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1 | INTRODUCTION

| Aniko Korosi®

Abstract

Early-life adversity (ELA) in the form of stress, inflammation, or malnutrition, can
increase the risk of developing psychopathology or cognitive problems in adulthood.
The neurobiological substrates underlying this process remain unclear. While neuronal
dysfunction and microglial contribution have been studied in this context, only recently
the role of astrocytes in early-life programming of the brain has been appreciated.
Astrocytes serve many basic roles for brain functioning (e.g., synaptogenesis, glutamate
recycling), and are unique in their capacity of sensing and integrating environmental sig-
nals, as they are the first cells to encounter signals from the blood, including hormonal
changes (e.g., glucocorticoids), immune signals, and nutritional information. Integration
of these signals is especially important during early development, and therefore we pro-
pose that astrocytes contribute to ELA induced changes in the brain by sensing and
integrating environmental signals and by modulating neuronal development and func-
tion. Studies in rodents have already shown that ELA can impact astrocytes on the short
and long term, however, a critical review of these results is currently lacking. Here, we
will discuss the developmental trajectory of astrocytes, their ability to integrate stress,
immune, and nutritional signals from the early environment, and we will review how dif-

ferent types of early adversity impact astrocytes.
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2010; Loman & Gunnar, 2010; Mandelli, Petrelli, & Serretti, 2015;
Nemeroff, 2016), has been associated with cognitive decline and

Early life is a critical developmental period in which the brain is
shaped for life. Early-life adversity (ELA), in the form of trauma, severe
abuse or neglect, prolonged hospitalization, infection, or malnutrition

(de Rooij, Wouters, Yonker, Painter, & Roseboom, 2010; Kessler et al.,

Abbreviations: ELA, early-life adversity; CNS, central nervous system; BBB, blood-brain
barrier; GFAP, glial fibrillary acidic protein; GR, glucocorticoid receptor; CORT,
corticosterone; MD, maternal deprivation; MS, maternal separation; P, postnatal day; LPS,
lipopolysaccharides; HFD, high-fat diet; MDD, major depressive disorder; SCZ, schizophrenia.

increased risk of developing psychopathology in adulthood. For exam-
ple, social deprivation in early institutionalized children results in
lower cognitive ability (Chugani et al., 2001; Nelson et al., 2007),
childhood trauma caused by neglect or emotional abuse is associated
with impaired cognitive functioning and adult depression (Mandelli
et al.,, 2015; Saleh et al., 2017), and prenatal undernutrition leads to
impaired cognition in adulthood (de Rooij et al., 2010) and increased
vulnerability to develop schizophrenia (Brown & Susser, 2008). During
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early-life, the brain needs to integrate and adapt to many different
environmental factors for proper development. There is increasing
attention for the synergistic and coordinated action of multiple early-
life environmental factors, that is, stress hormones, nutritional input,
and immune activation, in programming of the brain (Cirulli, 2017,
Hoeijmakers, Korosi, & Lucassen, 2015; K. L. Lindsay, Buss,
Wadhwa, & Entringer, 2017; Lucassen et al., 2013; Marques, 2013;
Marques, Bjgrke-Monsen, Teixeira, & Silverman, 2015; Yam, Naninck,
Schmidt, Lucassen, & Korosi, 2015), but the exact mechanisms under-
lying this process, and in particular what neurobiological substrates
and central nervous system (CNS) cell types are involved, remains to
be elucidated.

The hippocampus has been extensively studied in this context,
because of its key role in cognitive functioning and its high degree of
neuronal and synaptic plasticity (Akhondzadeh, 1999; Lledo, Alonso, &
Grubb, 2006; Malenka, 1994). There is now ample evidence that ELA
in the form of stress or malnutrition leads to impaired cognitive func-
tioning associated with disrupted hippocampal neurogenesis (Abbink,
Naninck, Lucassen, & Korosi, 2017; Lemaire, Koehl, Le Moal, &
Abrous, 2000; Loi, Koricka, Lucassen, & Joels, 2014; Matos, Orozco-
Solis, de Souza, Manhaes-de-Castro, & Bolanos-Jiménez, 2011,
Naninck et al., 2015; Pérez-Garcia, Guzman-Quevedo, Da Silva
Aragio, & Bolafos-Jiménez, 2016) and altered synaptic plasticity (Aisa
et al., 2009; Austin, Bronzino, & Morgane, 1986; Danielewicz, Trenk, &
Hess, 2017; Derks, Krugers, Hoogenraad, Joels, & Sarabdjitsingh,
2016; for review see Georgieff, Brunette, & Tran, 2015; J. Yang et al.,
2007). In addition, the involvement of microglia has received some
attention (De Luca et al., 2016; Diz-Chaves, Pernia, Carrero, & Garcia-
Segura, 2012; Hoeijmakers et al., 2017). Although changes in astro-
cytes have been described in the context of several ELA-associated
psychopathologies like depression and schizophrenia (see Box 1)
(Cobb et al., 2016; Webster et al., 2001), the role of astrocytes in ELA
programming received only marginal attention.

Astrocytes are able to sense and integrate a multitude of signals
from the endogenous and exogenous environment and use this infor-
mation to modulate neuronal function. They are involved in many dif-
ferent processes crucial for brain and cognitive functioning (Santello,
Toni, & Volterra, 2019) including glutamate recycling (Sonnewald,
Westergaard, & Schousboe, 1997), myelination (Camargo et al., 2017;
Kiray, Lindsay, Hosseinzadeh, & Barnett, 2016), energy metabolism
(Bélanger, Allaman, & Magistretti, 2011), and synaptic development
and functioning (Allen, 2014; Allen & Eroglu, 2017). It has been known
that astrocytes promote synaptogenesis during development (Allen,
2013), and emerging evidence shows that astrocytes also control den-
dritic maturation and synaptic integration of adult newborn neurons
in the hippocampus (Kempermann, 2015; Sultan et al., 2015). This
suggests a possible role for astrocytes in regulating the ELA-induced
alterations in adult neurogenesis (Abbink et al., 2017; Korosi et al.,
2012; Naninck et al.,, 2015). Next to that, astrocytes are important
integrative cells that can process information on spatial and temporal
scales distinct from those of neurons. Astrocytes release glio-
transmitters and interact with both presynaptic and postsynaptic neu-
rons, together forming the tripartite synapse (Araque et al., 2014;

BOX 1 Implication of astrocytes in human diseases
associated with ELA

In humans, ELA has been associated with neurological and
mental problems later in life, such as major depressive disor-
der (MDD) and schizophrenia (SCZ). Interestingly, in line
with findings in rodent models, many studies in human
MDD and SCZ patients point to aberrant astrocyte func-
tions. In MDD patients, especially in the younger subjects,
astrocyte pathology is more prominent than neuronal dys-
function, pointing to a role for astrocytes already at early
stages of the disease course (Miguel-Hidalgo et al., 2000).
Postmortem studies in MDD patients showed decreased
astrocyte numbers and abnormal astrocyte morphology in
the frontolimbic system. Decreased GFAP expression and
reduced numbers of GFAP+ and S100B* astrocytes are
found in the prefrontal cortex (Nagy et al., 2015), anterior
cingulate cortex (Gittins & Harrison, 2011), and the hippo-
campus (Cobb et al., 2016) of MDD patients, brain regions
that are specifically involved in mood disorders (Torres-
Platas, Nagy, Wakid, Turecki, & Mechawar, 2016). In SCZ,
less consistent changes in astrocytes have been found, while
some studies indicated increased (Feresten, Barakauskas,
Ypsilanti, Barr, & Beasley, 2013), others found decreased
astrocyte numbers in postmortem tissue of SCZ patients
(Steffek, McCullumsmith, Haroutunian, & Meador-Wood-
ruff, 2008). However, in line with the hypothesis that SCZ is
related to NMDA dysfunction, and that astrocytes induce
release of gliotransmitters, agents that enhance NMDA
function such as increasing levels of receptor co-agonist
p-serine, showed beneficial effects (Heresco-Levy et al.,
2005). Moreover, mutations in Disc1, which protein stabi-
lizes the bp-serine synthesizing enzyme serine racemase,
resulted in SCZ-like behavior in mice (Ma et al., 2013). Anti-
depressant agents in MDD, resulted in recovered astrocyte
phenotypes in both rodent models and human patients, and
therefore have been argued that the functional improve-
ment of astrocytes should be strategic in the treatment of
MDD (Czéh & Di Benedetto, 2013). As many studies sup-
port the hypothesis that changes in astrocyte function could
contribute to pathophysiology of mood disorders, better
understanding of the underlying pathomechanisms involving
astrocytes could potentially provide new targets for thera-
peutics. Additionally, this knowledge could lead to a better
understanding of programming of astrocytes by ELA in the

context of disease.

Araque, Parpura, Sanzgiri, & Haydon, 1999). Estimations indicate that
one single astrocyte can cover and influence up to 140,000 synapses
in the hippocampus (Bushong, Martone, Jones, & Ellisman, 2002), all-

owing the synchronization of neuronal firing and coordination of
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synaptic networks (Halassa, Fellin, Takano, Dong, & Haydon, 2007).
Astrocytes regulate synapse development (Christopherson et al., 2005;
Diniz et al, 2012; Kucukdereli et al., 2011) and modulate synaptic
transmission within a seconds to minutes timescale (Araque et al.,
2014; Parpura et al., 1994; Pascual et al., 2005; Yang et al., 2003). Fur-
thermore, astrocytes modulate the efficiency of excitatory (gluta-
matergic) synapses by clearing glutamate from the synaptic cleft via two
high-affinity glutamate transporters: The GLT-1 and GLAST transporters
(EAAT2 and EAAT1, respectively) thereby preventing excitotoxicity
(damaging of neurons by excessive stimulation of neurotransmitters;
Choi, Maulucci-Gedde, & Kriegstein, 1987; Huang & Bergles, 2004).
Finally, astrocytes are sensitive to changes in the environmental state
and can respond by regulating extracellular factors, like metabolite con-
centration, neurotransmitters, and ions (Bazargani & Attwell, 2016;
Vernadakis, 1996; Walz, 1989). Astrocytes receive this homeostatic
information from different sources and are capable of responding to
more “slow” homeostatic processes, including hormonal changes,
immune signals, and nutritional input.

Thus astrocytes are in the unique position to sense, integrate, and
coordinate the large variety of signals from the complex early-life
environment. Therefore, we propose that ELA might impact on astro-
cytes and thereby contribute to lasting effects of ELA on brain devel-
opment, structure, and function. Here, we will describe the timing and
origin of astrocyte development, highlight the sensing and integrative
nature of astrocyte functions, and review the existing literature on the
effects of ELA, for example, stress, inflammation, and malnutrition, on

the astrocyte population.

2 | ASTROCYTE DEVELOPMENT

Astrocytes play a crucial role in normal brain development (Reemst,
Noctor, Lucassen, & Hol, 2016), and knowledge on the timing of
astrocyte development and maturation is crucial to comprehend how
ELA might influence astrocytes and program their function for life. In
rodents, astrocytes are derived from three sources: (a) neural progeni-
tor cells, (b) directly from radial glia (Kriegstein & Alvarez-Buylla,
2009; Marshall, Suzuki, & Goldman, 2003), or (c) in later stages, via
local proliferation of differentiated astrocytes (Ge, Miyawaki, Gage,
Jan, & Jan, 2012). Astrocytes begin to develop in the final weeks of
embryonic development and increase rapidly in number in the first
month of life. In the hippocampus, most astrocytes are being gener-
ated during the second postnatal week (Catalani, Sabbatini, Consoli, &
Cinque, 2002; Nixdorf-Bergweiler, Albrecht, & Heinemann, 1994). In
the first postnatal week, astrocytes start to grow filopodial processes
that form a meshy network with physical overlap of astrocytic
processes and no clear-bordered astrocytic domains (Bushong,
Martone, & Ellisman, 2004). At the end of the first week, astrocytes in
the hippocampal formation start to ramify and gain increased cyto-
skeletal complexity, which extends into adulthood (Bushong et al.,
2004; Catalani et al., 2002; Setkowicz, Pawlinski, & Ziaja, 1999). The
distinction of spatial astrocytic domains becomes more clear in the

second week of development and is profoundly present at the end of

the third week (Bushong et al., 2004). After the peak of astrogenesis
in the first two postnatal weeks, proliferative capacity drops radically,
though a moderate increase in astrocyte number still occurs until
1 month of age (Catalani et al., 2002; Setkowicz et al., 1999). During
week 3 and 4 of postnatal development, astrocytes appear to have a
more mature phenotype (Bushong et al., 2004). In humans, the peak
of astrogenesis is believed to already start during the last phase of
gestation (Menassa & Gomez-Nicola, 2018; Mottahedin et al., 2017;
N. Patro, Naik, & Patro, 2015; Semple, Blomgren, Gimlin, Ferriero, &
Noble-Haeusslein, 2013) and to last throughout the postnatal period,
when the number of GFAP* cells continues to increase in every part
of the CNS (Roessmann & Gambetti, 1986). Thus, in both human and
rodents, astrogenesis coincides with early sensitive periods rendering
astrocytes particularly sensitive to ELA. Therefore, it is important to
consider the impacts of ELA on astrocytes and how these might con-

tribute to ELA-induced brain dysfunction.

3 | ASTROCYTES INTEGRATE SIGNALS
FROM THE ENVIRONMENT

As introduced earlier, astrocytes integrate a multitude of signals to
adapt to the early environment. These signals are partly local
(e.g., neurotransmitters (Araque et al., 2014), and largely systemic
(e.g., nutrients, hormonal changes (Garcia-Segura & McCarthy, 2004)
related to metabolism (Chowen et al., 2016; Marina et al., 2017; Welcome,
2018), inflammation (Farina, Aloisi, & Meinl, 2007), and stress (Carter,
Hamilton, & Thompson, 2013; Paukert et al., 2014). These signals are fun-
damental during development and need to be integrated for an informed
modulation of neuronal development and function throughout life. We will
discuss here how astrocytes are capable of sensing and integrating nutri-

tional, immune- and stress-related signals.

3.1 | Astrocytes sense nutrients and provide them to
neurons

During development, the brain is the fastest developing organ with an
incredibly high demand for energy and nutrients. A deficit in nutrient
availability during early development has lasting consequences for
brain function later in life (Crawford, Hassam, & Stevens, 1981; de
Rooij et al., 2010; Roseboom, de Rooij, & Painter, 2006). Astrocytes
can sense and take up nutrients from the periphery thanks to their
strategic anatomical location. Blood vessels in the CNS are
ensheathed by astrocyte endfeet that regulate blood-brain barrier
(BBB) permeability and coordinate the entrance of nutrients into the
brain (Abbott, Rdnnbick, & Hansson, 2006; Alvarez, Katayama, & Prat,
2013; Garcia-Céceres, Fuente-Martin, Argente, & Chowen, 2012). We
will highlight the involvement of perivascular astrocytes in glucose
and lipid sensing, the most extensively studied nutrients up to date.
Glucose is one of the most important energy sources of the brain.
Astrocytes sense systemic glucose levels and take up glucose from
the blood via the glucose transporter 1 (GLUT1), present in the

endfeet of perivascular astrocytes. Once glucose has passed the BBB,
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perivascular astrocytes take up glucose and store it as glycogen
(Kacem, Lacombe, Seylaz, & Bonvento, 1998; Marina et al., 2017;
Morgello, Uson, Schwartz, & Haber, 1995; Welcome, 2018), which
can be directly mobilized as energy source by various neurotransmit-
ters like noradrenaline (Pellerin, 2013; Sorg & Magistretti, 1991).
Importantly, astrocytes are the only cells in the brain capable of stor-
ing glucose as glycogen. It has been suggested that, under high-energy
demanding conditions, astrocytes can also convert glucose into lactate
as an alternative source of energy for neurons (Matsui et al., 2017,
Pellerin et al,, 1998). However, this concept is subject of debate
(Chih & Roberts, 2003; Pellerin & Magistretti, 2003)

Next to being involved in glucose metabolism, astrocytes have
been shown to play an active role in brain lipid metabolism. Lipids are
crucial for brain development and function, and a lack of lipids during
early development has deleterious consequences for later brain struc-
ture and function (Crawford et al., 1981). The CNS is highly enriched
in lipids (Goyal, lannotti, & Raichle, 2018; Sastry, 1985) which serve as
building blocks of neuronal membranes including neurite membranes,
synaptic membranes, and myelin sheaths. Specifically polyunsaturated
fatty acids (PUFAs, like DHA and AA) have been shown to be crucial
for neurite outgrowth (Calderon & Kim, 2004), synaptic transmission
(Connor, Tenorio, Clandinin, & Sauvé, 2012), and neurogenesis
(Maekawa et al., 2009). In particular, there is evidence that neuro-
genesis is modulated by factors related to astrocyte fatty acid metab-
olism, including fatty acid binding proteins and fatty acid synthase
(Boneva et al., 2011; Knobloch et al., 2013; Young, Heinbockel, &
Gondré-Lewis, 2013). Also, cholesterol, a structural component of
myelin, is an indispensable building block required for normal brain
functioning and synaptogenesis (Orth & Bellosta, 2012), and defective
astrocyte cholesterol metabolism can contribute to neurological prob-
lems (Camargo et al., 2012; Valenza et al., 2015). The uptake of
peripheral lipids by the brain has been subject of debate (Schonfeld &
Reiser, 2013). Certain circulating peripheral lipids (e.g., PUFAs) might
freely enter the brain (Giles et al., 2016; Nguyen et al., 2014), while
others (e.g., cholesterol and phospholipids) are prevented from enter-
ing by the BBB and need to be synthesized within the brain (Edmond,
2001; Jurevics & Morell, 1995). In contrast to neurons which are inef-
ficient in lipid synthesis, astrocytes are highly active in de novo lipid
synthesis (Camargo et al., 2012; Hofmann et al, 2017; Nieweg,
Schaller, & Pfrieger, 2009; Pfrieger & Ungerer, 2011; van Deijk et al.,
2017) and subsequent transport of lipids to neurons (Boyles, Pitas,
Wilson, Mahley, & Taylor, 1985; Mauch et al., 2001; Nieweg et al.,
2009; Pfrieger & Ungerer, 2011). For example, astrocytes produce
cholesterol (Camargo et al., 2012; Goritz, Mauch, & Pfrieger, 2005;
Mauch et al., 2001; van Deijk et al., 2017) and actively elongate and
desaturate fatty acid precursors in order to synthesize and release
PUFAs (Green & Yavin, 1993; Moore, 2001; Moore, Yoder, Murphy,
Dutton, & Spector, 1991). Furthermore, astrocyte lipid uptake via lipo-
protein lipase is crucial for body weight control and the regulation of
energy homeostasis (Gao et al., 2017).

