4 (see Figures SIK-M). Mitochondria dynamics
gene expression was affected only at ZT2 for Opal and
Drpl expression (Figures 7L,M), with no difference in Mfn2
expression (see Figure SIN) and low expression of FisI (data not
shown). Interestingly, HFD led to a decrease in mitochondrial
bioenergetics gene expression in monocytes at the start of the
inactive period, opposite to the increase we observed in microglia
under obesogenic conditions. We found no daily rhythm for any
of the mitochondria genes, both under control and obesogenic
conditions (see Table §2). One-Way ANOVA analysis showed
lack of Time effect for all genes both during control and
HED (see Table $3). Two-way ANOVA analysis data is shown the
in Supplementary Material (see Table S4).

Overall, these data suggest a small effect of the obesogenic
diet on monocyte immunometabolism, suggesting that HFD
specifically affects microglial immunometabolism.

DISCUSSION

It is well-known now that a hypercaloric environment is a
potent inducer of microglial activation, which ultimately leads
to chronic neuroinflammation (14-17). However, the daily
rhythm of microglial innate immune function is poorly known,
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both in obesity and health. The purpose of this study was to
evaluate the effect of an obesogenic diet on daily changes in
microglial immunometabolism. Our data showed a disturbance
of the microglial interaction between metabolism and immunity
during DIO. We report that HFD-induced obesity leads to loss
of daily rhythm of circadian genes and impaired microglial
immunometabolic functions primarily at the transition period
between dark and light phase (ZT22-ZT?2).

To evaluate the effect of DIO on daily rhythms in microglial
function and activity, we studied the microglial expression of
major circadian and immune genes. Under normal conditions,
microglia circadian genes were expressed in a rhythmic manner,
which is disturbed by HFD, mainly due to a loss of its
rhythmicity. Comparable changes have also been observed in
different peripheral tissues like liver, brown adipose tissue and
skeletal muscle in animals on an obesogenic diet (57-59).
However, to our knowledge, we are the first to report an
effect of HFD on expression rhythms of microglial clock genes.
The presently reported difference in time-of-day expression of
microglial cytokine genes, is in line with our previous results
(18). Fonken et al. have shown previously that Il1b and Tnfa
gene expression have a peak during the middle of the day,
contrary to our observations (31). Possible explanation to this
contradiction is the heterogeneous transcriptional identities of
microglia, specific for each brain region, in this case hippocampal
vs. cortical microglia (60).

Microglial cells are known to exhibit bioenergetics shifts
in energy substrate, for example during aging (61). Such a
shift in substrate utilization is known to have an effect on the
activation status of immune cells (42, 62). We studied microglial
substrate utilization, focusing on glutamate, glucose and FA
metabolism and observed a difference between control and HFD-
fed animals, particularly during the transition period from the
dark to light phase. Key players in the glutamate pathway have
been shown to be involved in macrophage immune function,
e.g., glutamine availability was shown to modulate macrophage
phagocytic capacity, while a-ketoglutarate, generated through
glutaminolysis, is crucial in eliciting an anti-inflammatory
phenotype in macrophages (63, 64). We report a decrease in
microglial glutamate utilization in the active period of HFD-
fed animals as seen in glutamine conversion to glutamate and
glutamate conversion to a-ketoglutarate. Additionally, a similar
change was observed for glucose metabolism with decreased
glucose utilization in the active period of HFD-fed animals.
However, we observed an increase in FA sensing and synthesis
at the beginning of the light period under obesogenic conditions,
suggesting a shift to FA utilization during the sleep phase
of the animal. It has been shown that FA treatment of BV2
cells (a microglial cell line) is a potent inducer of cytokine
production via TLR4 signaling, thus leading to low-grade
inflammation even in the absence of immune challenge (65).
This FA metabolism increase could be a possible explanation
for our previously observed constant day/night activation of
hypothalamic microglia under HEFD (66). Additionally, we know
that immune cell activation requires higher energy production.
We here show that microglial mitochondrial function in DIO
is increased during the inactive period, suggesting an increase

in ATP production, which could be explained by the increased
FA metabolism demand. These data support the view that
mitochondrial function adapts to nutritional status (50).

To investigate whether the observed effect of HFD on
immunometabolism is restricted to microglial cells, we also
studied monocyte immunometabolism in obesity. We report
small or no effect of the hypercaloric diet on monocyte
immunometabolic function, which suggests a microglia-specific
functional disturbance in HFD-induced obesity. Taken together,
our data suggest that microglial innate immunity is highly
dependent on metabolic changes, as well as the time of day.
Microglial cells are highly active cells, with a high energy
demand, which is achieved by a strictly regulated cellular
metabolism. A robust switch of substrate utilization is a
suitable mechanism, in response to the high demands of
immune defense.

