
Advances in Experimental Medicine and Biology 1147

Alexander Birbrair    Editor 

Pericyte 
Biology in 
Disease



Advances in Experimental Medicine  
and Biology

Volume 1147

Editorial Board:

IRUN R. COHEN, The Weizmann Institute of Science, Rehovot, Israel
ABEL LAJTHA, N.S. Kline Institute for Psychiatric Research
Orangeburg, NY, USA
JOHN D. LAMBRIS, University of Pennsylvania, Philadelphia, PA, USA
RODOLFO PAOLETTI, University of Milan, Milan, Italy
NIMA REZAEI, Tehran University of Medical Sciences, Children’s Medical 
Center Hospital, Tehran, Iran

More information about this series at http://www.springer.com/series/5584

http://www.springer.com/series/5584


Alexander Birbrair
Editor

Pericyte Biology in Disease



ISSN 0065-2598	         ISSN 2214-8019  (electronic)
Advances in Experimental Medicine and Biology
ISBN 978-3-030-16907-7        ISBN 978-3-030-16908-4  (eBook)
https://doi.org/10.1007/978-3-030-16908-4

© Springer Nature Switzerland AG 2019
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use.
The publisher, the authors, and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the 
editors give a warranty, express or implied, with respect to the material contained herein or for any errors 
or omissions that may have been made. The publisher remains neutral with regard to jurisdictional claims 
in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

Editor
Alexander Birbrair
Department of Radiology
Columbia University Medical Center
New York, NY, USA

Department of Pathology
Federal University of Minas Gerais
Belo Horizonte, MG, Brazil

https://doi.org/10.1007/978-3-030-16908-4


v

Preface

This book’s initial title was “Pericyte Biology: Development, Homeostasis and 
Disease.” However, due to the current great interest in this topic, we were able to 
assemble more chapters than would fit in one book, covering pericyte biology under 
distinct circumstances. Therefore, the book was subdivided into three volumes enti-
tled: Pericyte Biology-Novel Concepts; Pericyte Biology in Different Organs; and 
Pericyte Biology in Disease.

This book Pericyte Biology in Disease presents contributions by expert researchers 
and clinicians in the multidisciplinary areas of medical and biological research. The 
chapters provide timely detailed overviews of recent advances in the field. This book 
describes the major contributions of pericytes to the biology of different organs in 
physiological and pathological conditions. Further insights into the biology of peri-
cytes will have important implications for our understanding of organ development, 
homeostasis, and disease. The authors focus on the modern methodologies and the 
leading-edge concepts in the field of cell biology. In recent years, remarkable progress 
has been made in the identification and characterization of pericytes in several tissues 
using state-of-the-art techniques. These advantages facilitated the identification of 
pericyte subpopulations and definition of the molecular basis of pericytes role within 
different organs. Thus, the present book is an attempt to describe the most recent 
developments in the area of pericyte behavior, which is one of the emergent hot topics 
in the field of molecular and cellular biology today. Here, we present a selected collec-
tion of detailed chapters on what we know so far about the pericytes in various tissues 
and under distinct pathophysiological conditions. Fifteen chapters written by experts 
in the field summarize the present knowledge about the roles of pericytes in disease.

Ander Izeta and colleagues from Tecnun-University of Navarra discuss the role 
of pericytes in cutaneous wound healing. Anirudh Sattiraju and Akiva Mintz from 
Columbia University Irving Medical Center describe the multifaceted role of peri-
cytes in glioblastoma and their potential use for therapeutic interventions. Jiha Kim 
from North Dakota State University compiles our understanding of pericytes in 
breast cancer. Aaron W.  James and colleagues from Johns Hopkins University 
update us on pericytes in sarcomas and other mesenchymal tumors. Pritinder Kaur 
and colleagues from Curtin University summarize current knowledge on pericytes 
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in metastasis. Mayana Zatz and colleagues from the University of São Paulo address 
the importance of pericytes in amyotrophic lateral sclerosis. Alla B. Salmina and 
colleagues from Krasnoyarsk State Medical University focus on pericytes in 
Alzheimer’s disease. Francisco J. Rivera and colleagues from Universidad Austral 
de Chile introduce our current knowledge about pericytes in multiple sclerosis. 
Turgay Dalkara and colleagues from Hacettepe University describe pericytes role in 
ischemic stroke. Franck P.G. Lebrin and colleagues from Leiden University Medical 
Center discuss pericytes in hereditary hemorrhagic telangiectasia. Annika Keller 
and colleagues from Zurich University Hospital update us on pericytes in primary 
familial brain calcification. Katherine L. Hayes from the University of Massachusetts 
Medical School summarizes our current understanding on pericytes in type 2 diabe-
tes. Volha Summerhill and Alexander Orekhov from Skolkovo Innovative Center 
compile our knowledge on pericytes in atherosclerosis. Bushra Shammout and Jill 
R. Johnson from Aston University address the role of pericytes in chronic lung dis-
ease. Finally, Sara Benedetti and colleagues from University College London give 
an overview of pericytes in muscular dystrophies.