Considering the high nutrient and energy demand for brain
development, impacts of ELA on astrocyte capacity to provide build-

ing blocks to neurons during this critical period could contribute to

the lasting effects of ELA on brain structure and function. Currently,
we lack the knowledge of whether these functions of astrocytes are
affected by ELA, and this calls for further investigation on these
aspects.

3.2 | Astrocytes sense and generate inflammatory
signals

ELA leads to alterations in the neuroimmune profile and early-life
infection is an important form of ELA that causes lasting alterations in
the brain (Bilbo, 2009; Bilbo & Schwarz, 2012; Ganguly & Brenhouse,
2015). Astrocytes act synergistically with microglia in regulating brain
immunity and thereby modulate neuronal and synaptic function.
Like microglia, astrocytes are capable of producing cytokines and
chemokines, and might even act as antigen presenting cells (reviewed
in Y. Dong & Benveniste, 2001). Microglia are thought to be the initial
responders to immune signals in the brain and release an array of
cytokines upon activation (reviewed in [Hanisch, 2002]). Accordingly,
the microglia-induced cascade can modulate astrocytic cell properties
by inhibiting gap junctions (Méme et al., 2006), stimulating prolifera-
tion (Giulian, Li, Leara, & Keenen, 1994), and inducing a reactive state
(Balasingam, Dickson, Brade, & Yong, 1996). This reactive phenotype
of astrocytes consists of cellular hypertrophy via intracellular glial
fibrillary acidic protein (GFAP) upregulation (Hol & Pekny, 2015;
Pekny & Pekna, 2014). This process known as reactive gliosis or
astrogliosis can, in severe situations, lead to increased proliferation
and glial scar formation, that is, creation of a boundary between the
affected and the healthy tissue (Sofroniew, 2009). Furthermore, under
pathological conditions, reactive astrocytes can start to produce gluta-
mate and GABA which can cause perturbations in synaptic plasticity,
with possible consequences for cognitive functioning (S. Jo et al.,
2014). Recent evidence classifies two types of reactive astrocytes: A
neurotoxic subtype (A1) triggered by the microglia released cytokines
interleukin 1a (IL-1a), TNF, and complement component 1q (C1q), and
a protective subtype (A2). The protective A2 astrocytes upregulate
neurotrophic factors and promote neuronal survival, while the
destructive Al astrocytes upregulate classical complement cascade
genes destructive to synapses and release a neurotoxin that rapidly
kills neurons and oligodendrocytes (Liddelow et al., 2017; Zamanian
et al, 2012). Importantly, next to instructive functions of microglia
towards astrocytes, astrocytes can direct microglial functioning as
well. Astrocyte-derived factors regulate microglial activation (M. Jo
et al, 2017; Norden, Fenn, Dugan, & Godbout, 2014; Rocha,
Cristovdo, Campos, Fonseca, & Baltazar, 2012), phagocytosis (Jeon
et al., 2012), and promote microglial synapse engulfment (Vainchtein
et al., 2018). Astrocytes also actively phagocytose synapses them-
selves (Chung et al., 2013). Thus, microglia and astrocytes act syner-
gistically in regulating brain immunity. There is initial evidence that
astrocyte function is altered after exposure to activated microglia,
indicating that an early-life inflammatory event might program astro-
cyte function (Henn, Kirner, & Leist, 2011). However, how ELA affects
astrocyte-microglia communication and brain immunity is still in its

infancy.
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3.3 | Astrocytes sense stress-related signals

Stress-hormone modulation is a central aspect to almost any form of
ELA. As stress hormones enter the brain via the BBB, astrocytes are
the first brain cells to encounter glucocorticoids (Pretorius & Marx,
2004) and bind to them via the glucocorticoid receptor (GR; Bohn,
Howard, Vielkind, & Krozowski, 1991). Multiple effects of glucocorti-
coids on astrocytes have been described, including alterations in mor-
phology and glucose and glutamate metabolism. Administration of
stress-hormone corticosterone (CORT) to adult rodents has been
shown to lead to a global decrease in GFAP expression (O'Callaghan,
Brinton, & McEwen, 1989; Zhao & Wang, 2015) while lowering
of CORT via adrenalectomy resulted in increased GFAP levels
(O'Callaghan et al., 1989). Furthermore, in vitro studies demonstrated
that CORT inhibits astrocyte proliferation (Crossin, Tai, Krushel,
Mauro, & Edelman, 1997). At the metabolic level, glucocorticoids
inhibit glucose transport and decrease glycogen content in cultured
astrocytes (Tombaugh, Yang, Swanson, & Sapolsky, 1992; Virgin et al.,
1991) indicating alterations in energy metabolism that may result in
problems of energy supply to neurons. Under stressful conditions, glu-
tamate levels are elevated, which in turn could affect synaptic trans-
mission (Lowy, Wittenberg, & Yamamoto, 1995; Musazzi et al., 2010;
Popoli, Yan, McEwen, & Sanacora, 2011; Raudensky & Yamamoto,
2007; Reagan et al., 2004; Venero & Borrell, 1999). This data shows
that stress hormones can affect many crucial functions of astrocytes
required for normal brain functioning. Although several effects of glu-
cocorticoids on astrocytes have been described during adulthood, the
ELA-induced impact on astrocytes and the role of glucocorticoids in

this still need consideration.

4 | ELAINDUCED ALTERATIONS IN
ASTROCYTES

In the context of ELA, which is often a synergistic action of several
environmental signals, it is important to consider that the above-
discussed nutrient, immune, and stress-related signals are not acting
solo, but that their effect on astrocytes is most likely determined by
their interaction. Astrocytes are in the unique strategic position to
integrate this multitude of signals from the complex early-life (micro-)
environment, which might be crucial in programming of the brain by
early-life stress and nutrition. Therefore, it is of importance to unravel
if and how the early-life environment shapes astrocytes and whether
this contributes to the ELA-induced risk to develop brain disorders.
Because studying the underlying mechanisms of ELA-induced effects
on the brain remains challenging in humans (see Box 2), rodent models
of early-life stress have been instrumental. ELA models include maternal
deprivation (MD) or maternal separation (MS) models, malnutrition in
the form of an unhealthy diet or nutrient restriction, and early systemic
immune challenges. Finally, other models of ELA have occasionally been
used to study early-life stress (e.g., dexamethasone, noise). Here we will
review and discuss how different ELA models affect astrocytes. Most

studies on the role of astrocytes in ELA have used GFAP expression as a

marker for astrocytes. For the interpretation of these studies, it is impor-
tant to note that GFAP does not label all astrocytes present in the brain
and that changes in the number of GFAP*-astrocytes might not reflect
an actual change in general astrocyte number, but rather astrocytes
altering their expression profile and thereby downregulating or up-
regulating their GFAP expression (Tynan et al., 2013).

BOX 2 Human-based iPSC models to study
astrocytes in the context of ELA

ELA increases the risk of later life psychopathology, but also
genetic vulnerability for neuropsychiatric disorders should
be taken into account. Neuropsychiatric disorders are asso-
ciated with a polygenic risk, which challenges the develop-
ment of representative models in rodents, and indicates the
need for human-based model systems. Genome-wide asso-
ciation studies (GWAS) for SCZ and MDD have indicated a
role for hundreds of genes in the disorders (D. M. Howard
et al., 2018; Schizophrenia Working Group of the Psychiat-
ric Genomics Consortium, 2014). In recent years, the discov-
ery of induced pluripotent stem cell (iPSC) technology has
provided new opportunities to generate genetically complex
and human-specific models. iPSC models contain the entire
genetic background of the patient donor cells, thereby all-
owing co-interactive studies between genetic and environ-
mental changes. This provides relevant options to study
how interaction of the genetic background and environmen-
tal adversity could lead to pathology.

Many studies in recent years proved the power of iPSC
technology. IPSC-based models identified a number of cell-
autonomous deficits underlying SCZ including astrocyte
involvement (Gonzalez, Gregory, & Brennand, 2017,
Windrem et al., 2017). Taking into account recent GWAS
studies for MDD, iPSC-based studies for MDD will soon fol-
low. However, considering recent insights in increased
astrocyte heterogeneity, including expression profile, struc-
ture, and function (Schitine, Nogaroli, Costa, & Hedin-
Pereira, 2015), we need more insight into astrocyte sub-
types involved in disease, to recapitulate findings in vivo. In
summary, astrocyte dysfunction is apparent in neuropsychi-
atric diseases such as MDD and SCZ and these disorders
have been associated with ELA. Increased knowledge of
basic astrocyte biology and their response to environmental
factors could contribute to understanding early-life program-
ming of astrocytes in the context of disease. iPSC models
could provide an opportunity to gain more knowledge on
basal astrocyte functioning and their response to environmen-
tal factors, while also taking into account the genetic informa-
tion. Eventually, this could lead to a better understanding of

how astrocytes might be programmed by ELA.
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4.1 | Maternal deprivation or separation effects on
astrocytes

MD and MS are among the most frequently used models to study
early-life stress-induced alterations. The models discussed here con-
sist of either MD: A single deprivation episode of 4 or 24 hr, or MS:
Daily 3- or 4-hr separation for 1-2weeks.

In male rats, MS and MD resulted in decreased GFAP reactivity
and reduced cytoskeletal complexity in the hippocampus (Roque,
Ochoa-Zarzosa, & Torner, 2016; Saavedra, Fenton Navarro, & Torner,
2018) and cortex (Musholt et al., 2009) within 24 hr after MS or
MD. Similarly, in Octodon degus, MD resulted in decreased density of
GFAP* astrocytes in the cortex, associated with reduced length and
ramification of astrocytic processes (Braun, Antemano, Helmeke,
Blichner, & Poeggel, 2009). Interestingly, this was accompanied by an
increased number of S100p* cells (Braun et al., 2009), indicating a dif-
ferential effect of stress on the expression of different astrocyte
markers. In contrast to the reduced GFAP signal measured within
24 hr after the stressor, when GFAP expression was measured a few
days or weeks after the end of the deprivation or separation period,
an increase in the number of GFAP" cells or GFAP expression was
found in the hippocampus (Llorente et al., 2009; Réus et al., 2018),
cerebellum (Llorente et al., 2009), and prefrontal cortex (Kwak et al.,
2009). Together these results show that MD/MS leads to an acute
reduction in GFAP, followed by an increase of GFAP when a longer
period between stress and measurement was applied. This shift might
be explained by the dynamics of the ELA-induced CORT response and
the fact that MD/MS takes place during the peak period of
astrogenesis. As mentioned earlier, CORT has been shown to reduce
levels of GFAP acutely in adult rodents (Crossin et al., 1997; O'Calla-
ghan et al., 1989; Zhao & Wang, 2015), thus the MD/MS-induced rise
in CORT might lead to the observed acute decrease in GFAP. When
the early-life stress-induced rise in CORT is normalized, GFAP expres-
sion might no longer be suppressed, resulting in the observed catch-
up in GFAP expression, which could be a compensatory response or
even a developmental shift in astrogenesis.

When studying the long-term effects of MD/MS on astrocytes, no
changes in astrocyte density, morphology, or GFAP mRNA were
reported up to 2 months following ELA (Burke et al., 2013; Gosselin
et al., 2010; Lewis, Darius, Wang, & Allard, 2016), with only one study
reporting a slight reduction in GFAP* astrocyte density in 12-month-
old MD-exposed rats (Leventopoulos et al., 2007). This supports the
idea that GFAP levels return back to baseline after an initial response
to ELA, with a possible interaction of ELA and aging, which remains to
be investigated.

Next to measuring GFAP, a few studies have looked at astrocyte-
specific glutamate transporters and describe that daily MS perma-
nently increases GLAST and GLT-1 expression in hippocampal
astrocytes of 10-week and 18-month-old rats (Martisova et al., 2012).
However, a different ELA model in the form of limited nesting and
bedding material has been shown to actually decrease GLAST expres-
sion and impair astrocytic glutamate uptake in the hypothalamus,

which was associated with dysfunctional glutamatergic transmission

(Gunn et al., 2013). This suggests that in contrast to GFAP expression,
astrocyte-specific glutamate transporters do seem to be persistently
altered, although the direction of the effect might be brain-region and
ELA-model dependent. As to the possible mechanisms leading to the
altered transporter expression, it is interesting to consider the role of
glucocorticoids. Both acute and chronic stress in adulthood lead to
increases in glutamate (Mayhew, Beart, & Walker, 2015; Popoli et al.,
2011) and in vivo and in vitro work have demonstrated that glucocor-
ticoid exposure leads to acute elevations of GLT-1 expression and
increased glutamate uptake by astrocytes. We can speculate that the
observed MS/MD-induced upregulation of astrocytic glutamate trans-
porters may be a response to clear possible excessive glutamate.
Indeed, this is supported by (Autry et al., 2006; Reagan et al., 2004;
Zschocke et al., 2005), but see (Virgin et al., 1991). An alternative or
parallel mechanism involved could be a more direct influence of GFAP
levels. In fact loss of GFAP has been linked to increased protein levels
of GLT-1 in the hippocampus, but an inability of the astrocyte to traf-
fic the GLT-1 transporter to the cells surface, leading to impaired glu-
tamate uptake (Hughes, Maguire, McMinn, Scholz, & Sutherland,
2004). Arguably, the ELA-induced CORT and early loss of GFAP could
lead to altered glutamate transporter expression and function,
resulting in persistent alterations in glutamate metabolism possibly in
a brain region-dependent fashion.

Although the results derive from a relatively limited number of
studies, taken together, early-life stress in the form of MD or MS
seems to affect GFAP expression on the short-term, and lastingly alter

the expression of astrocytic glutamate transporters (see Figure 1b).

4.2 | Early-life immune challenge effects
on astrocytes

Immune challenges can form a major stressor in early life and consid-
ering astrocytic involvement in the immune response as discussed
earlier, programming or priming of the astrocyte response to later
immune encounters can have implications for brain health in adult-
hood. One form of an immune stressor is postnatal infection. Rodent
studies of neonatal infections using lipopolysaccharides (LPS),
polyinosinic:polycytidylic acid (Poly 1:C), Escherichia coli (E. coli), or IL-6
exposure, reveal astrocytic responses to an early-life inflammatory
challenge. Both LPS and Poly I:C injected at P3, evoked GFAP* cell
hypertrophy and increased GFAP* astrocyte numbers in the hippo-
campus until the age of weaning (N. Patro, Singh, & Patro, 2013), and
lasting upregulation of GFAP by LPS was reported at 3 months of age
(Berkiks et al., 2019). These effects were accompanied by microglial
activation. Postnatal E. coli exposure at P4 did not influence astrocytic
proliferation in either the hippocampus or cortical subregions at P33,
either suggesting that early-immune challenges, in general, do not
affect astrocyte proliferation, that the effect is immune challenge-spe-
cific, or that earlier effects were normalized by P33. Indeed, microglial
activation was present at P4 immediately following E. coli exposure,
an effect that was normalized by P33 (Bland et al., 2010). Prenatal

infection induced by IL-6 exposure resulted in increased astrocyte
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FIGURE 1 The long-term effects of ELA on astrocyte characteristics. This figure summarizes the lasting effects of different forms of ELA on
the expression of GFAP+ astrocytes and glutamate and glucose transporters. In panel a, a healthy astrocyte under basal conditions is depicted.
The remaining panels represent deviations from this following the various forms of ELA. For the conditions where transporter expression was not
studied, transporter expression is not included in the figure. (a) Astrocyte under healthy basal conditions in hippocampus and hypothalamus
express GFAP, glutamate transporters (GLT-1 and GLAST), and glucose transporters (GLUT1). (b) MD and MS increase GFAP on the short-term.
On the long-term, while GFAP returns to basal levels, there is a persistent increase in glutamate transporters. (c) Early-immune challenge
increases GFAP expression. (d) Overnutrition increases GFAP, glutamate transporter, and glucose transporter expression. (€) PMN decreases
GFAP expression. (f) Other undernutrition models increase GFAP expression

density and GFAP mRNA levels in the hippocampus at 24 weeks of
age (Samuelsson, 2005).

Thus, early-life immune challenges generally result in lastingly
increased levels of GFAP (see Figure 1c) accompanied by microglial
activation. As LPS-induced neuroinflammation is not only a model for
early-life stress but also a well-described model for microglia-induced
astrogliosis (Liddelow et al., 2017; Zamanian et al., 2012), it could be
argued that the observed effects of early immune challenges on astro-
cytes work through microglia-induced activation of astrocytes. Early
infection could activate microglia, which in turn recruit astrocytes,
leading to a reactive phenotype of astrocytes. At this stage, more
research is necessary to elucidate the specific order of events. Inter-
estingly, also MD/MS induced alterations on astrocytes were some-
times accompanied by activation of microglia (Réus et al., 2018;
Roque et al., 2016; Saavedra et al., 2018). It is striking that despite the
similar activation of microglia, different effects were described for
GFAP, with lasting upregulation after immune challenges but no per-

sistent changes in GFAP after MD/MS, suggesting alternative

mediators and processes involved. This stresses the complexity of the
integration of external signals early in life and indicates the impor-
tance of the ELA model chosen to study astrocytes.