The data currently presented suggest a deleterious effect
of an obesogenic diet on microglial function by inducing
chronic activation. It has been shown that chronic microglial
activation has a negative impact on neuronal function and
could play a role in obesity-associated cognitive decline (16,
67). Our data point out to the importance of microglial
integrity and the negative impact of chronic exposure to
a hypercaloric environment on cortical microglial function,
which could ultimately lead to cognitive impairment. Previously
we observed that obesity induces microglial activation in
close proximity to the anorexigenic proopiomelanocortin
(POMC) neurons located in the arcuate nucleus of the
hypothalamus (18). Moreover, chronic HFD feeding leads to
POMC neuronal loss, which would lead to further progression
of obesity (66). It is possible that the current observation on
cortical microglia could be translated to the hypothalamus,
which would give insight in the mechanisms behind this
neuronal loss.

Finally, three issues need to be addressed: firstly, we observed
a clear effect of HFD on microglial immunometabolism, leading
to an increase in expression of many of the presented genes
around the end of the dark period, i.e., ZT22/ZT2. In order
to check whether or not a higher food intake at the end of
the dark period in the HFD-fed group could be responsible
for these changes, we re-analyzed the food intake data from
metabolic cage experiments from a separate cohort of rats fed
a similar HFD (68). With respect to consumed grams, no
difference in timing of food intake was found between control
and obesogenic diet (see Figure S2). However, with respect to
consumed calories, the obesogenic diet group showed a larger
increase of kcal intake at the beginning and the end of the
dark period, although only significant for the beginning of the
dark period, suggesting that higher energy consumption (but
not higher food intake) may be partially responsible for the
differences in gene expression between the HFD and control
group at the end of the dark period (see Figure S2). Secondly,
we cannot distinguish between the effect of obesity and the
hypercaloric diet itself. However, a hypercaloric diet can induce
microglial activation in the hypothalamus after 1 day, prior to
any changes in body weight, pointing to an effect of diet rather
than obesity itself (69). Thirdly, the data presented only show
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the transcriptional state of selected target genes, representative
of the different functions investigated. Future studies should be
aimed at a further understanding of activity changes in each of
the represented pathways.

CONCLUSIONS

An obesogenic diet affects microglial immunometabolism in
a time-of-day specific manner. The aim of this study was to
increase the knowledge of microglial cell function in obesity
in general and its daily rhythms in specific. To our knowledge,
we are the first to point out (loss of) time-of-day differences
for microglial cells during HFD. Our data are supportive of the
ongoing research, focused on the interaction between immune
cells and metabolism. Further studies should focus on addressing
the time-of-day differences in microglial function, as more
detailed knowledge of microglial immunometabolism could
lead to a better understanding of the neuroinflammatory
process taking place in the CNS wunder chronic
hypercaloric environment.
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Recent studies demonstrate significant neuroimmune changes in postpartum females,
a period that also carries an increased risk of stroke. Oxytocin, a major hormone
upregulated in the brains of nursing mothers, has been shown to both modulate
neuroinflammation and protect against stroke. In the present study we assessed
whether and how nursing modulates the neuroimmune response and injury after stroke.
We observed that postpartum nursing mice were markedly protected from 1 h of
transient middle cerebral artery occlusion (MCAO) relative to either non-pregnant/non-
postpartum or non-nursing (pups removed) postpartum females. Nursing mice also
expressed reduced levels of pro-inflammatory cytokines, had decreased migration of
blood leukocytes into the brain following MCAO, and displayed peripheral neuroimmune
changes characterized by increased spleen weight and increased fraction of spleen
monocytes. Intranasal oxytocin treatment in non-pregnant females in part recapitulated
the protective and anti-inflammatory effects associated with nursing. In summary, the
results of the present study demonstrate that nursing in the postpartum period provides
relative protection against transient ischemic stroke associated with decreased brain
leukocytes and increased splenic monocytes. These effects appear to be regulated, at
least in part, by oxytocin.

Keywords: MCAO, FACS, ischemia, innate, adaptive, focal ischemia, inflammation, cytokine

INTRODUCTION

Over the past decades significant progress has been achieved in understanding the complex cellular
and molecular mechanisms of stroke pathology. Various physiological conditions and interventions
that modulate stroke outcome have been identified and extensively investigated (Lo et al., 2003;
Lakhan et al., 2009; Moskowitz et al., 2010), but clinical translation has been elusive. While stroke is
uncommon in young women, the peripartum period is associated with a significantly increased risk
of stroke (Kittner et al., 1996; James et al., 2005). Notably, approximately 15% of pregnant women
who experience a stroke die as a result, making it the 8th leading cause of pregnancy-associated
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deaths in the United States (Kochanek et al, 2013), and
retrospective clinical studies demonstrate the risk of stroke
remains significantly elevated in the postpartum period (Jaigobin
and Silver, 2000; Kamel et al., 2014; Cheng et al., 2017). However,
to date, essentially no research has been conducted on stroke in
the postpartum period in rodent models.

