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Abstract

The hypothalamus is a key regulatory brain region that coordinates and modulates
various vital processes, including cardiovascular and respiratory functions,
metabolism and mood, among others. This complex function is achieved by the
concerted action of neurons, astrocytes, and microglia within this nucleus. How-
ever, various pathophysiological conditions, particularly those involving a
neuroinflammatory process, disturb the normal function and interaction of these
various cellular components of the nucleus. Here we provide a broad overview
about the origin, development, and function of microglia and astrocytes and
discuss their respective roles in the regulation of hypothalamic activity. We
further provide insight into how cardiovascular diseases such as heart failure or
hypertension affect neuronal and glial activity in the hypothalamus and impose
detrimental consequences to the well-being of affected individuals. Finally, we
discuss a recently developed technique that allows the three-dimensional recon-
struction and analysis of glial cells, thereby providing unprecedented details
about glial morphology.
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5.1 Introduction: Neuron–Glia Interactions in the Brain

The idea that glial cells (i.e., astrocytes, oligodendrocytes, and microglia) are merely
supportive elements within the brain, which provide stability and nutrients to
neurons, has been overthrown many years ago. Research in the last two decades
has not only revealed many more vital functions of glia, but highlighted various
neuron–glia interactions that are crucial for proper signal communication, integra-
tion, and maintenance within and across different brain networks. In fact, the
intricate interaction between neurons and astrocytes has been deemed so important
that scientists coined the term “tripartite synapse,” which refers to the close interac-
tion between the pre-synapse, post-synapse, and astrocytes.

5.1.1 Astrocytic Diversity

Astrocytes display astonishing variability across different species, brain regions, and
even within the same functional units/networks in the brain. In different brain
regions and during different times of development, astrocytes display distinct func-
tional properties. The size of astrocytes can even increase with brain size and
cognitive abilities. Interestingly, human astrocytes are up to threefold larger and
tenfold more ramified than rodent astrocytes (Allen and Eroglu 2017). In addition,
recent genetic studies have revealed significant differences in gene expression
between rodent and human astrocytes, which could explain why certain unique
features of the latter are cell-autonomous. While mouse cortical astrocytes contact
approximately 100,000 synapses, their human counterparts have 2,000,000 synaptic
contacts.

5.1.2 Astrocytes as Regulators Between Pre- and Post-synapse

Astrocytic processes ensheath synapses and this supportive formation is critical for
normal synapse function, brain homeostasis, and neuronal health (Araque et al.
1999). Astrocytes mop up various neurotransmitters from the extracellular space,
and the high expression of glutamate transporters in astrocytic processes prevents
excessive extrasynaptic accumulation of glutamate, thereby providing protection
against excitotoxicity. Furthermore, astrocytes control ionic balance at the synapse
through various channels, such as potassium channels, to maintain a healthy/bal-
anced ionic milieu, which is a prerequisite for proper synaptic transmission. While it
is certain that astrocytes are equipped with metabotropic and ionotropic receptors,
their precise relationship with astrocytic Ca2+ transients and subsequent
gliotransmission remains controversial (Fiacco and McCarthy 2018; Savtchouk
and Volterra 2018). However, it seems that astrocytic Ca2+ transients occur in a
delayed/slower fashion than in neurons and recent findings highlighted the presence
of Ca2+ microdomains in astrocytes (Agarwal et al. 2017).
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Astrocyte–synapse interaction is critical for normal CNS development, and the
main periods of synaptogenesis and axonal formation take place during the second
and third postnatal week, after the differentiation of astrocytes is already completed.
Early experiments in neuronal cultures showed that the addition of astrocytes
increased both the number and strength of synapses and highlighted the important
role of neuronal–glial interaction in synapse development. Over the years, these
findings could be replicated and turned out to be true for many different species
across the animal kingdom, including C. elegans, Drosophila, Xenopus, rodents, and
humans. Moreover, astrocytes are involved in the formation of many synapse types,
including glutamatergic, GABAergic, glycinergic, and cholinergic synapses.