It is hoped that the articles published in this book will become a source of refer-
ence and inspiration for future research ideas. I would like to express my deep grati-
tude to my wife Veranika Ushakova and Mr. Murugesan Tamilsevan from Springer, 
who helped at every step of the execution of this project.

This book is dedicated to the memory of my grandfather Pavel Sobolevsky, PhD, 
a renowned mathematician, who passed away during the creation of this piece.

My grandfather Pavel Sobolevsky z”l, PhD (March 26, 1930–August 16, 2018)

New York, NY, USA� Alexander Birbrair 
Belo Horizonte, MG, Brazil

Preface



vii

	  1	� Pericytes in Cutaneous Wound Healing �������������������������������������������������       1
Shunichi Morikawa, Haizea Iribar, Araika Gutiérrez-Rivera,  
Taichi Ezaki, and Ander Izeta

	  2	� Pericytes in Glioblastomas: Multifaceted Role Within Tumor 
Microenvironments and Potential for Therapeutic Interventions�������     65
Anirudh Sattiraju and Akiva Mintz

	  3	� Pericytes in Breast Cancer�����������������������������������������������������������������������     93
Jiha Kim

	  4	� Pericytes in Sarcomas and Other Mesenchymal Tumors ���������������������   109
Leslie Chang, Michelle A. Scott, Carolyn A. Meyers,  
and Aaron W. James

	  5	� Pericytes in Metastasis�����������������������������������������������������������������������������   125
Zalitha Pieterse, Devbarna Sinha, and Pritinder Kaur

	  6	� The Role of Pericytes in Amyotrophic Lateral Sclerosis�����������������������   137
Giuliana Castello Coatti, Natale Cavaçana, and Mayana Zatz

	  7	� Pericytes in Alzheimer’s Disease: Novel Clues  
to Cerebral Amyloid Angiopathy Pathogenesis�������������������������������������   147
Alla B. Salmina, Yulia K. Komleva, Olga L. Lopatina,  
and Alexander Birbrair

	  8	� Pericytes in Multiple Sclerosis�����������������������������������������������������������������   167
Francisco J. Rivera, Bryan Hinrichsen, and Maria Elena Silva

	  9	� Pericytes in Ischemic Stroke �������������������������������������������������������������������   189
Turgay Dalkara, Luis Alarcon-Martinez, and Muge Yemisci

	10	� Pericytes in Hereditary Hemorrhagic Telangiectasia ���������������������������   215
Georgios Galaris, Jérémy H. Thalgott, and Franck P. G. Lebrin

Contents



viii

	11	� Pericytes in Primary Familial Brain Calcification���������������������������������   247
Yvette Zarb, Francesca Daniela Franzoso, and Annika Keller

	12	� Pericytes in Type 2 Diabetes���������������������������������������������������������������������   265
Katherine L. Hayes

	13	� Pericytes in Atherosclerosis ���������������������������������������������������������������������   279
Volha Summerhill and Alexander Orekhov

	14	� Pericytes in Chronic Lung Disease ���������������������������������������������������������   299
Bushra Shammout and Jill R. Johnson

	15	� Pericytes in Muscular Dystrophies ���������������������������������������������������������   319
Louise Anne Moyle, Francesco Saverio Tedesco,  
and Sara Benedetti

Index�������������������������������������������������������������������������������������������������������������������   345

Contents

https://doi.org/10.1007/978-3-030-16908-4_Index


ix

Luis Alarcon-Martinez  Department of Neuroscience and Centre de Recherche du 
Centre Hospitalier de l’Université de Montréal, Université de Montréal, Montréal, 
QC, Canada

Sara Benedetti  Great Ormond Street Institute of Child Health, University College 
London, London, UK

NIHR Great Ormond Street Hospital Biomedical Research Centre, London, UK

Alexander  Birbrair  Department of Radiology, Columbia University Medical 
Center, New York, NY, USA