Strong evidence supports the notion that modulation of
the neuroimmune response critically influences lesion volume
and overall outcome after ischemic stroke. While the healthy
brain maintains an anti-inflammatory local milieu limiting
destructive inflammation (Carson and Sutcliffe, 1999), stroke
initiates both acute and long-lasting inflammatory processes
characterized by release of pro-inflammatory molecules and
infiltration of inflammatory cells into the ischemic brain (Stoll
et al, 1998; Schwab et al., 2001; Iadecola and Anrather,
2011). Stroke-induced release of pro-inflammatory mediators
and cytokines leads to brain cell damage and apoptosis (Choe
et al, 2011; Vogelgesang et al., 2014), specifically tied to
increased levels of pro-inflammatory cytokines IL-6 and TNF-
a (Campbell et al., 1993; Rothwell and Relton, 1993; Meistrell
et al, 1997; Lavine et al., 1998). Induction of stroke results
not only in brain damage and local neuroinflammation, but
also has profound effects on peripheral immune responses,
promoting peripheral immune suppression, splenic atrophy
and changes in circulating leukocytes (Offner et al., 2006;
Lafargue et al., 2012).

Sex differences in outcome from stroke have long been
appreciated (Sohrabji et al., 2017), with female animals generally
being protected compared to male animals (Alkayed et al,
1998; Murphy et al, 2004). A recent review summarizes
the current clinical evidence for sex differences in ischemic
stroke, and highlights immune/inflammatory pathways that
may contribute to these clinical differences (Chauhan et al,
2017). While pregnancy, parturition and lactation are major
important physiological changes in females, these factors have
been little studied in the context of stroke. The postpartum
period induces significant changes in brain physiology and
plasticity including altered neurogenesis (Darnaudery et al., 2007;
Leuner et al., 2007), neuronal morphology and synaptic plasticity
(Tomizawa et al., 2003; Haim et al., 2014), and astrocytic and
oligodendrocytes function (Salmaso and Woodside, 2006; Maheu
et al., 2009). Only recently have studies reported changes in
maternal neuroimmune function during the postpartum period
(Haim et al., 2014; Sherer et al., 2017). In particular, the
postpartum period is associated with changes in pro- and anti-
inflammatory cytokine levels (Haim et al., 2017). Oxytocin, a
hormone produced in the paraventricular and supraoptic nuclei
of the hypothalamus, is best known for its role in lactation
and parturition. In addition, oxytocin signaling modulates social
behaviors, feeding, and pain perception. It has been demonstrated
that oxytocin administration provides neuroprotection after
cerebral ischemia in male mice, preventing the increased
injury seen with social isolation (Karelina et al, 2011).
In addition, oxytocin treatment inhibited pro-inflammatory
microglial activation both in vivo and in vitro (Yuan et al,
2016), and mitigated neuroinflammatory responses associated
with maternal separation (Amini-Khoei et al., 2017).

In the present study we compared infarct volume and
neurological function following transient middle cerebral artery
occlusion (MCAO) in acute postpartum nursing female mice
with age-matched, postpartum non-nursing (pups removed)
mice and age-matched nulliparous female mice. We observed
marked protection in nursing mice accompanied by decreased
migration of leukocytes and reduced levels of brain pro-
inflammatory cytokines in the brain, and increased numbers of
leukocytes in the spleen. Because oxytocin is a major hormone
upregulated during nursing, we also performed comparative
studies between nursing, non-pregnant, and oxytocin-treated
non-pregnant female mice following MCAO.

MATERIALS AND METHODS

Animals

The study was conducted in accordance with National Institutes
of Health guidelines for the use of experimental animals, and the
protocols were approved by the Stanford Animal Care and Use
Committee. Female 10 week old Swiss Webster mice (Charles
River Laboratory, Wilmington, MA, United States) were used.
All animals were housed in air-conditioned rooms in a controlled
environment at 21 £ 2°C with seasonal lighting conditions (12 h
of light and 12 h of darkness), with unrestricted food and water.
Pregnant mice were allowed to deliver and nurse the newborn
pups for 3 days before use in stroke studies. Control postpartum
mice were deprived of all their pups after delivery and did not
nurse for 3 days prior to use in studies. MCAO was performed in
each experimental group immediately after the 3 day treatment
period. Control non-pregnant female mice were also studied,
with and without 3 days of oxytocin treatment. The total number
of female mice used was 147 (MCAOQ 83, non-stroke 64).

Intranasal Oxytocin Treatment

Oxytocin was administered intranasally for 3 days with a dose
previously demonstrated to significantly increase brain oxytocin
levels in male mice (Neumann et al., 2013). Briefly, synthetic
oxytocin (Tocris Bristol, United Kingdom), 12 pl of a 1 pg/pl in
saline solution, or control saline vehicle alone, was administered,
the solution was applied alternately into each nares, using a
pipette. The solution was allowed to diffuse into the squamous
epithelium of both the left and right tunica mucosa nasi.

Transient Focal Cerebral Ischemia

Focal cerebral ischemia was induced, and neuroscore and
edema corrected infarct volume (percent of hemisphere) were
assessed as described previously (Xu et al., 2015). In brief,
mice were randomized to treatment groups. Under 1.5-
2.0% isoflurane anesthesia, the common carotid artery was
exposed and the external carotid artery ligated and cauterized.
Unilateral MCAO occlusion was performed by inserting a 6-0
nylon monofilament surgical suture from Doccol Corporation
(Sharon, MA, United States). The suture was secured, and
the animal allowed to awaken. After 60 min, the animal was
briefly re-anesthetized and reperfusion was initiated by filament
withdrawal. Sham-operated mice were treated identically with
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the exception that no filament was inserted. Intraoperative
rectal temperature was controlled in all animals between
36.5and 37.5°C.