It is possible that alterations in astrocytes caused by ELA, either
through MD/MS or an inflammatory result, are not always detectable
under baseline conditions and only become apparent when exposure
to another stressful event occurs, a so-called “second hit.” Evidence
for this is provided by studies showing that MS or prenatal restraint
stress-exposed offspring exhibit greater vulnerability of astrocytes to
an immune challenge later in life (Diz-Chaves et al., 2012; Saavedra
et al, 2018). This data suggests that astrocytes are sensitized or
“primed” by ELA, possibly underlying greater susceptibility to later dis-
ease states. ELA might indeed induce a general proinflammatory state
of glial cells that may result in an exaggerated reaction to later life
infection. Such a stress-induced sensitized state to later inflammatory
challenge has been reported for microglia (Frank, Baratta, Sprunger,
Watkins, & Maier, 2007; Frank, Thompson, Watkins, & Maier, 2012;
Hoeijmakers et al., 2017). Whether priming of astrocytes is adaptive
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or maladaptive remains up for debate (Garcia-Caceres et al., 2010). In
any case, altered sensitization of glial cells by ELA might be a key
mechanism in the ELA-induced increase in vulnerability to cognitive
decline and psychopathology development. Finally, it needs to be con-
sidered that effects of ELA, next to stress and inflammatory signals,
may also be modulated by other factors from the early-life environ-
ment, including dietary and metabolic changes. These factors might

interact with one another and contribute to the resulting phenotype.

4.3 | Early-life nutrition induced programming of
astrocytes

4.3.1 | The effects of high fat/sugar diet on
astrocytes

In recent years, the effects of an unhealthy, over nutritious high-fat
and/or high-sugar diet on brain functioning, and the involvement of
astrocytes has received considerable attention. These studies mostly
focused on hypothalamic astrocytes, as they are key in detecting
alterations in metabolic parameters and hormonal changes (e.g., leptin
and ghrelin) related to the energy status of the brain (Buckman &
Ellacott, 2014; Garcia-Caceres et al., 2016; Marina et al., 2017), and
have been shown to control food intake (Buckman et al., 2015;
Parsons & Hirasawa, 2010; Yang, Qi, & Yang, 2015). To study the
effects of an early unhealthy diet, a model of maternal high-fat diet
(HFD) is commonly used. HFD is provided to rodent dams 6-8 weeks
before onset of pregnancy and lasts throughout gestation and often
also throughout lactation, meaning that nutrients are transferred to
the pups via the placenta and breast milk. Maternal HFD leads to an
immediate increase in GFAP" cell density, proliferation, and mRNA
levels in the arcuate and supraoptic hypothalamic nuclei of mouse
neonates (gestational day 17.5 and PO; D. W. Kim, Glendining,
Grattan, & Jasoni, 2016), and results in increased levels of perivascular
GFAP coverage in the arcuate nucleus of P21 rats, suggesting ele-
vated density of astrocytic processes around the blood vessels
(Couvreur et al., 2011). Persistent effects of an early unhealthy diet
on astrocytes have also been reported. Postnatal overnutrition in rats
as induced by small litter size resulted in increased body weight asso-
ciated with increased GFAP* cell complexity and cell number, and
upregulated protein levels of GFAP (Argente-Arizon et al., 2017;
Fuente-Martin et al., 2013), VIMENTIN, GLAST, GLT-1, and glucose
transporters GLUT-1 and GLUT-2, in the hypothalamus of 3- to
5-month-old male rats (Fuente-Martin et al., 2013). Furthermore, a
maternal HFD unbalanced in -6/w-3 ratio given throughout gesta-
tion and lactation, resulted in long lasting increased complexity of
GFAP* cells in the hippocampus of 5-month-old male rats (Lépinay
et al., 2015), however, it is unclear whether these changes arise from
a lack of -3 or in response to high-fat intake.

In general, early-life HFD or overnutrition seems to acutely
and lastingly enhance GFAP expression, and persistently increase
astrocyte-specific glutamate and glucose transporters in the hypothal-
amus (see Figure 1d). These data suggest possible functional changes

in astrocytes with respect to glutamate clearance and nutrient

sensing. Interestingly, both early-life HFD and early-immune chal-
lenges result in increased GFAP expression. Indeed, HFD has been
clearly marked in the literature to lead to a general inflammatory
response (Buckman et al., 2014) with increased microglial activation
(K&lin et al., 2015) and astrogliosis (Balland & Cowley, 2017; Cano
et al., 2014; Dalvi et al., 2016) in the hypothalamus. While microglia
have been proposed as the driving force behind HFD-induced obesity
(André et al., 2017; Valdearcos et al., 2017, 2014), there was no
change or even a decrease in the microglia coverage in the early over-
nutrition models that we discussed (Argente-Arizén et al, 2017;
Fuente-Martin et al., 2013), suggesting that the observed changes in
astrocyte markers may arise independently from diet-induced effects
on microglia. Moreover, astrocytic changes upon HFD might actually
be beneficial for maintaining metabolic homeostasis. Deletion of
astrocyte-specific leptin receptors increased feeding in response to
fasting or ghrelin administration, and reduced food intake suppression
in response to leptin administration (Kim et al., 2014), indicating the
crucial role of leptin receptor signaling in astrocytes for energy
homeostasis. Next to that, leptin promotes hypothalamic astrogenesis
during development (Rottkamp et al., 2015), which might explain the

upregulation of astrocyte markers in response to maternal HFD.

4.3.2 | Undernutrition

Models of undernutrition can vary from general food restriction to
eliminating specific essential nutrients from the diet. Here we will dis-
cuss the effects of early-life: (a) protein malnourishment (PMN),
(b) restriction of essential nutrients, (c) general food restriction as
induced by limiting amounts of chow, and (d) early-weaning
(a reduction in maternal milk yield triggered by prolactin injections),
on astrocytes. In the PMN models discussed here, protein-restricted
animals received 5-8% of protein versus 20-25% protein in the con-
trol groups. Both short-term (first 2 weeks of gestation) and long-term
(before pregnancy until P60) PMN leads to a decrease in GFAP" cell
density, delayed astrogenesis, and precocious maturation of astro-
cytes in the hippocampus of P60 offspring (see Figure 1e; Gressens
et al., 1997; Naik, Patro, Seth, & Patro, 2017), while no significant
change in GFAP or S100p seems to be present at the protein level
(Feoli et al., 2008). Interestingly, PMN has been shown to result in
some acute metabolic alterations, including decreased glutamate
uptake, increased glutamate synthetase (GS) activity, and reduced glu-
tathione (a major antioxidant compound metabolized by astrocytes) in
the hippocampus and cortex (Feoli et al., 2006). However, these
effects present in P2 offspring were normalized by the age of P60.
Together these results suggest that PMN influences astrocyte metab-
olism acutely and induces delayed astrogenesis.

Another model of early-life malnutrition entails restriction of
essential nutrients (nutrients that need to be obtained by the diet).
Restriction of ®-3 PUFA levels in male mice from pregnancy onset
until 4 months of age resulted in greater GFAP* coverage in response
to traumatic brain injury, an effect that was diminished when ®-3
levels were restored (Desai et al., 2016). Treatment of cultured astro-

cytes with DHA was able to prevent a CORT-induced stress response
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as measured by increased glutamate uptake, increased GS levels, and
altered GFAP cytoskeletal morphology (Champeil-Potokar, Hennebelle,
Latour, Vancassel, & Denis, 2016). Similarly, adolescent restriction of
tryptophan, an essential amino acid crucial for protein biosynthesis dur-
ing development, results in astrocyte activation as shown by GFAP cyto-
skeletal hypertrophy in the hippocampus and amygdala immediately
following tryptophan restriction (Zhang, Corona-Morales, Vega-
Gonzalez, Garcia-Estrada, & Escobar, 2009). While these are just some
initial studies, they exemplify that restriction of essential nutrients during
early-life can impact astrocytes. Furthermore, this data shows a potential
modulatory role for o-3 in the stress-induced responses in astrocytes
(Hennebelle, Champeil-Potokar, Lavialle, Vancassel, & Denis, 2014).

Maternal food restriction from the last week of pregnancy until
P10 resulted in enhanced astrocytic glycogen content associated with
increased astrocytic GLUT-1 in female rat cortex at P10 (Lizarraga-
Mollinedo et al., 2010). Early malnutrition provoked by early weaning
resulted in elevated levels of GFAP in the hypothalamus of 6-month-
old male rats (Younes-Rapozo et al., 2015). However, it is unclear
whether such an increase results solely from early-malnutrition, as the
prolactin injections induce central obesity, hyperglycemia, hyper-
leptinemia, and increased visceral fat mass in adulthood, meaning that
astrogliosis could be a secondary effect of one of these features. Fur-
thermore, injections could very well induce maternal stress, possibly
resulting in altered maternal care or increased CORT levels in dams
and offspring.

Together these results show that undernutrition lastingly impacts
GFAP expression in astrocytes. Fatty acid restriction, tryptophan depri-
vation, and early weaning all resulted in increased GFAP expression
(Figure 1f), while PMN has been rather shown to reduce GFAP expres-
sion (Figure 1e). This differential effect could be due to the time win-
dow of nutrient restriction. PMN was generally applied already during
gestation, a period in which astrocytes have not fully developed yet,
while the other models were initiated in the postnatal phase. Alterna-
tively, the effect of undernutrition on astrocytes could be nutrient-spe-
cific. Immediate changes induced by undernutrition included increased
GS, a potential adaptive reaction to increase glutamate synthesis in
response to the observed reduced glutamate uptake, and one study
showed elevated GLUT1 expression and astrocytic glycogen content,
suggesting energy preservation mechanisms provoked by undernutri-
tion. Based on the described results, these metabolic alterations within
astrocytes after early-life undernutrition seem to belong to an acute
adaptive response to undernutrition, rather than a persistent change in
astrocyte functioning. However, since relatively little data is available
on the effects of undernutrition on astrocytes, more research is neces-
sary to draw definitive conclusions.

In general, early-life malnutrition in the form of overnutrition or
undernutrition can have a lasting impact on astrocytes. Interestingly,
both overnutrition (maternal HFD, small litter size), which results in
excess energy, and undernutrition (restriction of essential nutrients,
early weaning), which results in lack of energy, present with a very simi-
lar phenotype, namely increased GFAP expression and possibly
increased glucose transporters. It is important to consider that in the

case of HFD, although energy levels remain high, a lack in (essential)

nutrients might still occur. This could suggest that the observed
changes are associated with alterations or shortages in circulating nutri-
ents, changes in the metabolic profile, or just general energy disbalance,

rather than it being a specific effect of either a lack or excess of energy.

4.4 | Effects of other ELA models on astrocytes

Further supporting the sensitivity of astrocytes to ELA, there have been
several reports on the effect of other forms of early stress on the astro-
cytic population, including dexamethasone exposure (Claessens et al.,
2012; Frahm, Handa, & Tobet, 2017; McArthur, Pienaar, Siddiqi, &
Gillies, 2015), early-life exposure to noise (Jauregui-Huerta et al., 2015;
Ruvalcaba-Delgadillo et al., 2015), restraint stress (Barros, Duhalde-
Vega, Caltana, Brusco, & Antonelli, 2006; Garcia-Caceres et al., 2010),
and limited nesting and bedding material during development (Gunn
et al., 2013). Notably, all these models have been described to have
effect on astrocytes. Due to the limited number of studies using these
models, it is challenging to draw specific conclusions and speculate
about the possible mechanisms involved in their effects. However,
these examples highlight even further the importance of the early
developmental period in determining astrocyte characteristics later in
life. Clearly, at this point is key to consider the translational value and
implication of the findings that we have discussed so far. However, up
to date, there is very little known about how early-life environment
modulates human astrocytes. Because studying astrocyte-environment
interactions during early-life in the context of human disease is nearly
impossible, there has been an emerging field of research on human-
based models to study astrocytes, like iPSC-derived astrocytes, which
enables studying astrocytes in the context of brain diseases for which
ELA is a risk factor (Box 2).

5 | CONCLUSION

In this review, we have provided initial evidence that astrocytes are
acutely and permanently affected by ELA in rodents. Astrocytes
undergo morphological as well as metabolic changes in response to
ELA and seen their crucial role in basic brain functioning, this might
affect neural functioning. Notably, the large majority of studies have
focused on structural rather than functional changes in astrocytes,
with a focus on GFAP expression. Then, how do we interpret changes
in GFAP expression? Although upregulation of GFAP has been
reported to occur in various neuropathologies (Eng, Ghirnikar, & Lee,
2000), and some functional implications of GFAP loss have been
described (Liedtke et al., 1996; McCall et al., 1996; Shibuki et al.,
1996; Tanaka et al., 2001), the functional consequences of alterations
in GFAP expression and ELA-induced changes in GFAP are still
unclear. It is important to note that a functional defect caused by ELA
can take place without a noticeable change in the GFAP astrocyte
marker (Gosselin et al.,, 2010), indicating that ELA-induced impair-
ments are not always paired with changes in GFAP.

In addition, to what extent the reported alterations are implicated

in ELA-induced altered brain function needs further attention. Since
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astrocytes are key players in integrating a large variety of signals from
the early-life environment, and are known to play an important role in
cognitive impairment and neurological dysfunction (Pekny et al.,
2016; Santello et al., 2019), they might be crucial in exerting ELA-
induced effects and increasing the consequent risk of cognitive prob-
lems in humans. Moreover, human research has recently put more
focus on astrocytes as a therapeutic strategy in for example MDD
(see Box 1). For this reason, it should be a primary goal to unravel the
underlying mechanisms that involve astrocytes in ELA-driven risk of
adult psychopathology. To this end, the emerging field and recent
advances in technology (e.g., iPSC models) might be able to bring the
field forward and help gain understanding of the functional relevance

of these changes and their implication in ELA-associated diseases.

ACKNOWLEDGMENTS

A K. was funded by Meervoud NWO. A K. and V.H. were funded by
Amsterdam Brain Mind Project ABMP.

ORCID

Vivi M. Heine ‘2 https://orcid.org/0000-0003-4416-3875
Mark H. Verheijen "2 https://orcid.org/0000-0002-3739-3755

Aniko Korosi 2 https://orcid.org/0000-0001-9701-3331

REFERENCES

Abbink, M. R., Naninck, E. F. G, Lucassen, P. J., & Korosi, A. (2017). Early-
life stress diminishes the increase in neurogenesis after exercise in
adult female mice. Hippocampus, 27(8), 839-844. http://doi.org/10.
1002/hipo.22745

Abbott, N. J., Rénnback, L., & Hansson, E. (2006). Astrocyte-endothelial
interactions at the blood-brain barrier. Nature Reviews Neuroscience, 7
(1), 41-53. http://doi.org/10.1038/nrn1824

Aisa, B. R, Elizalde, N., Tordera, R., Lasheras, B., Del RA o, J. N., & RamA
rez, M. J. (2009). Effects of neonatal stress on markers of synaptic
plasticity in the hippocampus: Implications for spatial memory. Hippo-
campus, 19(12), 1222-1231. http://doi.org/10.1002/hipo.20586

Akhondzadeh, S. (1999). Hippocampal synaptic plasticity and cognition.
Journal of Clinical Pharmacy and Therapeutics, 24(4), 241-248.

Allen, N. J. (2013). Role of glia in developmental synapse formation. Cur-
rent Opinion in Neurobiology, 23(6), 1027-1033. http://doi.org/10.
1016/j.conb.2013.06.004

Allen, N. J. (2014). Astrocyte regulation of synaptic behavior. Annual
Review of Cell and Developmental Biology, 30(1), 439-463. http://doi.
org/10.1146/annurev-cellbio-100913-013053

Allen, N. J., & Eroglu, C. (2017). Cell biology of astrocyte-synapse interac-
tions. Neuron, 96(3), 697-708. http://doi.org/10.1016/j.neuron.2017.
09.056

Alvarez, J. |., Katayama, T., & Prat, A. (2013). Glial influence on the blood
brain barrier. Glia, 61(12), 1939-1958. http://doi.org/10.1002/glia.
22575

André, C., Guzman-Quevedo, O., Rey, C., Rémus-Borel, J., Clark, S.,
Castellanos-Jankiewicz, A., et al. (2017). Inhibiting microglia expansion
prevents diet-induced hypothalamic and peripheral inflammation. Dia-
betes, 66(4), 908-919. http://doi.org/10.2337/db16-0586

Araque, A., Carmignoto, G., Haydon, P. G, Oliet, S. H. R., Robitaille, R., &
Volterra, A. (2014). Gliotransmitters travel in time and space. Neuron,
81(4), 728-739. http://doi.org/10.1016/j.neuron.2014.02.007

Araque, A., Parpura, V., Sanzgiri, R. P., & Haydon, P. G. (1999). Tripartite
synapses: Glia, the unacknowledged partner. Trends in Neurosciences,
22(5), 208-215.

Argente-Arizén, P., Diaz, F., Ros, P., Barrios, V., Tena-Sempere, M., Garcia-
Segura, L. M,, et al. (2017). The hypothalamic inflammatory/gliosis
response to neonatal overnutrition is sex and age dependent. Endocri-
nology, 159(1), 368-387. http://doi.org/10.1210/en.2017-00539

Austin, K. B., Bronzino, J., & Morgane, P. J. (1986). Prenatal protein malnu-
trition affects synaptic potentiation in the dentate gyrus of rats in
adulthood. Brain Research, 394(2), 267-273.