Department of Pathology, Federal University of Minas Gerais, Belo Horizonte, MG, 
Brazil

Natale Cavaçana  Human Genome and Stem Cell Research Center, Biosciences 
Institute, University of São Paulo, São Paulo, Brazil

Leslie  Chang  Division of Surgical Pathology, Department of Pathology, Johns 
Hopkins University, Baltimore, MD, USA

Giuliana  Castello  Coatti  Department of Genetics and Genome Sciences, Case 
Western Reserve University, Cleveland, OH, USA

Turgay  Dalkara  Department of Neurology, Faculty of Medicine, Hacettepe 
University, Ankara, Turkey

Institute of Neurological Sciences and Psychiatry, Hacettepe University, Ankara, 
Turkey

Department of Radiology, Massachusetts General Hospital, Harvard University, 
Boston, MA, USA

Taichi  Ezaki  Department of Anatomy and Developmental Biology, School of 
Medicine, Tokyo Women’s Medical University, Tokyo, Japan

Francesca Daniela Franzoso  Department of Neurosurgery, Clinical Neuroscience 
Center, Zürich University Hospital, Zürich University, Zürich, Switzerland

Contributors



x

Georgios  Galaris  Department of Internal Medicine (Nephrology), Einthoven 
Laboratory for Experimental Vascular Medicine, Leiden University Medical Center, 
Leiden, The Netherlands

Araika  Gutiérrez-Rivera  Tissue Engineering Group, Bioengineering Area, 
Instituto Biodonostia, Hospital Universitario Donostia, San Sebastián, Spain

Katherine L. Hayes  Department of Surgery and Diabetes Center of Excellence, 
University of Massachusetts Medical School, Worcester, MA, USA

Bryan Hinrichsen  Laboratory of Stem Cells and Neuroregeneration, Institute of 
Anatomy, Histology and Pathology, Faculty of Medicine, Universidad Austral de 
Chile, Valdivia, Chile

Center for Interdisciplinary Studies on the Nervous System (CISNe), Universidad 
Austral de Chile, Valdivia, Chile

Haizea  Iribar  Tissue Engineering Group, Bioengineering Area, Instituto 
Biodonostia, Hospital Universitario Donostia, San Sebastián, Spain

Ander  Izeta  Tissue Engineering Group, Bioengineering Area, Instituto 
Biodonostia, Hospital Universitario Donostia, San Sebastián, Spain

Department of Biomedical Engineering and Sciences, School of Engineering, 
Tecnun-University of Navarra, San Sebastián, Spain

Aaron W. James  Division of Surgical Pathology, Department of Pathology, Johns 
Hopkins University, Baltimore, MD, USA

Jill  R.  Johnson  Biosciences Department, School of Life and Health Sciences, 
Aston University, Birmingham, UK

Pritinder  Kaur  Curtin Health Innovation Research Institute, Curtin University, 
Perth, WA, Australia

Annika Keller  Department of Neurosurgery, Clinical Neuroscience Center, Zürich 
University Hospital, Zürich University, Zürich, Switzerland

Jiha  Kim  Department of Biological Sciences, North Dakota State University, 
Fargo, ND, USA

Yulia  K.  Komleva  Department of Biochemistry, Medical, Pharmaceutical & 
Toxicological Chemistry, Krasnoyarsk State Medical University named after Prof. 
V.F. Voino-Yasenetsky, Krasnoyarsk, Russia

Research Institute of Molecular Medicine & Pathobiochemistry, Krasnoyarsk State 
Medical University named after Prof. V.F. Voino-Yasenetsky, Krasnoyarsk, Russia

Franck P. G. Lebrin  Department of Internal Medicine (Nephrology), Einthoven 
Laboratory for Experimental Vascular Medicine, Leiden University Medical Center, 
Leiden, The Netherlands

Physics for Medicine, ESPCI, INSERM U1273, CNRS, Paris, France

MEMOLIFE Laboratory of Excellence and PSL Research University, Paris, France

Contributors



xi

Olga  L.  Lopatina  Department of Biochemistry, Medical, Pharmaceutical & 
Toxicological Chemistry, Krasnoyarsk State Medical University named after Prof. 
V.F. Voino-Yasenetsky, Krasnoyarsk, Russia

Research Institute of Molecular Medicine & Pathobiochemistry, Krasnoyarsk State 
Medical University named after Prof. V.F. Voino-Yasenetsky, Krasnoyarsk, Russia

Carolyn  A.  Meyers  Division of Surgical Pathology, Department of Pathology, 
Johns Hopkins University, Baltimore, MD, USA