Neurological deficit score (Yang et al., 1994) was determined
after 24 h reperfusion. Scores were (0) no deficit, (1) forelimb
weakness, failure to extend forepaw; (2) torso turning to the
ipsilateral side when held by tail, circling to affected side,
(3) inability to bear weight on affected side, falling (4) no
spontaneous locomotor activity. Any animal without a visible
deficit, score of 0, was excluded from the study. The number
of animals excluded from the study was four for control, three
for oxytocin and three for the nursing group. Ischemic injury
resulted in five deaths in the control group, and three deaths in
each of the oxytocin and nursing groups.

Brain Oxytocin and Cytokine

Measurements

For ex vivo measurements of oxytocin and proinflammatory
cytokines, mice were killed and perfused with 0.9% saline.
The brains were removed and the peri-infarct areas and
corresponding brain areas in sham control animals were isolated
and immediately homogenized in cold phosphate buffered saline
using a ratio of 1 g of tissue to 10 ml of reagent plus protease
inhibitor mixture (G-Biosciences, St. Louis, MO, United States).
The samples were centrifuged at 10,000 x g for 20 min at 4°C
and the supernatants were used for measurements. Oxytocin
levels in brain tissue were assayed by ELISA kit according to
manufacturer’s instructions (DLdevelop Wuxi, China 214031).
Levels of proinflammatory cytokines were determined by TNEF-
a and IL-6 ELISA kits (Invitrogen). Protein concentrations were
measured by BCA protein assay (Pierce).

Brain and Spleen FACS Studies

For FACS studies of brain immune cells, mice were euthanized
and perfused with 20 mL of 0.9% saline. The brains were
removed, chopped with dissecting scissors and digested with
400 mU/mL Collagenase-D (Roche, Germany) and 50 pg/mL
DNase I (Roche) for 1 h in a 37°C incubator. 10 pM EDTA
(Life Technologies, Grand Island, NY, United States) was added
for the last 5 min. The samples were centrifuged at 450 x g
for 10 min, resuspended in 4 mL of 67.5% Percoll (Sigma, St.
Louis, MO, United States) and carefully overlaid with 4 mL of
30% Percoll. The Percoll gradient mix was centrifuged at 800 x g
for 20 min at room temperature. The cells were collected at
the Percoll interface (lymphocytes and monocytes) and bottom
pellet (granulocytes).

Spleen cell suspensions were obtained by mechanical
disruption and enzymatic digestion with 400 mU/ml Collagenase
D and 50 pg/ml DNase I for 30 min at 37°C, and 10 pM EDTA
was added for the last 5 min. Cell suspensions were lysed with
ACK lysis buffer (Lonza, Walkersville, MD, United States) and
filtered through a 70 pm filter. Total leukocyte count (CD45T)
from spleen and brain were obtained using Countbright Beads
(Thermo Fisher Scientific, Eugene, OR, United States) following
manufacturer’s instructions. Cell suspensions were incubated
15 min at 4°C with CD16/CD32 (produced in house from

2.4G2 hybridoma, ATCC) to prevent binding of antibodies
through Fc-receptor. Cell suspensions were then stained using
the following antibodies obtained from eBiosciences, BD or
Biolegend: F4/80 PerCPCy5.5 (BMS8 clone), CD115 PE (clone
AFS98), CD11c PE-Cy7 (clone N418), CD19 APC-A780 and
APC-A700 (clone eBiolD3), CD3e APC-A780 (clonel45-
2C11), Ly6C efluor450 (clone HKI1.4), MHCII A700 (clone
M5/114.15.2), CD4 BUV395 GK1.5, Ly6G BUV395 (clone 1A8),
CD8 BV510 (clone 53-6.7) and CD11b BV785 (clone M1/70).
For lymphocyte quantification, cells were stained with the
surface cocktail: CD49b FITC (clone DX5), CD25 PerCPCy5.5
(clone PC61), CD19 APC-A700 (clone 1D3), CD62L APC-A780
(clone MLE14), CD44 BV785 (clone IM7), CD4 BUV396 (clone
GK1.5), TCRbeta eFluor450 (H57-597), and CD8 BV510 (clone
53-6.7). All surface stainings were performed at 4°C for 20 min.
After surface staining, cell were fixed using FoxP3 transcription
factor detection kit (eBiosciences) for at least 2 h. Cells were
permebealized and stained with FoxP3 APC (clone FJK-16s) for
30 min at 4°C. Stained cells were acquired in a Fortessa X-20 and
fes files were analyzed using FlowJo.

Statistical Analyses

Numbers of animals/group are indicated in figure legends. Data
reported are means + SEM. Statistical difference was determined
using T-test for comparison of two groups or ANOVA followed
by Tukey correction for experiments with >2 groups using
SigmaPlot (Systat Software, San Jose, CA, United States). P < 0.05
was considered significant.