Autry, A. E., Grillo, C. A, Piroli, G. G., Rothstein, J. D., McEwen, B. S., &
Reagan, L. P. (2006). Glucocorticoid regulation of GLT-1 glutamate
transporter isoform expression in the rat hippocampus. Neuroendocri-
nology, 83(5-6), 371-379. http://doi.org/10.1159/000096092

Balasingam, V., Dickson, K., Brade, A., & Yong, V. W. (1996). Astrocyte
reactivity in neonatal mice: Apparent dependence on the presence of
reactive microglia/macrophages. Glia, 18(1), 11-26. http://doi.org/10.
1002/(SICI)1098-1136(199609)18:1<11::AID-GLIA2>3.0.CO;2-6

Balland, E., & Cowley, M. A. (2017). Short-term high-fat diet increases the
presence of astrocytes in the hypothalamus of C57BL6é mice without
altering leptin sensitivity. Journal of Neuroendocrinology, 29(10),
€12504-e12507. http://doi.org/10.1111/jne.12504

Barros, V. G., Duhalde-Vega, M., Caltana, L., Brusco, A., & Antonelli, M. C.
(2006). Astrocyte-neuron vulnerability to prenatal stress in the adult
rat brain. Journal of Neuroscience Research, 83(5), 787-800. http://doi.
org/10.1002/jnr.20758

Bazargani, N., & Attwell, D. (2016). Astrocyte calcium signaling: The third
wave. Nature Neuroscience, 19(2), 182-189. http://doi.org/10.1038/
nn.4201

Bélanger, M., Allaman, I., & Magistretti, P. J. (2011). Brain energy metabo-
lism: Focus on astrocyte-neuron metabolic cooperation. Cell Metabo-
lism, 14(6), 724-738. http://doi.org/10.1016/j.cmet.2011.08.016

Berkiks, 1., Garcia-Segura, L. M., Nassiri, A., Mesfioui, A., Ouichou, A.,
Boulbaroud, S., ... el Hessni, A. (2019). The sex differences of the
behavior response to early life immune stimulation: Microglia and
astrocytes involvement. Physiology & Behavior, 199, 386-394. http://
doi.org/10.1016/j.physbeh.2018.11.037

Bilbo, S. D. (2009). Early-life programming of later-life brain and behavior:
A critical role for the immune system. Frontiers in Behavioral Neurosci-
ence, 3, 1-14. http://doi.org/10.3389/neuro.08.014.2009

Bilbo, S. D., & Schwarz, J. M. (2012). The immune system and developmen-
tal programming of brain and behavior. Frontiers in Neuroendocrinology,
33(3), 267-286. http://doi.org/10.1016/j.yfrne.2012.08.006

Bland, S. T., Beckley, J. T., Young, S. Tsang, V. Watkins, L. R,
Maier, S. F., & Bilbo, S. D. (2010). Enduring consequences of early-life
infection on glial and neural cell genesis within cognitive regions of
the brain. Brain, Behavior, and Immunity, 24(3), 329-338. http://doi.
org/10.1016/j.bbi.2009.09.012

Bohn, M. C,, Howard, E., Vielkind, U., & Krozowski, Z. (1991). Glial cells
express both mineralocorticoid and glucocorticoid receptors. The Jour-
nal of Steroid Biochemistry and Molecular Biology, 40(1-3), 105-111.

Boneva, N. B., Kaplamadzhiev, D. B., Sahara, S., Kikuchi, H., Pyko, I. V.,
Kikuchi, M., ... Yamashima, T. (2011). Expression of fatty acid-binding
proteins in adult hippocampal neurogenic niche of postischemic mon-
keys. Hippocampus, 21(2), 162-171. http://doi.org/10.1002/hipo.
20732

Boyles, J. K., Pitas, R. E., Wilson, E., Mahley, R. W., & Taylor, J. M. (1985).
Apolipoprotein E associated with astrocytic glia of the central nervous
system and with nonmyelinating glia of the peripheral nervous system.
Journal of Clinical Investigation, 76(4), 1501-1513. http://doi.org/10.
1172/JCI1112130


https://orcid.org/0000-0003-4416-3875
https://orcid.org/0000-0003-4416-3875
https://orcid.org/0000-0002-3739-3755
https://orcid.org/0000-0002-3739-3755
https://orcid.org/0000-0001-9701-3331
https://orcid.org/0000-0001-9701-3331
http://doi.org/10.1002/hipo.22745
http://doi.org/10.1002/hipo.22745
http://doi.org/10.1038/nrn1824
http://doi.org/10.1002/hipo.20586
http://doi.org/10.1016/j.conb.2013.06.004
http://doi.org/10.1016/j.conb.2013.06.004
http://doi.org/10.1146/annurev-cellbio-100913-013053
http://doi.org/10.1146/annurev-cellbio-100913-013053
http://doi.org/10.1016/j.neuron.2017.09.056
http://doi.org/10.1016/j.neuron.2017.09.056
http://doi.org/10.1002/glia.22575
http://doi.org/10.1002/glia.22575
http://doi.org/10.2337/db16-0586
http://doi.org/10.1016/j.neuron.2014.02.007
http://doi.org/10.1210/en.2017-00539
http://doi.org/10.1159/000096092
http://doi.org/10.1002/(SICI)1098-1136(199609)18:1%3C11::AID-GLIA2%3E3.0.CO;2-6
http://doi.org/10.1002/(SICI)1098-1136(199609)18:1%3C11::AID-GLIA2%3E3.0.CO;2-6
http://doi.org/10.1111/jne.12504
http://doi.org/10.1002/jnr.20758
http://doi.org/10.1002/jnr.20758
http://doi.org/10.1038/nn.4201
http://doi.org/10.1038/nn.4201
http://doi.org/10.1016/j.cmet.2011.08.016
http://doi.org/10.1016/j.physbeh.2018.11.037
http://doi.org/10.1016/j.physbeh.2018.11.037
http://doi.org/10.3389/neuro.08.014.2009
http://doi.org/10.1016/j.yfrne.2012.08.006
http://doi.org/10.1016/j.bbi.2009.09.012
http://doi.org/10.1016/j.bbi.2009.09.012
http://doi.org/10.1002/hipo.20732
http://doi.org/10.1002/hipo.20732
http://doi.org/10.1172/JCI112130
http://doi.org/10.1172/JCI112130

ABBINK ET AL.

Braun, K., Antemano, R., Helmeke, C., Blichner, M., & Poeggel, G. (2009).
Juvenile separation stress induces rapid region- and layer-specific
changes in S100B- and glial fibrillary acidic protein-immunoreactivity
in astrocytes of the rodent medial prefrontal cortex. Neuroscience, 160
(3), 629-638. http://doi.org/10.1016/j.neuroscience.2009.02.074

Brown, A. S., & Susser, E. S. (2008). Prenatal nutritional deficiency and risk
of adult schizophrenia. Schizophrenia Bulletin, 34(6), 1054-1063.
http://doi.org/10.1093/schbul/sbn096

Buckman, L. B., & Ellacott, K. L. J. (2014). The contribution of hypothalamic
macroglia to the regulation of energy homeostasis. Frontiers in Systems
Neuroscience, 8, 212. http://doi.org/10.3389/fnsys.2014.00212

Buckman, L. B., Hasty, A. H. Flaherty, D. K, Buckman, C. T,
Thompson, M. M., Matlock, B. K,, ... Ellacott, K. L. J. (2014). Obesity
induced by a high-fat diet is associated with increased immune cell
entry into the central nervous system. Brain, Behavior, and Immunity,
35(C), 33-42. http://doi.org/10.1016/j.bbi.2013.06.007

Buckman, L. B., Thompson, M. M., Lippert, R. N., Blackwell, T. S,
Yull, F. E., & Ellacott, K. L. J. (2015). Evidence for a novel functional
role of astrocytes in the acute homeostatic response to high-fat diet
intake in mice. Molecular Metabolism, 4(1), 58-63. http://doi.org/10.
1016/j.molmet.2014.10.001

Burke, N. N., Llorente, R., Marco, E. M,, Tong, K., Finn, D. P., Viveros, M.-
P., & Roche, M. (2013). Maternal deprivation is associated with sex-
dependent alterations in nociceptive behavior and neuroinflammatory
mediators in the rat following peripheral nerve injury. The Journal of
Pain, 14(10), 1173-1184. http://doi.org/10.1016/}.jpain.2013.05.003

Bushong, E. A.,, Martone, M. E., & Ellisman, M. H. (2004). Maturation of
astrocyte morphology and the establishment of astrocyte domains
during postnatal hippocampal development. International Journal of
Developmental Neuroscience, 22(2), 73-86. http://doi.org/10.1016/j.
ijdevneu.2003.12.008

Bushong, E. A., Martone, M. E., Jones, Y. Z., & Ellisman, M. H. (2002). Pro-
toplasmic astrocytes in CA1 stratum radiatum occupy separate ana-
tomical domains. The Journal of Neuroscience, 22(1), 183-192.

Calderon, F., & Kim, H.-Y. (2004). Docosahexaenoic acid promotes neurite
growth in hippocampal neurons. Journal of Neurochemistry, 90(4),
979-988. http://doi.org/10.1111/j.1471-4159.2004.02520.x

Camargo, N., Brouwers, J. F., Loos, M., Gutmann, D. H., Smit, A. B,, &
Verheijen, M. H. G. (2012). High-fat diet ameliorates neurological defi-
cits caused by defective astrocyte lipid metabolism. FASEB Journal, 26
(10), 4302-4315. http://doi.org/10.1096/fj.12-205807

Camargo, N., Goudriaan, A., van Deijk, A.-L. F., Otte, W. M,
Brouwers, J. F., Lodder, H., ... Verheijen, M. H. G. (2017). Oligoden-
droglial myelination requires astrocyte-derived lipids. PLoS Biology, 15(5),
€1002605-e1002624. http://doi.org/10.1371/journal.pbio.1002605

Cano, V., Valladolid-Acebes, I., Hernandez-Nufo, F., Merino, B., del
Olmo, N., Chowen, J. A, & Ruiz-Gayo, M. (2014). Morphological
changes in glial fibrillary acidic protein immunopositive astrocytes in
the hippocampus of dietary-induced obese mice. Neuroreport, 25(11),
819-822. http://doi.org/10.1097/WNR.0000000000000180

Carter, B. S., Hamilton, D. E, & Thompson, R. C. (2013). Acute and chronic
glucocorticoid treatments regulate astrocyte-enriched mRNAs in mul-
tiple brain regions in vivo. Frontiers in Neuroscience, 7, 139. http://doi.
org/10.3389/fnins.2013.00139

Catalani, A., Sabbatini, M., Consoli, C., & Cinque, C. (2002). Glial fibrillary
acidic protein immunoreactive astrocytes in developing rat hippocam-
pus. Mechanisms of Ageing, 123(5), 481-490. http://doi.org/10.1016/
S0047-6374(01)00356-6

Chamepeil-Potokar, G., Hennebelle, M., Latour, A., Vancassel, S., & Denis, I.
(2016). Docosahexaenoic acid (DHA) prevents corticosterone-induced
changes in astrocyte morphology and function. Journal of Neurochemis-
try, 136(6), 1155-1167. http://doi.org/10.1111/jnc.13510

Chih, C.-P., & Roberts, E. L. (2003). Energy substrates for neurons during
neural activity: A critical review of the astrocyte-neuron lactate shuttle

hypothesis. Journal of Cerebral Blood Flow & Metabolism, 23(11),
1263-1281. http://doi.org/10.1097/01.WCB.0000081369.51727.6F

Choi, D. W., Maulucci-Gedde, M., & Kriegstein, A. R. (1987). Glutamate
neurotoxicity in cortical cell culture. The Journal of Neuroscience, 7(2),
357-368.

Chowen, J. A, Argente-Arizén, P., Freire-Regatillo, A, Frago, L. M.,
Horvath, T. L., & Argente, J. (2016). The role of astrocytes in the hypo-
thalamic response and adaptation to metabolic signals. Progress in Neu-
robiology, 144, 68-87. http://doi.org/10.1016/j.pneurobio.2016.03.001

Christopherson, K. S., Ullian, E. M., Stokes, C. C. A., Mullowney, C. E,,
Hell, J. W., Agah, A,, ... Barres, B. A. (2005). Thrombospondins are
astrocyte-secreted proteins that promote CNS synaptogenesis. Cell,
120(3), 421-433. http://doi.org/10.1016/j.cell.2004.12.020

Chugani, H. T., Behen, M. E., Muzik, O., Juhasz, C., Nagy, F., & Chugani, D. C.
(2001). Local brain functional activity following early deprivation: A
study of postinstitutionalized Romanian orphans. Neurolmage, 14(6),
1290-1301. http://doi.org/10.1006/nimg.2001.0917

Chung, W.-S., Clarke, L. E, Wang, G. X, Stafford, B. K, Sher, A,
Chakraborty, C., ... Barres, B. A. (2013). Astrocytes mediate synapse
elimination through MEGF10 and MERTK pathways. Nature, 504
(7480), 394-400. http://doi.org/10.1038/nature12776

Cirulli, F. (2017). Interactions between early life stress and metabolic stress
in programming of mental and metabolic health. Current Opinion in
Behavioral Sciences, 14, 65-71. http://doi.org/10.1016/j.cobeha.2016.
12.009

Claessens, S. E. F., Belanoff, J. K, Kanatsou, S., Lucassen, P. J.,
Champagne, D. L., & de Kloet, E. R. (2012). Acute effects of neonatal
dexamethasone treatment on proliferation and astrocyte immunoreac-
tivity in hippocampus and corpus callosum: Towards a rescue strategy.
Brain Research, 1482, 1-12. http://doi.org/10.1016/j.brainres.2012.
08.017

Cobb, J. A, O'Neill, K., Milner, J.,, Mahajan, G. J., Lawrence, T. J,
May, W. L,, et al. (2016). Density of GFAP-immunoreactive astrocytes
is decreased in left hippocampi in major depressive disorder. Neurosci-
ence, 316, 209-220. http://doi.org/10.1016/j.neuroscience.2015.
12.044

Connor, S., Tenorio, G., Clandinin, M. T., & Sauvé, Y. (2012). DHA supple-
mentation enhances high-frequency, stimulation-induced synaptic
transmission in mouse hippocampus. Applied Physiology, Nutrition, and
Metabolism, 37(5), 880-887. http://doi.org/10.1139/h2012-062

Couvreur, O., Ferezou, J., Gripois, D., Serougne, C., Crépin, D,
Aubourg, A, ... Taouis, M. (2011). Unexpected long-term protection of
adult offspring born to high-fat fed dams against obesity induced by a
sucrose-rich diet. PLoS One, 6(3), €18043-e18013. http://doi.org/10.
1371/journal.pone.0018043

Crawford, M. A,, Hassam, A. G., & Stevens, P. A. (1981). Essential fatty acid
requirements in pregnancy and lactation with special reference to
brain development. Progress in Lipid Research, 20, 31-40.

Crossin, K. L., Tai, M. H., Krushel, L. A., Mauro, V. P., & Edelman, G. M.
(1997). Glucocorticoid receptor pathways are involved in the inhibition
of astrocyte proliferation. Proceedings of the National Academy of Sci-
ences of the United States of America, 94(6), 2687-2692.

Czéh, B., & Di Benedetto, B. (2013). Antidepressants act directly on astrocytes:
Evidences and functional consequences. European Neuropsychophar-
macology, 23(3), 171-185. http://doi.org/10.1016/j.euroneuro.2012.
04.017

Dalvi, P. S., Chalmers, J. A, Luo, V., Han, D.-Y., Wellhauser, L., Liu, Y., et al.
(2016). High fat induces acute and chronic inflammation in the hypo-
thalamus: Effect of high-fat diet, palmitate and TNF-a on appetite-
regulating NPY neurons. International Journal of Obesity (London), 41(1),
149-158. http://doi.org/10.1038/ij0.2016.183

Danielewicz, J., Trenk, A., & Hess, G. (2017). Imipramine ameliorates early
life stress-induced alterations in synaptic plasticity in the rat lateral
amygdala. Behavioural Brain Research, 317, 319-326. http://doi.org/
10.1016/j.bbr.2016.09.065


http://doi.org/10.1016/j.neuroscience.2009.02.074
http://doi.org/10.1093/schbul/sbn096
http://doi.org/10.3389/fnsys.2014.00212
http://doi.org/10.1016/j.bbi.2013.06.007
http://doi.org/10.1016/j.molmet.2014.10.001
http://doi.org/10.1016/j.molmet.2014.10.001
http://doi.org/10.1016/j.jpain.2013.05.003
http://doi.org/10.1016/j.ijdevneu.2003.12.008
http://doi.org/10.1016/j.ijdevneu.2003.12.008
http://doi.org/10.1111/j.1471-4159.2004.02520.x
http://doi.org/10.1096/fj.12-205807
http://doi.org/10.1371/journal.pbio.1002605
http://doi.org/10.1097/WNR.0000000000000180
http://doi.org/10.3389/fnins.2013.00139
http://doi.org/10.3389/fnins.2013.00139
http://doi.org/10.1016/S0047-6374(01)00356-6
http://doi.org/10.1016/S0047-6374(01)00356-6
http://doi.org/10.1111/jnc.13510
http://doi.org/10.1097/01.WCB.0000081369.51727.6F
http://doi.org/10.1016/j.pneurobio.2016.03.001
http://doi.org/10.1016/j.cell.2004.12.020
http://doi.org/10.1006/nimg.2001.0917
http://doi.org/10.1038/nature12776
http://doi.org/10.1016/j.cobeha.2016.12.009
http://doi.org/10.1016/j.cobeha.2016.12.009
http://doi.org/10.1016/j.brainres.2012.08.017
http://doi.org/10.1016/j.brainres.2012.08.017
http://doi.org/10.1016/j.neuroscience.2015.12.044
http://doi.org/10.1016/j.neuroscience.2015.12.044
http://doi.org/10.1139/h2012-062
http://doi.org/10.1371/journal.pone.0018043
http://doi.org/10.1371/journal.pone.0018043
http://doi.org/10.1016/j.euroneuro.2012.04.017
http://doi.org/10.1016/j.euroneuro.2012.04.017
http://doi.org/10.1038/ijo.2016.183
http://doi.org/10.1016/j.bbr.2016.09.065
http://doi.org/10.1016/j.bbr.2016.09.065

ﬂl_wl ]_Eyﬂ

ABBINK ET AL.