Astrocytes secrete the so-called Thrombospondins, such as TSP1/2 and a protein
named SPARCL1/Hevin, which are signals that control glutamatergic synapse
formation. A number of astrocyte-derived signals have been identified, such as
Gpc4/6 and TNF-α, which regulate AMPA receptor localization to post-synaptic
terminals and increase AMPAR levels at existing synapses. Astrocytes also play an
important role in the control of synapse numbers: In the developing brain, they
directly phagocytose excess synapses via the astrocytic phagocytic receptors Mertk
and Megf10 (Chung et al. 2013). Recent studies have corroborated the hypothesis
that astrocyte-secreted signals regulate synaptogenic pathways within neurons
(Baldwin and Eroglu 2017; Singh et al. 2016), adding another layer of complexity
to the intricate neuron–glia interaction. However, mRNA profiling of isolated
astrocytes from different brain regions in rodents and humans suggested that not
all astrocytes have the same synaptogenic potential (Zhang et al. 2016). For detailed
reviews about astrocyte–synapse interactions in the healthy and diseased brain, as
well as neuron–glia interactions in the formation of the blood–brain barrier, we refer
the reader to the following literature: (Allen and Eroglu 2017; Eroglu and Barres
2010).

Despite the fact that astrocytes have emerged as important communicative
elements in neuron–glia communication during the last decade, another key function
that they are involved with is the formation of the blood–brain barrier (BBB). The
BBB outlines cerebral microvessels and is composed of endothelial cells, astrocytes,
neurons, and pericytes (Zhao et al. 2015). The complex interactions between endo-
thelial cells, extracellular matrix, basal lamina, pericytes, and astrocytes comprise a
neurovascular unit, which regulates central nervous system (CNS) development and
synaptic activity, and can even influence the permeability of the BBB. Within the
neurovascular unit, astrocytes are bidirectional communication partners that receive
signals from neighboring neurons and respond with the release of neuroactive
substances.

5.2 Transfer of Power in the Glial Kingdom: Microglial Cells

While the importance of astrocytes for synapse development and signal integration
within a functional brain cannot be questioned, another glial cell type that has been
overlooked and underestimated for many years is microglia (see also Chap. 1).
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Microglia hide in plain sight and are the secret heroes of the brain immune system,
despite being much smaller (hence the name, 5–10 μm diameter) than other glia in
the brain. When Pio del Rio Hortega, a student of the famous Santiago Ramon y
Cajal, first described microglia around 1920, he could not have foreseen how crucial
these small glial cells actually are for normal brain function. During the last decade,
microglia have emerged as key players in brain development, synapse formation and
pruning, as well as in a plethora of vital immune-related functions. Microglia are
specialized immune cells that take up residence in brain parenchyma and are among
the first responding cells during injury, cell death, or entry of unwanted intruders that
might access the brain due to a compromised blood–brain barrier. Microglia repre-
sent a major component in the immune response and participate in the
neuroinflammatory response largely via the release of various pro-inflammatory
cytokines. Research throughout the last decades has provided compelling evidence
that microglia are more than just passive bystanders, and refuted the long-held
dogma that microglia represent circulating CNS macrophages that enter the brain
to replenish the local pool of immune cells. An overview of the respective roles of
astrocytes and microglia in the developing and healthy adult brain can be found on
Box 5.1.

5.2.1 Origin of Microglia: A Journey from the Yolk Sac
to the Developing Brain

For a long time, it was believed that microglia represent a distinct pool of tissue-
specific macrophages that populate the brain parenchyma and gain access to the
brain through the BBB. However, recent research showed that microglia develop
from c-KitloCD41lo progenitors that originate around embryonic day 7.25 (E7.25) in
the yolk sac and find their way into the developing brain (Ginhoux et al. 2010).
Several studies in zebrafish, mice, and chickens show that microglia are established
during early embryogenesis, well before other glial cells such as astrocytes and
oligodendrocytes arise. Microglia represent a self-sustainable pool of resident brain
immune cells, which are not dependent on circulating macrophages (Ajami et al.
2007, 2011). Microglia in the embryonic, early postnatal, and adult CNS signifi-
cantly differ in their expression, highlighting that adult brain microglia and microglia
during early brain development are in fact functionally distinct entities. Once they
reach the developing brain, microglia take over a variety of important functions and
actively participate in shaping emerging brain circuits.