RESULTS

Infarction volume was assessed by TTC staining 24 h after MCAO
in non-pregnant/non-postpartum females, nursing postpartum
females and postpartum females from which the pups had
been removed after delivery (experimental overview illustrated
in Figure 1A). We observed marked (>70%) reduction in
nursing postpartum mice relative to either non-pregnant/non-
postpartum mice or when nursing was inhibited by removing
the pups in the postpartum period (Figures 1B,C). In parallel we
evaluated changes in neurological score associated with nursing.
Figure 1D demonstrates that nursing was associated with
significantly improved neurological performance relative to non-
pregnant/non-postpartum or non-nursing postpartum females.
Because both stroke injury and neurobehavioral outcomes
after MCAO were comparable between non-pregnant/non-
postpartum mice and non-nursing postpartum mice, non-
pregnant/non-postpartum mice were used as the “control” group
in the remainder of studies.

We next determined the effects of intranasally delivered
oxytocin on stroke outcome (experimental overview illustrated
in Figure 2A). We observed (Figure 2B) that 3d of intranasal
oxytocin resulted in elevated brain oxytocin levels (5.2-fold)
in control female mice relative to intranasal saline treatment,
were comparable to levels observed in nursing females (4.1-
fold). Administration of oxytocin resulted in a significant ~(32%)
decrease in the post-MCAO infarction volume (Figures 2C,D),
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FIGURE 1 | Nursing mice demonstrate marked protection from middle cerebral artery occlusion (MCAQ). (A) Experimental overview. (B) representative TTC stained
brain sections, (C) quantification of infarction volume as % of hemisphere, and (D) post-ischemic neurological deficit. Control are non-pregnant, age-matched
females. (N = 8-10/group, ***p < 0.001 and *p < 0.05 compared to control).
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FIGURE 2 | Oxytocin treatment improves post-MCAO outcome in female mice. (A) Experimental overview. (B) Intranasal oxytocin (Oxt) treatment for 3 days resulted
in significantly higher brain levels of oxytocin than seen in non-nursing females and comparable to levels in nursing mice, N = 8-12. Oxytocin treated female mice
demonstrated reduced infarction volume compared to control (Ctrl). (C) representative TTC stained brain sections, (D) quantification of percent of hemisphere infarct
volume (N = 9-12), and (E) post-ischemic neurological deficit (N = 11-13) ***p < 0.001 and *p < 0.05 compared to control (Ctrl) non-nursing.
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significantly improved neurological scores (Figure 2E) compared  oxytocin induced a moderate 1.4-fold increase in spleen weight
to intranasal saline treated female controls. in females, while nursing resulted in a stronger 2.2-fold increase
Since it has been reported that both lactation and oxytocin  in spleen weight compared to control sham. MCAO caused
treatment are associated with significant neuroimmunological ~small but significant decreases in spleen weights in all groups
changes (Yuan et al., 2016; Haim et al, 2017; Sherer et al, (17% decrease in control, 26% in oxytocin treated, and 14%
2017), we measured brain levels of two major cytokines in nursing mice). We then studied male Swiss Webster mice
involved in post-ischemic brain injury, IL-6 and TNF-a, in and found modest decreases in spleen weight following MCAO,
non-pregnant/non-postpartum mice with and without intranasal ~ with no significant effect of oxytocin treatment on spleen weight
oxytocin treatment and in nursing postpartum mice after (Supplementary Material).
MCAO (experimental overview illustrated in Figure 3A). We Analyses of spleen cell suspensions by flow cytometry
observed that brain TNF-a levels were significantly (4.2-fold) indicate that nursing was associated with a significant 1.7-fold
increased after MCAO in saline-treated control females, and this  increase in total spleen leukocytes, while oxytocin treatment
increase was significantly attenuated in both nursing postpartum  resulted in only a non-significant increase in non-ischemic
and oxytocin-treated control females (Figure 3B). Similarly, animals. Ischemia caused a significant 37% decrease in total
brain IL-6 levels were significantly (3.3-fold) increased after spleen leukocyte numbers in control animals. Significant
MCAO in saline-treated control females, and this increase ~MCAQ-associated decreases in total spleen leukocytes were
was also significantly attenuated in both nursing postpartum, also observed in oxytocin-treated and nursing mice (45 and
and oxytocin-treated control females (Figure 3C). We did not  36%, respectively, Figure 4B). We observed nursing-associated
observe any significant differences in brain TNF-a or IL-6 changes in spleen myeloid cells, monocytes and granulocytes.
levels between the three groups in the absence of ischemic Figures 4C,D demonstrate sequential gating strategies used
injury (sham surgery). to analyze myeloid cells in the spleen and in the brain,
It has been shown that MCAO induces major changes in the respectively. Analysis of monocyte frequency and total counts
peripheral immune system, including significant spleen atrophy showed a markedly increased frequency in nursing post-MCAO
in male mice (Offner et al., 2006). Therefore we assessed spleen  animals, compared to all other groups (Figure 5A). This
weight and immune cell composition in non-pregnant/non- translated to significantly higher spleen monocyte counts in
postpartum mice with and without intranasal oxytocin treatment  the nursing mice, without significant differences between non-
and in nursing postpartum mice after MCAO (experimental ischemic and post-MCAO animals, due to the differences in
overview illustrated in Figure 3A). Figure 4A demonstrates that overall leukocyte count (Figure 5B). Granulocyte frequency
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FIGURE 3 | Increases in brain TNF- and IL-6 levels induced by MCAQO are moderated by nursing or oxytocin treatment. (A) Experimental overview. Brain cytokine
levels were assessed in sham operated or MCAQO mice either nursing or treated with vehicle or oxytocin. TNF-a (B) and IL-6 (C) levels were significantly increased in
mouse brain 24 h after MCAO compared to sham operated animals. This increase was significantly attenuated in both nursing and oxytocin (Oxt) treated mice N = 6
for MCAQ animals, N = 4 for sham, ***p < 0.001 **p < 0.01, and *p < 0.05 for comparisons indicated by the horizontal bars.
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was significantly increased in non-ischemic nursing mice,
compared to non-ischemic sham control (Figure 5C). The
total spleen granulocyte numbers were significantly increased
in both ischemic and post-MCAO nursing mice, compared to
corresponding sham controls (Figure 5D). However oxytocin
supplementation did not recapitulate the effects observed with
nursing (Figures 5A-D).