De Luca, S. N., Ziko, I, Sominsky, L., Nguyen, J. C. D. Dinan, T,
Miller, A. A, et al. (2016). Early life overfeeding impairs spatial memory
performance by reducing microglial sensitivity to learning. Journal of
Neuroinflammation, 13, 1-15. http://doi.org/10.1186/s12974-016-
0578-7

de Rooij, S. R., Wouters, H., Yonker, J. E., Painter, R. C., & Roseboom, T. J.
(2010). Prenatal undernutrition and cognitive function in late adult-
hood. Proceedings of the National Academy of Sciences of the United
States of America, 107(39), 16881-16886. http://doi.org/10.1073/
pnas.1009459107

Derks, N. A. V. Krugers, H. J, Hoogenraad, C. C., Joels, M. &
Sarabdjitsingh, R. A. (2016). Effects of early life stress on synaptic plas-
ticity in the developing Hippocampus of male and female rats. PLoS
One, 11(10), e0164551-17. http://doi.org/10.1371/journal.pone.
0164551

Desai, A., Park, T., Barnes, J., Kevala, K., Chen, H., & Kim, H.-Y. (2016).
Reduced acute neuroinflammation and improved functional recovery
after traumatic brain injury by a-linolenic acid supplementation in
mice. Journal of Neuroinflammation, 13, 1-10. http://doi.org/10.1186/
s12974-016-0714-4

Diniz, L. P., Almeida, J. C., Tortelli, V., Vargas Lopes, C., Setti-Perdigao, P.,
Stipursky, J., ... Gomes, F. C. A. (2012). Astrocyte-induced syn-
aptogenesis is mediated by transforming growth factor p signaling
through modulation of d-serine levels in cerebral cortex neurons. Jour-
nal of Biological Chemistry, 287(49), 41432-41445. http://doi.org/10.
1074/jbc.M112.380824

Diz-Chaves, Y., Pernia, O., Carrero, P., & Garcia-Segura, L. M. (2012). Pre-
natal stress causes alterations in the morphology of microglia and the
inflammatory response of the hippocampus of adult female mice. Jour-
nal of Neuroinflammation, 9(1), 71. http://doi.org/10.1186/1742-
2094-9-71

Dong, Y., & Benveniste, E. N. (2001). Immune function of astrocytes. Glia,
36(2), 180-190. http://doi.org/10.1002/glia.1107

Edmond, J. (2001). Essential polyunsaturated fatty acids and the barrier to
the brain: The components of a model for transport. Journal of Molecu-
lar Neuroscience, 16(2-3), 181-193. discussion 215-21. http://doi.org/
10.1385/JMN:16:2-3:181

Eng, L. F.,, Ghirnikar, R. S., & Lee, Y. L. (2000). Glial fibrillary acidic protein:
GFAP-thirty-one years (1969-2000). Neurochemical Research, 25
(9-10), 1439-1451.

Farina, C., Aloisi, F., & Meinl, E. (2007). Astrocytes are active players in
cerebral innate immunity. Trends in Immunology, 28(3), 138-145.
http://doi.org/10.1016/j.it.2007.01.005

Feoli, A. M., Leite, M. C., Tramontina, A. C., Tramontina, F., Posser, T.,
Rodrigues, L., ... Gongalves, C. A. (2008). Developmental changes in
content of glial marker proteins in rats exposed to protein malnutri-
tion. Brain Research, 1187, 33-41. http://doi.org/10.1016/j.brainres.
2007.10.035

Feoli, A. M., Siqueira, 1., Almeida, L. M. V., Tramontina, A. C., Battu, C,,
Wofchuk, S. T., et al. (2006). Brain glutathione content and glutamate
uptake are reduced in rats exposed to pre- and postnatal protein mal-
nutrition. The Journal of Nutrition, 136(9), 2357-2361. http://doi.org/
10.1093/jn/136.9.2357

Feresten, A. H., Barakauskas, V., Ypsilanti, A., Barr, A. M., & Beasley, C. L.
(2013). Increased expression of glial fibrillary acidic protein in prefron-
tal cortex in psychotic illness. Schizophrenia Research, 150(1),
252-257. http://doi.org/10.1016/j.schres.2013.07.024

Frahm, K. A, Handa, R. J., & Tobet, S. A. (2017). Embryonic exposure to
dexamethasone affects nonneuronal cells in the adult paraventricular
nucleus of the hypothalamus. Journal of the Endocrine Society, 2(2),
140-1583. http://doi.org/10.1210/js.2017-00439

Frank, M. G,, Baratta, M. V., Sprunger, D. B., Watkins, L. R., & Maier, S. F.
(2007). Microglia serve as a neuroimmune substrate for stress-induced
potentiation of CNS pro-inflammatory cytokine responses. Brain,

Behavior, and Immunity, 21(1), 47-59. http://doi.org/10.1016/].bbi.
2006.03.005

Frank, M. G., Thompson, B. M., Watkins, L. R., & Maier, S. F. (2012). Gluco-
corticoids mediate stress-induced priming of microglial pro-
inflammatory responses. Brain, Behavior, and Immunity, 26(2), 337-345.
http://doi.org/10.1016/j.bbi.2011.10.005

Fuente-Martin, E., Garcia-Caceres, C., Diaz, F., Argente-Arizén, P.,
Granado, M., Barrios, V., ... Chowen, J. A. (2013). Hypothalamic inflam-
mation without astrogliosis in response to high sucrose intake is mod-
ulated by neonatal nutrition in male rats. Endocrinology, 154(7),
2318-2330. http://doi.org/10.1210/en.2012-2196

Ganguly, P., & Brenhouse, H. C. (2015). Broken or maladaptive? Altered
trajectories in neuroinflammation and behavior after early life adver-
sity. Accident Analysis and Prevention, 11, 18-30. http://doi.org/10.
1016/j.dcn.2014.07.001

Gao, Y., Llayritz, C., Legutko, B., Eichmann, T. O., Laperrousaz, E.,
Moullé, V. S., ... Tschép, M. H. (2017). Disruption of lipid uptake in
astroglia exacerbates diet-induced obesity. Diabetes, 66(10),
2555-2563. http://doi.org/10.2337/db16-1278

Garcia-Caceres, C., Fuente-Martin, E., Argente, J., & Chowen, J. A. (2012).
Emerging role of glial cells in the control of body weight. Molecular
Metabolism, 1(1-2), 37-46. http://doi.org/10.1016/j.molmet.2012.
07.001

Garcia-Caceres, C., Lagunas, N. Calmarza-Font, |, Azcoitia, I., Diz-
Chaves, Y., Garcia-Segura, L. M,, et al. (2010). Gender differences in
the long-term effects of chronic prenatal stress on the HPA axis and
hypothalamic structure in rats. Psychoneuroendocrinology, 35(10),
1525-1535. http://doi.org/10.1016/j.psyneuen.2010.05.006

Garcia-Caceres, C., Quarta, C., Varela, L., Gao, Y., Gruber, T., Legutko, B, ...
Tschop, M. H. (2016). Astrocytic insulin signaling couples brain glucose
uptake with nutrient availability. Cell, 166(4), 867-880. http://doi.org/
10.1016/j.cell.2016.07.028

Garcia-Segura, L. M., & McCarthy, M. M. (2004). Minireview: Role of glia
in neuroendocrine function. Endocrinology, 145(3), 1082-1086. http://
doi.org/10.1210/en.2003-1383

Ge, W.-P., Miyawaki, A., Gage, F. H., Jan, Y. N., & Jan, L. Y. (2012). Local
generation of glia is a major astrocyte source in postnatal cortex.
Nature, 484(7394), 376-380. http://doi.org/10.1038/nature10959

Georgieff, M. K., Brunette, K. E., & Tran, P. V. (2015). Early life nutrition
and neural plasticity. Development and Psychopathology, 27(02),
411-423. http://doi.org/10.1017/50954579415000061

Giles, C., Takechi, R., Mellett, N. A., Meikle, P. J.,, Dhaliwal, S., &
Mamo, J. C. (2016). The effects of long-term saturated fat enriched
diets on the brain lipidome. PLoS One, 11(12), e0166964-21. http://
doi.org/10.1371/journal.pone.0166964

Gittins, R. A, & Harrison, P. J. (2011). A morphometric study of glia and neu-
rons in the anterior cingulate cortex in mood disorder. Journal of Affective
Disorders, 133(1-2), 328-332. http://doi.org/10.1016/j.jad.2011.03.042

Giulian, D., Li, J., Leara, B., & Keenen, C. (1994). Phagocytic microglia
release cytokines and cytotoxins that regulate the survival of astro-
cytes and neurons in culture. Neurochemistry International, 25(3),
227-233. http://doi.org/10.1016/0197-0186(94)90066-3

Gonzalez, D. M., Gregory, J., & Brennand, K. J. (2017). The importance of
non-neuronal cell types in hiPSC-based disease modeling and drug
screening. Frontiers in Cell and Development Biology, 5, 117. http://doi.
org/10.3389/fcell.2017.00117

Goritz, C., Mauch, D. H., & Pfrieger, F. W. (2005). Multiple mechanisms
mediate cholesterol-induced synaptogenesis in a CNS neuron. Molecu-
lar and Cellular Neuroscience, 29(2), 190-201. http://doi.org/10.1016/
j.mcn.2005.02.006

Gosselin, R. D., O'Connor, R. M., Tramullas, M., Pieper, M. J,
Dinan, T. G., & Cryan, J. F. (2010). Riluzole normalizes early-life stress-
induced visceral hypersensitivity in rats: Role of spinal glutamate reup-
take mechanisms. Gastroenterology, 138(7), 2418-2425. http://doi.
org/10.1053/j.gastro.2010.03.003


http://doi.org/10.1186/s12974-016-0578-7
http://doi.org/10.1186/s12974-016-0578-7
http://doi.org/10.1073/pnas.1009459107
http://doi.org/10.1073/pnas.1009459107
http://doi.org/10.1371/journal.pone.0164551
http://doi.org/10.1371/journal.pone.0164551
http://doi.org/10.1186/s12974-016-0714-4
http://doi.org/10.1186/s12974-016-0714-4
http://doi.org/10.1074/jbc.M112.380824
http://doi.org/10.1074/jbc.M112.380824
http://doi.org/10.1186/1742-2094-9-71
http://doi.org/10.1186/1742-2094-9-71
http://doi.org/10.1002/glia.1107
http://doi.org/10.1385/JMN:16:2-3:181
http://doi.org/10.1385/JMN:16:2-3:181
http://doi.org/10.1016/j.it.2007.01.005
http://doi.org/10.1016/j.brainres.2007.10.035
http://doi.org/10.1016/j.brainres.2007.10.035
http://doi.org/10.1093/jn/136.9.2357
http://doi.org/10.1093/jn/136.9.2357
http://doi.org/10.1016/j.schres.2013.07.024
http://doi.org/10.1210/js.2017-00439
http://doi.org/10.1016/j.bbi.2006.03.005
http://doi.org/10.1016/j.bbi.2006.03.005
http://doi.org/10.1016/j.bbi.2011.10.005
http://doi.org/10.1210/en.2012-2196
http://doi.org/10.1016/j.dcn.2014.07.001
http://doi.org/10.1016/j.dcn.2014.07.001
http://doi.org/10.2337/db16-1278
http://doi.org/10.1016/j.molmet.2012.07.001
http://doi.org/10.1016/j.molmet.2012.07.001
http://doi.org/10.1016/j.psyneuen.2010.05.006
http://doi.org/10.1016/j.cell.2016.07.028
http://doi.org/10.1016/j.cell.2016.07.028
http://doi.org/10.1210/en.2003-1383
http://doi.org/10.1210/en.2003-1383
http://doi.org/10.1038/nature10959
http://doi.org/10.1017/S0954579415000061
http://doi.org/10.1371/journal.pone.0166964
http://doi.org/10.1371/journal.pone.0166964
http://doi.org/10.1016/j.jad.2011.03.042
http://doi.org/10.1016/0197-0186(94)90066-3
http://doi.org/10.3389/fcell.2017.00117
http://doi.org/10.3389/fcell.2017.00117
http://doi.org/10.1016/j.mcn.2005.02.006
http://doi.org/10.1016/j.mcn.2005.02.006
http://doi.org/10.1053/j.gastro.2010.03.003
http://doi.org/10.1053/j.gastro.2010.03.003

ABBINK ET AL.

Goyal, M. S., lannotti, L. L., & Raichle, M. E. (2018). Brain nutrition: A life
span approach. Annual Review of Nutrition, 38(1), 381-399. http://doi.
org/10.1146/annurev-nutr-082117-051652

Green, P., & Yavin, E. (1993). Elongation, desaturation, and esterification
of essential fatty acids by fetal rat brain in vivo. Journal of Lipid
Research, 34(12), 2099-2107.

Gressens, P., Muaku, S. M., Besse, L., Nsegbe, E., Gallego, J., Delpech, B,, ...
Maiter, D. (1997). Maternal protein restriction early in rat pregnancy
alters brain development in the progeny. Developmental Brain Research,
103(1), 21-35. http://doi.org/10.1016/50165-3806(97)00109-0

Gunn, B. G., Cunningham, L., Cooper, M. A, Corteen, N. L., Seifi, M.,
Swinny, J. D., ... Belelli, D. (2013). Dysfunctional astrocytic and synap-
tic regulation of hypothalamic glutamatergic transmission in a mouse
model of early-life adversity: Relevance to neurosteroids and program-
ming of the stress response. The Journal of Neuroscience, 33(50),
19534-19554. http://doi.org/10.1523/JNEUROSCI.1337-13.2013

Halassa, M. M,, Fellin, T., Takano, H., Dong, J. H., & Haydon, P. G. (2007).
Synaptic Islands defined by the territory of a single astrocyte. Journal
of Neuroscience, 27(24), 6473-6477. http://doi.org/10.1523/
JNEUROSCI.1419-07.2007

Hanisch, U.-K. (2002). Microglia as a source and target of cytokines. Glia,
40(2), 140-155. http://doi.org/10.1002/glia.10161

Henn, A, Kirner, S., & Leist, M. (2011). TLR2 hypersensitivity of astrocytes
as functional consequence of previous inflammatory episodes. Journal
of Immunology (Baltimore, MD: 1950), 186(5), 3237-3247. http://doi.
org/10.4049/jimmunol.1002787

Hennebelle, M., Champeil-Potokar, G., Lavialle, M., Vancassel, S., &
Denis, I. (2014). Omega-3 polyunsaturated fatty acids and chronic
stress-induced modulations of glutamatergic neurotransmission in the
hippocampus. Nutrition Reviews, 72(2), 99-112. http://doi.org/10.
1111/nure.12088

Heresco-Levy, U., Javitt, D. C., Ebstein, R., Vass, A., Lichtenberg, P.,
Bar, G., ... Ermilov, M. (2005). D-serine efficacy as add-on pharmaco-
therapy to risperidone and olanzapine for treatment-refractory schizo-
phrenia. Biological Psychiatry, 57(6), 577-585. http://doi.org/10.1016/
j.biopsych.2004.12.037

Hoeijmakers, L., Korosi, A., & Lucassen, P. J. (2015). The interplay of early-
life stress, nutrition, and immune activation programs adult hippocam-
pal structure and function. Frontiers in Molecular Neuroscience, 57, 103.
http://doi.org/10.3389/fnmol.2014.00103/abstract

Hoeijmakers, L., Ruigrok, S. R., Amelianchik, A., Ivan, D., van Dam, A.-M.,
Lucassen, P. J., & Korosi, A. (2017). Early-life stress lastingly alters the
neuroinflammatory response to amyloid pathology in an Alzheimer's
disease mouse model. Brain, Behavior, and Immunity, 63, 160-175.
http://doi.org/10.1016/j.bbi.2016.12.023

Hofmann, K., Rodriguez-Rodriguez, R., Gaebler, A., Casals, N. X. R,
Scheller, A., & Kuerschner, L. (2017). Astrocytes and oligodendrocytes
in grey and white matter regions of the brain metabolize fatty acids.
Scientific Reports, 7, 10779. http://doi.org/10.1038/s41598-017-
11103-5

Hol, E. M., & Pekny, M. (2015). Glial fibrillary acidic protein (GFAP) and the
astrocyte intermediate filament system in diseases of the central ner-
vous system. Current Opinion in Cell Biology, 32, 121-130. http://doi.
org/10.1016/j.ceb.2015.02.004

Howard, D. M., Adams, M. J,, Shirali, M., Clarke, T.-K., Marioni, R. E,,
Davies, G., et al. (2018). Genome-wide association study of depression
phenotypes in UK biobank identifies variants in excitatory synaptic
pathways. Nature Communications, 9, 1470. http://doi.org/10.1038/
s41467-018-03819-3

Huang, Y. H., & Bergles, D. E. (2004). Glutamate transporters bring compe-
tition to the synapse. Current Opinion in Neurobiology, 14(3), 346-352.
http://doi.org/10.1016/j.conb.2004.05.007

Hughes, E. G., Maguire, J. L, McMinn, M. T, Scholz, R. E, &
Sutherland, M. L. (2004). Loss of glial fibrillary acidic protein results in
decreased glutamate transport and inhibition of PKA-induced EAAT2

cell surface trafficking. Molecular Brain Research, 124(2), 114-123.
http://doi.org/10.1016/j.molbrainres.2004.02.021

Jauregui-Huerta, F., Zhang, L., Ya ez-Delgadillo, G., Hernandez-Carrillo, P.,
Garc a-Estrada, J. N, & Luqu n, S. (2015). Hippocampal cytogenesis
and spatial learning in senile rats exposed to chronic variable stress:
Effects of previous early life exposure to mild stress. Frontiers in Aging
Neuroscience, 7, 159. http://doi.org/10.3389/fnagi.2015.00159

Jeon, H., Kim, J.-H., Kim, J.-H., Lee, W.-H., Lee, M.-S., & Suk, K. (2012).
Plasminogen activator inhibitor type 1 regulates microglial motility and
phagocytic activity. Journal of Neuroinflammation, 9(1), 149. http://doi.
org/10.1186/1742-2094-9-149