5.2.2 Role of Microglia in the Developing Brain: Neuronal Support
and Synaptic Pruning

Microglia in the developing brain lack the characteristic ramified extensions of adult
microglia (Lawson et al. 1990), which scan the environment for cues of sick neurons
and tissue damage in inflammation. On the contrary, microglia in the developing
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brain are considerably more proliferative than in the adult and are actively involved
in phagocytosis and tissue remodeling. By engulfing neighboring cells in the
developing CNS and clearing apoptotic neuronal debris, microglia help to shape
neuronal networks (Peri and Nusslein-Volhard 2008). In addition, microglia stimu-
late neurogenesis and support the survival, proliferation, and maturation of neuronal
progenitor cells in the developing brain. During the early postnatal period, crosstalk
of microglia and oligodendrocyte precursor cells has been described, suggesting
far-reaching and long-lasting consequences of microglial activity in this period. The
microglial chemokine receptor CX3XR1 has been highlighted as a key component
of the microglia-mediated survival cascade, and microglia lacking CX3XR1 do not
produce sufficient amounts of the neurotrophic insulin-growth factor (IGF)1 and
subsequently fail to promote postnatal survival. Microglia actively participate in
synaptic pruning via CX3XR1, and CX3XR1 knockout mice lacking the receptor in
microglia display a significantly higher number of post-synaptic puncta, which is
indicative of impaired synaptic pruning. Synapses can be actively tagged for engulf-
ment by microglia via complement protein (C3), allowing a directed C3 receptor-
mediated phagocytosis (Stevens et al. 2007). On the other hand, synapses can be
protected from excess pruning via CD47, which represents a “don’t eat me” signal
that stops microglia from engulfing the respective synapses (Lehrman et al. 2018).
The reader is referred to Chap. 1 for a detailed description of the role of microglia in
the development of the hypothalamus.

5.2.3 Microglia in the Adult Brain: Homeostasis and Immune
Response

In the healthy adult brain, microglia extend their tiny processes throughout the
extracellular space and constantly scan the environment for various cues. Although
the cell bodies of microglia remain in place, their processes are anything but static
(Nimmerjahn et al. 2005). Indeed, several studies suggest that microglia can encom-
pass areas more than tenfold the size of their cell bodies and constantly interact with
neighboring cells, although the precise underlying receptors, ion channels, and
neurotransmitters for these interactions are under debate. Microglia display a
remarkable heterogeneity and drastic differences in brain region-specific density,
morphology, and genetics.

Upon acute injury within the CNS, microglial processes converge toward the site
of injury and, after hours to days, they retract their processes and transform into their
activated, ameboid form, which is responsible for mediating the appropriate immune
response (Nimmerjahn et al. 2005). The signal-directed movement of microglia to
the site of injury, known as chemotaxis, depends on purinergic P2Y12 receptors on
microglia that bind to ATP or ADP released by various types of neural cells. In very
rare cases, activated microglia can respond to noxious stimuli by transforming into a
hyper-ramified phenotype, although the precise underlying mechanisms are cur-
rently unclear. It is important to know that at any given point, ramified, primed,
reactive, or ameboid microglial phenotypes co-exist, even in the healthy brain,
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making it clear that a binary classification of active/inactive microglia is an over-
simplification. Reactive microglia secrete various pro-inflammatory cytokines, such
as IL-1, TNF-α, IL-18, IL-6, or IL-23, which in turn act on neural cells and promote
further neuroinflammation (Prinz et al. 2019). In addition to cytokine release,
microglia release reactive oxygen species (ROS) and nitrogen species, which are
toxic to both neurons and oligodendrocytes, thereby actively promoting
neuroinflammation-induced apoptosis. It was recently discovered that the combined
secretion of TNF-α, IL-1α, and C1q by activated microglia turns astrocytes into a
neurotoxic (A1) astrocyte phenotype. Astrocytes can release orosomucoid-2 to
inhibit microglial activation, block the chemokine receptor type 5 of the microglial
membrane, downregulate the inflammatory response, or further promote
neuroinflammation and neurodegeneration. This bidirectional interaction allows an
efficient and tailored response to various potentially harmful threats that the brain
might be exposed to. Another recent study highlighted the “immune memory” of
microglia, resulting in smaller volumes of experimental stroke and maintenance of
IL-10 expression (Wendeln et al. 2018). For a comprehensive literature about
microglial origin, microglial function during disease, and microglia–astrocyte inter-
action during neuroinflammation, we refer the reader to these reviews: (Liddelow
and Barres 2017; Prinz et al. 2019; Prinz and Priller 2014). The respective functional
and pathological roles of activated microglia and astrocytes are summarized in Box
5.1.