Lymphocyte populations in the spleen were also analyzed.
We observed a significant 2.1-fold increase in total regulatory
T cells (Treg) numbers in spleens of post-MCAO nursing
animals compared to control ischemic animals, while only a non-
significant 1.4-fold increase was observed in oxytocin-treated
mice. Results of FACS studies for different leukocyte types,
frequency and total counts, are included in Supplementary
Material. Because leukocyte migration into the brain develops
over time and peaks around 3 days post-stroke (Jin et al,
2010), we performed FACS studies of brain immune cells at
this time point. MCAO induced a strong 3.3-fold increase
in total leukocyte numbers in the stroke affected (ipsilateral)
brain hemisphere compared to the contralateral hemisphere in

control mice (33583 vs. 15077 total leukocytes in ipsilateral
vs. contralateral hemispheres). This MCAO-associated increase
was significantly attenuated in nursing mice (13052 total
leukocytes per hemisphere) only reaching levels comparable to
the non-ischemic hemispheres of controls. This was paralleled
by significant increases in frequencies (Figure 6A) and total
cell numbers of monocytes (Figure 6B) and granulocytes
(Figures 6C,D) in the ipsilateral hemispheres of MCAO animals.
Together our observations demonstrate that nursing significantly
attenuated the MCAO-induced increase of immune cell types
that are considered central to the development of ischemic injury
(Shi and Pamer, 2011).

DISCUSSION

Oxytocin is essential for lactation and postpartum maternal
behavior (Gimpl and Fahrenholz, 2001). Recent studies report
significant neuroimmunological changes in postpartum animals
(Haim et al., 2017; Sherer et al., 2017), and immune responses
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FIGURE 6 | MCAO-induced brain migration of monocytes and granulocytes is reduced in nursing mice. In non-nursing mice MCAQ promoted strong migration of
monocytes (A,B) and granulocytes (C,D) into the ipsilateral ischemic hemispheres (Ipsi) compared to the non-ischemic contralateral hemispheres (Contra). This
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Frontiers in Neuroscience | www.frontiersin.org 29 July 2019 | Volume 13 | Article 609


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Stary et al.

Nursing Protects Postpartum Mice From Stroke

are crucial to stroke outcome (Stoll et al., 1998; Schwab
et al,, 2001; Tadecola and Anrather, 2011). Our results show
for the first time that nursing animals have markedly smaller
infarct volumes and improved neurological outcome following
MCADO injury. To compare the protective effects of nursing and
oxytocin treatment we administered oxytocin intranasally and
achieved brain oxytocin levels comparable to those in nursing
animals. We observed reduced infarct volume and improved
neurological outcome in oxytocin-treated female mice. These
results support related observations in male mice whereby
oxytocin treatment improved stroke outcome after cerebral
ischemia when caged alone, but provided no protection to
group-housed male mice that had higher brain oxytocin levels
(Karelina et al., 2011).

Oxytocin inhibited LPS-induced inflammation in microglial
cells and attenuated microglial activation associated with LPS
treatment and maternal separation in vivo (Yuan et al,
2016; Amini-Khoei et al., 2017). Stroke induces significant
inflammation in the brain (Choe et al., 2011; Vogelgesang
et al,, 2014); however, to the best of our knowledge, the
effects of oxytocin on post-stroke inflammation have not been
studied. Our studies indicate that the levels of two major pro-
inflammatory cytokines associated with stroke injury, TNF-
a and IL-6 (Campbell et al, 1993; Rothwell and Relton,
1993; Meistrell et al., 1997; Lavine et al., 1998), were elevated
following MCAO injury. Independently, both oxytocin treatment
and nursing significantly attenuated this pro-inflammatory
cytokine release. The decrease in pro-inflammatory cytokine
levels in nursing mice was accompanied by reduced brain
migration of blood leukocytes, particularly monocytes and
granulocytes. These cell types have been shown to be central
to the development of post-ischemic brain inflammation
and damage, especially due to pro-inflammatory cytokine
generation (Shi and Pamer, 2011). Thus one major mechanism
of protection is likely reduced migration of monocytes and
granulocytes to the brain.