Jo, M., Kim, J.-H., Song, G. J.,, Seo, M., Hwang, E. M., & Suk, K. (2017).
Astrocytic Orosomucoid-2 modulates microglial activation and Neu-
roinflammation. Journal of Neuroscience, 37(11), 2878-2894. http://
doi.org/10.1523/JNEUROSCI.2534-16.2017

Jo, S., Yarishkin, O., Hwang, Y. J., Chun, Y. E., Park, M., Woo, D. H,, ...
Lee, C. J. (2014). GABA from reactive astrocytes impairs memory in
mouse models of Alzheimer's disease. Nature Medicine, 20, 886-896.
http://doi.org/10.1038/nm.3639

Jurevics, H., & Morell, P. (1995). Cholesterol for synthesis of myelin is
made locally, not imported into brain. Journal of Neurochemistry, 64(2),
895-901. http://doi.org/10.1046/j.1471-4159.1995.64020895.x

Kacem, K., Lacombe, P., Seylaz, J., & Bonvento, G. (1998). Structural orga-
nization of the perivascular astrocyte endfeet and their relationship
with the endothelial glucose transporter: A confocal microscopy study.
Glia, 23(1), 1-10. http://doi.org/10.1002/(SICI)1098-1136(199805)
23:1<1::AID-GLIA1>3.0.CO;2-B

Kalin, S., Heppner, F. L., Bechmann, 1., Prinz, M., Tschép, M. H., & Yi, C.-X.
(2015). Hypothalamic innate immune reaction in obesity. Nature, 11
(6), 339-351. http://doi.org/10.1038/nrendo.2015.48

Kempermann, G. (2015). Astrocytes, makers of new neurons. Neuron, 88
(5), 850-851. http://doi.org/10.1016/j.neuron.2015.11.017

Kessler, R. C., Mclaughlin, K. A, Green, J. G, Gruber, M. J,
Sampson, N. A,, Zaslavsky, A. M., ... Williams, D. R. (2010). Childhood
adversities and adult psychopathology in the WHO world mental
health surveys. The British Journal of Psychiatry, 197(5), 378-385.
http://doi.org/10.1192/bjp.bp.110.080499

Kim, D. W., Glendining, K. A., Grattan, D. R., & Jasoni, C. L. (2016). Mater-
nal obesity leads to increased proliferation and numbers of astrocytes
in the developing fetal and neonatal mouse hypothalamus. Interna-
tional Journal of Developmental Neuroscience, 53, 18-25. http://doi.
org/10.1016/j.ijldevneu.2016.06.005

Kim, S. S., Koch, M., Jin, S., Argente-Arizén, P., Argente, J., et al. (2014).
Leptin signaling in astrocytes regulates hypothalamic neuronal circuits
and feeding. Nature Neuroscience, 17(7), 908-910. http://doi.org/10.
1038/nn.3725

Kiray, H., Lindsay, S. L., Hosseinzadeh, S., & Barnett, S. C. (2016). The mul-
tifaceted role of astrocytes in regulating myelination. Experimental
Neurology, 283(Part B), 541-549. http://doi.org/10.1016/j.expneurol.
2016.03.009

Knobloch, M., Braun, S. M. G., Zurkirchen, L., von Schoultz, C., Zamboni, N.,
Aralizo-Bravo, M. J,, ... Jessberger, S. (2013). Metabolic control of adult
neural stem cell activity by Fasn-dependent lipogenesis. Nature, 493
(7431), 226-230. http://doi.org/10.1038/nature11689

Korosi, A., Naninck, E. F. G., Oomen, C. A., Schouten, M., Krugers, H.,
Fitzsimons, C., & Lucassen, P. J. (2012). Early-life stress mediated mod-
ulation of adult neurogenesis and behavior. Behavioural Brain Research,
227(2), 400-409. http://doi.org/10.1016/j.bbr.2011.07.037

Kriegstein, A., & Alvarez-Buylla, A. (2009). The glial nature of embryonic
and adult neural stem cells. Annual Review of Neuroscience, 32(1),
149-184. http://doi.org/10.1146/annurev.neuro.051508.135600

Kucukdereli, H., Allen, N. J., Lee, A. T., Feng, A., Ozlu, M. |., Conatser, L. M.,
... Eroglu, C. (2011). Control of excitatory CNS synaptogenesis by
astrocyte-secreted proteins Hevin and SPARC. Proceedings of the


http://doi.org/10.1146/annurev-nutr-082117-051652
http://doi.org/10.1146/annurev-nutr-082117-051652
http://doi.org/10.1016/S0165-3806(97)00109-0
http://doi.org/10.1523/JNEUROSCI.1337-13.2013
http://doi.org/10.1523/JNEUROSCI.1419-07.2007
http://doi.org/10.1523/JNEUROSCI.1419-07.2007
http://doi.org/10.1002/glia.10161
http://doi.org/10.4049/jimmunol.1002787
http://doi.org/10.4049/jimmunol.1002787
http://doi.org/10.1111/nure.12088
http://doi.org/10.1111/nure.12088
http://doi.org/10.1016/j.biopsych.2004.12.037
http://doi.org/10.1016/j.biopsych.2004.12.037
http://doi.org/10.3389/fnmol.2014.00103/abstract
http://doi.org/10.1016/j.bbi.2016.12.023
http://doi.org/10.1038/s41598-017-11103-5
http://doi.org/10.1038/s41598-017-11103-5
http://doi.org/10.1016/j.ceb.2015.02.004
http://doi.org/10.1016/j.ceb.2015.02.004
http://doi.org/10.1038/s41467-018-03819-3
http://doi.org/10.1038/s41467-018-03819-3
http://doi.org/10.1016/j.conb.2004.05.007
http://doi.org/10.1016/j.molbrainres.2004.02.021
http://doi.org/10.3389/fnagi.2015.00159
http://doi.org/10.1186/1742-2094-9-149
http://doi.org/10.1186/1742-2094-9-149
http://doi.org/10.1523/JNEUROSCI.2534-16.2017
http://doi.org/10.1523/JNEUROSCI.2534-16.2017
http://doi.org/10.1038/nm.3639
http://doi.org/10.1046/j.1471-4159.1995.64020895.x
http://doi.org/10.1002/(SICI)1098-1136(199805)23:1%3C1::AID-GLIA1%3E3.0.CO;2-B
http://doi.org/10.1002/(SICI)1098-1136(199805)23:1%3C1::AID-GLIA1%3E3.0.CO;2-B
http://doi.org/10.1038/nrendo.2015.48
http://doi.org/10.1016/j.neuron.2015.11.017
http://doi.org/10.1192/bjp.bp.110.080499
http://doi.org/10.1016/j.ijdevneu.2016.06.005
http://doi.org/10.1016/j.ijdevneu.2016.06.005
http://doi.org/10.1038/nn.3725
http://doi.org/10.1038/nn.3725
http://doi.org/10.1016/j.expneurol.2016.03.009
http://doi.org/10.1016/j.expneurol.2016.03.009
http://doi.org/10.1038/nature11689
http://doi.org/10.1016/j.bbr.2011.07.037
http://doi.org/10.1146/annurev.neuro.051508.135600

ﬂl_wl ]_Eyﬂ

ABBINK ET AL.

National Academy of Sciences of the United States of America, 108(32),
E440-E449. http://doi.org/10.1073/pnas.1104977108

Kwak, H. R, Lee, J. W., Kwon, K.-J., Kang, C. D., Cheong, I. Y., Chun, W,, ...
Lee, H. J. (2009). Maternal social separation of adolescent rats induces
hyperactivity and anxiolytic behavior. The Korean Journal of Physiol-
ogy & Pharmacology, 13(2), 79-83. http://doi.org/10.4196/kjpp.2009.
13.2.79

Lemaire, V., Koehl, M., Le Moal, M., & Abrous, D. N. (2000). Prenatal stress
produces learning deficits associated with an inhibition of neuro-
genesis in the hippocampus. Proceedings of the National Academy of
Sciences of the United States of America, 97(20), 11032-11037.

Lépinay, A. L., Larrieu, T., Joffre, C., Acar, N., Garate, I., Castanon, N, ...
Darnaudéry, M. (2015). Perinatal high-fat diet increases hippocampal
vulnerability to the adverse effects of subsequent high-fat feeding.

Psychoneuroendocrinology, 53, 82-93. http://doi.org/10.1016/j.
psyneuen.2014.12.008
Leventopoulos, M., Ruedi-Bettschen, D., Knuesel, 1, Feldon, J.,

Pryce, C. R., & Opacka-Juffry, J. (2007). Long-term effects of early life
deprivation on brain glia in Fischer rats. Brain Research, 1142,
119-126. http://doi.org/10.1016/j.brainres.2007.01.039

Lewis, M. C. G., Darius, P. J., Wang, H., & Allard, J. S. (2016). Stereological
analyses of reward system nuclei in maternally deprived/separated
alcohol drinking rats. Journal of Chemical Neuroanatomy, 76(Part B),
122-132. http://doi.org/10.1016/j.jchemneu.2016.02.004

Liddelow, S. A., Guttenplan, K. A, Clarke, L. E., Bennett, F. C., Bohlen, C. J.,
Schirmer, L., ... Barres, B. A. (2017). Neurotoxic reactive astrocytes are
induced by activated microglia. Nature, 541(7638), 481-487. http://
doi.org/10.1038/nature21029

Liedtke, W., Edelmann, W., Bieri, P. L., Chiu, F. C., Cowan, N. J.,
Kucherlapati, R., & Raine, C. S. (1996). GFAP is necessary for the integ-
rity of CNS white matter architecture and long-term maintenance of
myelination. Neuron, 17(4), 607-615.

Lindsay, K. L., Buss, C., Wadhwa, P. D., & Entringer, S. (2017). The interplay
between maternal nutrition and stress during pregnancy: Issues and
considerations. Annals of Nutrition and Metabolism, 70(3), 191-200.
http://doi.org/10.1159/000457136

Lizarraga-Mollinedo, E., Fernandez-Millan, E., de Miguel-Santos, L.,
Martinez-Honduvilla, C. J., Alvarez, C., & Escriva, F. (2010). Early
undernutrition increases glycogen content and reduces the activated
forms of GSK3, AMPK, p38 MAPK, and JNK in the cerebral cortex of
suckling rats. Journal of Neurochemistry, 112(1), 123-133. http://doi.
org/10.1111/j.1471-4159.2009.06434.x

Lledo, P.-M., Alonso, M., & Grubb, M. S. (2006). Adult neurogenesis and
functional plasticity in neuronal circuits. Nature Reviews Neuroscience,
7(3), 179-193. http://doi.org/10.1038/nrn1867

Llorente, R., Gallardo, M. L. P., Berzal, A. L, Prada, C., Garcia-
Segura, L. M., & Viveros, M. A.-P. (2009). Early maternal deprivation in
rats induces gender-dependent effects on developing hippocampal
and cerebellar cells. International Journal of Developmental Neurosci-
ence, 27(3), 233-241. http://doi.org/10.1016/j.ijdevneu.2009.01.002

Loi, M., Koricka, S., Lucassen, P. J., & Joels, M. (2014). Age- and sex-dependent
effects of early life stress on hippocampal neurogenesis. Frontiers in Endo-
crinology, 5, 13. http://doi.org/10.3389/fendo.2014.00013

Loman, M. M., & Gunnar, M. R. (2010). Early experience and the develop-
ment of stress reactivity and regulation in children. Neuroscience & Bio-
behavioral Reviews, 34(6), 867-876. http://doi.org/10.1016/j.
neubiorev.2009.05.007

Lowy, M. T., Wittenberg, L., & Yamamoto, B. K. (1995). Effect of acute
stress on hippocampal glutamate levels and spectrin proteolysis in
young and aged rats. Journal of Neurochemistry, 65(1), 268-274.
http://doi.org/10.1046/j.1471-4159.1995.65010268.x

Lucassen, P. J., Naninck, E. F. G., van Goudoever, J. B., Fitzsimons, C.,
Joels, M., & Korosi, A. (2013). Perinatal programming of adult hippo-
campal structure and function; emerging roles of stress, nutrition and

epigenetics. Trends in Neurosciences, 36(11), 621-631. http://doi.org/
10.1016/j.tins.2013.08.002

Ma, T. M,, Abazyan, S., Abazyan, B., Nomura, J., Yang, C., Seshadri, S., ...
Pletnikov, M. V. (2013). Pathogenic disruption of DISC1-serine
racemase binding elicits schizophrenia-like behavior via D-serine
depletion. Molecular Psychiatry, 18(5), 557-567. http://doi.org/10.
1038/mp.2012.97

Maekawa, M., Takashima, N., Matsumata, M., lkegami, S., Kontani, M.,
Hara, Y., ... Osumi, N. (2009). Arachidonic acid drives postnatal neuro-
genesis and elicits a beneficial effect on prepulse inhibition, a biologi-
cal trait of psychiatric illnesses. PLoS One, 4(4), e5085-e5089. http://
doi.org/10.1371/journal.pone.0005085

Malenka, R. C. (1994). Synaptic plasticity in the hippocampus: LTP and
LTD. Cell, 78(4), 535-538.

Mandelli, L., Petrelli, C., & Serretti, A. (2015). The role of specific early
trauma in adult depression: A meta-analysis of published literature.
Childhood trauma and adult depression. European Psychiatry, 30(6),
665-680. http://doi.org/10.1016/j.eurpsy.2015.04.007

Marina, N., Turovsky, E., Christie, I. N., Hosford, P. S., Hadjihambi, A.,
Korsak, A, ... Gourine, A. V. (2017). Brain metabolic sensing and meta-
bolic signaling at the level of an astrocyte. Glia, 66(6), 1185-1199.
http://doi.org/10.1002/glia.23283

Marques, A. H. (2013). The influence of maternal prenatal and early child-
hood nutrition and maternal prenatal stress on offspring immune sys-
tem development and neurodevelopmental disorders. Frontiers in
Neuroscience, 7, 120. http://doi.org/10.3389/fnins.2013.00120/
abstract

Marques, A. H., Bjgrke-Monsen, A.-L., Teixeira, A. L., & Silverman, M. N.
(2015). Maternal stress, nutrition and physical activity: Impact on
immune function, CNS development and psychopathology. Brain
Research, 1617(C), 28-46. http://doi.org/10.1016/j.brainres.2014.
10.051

Marshall, C. A. G,, Suzuki, S. O., & Goldman, J. E. (2003). Gliogenic and
neurogenic progenitors of the subventricular zone: Who are they,
where did they come from, and where are they going? Glia, 43(1),
52-61. http://doi.org/10.1002/glia.10213

Martisova, E., Solas, M., Horrillo, I, Ortega, J. E, Meana, J. J,
Tordera, R. M., & Ramirez, M. J. (2012). Long lasting effects of early-
life stress on glutamatergic/GABAergic circuitry in the rat hippocam-
pus. Neuropharmacology, 62(5-6), 1944-1953. http://doi.org/10.
1016/j.neuropharm.2011.12.019

Matos, R. J. B., Orozco-Solis, R., de Souza, S. L., Manh3es-de-Castro, R., &
Bolafios-Jiménez, F. (2011). Nutrient restriction during early life reduces
cell proliferation in the hippocampus at adulthood but does not impair the
neuronal differentiation process of the new generated cells. Neuroscience,
196, 16-24. http://doi.org/10.1016/j.neuroscience.2011.08.071

Matsui, T., Omuro, H., Liu, Y.-F., Soya, M., Shima, T., McEwen, B. S., &
Soya, H. (2017). Astrocytic glycogen-derived lactate fuels the brain
during exhaustive exercise to maintain endurance capacity. Proceed-
ings of the National Academy of Sciences of the United States of America,
114(24), 6358-6363. http://doi.org/10.1073/pnas.1702739114

Mauch, D. H., Nagler, K., Schumacher, S., Goritz, C., Midiller, E. C,
Otto, A., & Pfrieger, F. W. (2001). CNS synaptogenesis promoted by
glia-derived cholesterol. Science, 294(5545), 1354-1357. http://doi.
org/10.1126/science.294.5545.1354

Mayhew, J., Beart, P. M., & Walker, F. R. (2015). Astrocyte and microglial
control of glutamatergic signalling: A primer on understanding the dis-
ruptive role of chronic stress. Journal of Neuroendocrinology, 27(6),
498-506. http://doi.org/10.1111/jne.12273

McArthur, S., Pienaar, I. S., Siddiqi, S. M., & Gillies, G. E. (2015). Sex-
specific disruption of murine midbrain astrocytic and dopaminergic
developmental trajectories following antenatal GC treatment. Brain
Structure and Function, 221(5), 2459-2475. http://doi.org/10.1007/
s00429-015-1049-0


http://doi.org/10.1073/pnas.1104977108
http://doi.org/10.4196/kjpp.2009.13.2.79
http://doi.org/10.4196/kjpp.2009.13.2.79
http://doi.org/10.1016/j.psyneuen.2014.12.008
http://doi.org/10.1016/j.psyneuen.2014.12.008
http://doi.org/10.1016/j.brainres.2007.01.039
http://doi.org/10.1016/j.jchemneu.2016.02.004
http://doi.org/10.1038/nature21029
http://doi.org/10.1038/nature21029
http://doi.org/10.1159/000457136
http://doi.org/10.1111/j.1471-4159.2009.06434.x
http://doi.org/10.1111/j.1471-4159.2009.06434.x
http://doi.org/10.1038/nrn1867
http://doi.org/10.1016/j.ijdevneu.2009.01.002
http://doi.org/10.3389/fendo.2014.00013
http://doi.org/10.1016/j.neubiorev.2009.05.007
http://doi.org/10.1016/j.neubiorev.2009.05.007
http://doi.org/10.1046/j.1471-4159.1995.65010268.x
http://doi.org/10.1016/j.tins.2013.08.002
http://doi.org/10.1016/j.tins.2013.08.002
http://doi.org/10.1038/mp.2012.97
http://doi.org/10.1038/mp.2012.97
http://doi.org/10.1371/journal.pone.0005085
http://doi.org/10.1371/journal.pone.0005085
http://doi.org/10.1016/j.eurpsy.2015.04.007
http://doi.org/10.1002/glia.23283
http://doi.org/10.3389/fnins.2013.00120/abstract
http://doi.org/10.3389/fnins.2013.00120/abstract
http://doi.org/10.1016/j.brainres.2014.10.051
http://doi.org/10.1016/j.brainres.2014.10.051
http://doi.org/10.1002/glia.10213
http://doi.org/10.1016/j.neuropharm.2011.12.019
http://doi.org/10.1016/j.neuropharm.2011.12.019
http://doi.org/10.1016/j.neuroscience.2011.08.071
http://doi.org/10.1073/pnas.1702739114
http://doi.org/10.1126/science.294.5545.1354
http://doi.org/10.1126/science.294.5545.1354
http://doi.org/10.1111/jne.12273
http://doi.org/10.1007/s00429-015-1049-0
http://doi.org/10.1007/s00429-015-1049-0

ABBINK ET AL.