Box 5.1: Overview of Astrocyte and Microglia Functions
in the Developing, Mature, and Diseased Brain

Cell type Stage Function Reference

Microglia Development Phagocytosis, tissue
remodeling

Peri and Nusslein-Volhard
(2008)

Microglia Development Stimulation of
neurogenesis, proliferation
and support of cellular
survival

Sierra et al. (2010)

Microglia Adult brain Synaptic pruning:
engulfment of synapses and
regulation of post-synaptic
puncta

Stevens et al. (2007)

Microglia Adult brain Constant scanning of CNS
for unwanted intruders and
signs of injury

Prinz et al. (2019)

Reactive
microglia

Brain reacting
to acute
injury/
immune
response

Altered synaptic density,
neurotoxic effect,
neuroinflammation,
cytokine release,
uncontrolled and excessive
synaptic pruning,
peripheral macrophages
gain access to CNS

Ajami et al. (2011); Ajami
et al. (2007); Liddelow
and Barres (2017);
Liddelow et al. (2017)

(continued)
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Box 5.1 (continued)

Astrocytes Development Synaptogenesis, axonal
formation, regulation of
synaptic strength

Zhang et al. (2016)

Astrocytes Development Phagocytosis of excess
synapses

Chung et al. (2013)

Astrocytes Development/
Adult brain

Formation of the blood–
brain barrier

Zhao et al. (2015)

Astrocytes Development/
Adult brain

Control of glutamatergic,
GABAergic, cholinergic,
and glycinergic synapse
formation

Ullian et al. (2001)

Astrocytes Adult brain Regulation of the tripartite
synapse, control of
extracellular glutamate/
GABA balance

Araque et al. (1999)

Astrocytes Adult brain Active part in neuron–glia
communication,
gliotransmission

Fiacco and McCarthy
(2018); Savtchouk and
Volterra (2018)

Reactive
astrocyte

Brain reacting
to acute
injury/
immune
response

Compromised BBB, altered
levels of neurotransmitters,
compromised access of
circulating signals to the
brain, astrogliosis,
retraction of astrocytic
processes, brain swelling,
neuronal death

Liddelow and Barres
(2017); Liddelow et al.
(2017)

5.3 The Supraoptic and Paraventricular Nuclei
of the Hypothalamus: Role in Homeostasis and Emotional
Regulation

The supraoptic nucleus (SON) of the hypothalamus is situated at the base of the
brain, just slightly above the optic tract, while the paraventricular nucleus (PVN) of
the hypothalamus is located on both sides of the third ventricle (Fig. 5.1).
Magnocellular neurosecretory cells (MNCs) synthesizing OT and VP are present
in both the SON and PVN and release these neuropeptides into the systemic
circulation via axonal projections to the posterior pituitary. The estimated total
number of MNCs amounts to 100,000 in humans and 10,000 in rats. The SON
plays an important role in regulating plasma osmolality, labor, and lactation, and has
recently been proposed to be involved in the regulation of context-dependent fear
memories (Hasan et al. 2019). While the SON comprises exclusively MNCs, the
PVN harbors, in addition to MNCs, parvocellular neurons that project to the median
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eminence and various hindbrain regions (Althammer and Grinevich 2017). The PVN
is a key structure for the regulation of sympathetic outflow and cardiovascular
control, playing thus a major role in physiological homeostasis and neuroendocrine
control (Stern 2015). These actions are mediated via direct innervation of
sympathetic-related brainstem and spinal cord neurons. OT and VP neurons in
both the SON and PVN have been implicated in emotional regulation and affect a
plethora of different behaviors including anxiety, aggression, fear, depression, social
behavior, and pair bonding. For comprehensive reviews on the physiological regu-
lation MNCs and emotional control via OT/VP neurons, we refer the readers to the
following literature: (Brown et al. 2013)

5.3.1 Somato-dendritic Release of Oxytocin and Vasopressin

Both types of MNCs in the SON and PVN have the ability to release their respective
neuropeptides from both dendrites and somata via a process called somato-dendritic

Fig. 5.1 Oxytocin and vasopressin neurons in the rodent hypothalamus. Confocal images show rat
vasopressin (green, from vasopressin-GFP transgenic rat) and oxytocin (magenta, immunofluores-
cence with oxytocin antibody) neurons located in the supraoptic and paraventricular nucleus. The
scheme depicts the topographical location of the respective nuclei in the rat brain
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release (Ludwig and Leng 2006). Somato-dendritic release of OT and VP mediates
multiple and unique functions, which are distinct from those mediated by axonal,
systemic release of these neuropeptides. For example, somato-dendritic release of
OT and VP serves as an autocrine signal by which magnocellular neurosecretory
neurons autoregulate their firing activity and systemic hormone release. Moreover,
dendritically-released VP can diffuse in the extracellular space to act as a diffusible,
interpopulation signaling molecule, coordinating the activity of sympathetic and
neurosecretory PVN neurons (Son et al. 2013), playing thus a critical role in the
generation of multimodal homeostatic responses by the PVN; (see Ludwig and Stern
(2015) for a review on this subject).