Peripheral immune responses are activated by stroke and
interact with the development of brain damage. The spleen
is a key lymphatic organ and a major reservoir of blood
cells that come into the circulation and brain following brain
injury (Mebius and Kraal, 2005). Therefore, splenic responses
after stroke have gained attention (Seifert and Offner, 2018).
It is well established that the spleen shrinks in animal stroke
models (Offner et al., 2006; Ajmo et al., 2009). Spleen shrinkage
is associated with early release of splenocytes and splenocyte
apoptosis (Liu et al., 2015). Our studies demonstrate that
nursing is associated with a marked increase in spleen size,
and reduced MCAO-associated spleen atrophy. Spleen responses
have been shown to correlate inversely with infarct volume
(Vendrame et al., 2006), and, in turn, influence the development
of ischemic brain injury (Liu et al, 2015). Prior studies
have shown that splenectomy, preceding or immediately after
stroke, or spleen irradiation is protective (Dotson et al., 2014;
Chauhan et al., 2018). To the best of our knowledge this
study describes the first observations of nursing-associated
reduced spleen atrophy in post-MCAO animals, with associated
improvements in stroke outcomes. In the present study we

also observed that nursing independently promoted significant
increases in spleen weight and total leukocyte numbers prior
to injury. Importantly, nursing resulted in higher numbers
of spleen monocytes and granulocytes, and this increase was
retained after stroke induction. Both monocytes and granulocytes
have been shown to contribute to post-ischemic brain damage
and inflammation, and their increased numbers in the spleen
apparently inversely correlate with the observed decrease in
those cell types in post-ischemic brain (Shi and Pamer, 2011).
Notably, in the present study we observed that oxytocin
treatment alone failed to significantly reduce the MCAO-
associated spleen atrophy.

It has been demonstrated that pro-inflammatory cytokine
production induced by LPS stimulation is attenuated during
pregnancy and in the postpartum period (Sherer et al.,, 2017).
Whether lactation or oxytocin treatment leads to reduced
peripheral immunosuppression remains to be determined. Post-
and peripartum changes in baseline microglial density, and brain
levels of interleukins 6 and 10, have been previously described
in rat brains (Haim et al, 2017). Notably, the brain immune
response to stress (forced swim test) is also altered in pregnant
versus non-pregnant females. Most relevant to the present study,
Ritzel et al. (2017) recently described reduced baseline microglial
activity in multiparous female rats compared with nulliparous
rats. This translated to reduced inflammatory activation after
experimental stroke, reduced injury and faster recovery. Because
infection is a major factor in post-stroke mortality this will be an
important future direction to pursue.

Recent studies also suggest that Treg cells, a subset of T
lymphocytes, are beneficial for stroke outcome (Liesz et al., 2009;
Lietal., 2013). While significant Treg brain migration is generally
observed at later time points than studied here, it has been
shown that Treg depletion promotes increased levels of pro-
inflammatory cytokines in the blood of post-ischemic animals
within hours after MCAO (Liesz et al., 2009). In the present
study we observed that nursing was associated with increased
total spleen Treg cells, suggesting that this mechanism may also
contribute to the observed protection, though future studies at
later time points will be required.

SUMMARY

This study is the first to assess the effects of nursing and
exogenous oxytocin treatment in stroke outcomes in female
mice. Our study demonstrates for the first time strong
nursing-associated neuroprotection against experimental stroke,
along with observed oxytocin-associated anti-inflammatory
mechanisms. Spleen and brain monocyte numbers were also
increased with nursing, whereas in nursing mouse brains
monocyte number and fraction were both decreased following
MCAO. These studies suggest that: (1) intranasal oxytocin may
be a novel neuroimmunological approach to reduce injury from
stroke in females; and, (2) that nursing confers protection against
neuroinflammatory changes and resultant stroke injury. One
limitation of the present study is that the effect of oxytocin
replacement therapy on stroke outcomes and neuroimmune
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modulation was not assessed in non-nursing postpartum females.
As these studies did not include a non-nursing group for
all comparisons, changes in postpartum females following
MCAO cannot necessarily be attributed to nursing per se,
as other features associated with pup presence/absence could
also underlie our observations. Litter size may also have an
effect on postpartum stroke outcomes, as nulliparity versus
multiparity have bene shown to determine stroke outcomes
(Ritzel et al., 2017), however this was not controlled for in this
study. A final limitation is that we did not identify the cell-
type specific source of brain cytokine modulation associated
with oxytocin treatment. Further studies incorporating cell-
type specific mechanistic studies will be required to develop a
more comprehensive understanding of the regulatory pathways
responsible for lactation-associated neuroprotection, to advance
therapeutic applications for this specific, at-risk population.
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In the preceding work, a hypothesis on the existence of a specific neural plasticity
program from sympathetic fibers innervating secondary lymphoid organs was
introduced. This proposed adaptive mechanism would involve segmental retraction
and degeneration of noradrenergic terminals during the immune system (IS) activation
followed by regeneration once the IS returns to the steady-state. Starting from
such view, this second part presents clinical and experimental evidence allowing to
envision that this sympathetic neural plasticity mechanism is also operative on inflamed
non-lymphoid peripheral tissues. Importantly, the sympathetic nervous system regulates
most of the physiological bodily functions, ranging from cardiovascular, respiratory
and gastro-intestinal functions to endocrine and metabolic ones, among others. Thus,
it seems sensible to think that compensatory programs should be put into place
during inflammation in non-lymphoid tissues as well, to avoid the possible detrimental
consequences of a sympathetic blockade. Nevertheless, in many pathological scenarios
like severe sepsis, chronic inflammatory diseases, or maladaptive immune responses,
such compensatory programs against noradrenergic transmission impairment would
fail to develop. This would lead to a manifest sympathetic dysfunction in the
above-mentioned settings, partly accounting for their underlying pathophysiological
basis; which is also discussed. The physiological/teleological significance for the whole
neural plasticity process is postulated, as well.