McCall, M. A,, Gregg, R. G., Behringer, R. R., Brenner, M., Delaney, C. L.,
Galbreath, E. J., ... Messing, A. (1996). Targeted deletion in astrocyte
intermediate filament (Gfap) alters neuronal physiology. Proceedings of
the National Academy of Sciences of the United States of America, 93(13),
6361-6366.

Méme, W., Calvo, C.-F., Froger, N., Ezan, P., Amigou, E., Koulakoff, A., &
Giaume, C. (2006). Proinflammatory cytokines released from microglia
inhibit gap junctions in astrocytes: Potentiation by p-amyloid. The
FASEB Journal, 20(3), 494-496. http://doi.org/10.1096/fj.05-4297fje

Menassa, D. A.,, & Gomez-Nicola, D. (2018). Microglial dynamics during
human brain development. Frontiers in Immunology, 9, 10-11. http://
doi.org/10.3389/fimmu.2018.01014

Miguel-Hidalgo, J. J., Baucom, C., Dilley, G., Overholser, J. C,
Meltzer, H. Y., Stockmeier, C. A., & Rajkowska, G. (2000). Glial fibrillary
acidic protein immunoreactivity in the prefrontal cortex distinguishes
younger from older adults in major depressive disorder. Biological Psy-
chiatry, 48(8), 861-873.

Moore, S. A. (2001). Polyunsaturated fatty acid synthesis and release by
brain-derived cells in vitro. Journal of Molecular Neuroscience, 16(2-3),
195-200. discussion 215-21. http://doi.org/10.1385/JMN:16:2-
3:195

Moore, S. A, Yoder, E., Murphy, S., Dutton, G. R., & Spector, A. A. (1991).
Astrocytes, not neurons, produce docosahexaenoic acid (22:6 omega-3)
and arachidonic acid (20:4 omega-6). Journal of Neurochemistry, 56(2),
518-524. http://doi.org/10.1111/j.1471-4159.1991.tb08180.x

Morgello, S., Uson, R. R., Schwartz, E. J., & Haber, R. S. (1995). The human
blood-brain barrier glucose transporter (GLUT1) is a glucose trans-
porter of gray matter astrocytes. Glia, 14(1), 43-54. http://doi.org/10.
1002/glia.440140107

Mottahedin, A., Ardalan, M., Chumak, T., Riebe, I., Ek, J., & Mallard, C.
(2017). Effect of neuroinflammation on synaptic organization and
function in the developing brain: Implications for neurodevelopmental
and neurodegenerative disorders. Frontiers in Cellular Neuroscience, 11,
190. http://doi.org/10.3389/fncel.2017.00190

Musazzi, L., Milanese, M., Farisello, P., Zappettini, S., Tardito, D.,
Barbiero, V. S., Popoli, M. (2010). Acute stress increases
depolarization-evoked glutamate release in the rat prefrontal/frontal
cortex: The dampening action of antidepressants. PLoS One, 5(1),
e8566. http://doi.org/10.1371/journal.pone.0008566

Musholt, K., Cirillo, G., Cavaliere, C., Rosaria Bianco, M., Bock, J.,
Helmeke, C,, ... Papa, M. (2009). Neonatal separation stress reduces
glial fibrillary acidic protein- and S1008-immunoreactive astrocytes in
the rat medial precentral cortex. Developmental Neurobiology, 69(4),
203-211. http://doi.org/10.1002/dneu.20694

Nagy, C., Suderman, M., Yang, J., Szyf, M., Mechawar, N., Ernst, C., &
Turecki, G. (2015). Astrocytic abnormalities and global DNA methyla-
tion patterns in depression and suicide. Molecular Psychiatry, 20(3),
320-328. http://doi.org/10.1038/mp.2014.21

Naik, A. A., Patro, N., Seth, P., & Patro, I. K. (2017). Intra-generational pro-
tein malnutrition impairs temporal astrogenesis in rat brain. Biology
Open, 6(7), 931-942. http://doi.org/10.1242/bi0.023432

Naninck, E. F. G., Hoeijmakers, L., Kakava-Georgiadou, N., Meesters, A.,
Lazic, S. E., Lucassen, P. J., & Korosi, A. (2015). Chronic early life stress
alters developmental and adult neurogenesis and impairs cognitive
function in mice. Hippocampus, 25(3), 309-328. http://doi.org/10.
1002/hipo.22374

Nelson, C. A,, Zeanah, C. H., Fox, N. A,, Marshall, P. J., Smyke, A. T., &
Guthrie, D. (2007). Cognitive recovery in socially deprived young chil-
dren: The Bucharest early intervention project. Science, 318(5858),
1937-1940. http://doi.org/10.1126/science.1143921

Nemeroff, C. B. (2016). Paradise lost: The neurobiological and clinical con-
sequences of child abuse and neglect. Neuron, 89(5), 892-909. http://
doi.org/10.1016/j.neuron.2016.01.019

Nguyen, L. N., Ma, D., Shui, G., Wong, P., Cazenave-Gassiot, A., Zhang, X.,
... Silver, D. L. (2014). Mfsd2a is a transporter for the essential omega-

3 fatty acid docosahexaenoic acid. Nature, 509(7501), 503-506.
http://doi.org/10.1038/nature13241

Nieweg, K., Schaller, H., & Pfrieger, F. W. (2009). Marked differences in
cholesterol synthesis between neurons and glial cells from postnatal
rats. Journal of Neurochemistry, 109(1), 125-134. http://doi.org/10.
1111/j.1471-4159.2009.05917 x

Nixdorf-Bergweiler, B. E., Albrecht, D., & Heinemann, U. (1994). Develop-
mental changes in the number, size, and orientation of GFAP-positive
cells in the CA1 region of rat hippocampus. Glia, 12(3), 180-195.
http://doi.org/10.1002/glia.440120304

Norden, D. M., Fenn, A. M., Dugan, A., & Godbout, J. P. (2014). TGFp pro-
duced by IL-10 redirected astrocytes attenuates microglial activation.
Glia, 62(6), 881-895. http://doi.org/10.1002/glia.22647

O'Callaghan, J. P, Brinton, R. E., & McEwen, B. S. (1989). Glucocorticoids
regulate the concentration of glial fibrillary acidic protein throughout
the brain. Brain Research, 494(1), 159-161.

Orth, M., & Bellosta, S. (2012). Cholesterol: Its regulation and role in cen-
tral nervous system disorders. Cholesterol, 2012(3), 1-19. http://doi.
org/10.1155/2012/292598

Parpura, V., Basarsky, T. A, Liu, F., Jeftinija, K., Jeftinija, S., & Haydon, P. G.
(1994). Glutamate-mediated astrocyte-neuron signalling. Nature, 369
(6483), 744-747. http://doi.org/10.1038/369744a0

Parsons, M. P., & Hirasawa, M. (2010). ATP-sensitive Potassium Channel-
mediated lactate effect on Orexin neurons: Implications for brain ener-
getics during arousal. Journal of Neuroscience, 30(24), 8061-8070.
http://doi.org/10.1523/JNEUROSCI.5741-09.2010

Pascual, O., Casper, K. B., Kubera, C., Zhang, J., Revilla-Sanchez, R., Sul, J.-Y.,
... Haydon, P. G. (2005). Astrocytic purinergic signaling coordinates syn-
aptic networks. Science, 310(5745), 113-116. http://doi.org/10.1126/
science.1116916

Patro, N., Naik, A., & Patro, I. K. (2015). Differential temporal expression of
$100i2 in developing rat brain. Frontiers in Cellular Neuroscience, 9,
131-112. http://doi.org/10.3389/fncel.2015.00087

Patro, N., Singh, K., & Patro, I. (2013). Differential microglial and astrocytic
response to bacterial and viral infection in the developing hippocam-
pus of neonatal rats. Indian Journal of Experimental Biology, 51(8),
606-614.

Paukert, M., Agarwal, A., Cha, J., Doze, V. A, Kang, J. U., & Bergles, D. E.
(2014). Norepinephrine controls astroglial responsiveness to local cir-
cuit activity. Neuron, 82(6), 1263-1270. http://doi.org/10.1016/j.
neuron.2014.04.038

Pekny, M., & Pekna, M. (2014). Astrocyte reactivity and reactive
Astrogliosis: Costs and benefits. Physiological Reviews, 94(4),
1077-1098. http://doi.org/10.1152/physrev.00041.2013

Pekny, M., Pekna, M., Messing, A., Steinhauser, C., Lee, J.-M., Parpura, V.,
... Verkhratsky, A. (2016). Astrocytes: A central element in neurological
diseases. Acta Neuropathologica, 131(3), 323-345. http://doi.org/10.
1007/s00401-015-1513-1

Pellerin, L. (2013). Unraveling the complex metabolic nature of astrocytes.
Frontiers in Cellular Neuroscience, 7, 179. http://doi.org/10.3389/fncel.
2013.00179/abstract

Pellerin, L., & Magistretti, P. J. (2003). Food for thought: Challenging the
dogmas. Journal of Cerebral Blood Flow & Metabolism, 23(11),
1282-1286. http://doi.org/10.1097/01.WCB.0000096064.12129.3D

Pellerin, L., Pellegri, G., Bittar, P. G., Charnay, Y., Bouras, C., Martin, J. L., ...
Magistretti, P. J. (1998). Evidence supporting the existence of an
activity-dependent astrocyte-neuron lactate shuttle. Developmental
Neuroscience, 20(4-5), 291-299. http://doi.org/10.1159/000017324

Pérez-Garcia, G., Guzman-Quevedo, O., Da Silva Aragéo, R., & Bolafios-
Jiménez, F. (2016). Early malnutrition results in long-lasting impair-
ments in pattern-separation for overlapping novel object and novel
location memories and reduced hippocampal neurogenesis. Science
Reports, 6,21275. http://doi.org/10.1038/srep21275


http://doi.org/10.1096/fj.05-4297fje
http://doi.org/10.3389/fimmu.2018.01014
http://doi.org/10.3389/fimmu.2018.01014
http://doi.org/10.1385/JMN:16:2-3:195
http://doi.org/10.1385/JMN:16:2-3:195
http://doi.org/10.1111/j.1471-4159.1991.tb08180.x
http://doi.org/10.1002/glia.440140107
http://doi.org/10.1002/glia.440140107
http://doi.org/10.3389/fncel.2017.00190
http://doi.org/10.1371/journal.pone.0008566
http://doi.org/10.1002/dneu.20694
http://doi.org/10.1038/mp.2014.21
http://doi.org/10.1242/bio.023432
http://doi.org/10.1002/hipo.22374
http://doi.org/10.1002/hipo.22374
http://doi.org/10.1126/science.1143921
http://doi.org/10.1016/j.neuron.2016.01.019
http://doi.org/10.1016/j.neuron.2016.01.019
http://doi.org/10.1038/nature13241
http://doi.org/10.1111/j.1471-4159.2009.05917.x
http://doi.org/10.1111/j.1471-4159.2009.05917.x
http://doi.org/10.1002/glia.440120304
http://doi.org/10.1002/glia.22647
http://doi.org/10.1155/2012/292598
http://doi.org/10.1155/2012/292598
http://doi.org/10.1038/369744a0
http://doi.org/10.1523/JNEUROSCI.5741-09.2010
http://doi.org/10.1126/science.1116916
http://doi.org/10.1126/science.1116916
http://doi.org/10.3389/fncel.2015.00087
http://doi.org/10.1016/j.neuron.2014.04.038
http://doi.org/10.1016/j.neuron.2014.04.038
http://doi.org/10.1152/physrev.00041.2013
http://doi.org/10.1007/s00401-015-1513-1
http://doi.org/10.1007/s00401-015-1513-1
http://doi.org/10.3389/fncel.2013.00179/abstract
http://doi.org/10.3389/fncel.2013.00179/abstract
http://doi.org/10.1097/01.WCB.0000096064.12129.3D
http://doi.org/10.1159/000017324
http://doi.org/10.1038/srep21275

ﬂl_wl ]_Eyﬂ

ABBINK ET AL.

Pfrieger, F. W., & Ungerer, N. (2011). Cholesterol metabolism in neurons
and astrocytes. Progress in Lipid Research, 50(4), 357-371. http://doi.
org/10.1016/j.plipres.2011.06.002

Popoli, M., Yan, Z., McEwen, B. S., & Sanacora, G. (2011). The stressed
synapse: The impact of stress and glucocorticoids on glutamate trans-
mission. Nature Reviews Neuroscience, 13(1), 22-37. http://doi.org/10.
1038/nrn3138

Pretorius, E., & Marx, J. (2004). Direct and indirect effects of corticoste-
roids on astrocyte function. Reviews in the Neurosciences, 15(3),
199-207.

Raudensky, J., & Yamamoto, B. K. (2007). Effects of chronic unpredictable
stress and methamphetamine on hippocampal glutamate function.
Brain Research, 1135, 129-135. http://doi.org/10.1016/j.brainres.
2006.12.002

Reagan, L. P., Rosell, D. R, Wood, G. E., Spedding, M., Mufoz, C.,
Rothstein, J.,, & McEwen, B. S. (2004). Chronic restraint stress up-
regulates GLT-1 mRNA and protein expression in the rat hippocam-
pus: Reversal by tianeptine. Proceedings of the National Academy of Sci-
ences of the United States of America, 101(7), 2179-2184. http://doi.
org/10.1073/pnas.0307294101

Reemst, K., Noctor, S. C., Lucassen, P. J., & Hol, E. M. (2016). The indis-
pensable roles of microglia and astrocytes during brain development.
Frontiers in Human Neuroscience, 10, 566. http://doi.org/10.3389/
fnhum.2016.00566

Réus, G. Z, Silva, R. H., Moura, A. B., Presa, J. F., Abelaira, H. M.,
Abatti, M., et al. (2018). Early maternal deprivation induces microglial
activation, alters glial fibrillary acidic protein immunoreactivity and
indoleamine 2,3-dioxygenase during the development of offspring
rats. Molecular Neurobiology, 10, 1096-1108. http://doi.org/10.1007/
s12035-018-1161-2

Rocha, S. M., Cristovéo, A. C., Campos, F. L., Fonseca, C. P., & Baltazar, G.
(2012). Astrocyte-derived GDNF is a potent inhibitor of microglial acti-
vation. Neurobiology of Disease, 47(3), 407-415. http://doi.org/10.
1016/j.nbd.2012.04.014

Roessmann, U., & Gambetti, P. (1986). Astrocytes in the developing human
brain. An immunohistochemical study. Acta Neuropathologica, 70(3-4),
308-313.