5.3.2 Role of Neuro–glial Interaction in Regulating
the Physiological Activity in the SON and PVN

Various forms of complex neuro–glial interactions have been shown to take place in
the MNC system, primarily involving bidirectional communication between
astrocytes and neurons. Astrocytes express an abundance of G protein-coupled
receptors for various neurotransmitters, including glutamate, GABA, and various
neuropeptides as well. Thus, astrocytes can readily sense neuronally-derived signals.
For example, noradrenaline has been shown to stimulate α1-adrenoceptors on PVN
astrocytes resulting in the release of ATP from the stimulated astrocytes. Astrocytes
in the SON and PVN also express high levels of endothelin-B receptors, and have
been shown to contribute to endothelin-mediated regulation of MNC firing activity
in a nitric oxide-dependent manner (Filosa et al. 2012). Finally, dendritically-
released VP from MNCs can evoke Ca2+ activity in surrounding astrocytes, a
mechanism recently proposed to contribute to ghrelin-mediated modulation of VP
activity in a nutritional-dependent manner.

Another key mechanism by which astrocytes influence MNC firing activity is via
regulation of the concentration and time course of neurotransmitters in synaptic and
perisynaptic areas. This is mediated by the activity of selective and powerful
neurotransmitter transporters, particularly for the amino acid transmitters glutamate
and GABA (see Chap. 2). Over the past 10 years, our laboratory has focused on a
particular aspect of this phenomenon, namely the ability of astrocyte amino acid
transporters to restrict the ability of extracellular neurotransmitters to access and
activate extrasynaptic, particularly extrasynaptic glutamate NMDA receptors
(eNMDARs). Differently from classical synaptic receptors, eNMDARs display a
low degree of desensitization and a low affinity for glutamate, mediating a persistent,
“tonic” excitatory current that is thought to globally influence neuronal excitability
and the overall gain within a network of neurons. In this sense, we showed that
activation of eNMDARs by ambient, extracellular glutamate levels results in a
persistent inward current, which tonically stimulates SON neuronal activity
(Fleming et al. 2011). Moreover, the strength of this tonic excitatory drive is directly
regulated by astrocyte GLT1 activity. Thus, pharmacological block of GLT1 activity
or glial retraction during dehydration results in an enhanced activation and
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contribution of eNMDARs to SON firing activity. We proposed this phenomenon to
contribute to the homeostatic increase in neurosecretory firing activity during
dehydration.

Importantly, we recently demonstrated that the neuropeptide Angiotensin II
(AngII) can directly inhibit the activity of astrocyte GLT1 transporters, resulting in
the buildup of extracellular glutamate and activation of SON and PVN neurons
(Stern et al. 2016). Finally, we also demonstrated that changes in the expression
and/or fraction of GLT1 in the SON and PVN can contribute to exacerbated
hypothalamic neuronal activity in prevalent cardiovascular diseases, including
heart failure and hypertension (Stern et al. 2016).

In summary, a significant amount of progress has been made regarding the role of
astrocytes in the regulation of the magnocellular system, particularly under physio-
logical conditions. Conversely, and compared also to other major CNS regions such
as the cortex and hippocampus, much less is known about the contribution of
microglial cells in shaping the normal activity of hypothalamic neurons and circuits,
an area that clearly deserves to be further investigated. Figure 5.2 shows isolated
microglia and astrocytes in high magnification as well as an overview of astrocytes,
microglia, and OT neurons in the SON and PVN.

5.3.3 Neuroinflammation in the SON and PVN in Disease
Conditions

Neurohumoral activation, a process that involves exacerbated sympathoexcitatory
activity, along with elevated circulating levels of neurohormones, including VP,
AngII, and endothelins, among others, is a common pathophysiological phenome-
non in highly prevalent cardiometabolic diseases, including hypertension, heart
failure, diabetes, and obesity. Importantly, a direct correlation between the degree
of neurohumoral activation and morbidity and mortality in these diseases is well-
established. Thus, elucidating the precise underlying mechanisms mediating neuro-
humoral activation is of high clinical relevance.