Keywords: neuro-immune interaction, sympathetic nervous system, inflammation, neural plasticity, peripheral
immune tolerance

INTRODUCTION

In the preceding work (1) evidence regarding changes in the sympathetic innervation of secondary
lymphoid organs (SLOs) during the activation of the immune system (IS) was presented. Different
authors interpreted this phenomenon as “damage” or “injury” of the noradrenergic axons, probably
due to the action of endogenous mediators. In contrast to this view, the hypothesis of a neural
plasticity adaptive mechanism was postulated —involving axonal degeneration during the activation
of the IS with subsequent axonal regeneration once the immune response ceases, thus recovering
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Sympathetic Plasticity in Inflamed Non-lymphoid Tissues

the innervation pattern of the steady-state. It was also proposed
that this mechanism may be mediated by molecules such as
neurotrophins and semaphorins.

One of the main remaining questions was whether these
changes in innervation would also occur in other non-
lymphoid organs and tissues during inflammation, encompassing
recruitment of immune cells and/or presence of inflammatory
cytokines. Given that the above-mentioned molecules mediating
neural plasticity can be produced by immune cells or by
other different cell types under cytokine influence (2-6), this
hypothetical view seems plausible. In support of this, clinical
and experimental evidence regarding the loss of sympathetic
innervation during different inflammatory conditions is now
presented. As part of the autonomic nervous system (ANS), the
sympathetic nervous system (SNS), regulates nearly all bodily
functions (7). Hence, a sympathetic dysfunction would become
clinically manifest, in cases wherein a compensation against this
hypothetical impaired noradrenergic transmission is insufficient,
implying life-threatening consequences in some circumstances.

Nature is unlikely to orchestrate complex and energy-wasting
mechanisms for nothing. As the nervous system (NS) regulates
most phases of the immune response, mainly through the
SNS (8-11), the immunological meaning for this postulated
retraction of the noradrenergic terminals both in SLOs and
in non-lymphoid tissues during immune-mediated processes is
also proposed.

Sepsis and Septic Shock
Sepsis is one of the main causes of morbidity and mortality
throughout the world consisting of a dysregulated systemic
inflammatory response syndrome against a specific pathogen
infection. Sepsis with organic dysfunction is called severe sepsis,
which can progress to septic shock, characterized by persistent
hypotension <65 mmHg leading to a state of acute circulatory
failure (12-15). Organic dysfunction in severe sepsis can include
renal, hepatic, cardiac or pulmonary failure, lactic acidosis,
thrombocytopenia with abnormalities in coagulation or multiple
organ failure. Bacterial endotoxins such as LPS activate the NF-
kB pathway in immune cells with the subsequent production and
release to the circulation of inflammatory mediators such as TNE,
IL-1, IL-6, IL-8, and macrophage migration inhibitory factor,
presumably involved in the above-referred clinical alterations.
Vasoplegia and myocardial dysfunction are the two
complications of septic shock leading to hemodynamic
instability (16, 17). Vasoplegia is defined as a lack of vasculature
response to vasopressors (18, 19) leading to a state of persistent
peripheral vasodilation, hypotension, and hypoperfusion.
Nitric oxide (NO), synthesized by the vascular smooth muscle
inducible nitric oxide synthase (iNOS) under the control of
cytokines, may play a central role in this regard (20). As to
cardiac function, at the beginning of sepsis, patients have a
hyperdynamic phase characterized by an increased cardiac out-
put as a reaction to the decreased peripheral vascular resistance.
After that, progression toward septic shock is characterized by
a depressed activity of the ventricular myocardium along with
a reduced ejection fraction. Since this depression cannot be
simply explained by hypoperfusion and coronary ischemia, a

direct action of inflammatory mediators, as depressants, was
postulated (21-23). It is currently believed that such depression is
multifactorial, involving metabolic alterations and mitochondrial
dysfunction of the cardiomyocytes, reduced calcium release from
the sarcoplasmic reticulum and impaired electromechanical
coupling at the myofibrillar level (17). These alterations seem
to be caused by different cytokines produced and released from
activated immune cells, as well as NO.

The first-line treatment for the maintenance of hemodynamic
stability in septic shock is norepinephrine (NA) -or other
sympathomimetics such as dopamine or dobutamine through
their effects on a- and p-adrenoreceptors (ARs) and their high
vasoconstrictive action and inotrop