Roque, A. L., Ochoa-Zarzosa, A., & Torner, L. (2016). Maternal separation
activates microglial cells and induces an inflammatory response in the
hippocampus of male rat pups, independently of hypothalamic and
peripheral cytokine levels. Brain, Behavior, and Immunity, 55(C), 39-48.
http://doi.org/10.1016/j.bbi.2015.09.017

Roseboom, T., de Rooij, S., & Painter, R. (2006). The Dutch famine and its
long-term consequences for adult health. Early Human Development,
82(8), 485-491. http://doi.org/10.1016/j.earlhumdev.2006.07.001

Rottkamp, D. M., Rudenko, I. A., Maier, M. T, Roshanbin, S,
Yulyaningsih, E., Perez, L., ... Xu, A. W. (2015). Leptin potentiates
astrogenesis in the developing hypothalamus. Molecular Metabolism, 4
(11), 881-889. http://doi.org/10.1016/j.molmet.2015.08.005

Ruvalcaba-Delgadillo, Y., Luquin, S., Ramos-ZUniga, R., Feria-Velasco, A,
Gonzalez-Castafeda, R. E., Pérez-Vega, M. ., ... Garcia-Estrada, J.
(2015). Early-life exposure to noise reduces mPFC astrocyte numbers
and T-maze alternation/discrimination task performance in adult male
rats. Noise & Health, 17(77), 216-226. http://doi.org/10.4103/1463-
1741.160703

Saavedra, L. M., Fenton Navarro, B., & Torner, L. (2018). Early life stress acti-
vates glial cells in the Hippocampus but attenuates cytokine secretion in
response to an immune challenge in rat pups. Neuroimmunomodulation,
24, 242-255. http://doi.org/10.1159/000485383

Saleh, A, Potter, G. G., McQuoid, D. R., Boyd, B., Turner, R., MacFall, J. R, &
Taylor, W. D. (2017). Effects of early life stress on depression, cognitive
performance and brain morphology. Psychological Medicine, 47(1),
171-181. http://doi.org/10.1017/50033291716002403

Samuelsson, A. M. (2005). Prenatal exposure to interleukin-6 results in
inflammatory neurodegeneration in hippocampus with NMDA/GABAA

dysregulation and impaired spatial learning. American Journal of Physiol-
ogy. Regulatory, Integrative and Comparative Physiology, 290(5),
R1345-R1356. http://doi.org/10.1152/ajpregu.00268.2005

Santello, M., Toni, N., & Volterra, A. (2019). Astrocyte function from infor-
mation processing to cognition and cognitive impairment. Nature Neu-
roscience, 22, 154-166. http://doi.org/10.1038/s41593-018-0325-8

Sastry, P. S. (1985). Lipids of nervous tissue: Composition and metabolism.
Progress in Lipid Research, 24(2), 69-176. http://doi.org/10.1016/
0163-7827(85)90011-6

Schitine, C., Nogaroli, L., Costa, M. R,, & Hedin-Pereira, C. (2015). Astro-
cyte heterogeneity in the brain: From development to disease. Fron-
tiers in Cellular Neuroscience, 9, 76. http://doi.org/10.3389/fncel.2015.
00076

Schizophrenia Working Group of the Psychiatric Genomics Consortium.
(2014). Biological insights from 108 schizophrenia-associated genetic
loci. Nature, 511(7510), 421-427. http://doi.org/10.1038/naturel
3595

Schonfeld, P., & Reiser, G. (2013). Why does brain metabolism not favor
burning of fatty acids to provide energy?—Reflections on disadvan-
tages of the use of free fatty acids as fuel for brain. Journal of Cerebral
Blood Flow & Metabolism, 33(10), 1493-1499. http://doi.org/10.1038/
jcbfm.2013.128

Semple, B. D., Blomgren, K., Gimlin, K, Ferriero, D. M., & Noble-
Haeusslein, L. J. (2013). Brain development in rodents and humans:
Identifying benchmarks of maturation and vulnerability to injury across
species. Progress in Neurobiology, 106-107, 1-16. http://doi.org/10.
1016/j.pneurobio.2013.04.001

Setkowicz, Z., Pawlinski, R., & Ziaja, M. (1999). Spatiotemporal pattern of
the postnatal astrogliogenesis in the rat hippocampal formation. Inter-
national Journal of Developmental Neuroscience, 17(3), 215-224.
http://doi.org/10.1016/S0736-5748(99)00014-3

Shibuki, K., Gomi, H., Chen, L., Bao, S., Kim, J. J.,, Wakatsuki, H., ...
Itohara, S. (1996). Deficient cerebellar long-term depression, impaired
eyeblink conditioning, and normal motor coordination in GFAP mutant
mice. Neuron, 16(3), 587-599.

Sofroniew, M. V. (2009). Molecular dissection of reactive astrogliosis and
glial scar formation. Trends in Neurosciences, 32(12), 638-647. http://
doi.org/10.1016/j.tins.2009.08.002

Sonnewald, U., Westergaard, N., & Schousboe, A. (1997). Glutamate trans-
port and metabolism in astrocytes. Glia, 21(1), 56-63.

Sorg, O., & Magistretti, P. J. (1991). Characterization of the glycogenolysis
elicited by vasoactive intestinal peptide, noradrenaline and adenosine
in primary cultures of mouse cerebral cortical astrocytes. Brain
Research, 563(1-2), 227-233.

Steffek, A. E., McCullumsmith, R. E., Haroutunian, V., & Meador-
Woodruff, J. H. (2008). Cortical expression of glial fibrillary acidic pro-
tein and glutamine synthetase is decreased in schizophrenia. Schizo-
phrenia Research, 103(1-3), 71-82. http://doi.org/10.1016/j.schres.
2008.04.032

Sultan, S., Li, L., Moss, J., Petrelli, F., Cassé, F., Gebara, E., ... Toni, N.
(2015). Synaptic integration of adult-born hippocampal neurons is
locally controlled by astrocytes. Neuron, 88(5), 957-972. http://doi.
org/10.1016/j.neuron.2015.10.037

Tanaka, H., Katoh, A., Oguro, K., Shimazaki, K., Gomi, H., Itohara, S., ...
Kawai, N. (2001). Disturbance of hippocampal long-term potentiation
after transient ischemia in GFAP deficient mice. Journal of Neurosci-
ence Research, 67(1), 11-20. http://doi.org/10.1002/jnr.10004

Tombaugh, G. C,, Yang, S. H., Swanson, R. A,, & Sapolsky, R. M. (1992).
Glucocorticoids exacerbate hypoxic and hypoglycemic hippocampal
injury in vitro: Biochemical correlates and a role for astrocytes. Journal
of Neurochemistry, 59(1), 137-146. http://doi.org/10.1111/j.1471-
4159.1992.tb08884.x

Torres-Platas, S. G., Nagy, C., Wakid, M., Turecki, G., & Mechawar, N.
(2016). Glial fibrillary acidic protein is differentially expressed across
cortical and subcortical regions in healthy brains and downregulated in


http://doi.org/10.1016/j.plipres.2011.06.002
http://doi.org/10.1016/j.plipres.2011.06.002
http://doi.org/10.1038/nrn3138
http://doi.org/10.1038/nrn3138
http://doi.org/10.1016/j.brainres.2006.12.002
http://doi.org/10.1016/j.brainres.2006.12.002
http://doi.org/10.1073/pnas.0307294101
http://doi.org/10.1073/pnas.0307294101
http://doi.org/10.3389/fnhum.2016.00566
http://doi.org/10.3389/fnhum.2016.00566
http://doi.org/10.1007/s12035-018-1161-2
http://doi.org/10.1007/s12035-018-1161-2
http://doi.org/10.1016/j.nbd.2012.04.014
http://doi.org/10.1016/j.nbd.2012.04.014
http://doi.org/10.1016/j.bbi.2015.09.017
http://doi.org/10.1016/j.earlhumdev.2006.07.001
http://doi.org/10.1016/j.molmet.2015.08.005
http://doi.org/10.4103/1463-1741.160703
http://doi.org/10.4103/1463-1741.160703
http://doi.org/10.1159/000485383
http://doi.org/10.1017/S0033291716002403
http://doi.org/10.1152/ajpregu.00268.2005
http://doi.org/10.1038/s41593-018-0325-8
http://doi.org/10.1016/0163-7827(85)90011-6
http://doi.org/10.1016/0163-7827(85)90011-6
http://doi.org/10.3389/fncel.2015.00076
http://doi.org/10.3389/fncel.2015.00076
http://doi.org/10.1038/nature13595
http://doi.org/10.1038/nature13595
http://doi.org/10.1038/jcbfm.2013.128
http://doi.org/10.1038/jcbfm.2013.128
http://doi.org/10.1016/j.pneurobio.2013.04.001
http://doi.org/10.1016/j.pneurobio.2013.04.001
http://doi.org/10.1016/S0736-5748(99)00014-3
http://doi.org/10.1016/j.tins.2009.08.002
http://doi.org/10.1016/j.tins.2009.08.002
http://doi.org/10.1016/j.schres.2008.04.032
http://doi.org/10.1016/j.schres.2008.04.032
http://doi.org/10.1016/j.neuron.2015.10.037
http://doi.org/10.1016/j.neuron.2015.10.037
http://doi.org/10.1002/jnr.10004
http://doi.org/10.1111/j.1471-4159.1992.tb08884.x
http://doi.org/10.1111/j.1471-4159.1992.tb08884.x

ABBINK ET AL.

the thalamus and caudate nucleus of depressed suicides. Molecular
Psychiatry, 21(4), 509-515. http://doi.org/10.1038/mp.2015.65

Tynan, R. J.,, Beynon, S. B., Hinwood, M., Johnson, S. J., Nilsson, M.,
Woods, J. J., & Walker, F. R. (2013). Chronic stress-induced disruption
of the astrocyte network is driven by structural atrophy and not loss
of astrocytes. Acta Neuropathologica, 126(1), 75-91. http://doi.org/10.
1007/s00401-013-1102-0

Vainchtein, I. D., Chin, G, Cho, F. S., Kelley, K. W., Miller, J. G,
Chien, E. C,, ... Molofsky, A. V. (2018). Astrocyte-derived interleukin-
33 promotes microglial synapse engulfment and neural circuit devel-
opment. Science, 359(6381), 1269-1273. http://doi.org/10.1126/
science.aal3589

Valdearcos, M., Douglass, J. D., Robblee, M. M., Dorfman, M. D.,
Stifler, D. R., Bennett, M. L., ... Koliwad, S. K. (2017). Microglial inflam-
matory signaling orchestrates the hypothalamic immune response to
dietary excess and mediates obesity susceptibility. Cell Metabolism, 26
(1), 185-197.€3. http://doi.org/10.1016/j.cmet.2017.05.015

Valdearcos, M., Robblee, M. M., Benjamin, D. I., Nomura, D. K., Xu, A. W., &
Koliwad, S. K. (2014). Microglia dictate the impact of saturated fat con-
sumption on hypothalamic inflammation and neuronal function. Cell
Reports, 9(6), 2124-2138. http://doi.org/10.1016/j.celrep.2014.11.018

Valenza, M., Marullo, M. Di Paolo, E., Cesana, E., Zuccato, C.,
Biella, G., & Cattaneo, E. (2015). Disruption of astrocyte-neuron cho-
lesterol cross talk affects neuronal function in Huntington's disease.
Cell Death and Differentiation, 22(4), 690-702. http://doi.org/10.
1038/cdd.2014.162

van Deijk, A.-L. F., Camargo, N., Timmerman, J., Heistek, T.,
Brouwers, J. F., Mogavero, F., ... Verheijen, M. H. G. (2017). Astrocyte
lipid metabolism is critical for synapse development and function
in vivo. Glia, 65(4), 670-682. http://doi.org/10.1002/glia.23120

Venero, C., & Borrell, J. (1999). Rapid glucocorticoid effects on excitatory
amino acid levels in the hippocampus: A microdialysis study in freely
moving rats. The European Journal of Neuroscience, 11(7), 2465-2473.

Vernadakis, A. (1996). Glia-neuron intercommunications and synaptic plas-
ticity. Progress in Neurobiology, 49(3), 185-214.

Virgin, C. E., Ha, T. P., Packan, D. R, Tombaugh, G. C,, Yang, S. H.,
Horner, H. C., & Sapolsky, R. M. (1991). Glucocorticoids inhibit glucose
transport and glutamate uptake in hippocampal astrocytes: Implica-
tions for glucocorticoid neurotoxicity. Journal of Neurochemistry, 57(4),
1422-1428.

Walz, W. (1989). Role of glial cells in the regulation of the brain ion micro-
environment. Progress in Neurobiology, 33(4), 309-333. http://doi.org/
10.1016/0301-0082(89)90005-1

Webster, M. J, Knable, M. B., Johnston-Wilson, N., Nagata, K,
Inagaki, M., & Yolken, R. H. (2001). Immunohistochemical localization
of phosphorylated glial Fibrillary acidic protein in the prefrontal cortex
and Hippocampus from patients with schizophrenia, bipolar disorder,
and depression. Brain, Behavior, and Immunity, 15(4), 388-400. http://
doi.org/10.1006/brbi.2001.0646

Welcome, M. O. (2018). Emerging concepts in brain glucose metabolic func-
tions: From glucose sensing to how the sweet taste of glucose regulates
its own metabolism in astrocytes and neurons. Neuromolecular Medicine,
20(3), 281-300. http://doi.org/10.1007/s12017-018-8503-0

Windrem, M. S., Osipovitch, M., Liu, Z., Bates, J., Chandler-Militello, D.,
Zou, L., ... Goldman, S. A. (2017). Human iPSC glial mouse chimeras

reveal glial contributions to schizophrenia. Stem Cells, 21(2), 195-208.
e6. http://doi.org/10.1016/j.stem.2017.06.012

Yam, K.-Y., Naninck, E. F. G., Schmidt, M. V., Lucassen, P. J., & Korosi, A.
(2015). Early-life adversity programs emotional functions and the neu-
roendocrine stress system: The contribution of nutrition, metabolic
hormones and epigenetic mechanisms. Stress, 18(3), 328-342. http://
doi.org/10.3109/10253890.2015.1064890

Yang, G. W, Chen, Y., Zhang, Z., Shen, W., Wu, C,, et al. (2003). Contribu-
tion of astrocytes to hippocampal long-term potentiation through
release of D-serine. Proceedings of the National Academy of Sciences of
the United States of America, 100(25), 15194-15199. http://doi.org/
10.1073/pnas.2431073100

Yang, J., Hou, C., Ma, N,, Liu, J., Zhang, Y., Zhou, J., ... Li, L. (2007). Enriched
environment treatment restores impaired hippocampal synaptic plas-
ticity and cognitive deficits induced by prenatal chronic stress. Neuro-
biology of Learning and Memory, 87(2), 257-263. http://doi.org/10.
1016/j.nlm.2006.09.001

Yang, L, Qi, Y., & Yang, Y. (2015). Astrocytes control food intake by
inhibiting AGRP neuron activity via adenosine Al receptors. Cell
Reports, 11(5), 798-807. http://doi.org/10.1016/j.celrep.2015.04.002

Younes-Rapozo, V., Moura, E. G., Manhaes, A. C., Peixoto-Silva, N., de
Oliveira, E., & Lisboa, P. C. (2015). Early weaning by maternal prolactin
inhibition leads to higher neuropeptide Y and astrogliosis in the hypo-
thalamus of the adult rat offspring. The British Journal of Nutrition, 113
(3), 536-545. http://doi.org/10.1017/50007114514003882

Young, J. K., Heinbockel, T., & Gondré-Lewis, M. C. (2013). Astrocyte fatty
acid binding protein-7 is a marker for neurogenic niches in the rat hip-
pocampus. Hippocampus, 23(12), 1476-1483. http://doi.org/10.1002/
hipo.22200

Zamanian, J. L., Xu, L., Foo, L. C., Nouri, N., Zhou, L., Giffard, R. G., &
Barres, B. A. (2012). Genomic analysis of reactive astrogliosis. The
Journal of Neuroscience, 32(18), 6391-6410. http://doi.org/10.1523/
JNEUROSCI.6221-11.2012

Zhang, L., Corona-Morales, A. A, Vega-Gonzalez, A., Garcia-Estrada, J., &
Escobar, A. (2009). Dietary tryptophan restriction in rats triggers astrocyte
cytoskeletal hypertrophy in hippocampus and amygdala. Neuroscience Let-
ters, 450(3), 242-245. http://doi.org/10.1016/j.neulet.2008.12.007

Zhao, Y., & Wang, Z. (2015). Chronic corticosterone exposure reduces hip-
pocampal astrocyte structural plasticity and induces hippocampal atro-
phy in mice. Neuroscience Letters, 592, 76-81. http://doi.org/10.
1016/j.neulet.2015.03.006

Zschocke, J., Bayatti, N., Clement, A. M., Witan, H., Figiel, M., Engele, J., &
Behl, C. (2005). Differential promotion of glutamate transporter
expression and function by glucocorticoids in astrocytes from various
brain regions. Journal of Biological Chemistry, 280(41), 34924-34932.
http://doi.org/10.1074/jbc.M502581200

How to cite this article: Abbink MR, van Deijk A-LF,

Heine VM, Verheijen MH, Korosi A. The involvement of
astrocytes in early-life adversity induced programming of the
brain. Glia. 2019;67:1637-1653. https://doi.org/10.1002/glia.
23625



http://doi.org/10.1038/mp.2015.65
http://doi.org/10.1007/s00401-013-1102-0
http://doi.org/10.1007/s00401-013-1102-0
http://doi.org/10.1126/science.aal3589
http://doi.org/10.1126/science.aal3589
http://doi.org/10.1016/j.cmet.2017.05.015
http://doi.org/10.1016/j.celrep.2014.11.018
http://doi.org/10.1038/cdd.2014.162
http://doi.org/10.1038/cdd.2014.162
http://doi.org/10.1002/glia.23120
http://doi.org/10.1016/0301-0082(89)90005-1
http://doi.org/10.1016/0301-0082(89)90005-1
http://doi.org/10.1006/brbi.2001.0646
http://doi.org/10.1006/brbi.2001.0646
http://doi.org/10.1007/s12017-018-8503-0
http://doi.org/10.1016/j.stem.2017.06.012
http://doi.org/10.3109/10253890.2015.1064890
http://doi.org/10.3109/10253890.2015.1064890
http://doi.org/10.1073/pnas.2431073100
http://doi.org/10.1073/pnas.2431073100
http://doi.org/10.1016/j.nlm.2006.09.001
http://doi.org/10.1016/j.nlm.2006.09.001
http://doi.org/10.1016/j.celrep.2015.04.002
http://doi.org/10.1017/S0007114514003882
http://doi.org/10.1002/hipo.22200
http://doi.org/10.1002/hipo.22200
http://doi.org/10.1523/JNEUROSCI.6221-11.2012
http://doi.org/10.1523/JNEUROSCI.6221-11.2012
http://doi.org/10.1016/j.neulet.2008.12.007
http://doi.org/10.1016/j.neulet.2015.03.006
http://doi.org/10.1016/j.neulet.2015.03.006
http://doi.org/10.1074/jbc.M502581200
https://doi.org/10.1002/glia.23625
https://doi.org/10.1002/glia.23625

	 The involvement of astrocytes in early-life adversity induced programming of the brain
	1  INTRODUCTION
	2  ASTROCYTE DEVELOPMENT
	3  ASTROCYTES INTEGRATE SIGNALS FROM THE ENVIRONMENT
	3.1  Astrocytes sense nutrients and provide them to neurons
	3.2  Astrocytes sense and generate inflammatory signals
	3.3  Astrocytes sense stress-related signals

	4  ELA INDUCED ALTERATIONS IN ASTROCYTES
	4.1  Maternal deprivation or separation effects on astrocytes
	4.2  Early-life immune challenge effects on astrocytes
	4.3  Early-life nutrition induced programming of astrocytes
	4.3.1  The effects of high fat/sugar diet on astrocytes
	4.3.2  Undernutrition

	4.4  Effects of other ELA models on astrocytes

	5  CONCLUSION
	5  ACKNOWLEDGMENTS
	  REFERENCES