Akiva  Mintz  Department of Radiology, Columbia University Irving Medical 
Center, New York, NY, USA

Shunichi Morikawa  Department of Anatomy and Developmental Biology, School 
of Medicine, Tokyo Women’s Medical University, Tokyo, Japan

Louise  Anne  Moyle  Institute of Biomaterials and Biomedical Engineering, 
Donnelly Centre for Cellular and Biomolecular Research, University of Toronto, 
Toronto, ON, Canada

Alexander Orekhov  Laboratory of Angiopathology, Institute of General Pathology 
and Pathophysiology, Moscow, Russia

Institute for Atherosclerosis Research Moscow, Skolkovo Innovative Center, 
Moscow, Russia

Zalitha Pieterse  Curtin Health Innovation Research Institute, Curtin University, 
Perth, WA, Australia

Francisco J. Rivera  Laboratory of Stem Cells and Neuroregeneration, Institute of 
Anatomy, Histology and Pathology, Faculty of Medicine, Universidad Austral de 
Chile, Valdivia, Chile

Center for Interdisciplinary Studies on the Nervous System (CISNe), Universidad 
Austral de Chile, Valdivia, Chile

Institute of Molecular Regenerative Medicine, Paracelsus Medical University 
Salzburg, Salzburg, Austria

Spinal Cord Injury and Tissue Regeneration Center Salzburg (SCI-TReCS), 
Paracelsus Medical University Salzburg, Salzburg, Austria

Alla  B.  Salmina  Department of Biochemistry, Medical, Pharmaceutical & 
Toxicological Chemistry, Krasnoyarsk State Medical University named after Prof. 
V.F. Voino-Yasenetsky, Krasnoyarsk, Russia

Research Institute of Molecular Medicine & Pathobiochemistry, Krasnoyarsk State 
Medical University named after Prof. V.F. Voino-Yasenetsky, Krasnoyarsk, Russia

Anirudh Sattiraju  Department of Radiology, Columbia University Irving Medical 
Center, New York, NY, USA

Michelle A. Scott  Division of Plastic Surgery, Department of Surgery, Children’s 
Hospital of Pennsylvania, Philadelphia, PA, USA

Contributors



xii

Bushra Shammout  Biosciences Department, School of Life and Health Sciences, 
Aston University, Birmingham, UK

Maria Elena Silva  Laboratory of Stem Cells and Neuroregeneration, Institute of 
Anatomy, Histology and Pathology, Faculty of Medicine, Universidad Austral de 
Chile, Valdivia, Chile

Center for Interdisciplinary Studies on the Nervous System (CISNe), Universidad 
Austral de Chile, Valdivia, Chile

Institute of Pharmacy, Faculty of Sciences, Universidad Austral de Chile, Valdivia, 
Chile

Devbarna Sinha  Peter MacCallum Cancer Centre, Melbourne, VIC, Australia

Volha Summerhill  Laboratory of Angiopathology, Institute of General Pathology 
and Pathophysiology, Moscow, Russia

Institute for Atherosclerosis Research Moscow, Skolkovo Innovative Center, 
Moscow, Russia

Francesco  Saverio  Tedesco  Department of Cell and Developmental Biology, 
University College London, London, UK

Great Ormond Street Institute of Child Health, University College London, London, 
UK

Jérémy H. Thalgott  Department of Internal Medicine (Nephrology), Einthoven 
Laboratory for Experimental Vascular Medicine, Leiden University Medical Center, 
Leiden, The Netherlands

Muge  Yemisci  Department of Neurology, Faculty of Medicine, Hacettepe 
University, Ankara, Turkey

Institute of Neurological Sciences and Psychiatry, Hacettepe University, Ankara, 
Turkey

Yvette Zarb  Department of Neurosurgery, Clinical Neuroscience Center, Zürich 
University Hospital, Zürich University, Zürich, Switzerland

Mayana  Zatz  Human Genome and Stem Cell Research Center, Biosciences 
Institute, University of São Paulo, São Paulo, Brazil

Contributors



1© Springer Nature Switzerland AG 2019 
A. Birbrair (ed.), Pericyte Biology in Disease, Advances in Experimental 
Medicine and Biology 1147, https://doi.org/10.1007/978-3-030-16908-4_1

Chapter 1
Pericytes in Cutaneous Wound Healing

Shunichi Morikawa, Haizea Iribar, Araika Gutiérrez-Rivera,  
Taichi Ezaki, and Ander Izeta

Abstract  Most of the studies on cutaneous wound healing are focused on epider-
mal closure. This is obviously important, as the epidermis constitutes the main bar-
rier that separates the inner organism from the environment. However, dermal 
remodeling is key to achieve long-lasting healing of the area that was originally 
wounded. In this chapter, we summarize what is known on the stromal components 
that strongly influence the outcome of healing and postulate that dedifferentiation of 
stably differentiated cells plays a major role in the initial response to wounding, as 
well as in long-term wound remodeling. Specifically, we explore the available evi-
dence implicating skin pericytes, endothelial cells, Schwann cells, and macrophages 
as major players in a complex symphony of cellular plasticity and signaling events 
whose balance will promote healing (by tissue regeneration or repair) or fibrosis.

Keywords  Pericytes · Schwann cell precursors · Dermis · Dedifferentiation 
Remodeling · Regeneration · Scar · Revascularization · Reinnervation 
Macrophages · Wound healing · Injury response · Reprogramming · Neural crest 
Boundary cap
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Shunichi Morikawa and Haizea Iribar contributed equally to 
this work.

�Introduction

Pericytes constitute a heterogeneous group of cells, somewhat loosely defined by 
their perivascular location, as the mural cells of blood microvessels (Armulik et al. 
2011). For this reason, the literature has to be carefully revised and different terms 
of search must be used to grasp the vast knowledge accumulated on their putative 
roles in tissue repair and fibrosis. To increase the confounding factors, adult cells 
may dedifferentiate and transdifferentiate in response to wounding as well as in 
response to tissue disaggregation and cell isolation, and the boundaries between so-
called terminally differentiated cell populations blur. The consensus in the field is 
that pericytes are highly plastic cells (Birbrair et al. 2017). As a result, if we could 
sample a wound and look at the continuum of cells active at the wound bed, virtu-
ally at any time we would encounter a number of cells that may represent intermedi-
ate states among cell type A and cell type B, apart from myriad cell types that 
infiltrate the wound, replicate, or die. This complex picture must be carefully delin-
eated. In this chapter, we aim to dissect the role of pericyte fate and plasticity in 
wound closure and remodeling. To this end, we discuss the different aspects of 
vascular formation, peripheral innervation, and role of macrophages in cutaneous 
wound healing and thus we explore the available evidence implicating pericytes, 
endothelial cells, Schwann cells, and macrophages as the major players in promot-
ing wound healing or fibrosis.

�Vascular Formation in Wound Healing

�The Circulatory System in the Skin

The blood supply to the skin stems from arteries in the subcutis layer. Branches 
from these arteries run upwards to form two plexuses of anastomosing vessels, one 
sitting deep in the dermis (the cutaneous plexus) and the other more superficial (the 
subpapillary plexus) (Braverman 2000; Young et al. 2014). The venous and lym-
phatic drainages run parallel to the arterial supply (Fig. 1.1).

The deep cutaneous plexus or rete cutaneous (Sorrell and Caplan 2004) sits at 
the junction between the dermis and hypodermis. It supplies blood to the dermal fat 
layer as well as the reticular dermis and epidermal appendages (hair follicles, seba-
ceous and sweat glands). The superficial subpapillary plexus or rete subpapillare 
lies just beneath the dermal papillae, and supplies the capillaries in the dermal 
papillae.

S. Morikawa et al.
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Fig. 1.1  The skin circulation system. The arteries supplying the skin are located deep in the sub-
cutis, from which they give rise to branches passing upwards to form two plexuses of anastomos-
ing vessels. The deeper plexus lies at the junction of the subcutis and dermis and is known as the 
cutaneous plexus; the more superficial plexus lies at the junction between papillary and reticular 
dermis and is known as the subpapillary or superficial plexus. The venous drainage of the skin is 
arranged into plexuses broadly corresponding to the arterial supply. The skin has a rich lymphatic 
drainage which forms plexuses corresponding to those of the blood vascular system. Reprinted 
from Young et al. (2014) with permission

Fig. 1.2  Vascularization of hair follicles. Parallel, longitudinally oriented vessels extend from the 
base of the bulb to the pilary canal. (a) Numerous capillary networks around eyebrow hair follicles 
demonstrated with alkaline phosphatase. (b) A tuft of blood vessels inside the dermal papilla of an 
eyebrow follicle demonstrated with the alkaline phosphatase technique. Reprinted from Montagna 
and Parakkal (1974) with permission

1  Pericytes in Cutaneous Wound Healing
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