A growing body of evidence supports a critical role for the SON and PVN in the
onset and maintenance of neurohumoral activation in these diseases, particularly in
hypertension and heart failure. Importantly, neuroinflammation within these hypo-
thalamic nuclei has been identified as a key underlying pathophysiological mecha-
nism. Thus, several studies have found elevated cytokine levels, astrogliosis,
microglia activation and infiltration by peripheral immune cells, as well as disruption
of the BBB. In extreme cases, a compromised BBB can lead to entry of peripheral
macrophages, which further exacerbates neuroinflammation in the brain (Ajami et al.
2007, 2011). Still, the precise mechanisms and cascade of signaling events
contributing to neuroinflammation in cardiometabolic diseases remain to be
determined.
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5.3.4 Role of the Renin–Angiotensin System (RAS) in Mediating
Reactive Astrocytes and Microglia Cell Activation in the SON
and PVN

A common denominator in several of these cardiometabolic diseases is activation of
the renin–angiotensin system (RAS) (Diaz et al. 2019). Compelling evidence
supports that overactivation of both the peripheral and brain RAS in hypertensive
and heart failure conditions contributes to increased vascular tone, Na+ retention,
volume expansion, and sympathohumoral activation. Indeed, some of the most
efficient pharmacological tools available for the treatment of these diseases target
either AngII receptors or angiotensin converting enzymes.

Fig. 5.2 Microglia and astrocytes in the rat hypothalamus. Top confocal images show individual
microglia (red, anti-IBA1 immunofluorescence) and astrocytes (green, anti-glutamine synthetase
immunofluorescence, and magenta, anti-GFAP immunofluorescence) under high magnification.
Bottom panels show the distribution of microglia (red) and astrocytes (magenta) in the oxytocin-
expressing (green, anti-oxytocin immunofluorescence) supraoptic (left panel) and paraventricular
(right panel) nuclei
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Importantly, AngII is also recognized as a potent pro-inflammatory molecule, and
a growing body of evidence points to AngII as a candidate mediating hypothalamic
neuroinflammation in cardiometabolic disease. AngII receptors in the brain have
been assumed to be exclusively expressed in neurons. While still a controversial
topic (de Kloet et al. 2015), we recently demonstrated that AngII AT1 receptors are
also expressed both in astrocytes and microglial cells of the PVN. Indeed, we
reported that AT1 receptor activation in astrocytes inhibits GLT1 transporter activ-
ity, resulting in the buildup of extracellular glutamate and activation of eNMDARs
in PVN neurons. We proposed this to be one of the key mechanisms by which AngII
mediates increased neuronal activity and neurohumoral outflow from the PVN (Stern
et al. 2016).

Whether microglial cells can also be directly targeted by the RAS is also a
controversial issue, with conflicting results described in the literature. In a recent
paper, we demonstrated that AT1 receptor mRNA is present in PVN microglia, and
that AT1 receptor stimulation results in microglia activation and oxidative stress
(Biancardi et al. 2016). Interestingly, these AngII effects on microglia required Toll-
like receptor 4-mediated signaling, supporting a functional interaction between the
RAS and innate immune signaling in mediating RAS-dependent neuroinflammation
in the PVN. Moreover, we also showed that AngII-mediated signaling contributes to
microglia activation and PVN neuroinflammation during hypertension (Biancardi
and Stern 2013).

5.3.5 Compromised PVN Blood–Brain Barrier Integrity as Part
of the Neuroinflammatory Response During Hypertension

Finally, as stated above, glial cells play critical roles in maintaining the integrity of
BBB. A compromised BBB permeability has been described in several neurological
disorders that have a strong neuroinflammatory component, such as stroke, traumatic
brain injury, hypertension, and dementia, among. Moreover, RAS blockade has been
shown to have neuroprotective effects when used in these conditions. Thus, we
aimed to investigate whether AngII pro-inflammatory effects in the PVN could also
lead to BBB disruption in hypertensive conditions. To this end, we developed a
relatively simple imaging approach, based on the intravascular infusion of two
fluorescent dyes of different colors (red and green) and molecular sizes (70 kDa
and 10 kDa, respectively), to quantitatively assess the level of disruption of BBB
permeability, in this case, in a rat model of hypertension. The principle of this
approach is that under control conditions with an intact BBB function, both dyes
circulate intravascularly, without extravasating into the tissue parenchyma. During
pathological conditions involving increased BBB permeability, the small-sized dye
(green) will be able to extravasate into the parenchyma, whereas the large-sized dye
(red) would still remain intravascularly. Thus, using simple imaging algorithms, it is
possible to isolate and quantitatively measure pixels containing small green dye
located extravascularly (see Fig. 5.3 and (Biancardi et al. 2014; Biancardi and Stern
2016) for detailed information about this procedure). Using this approach, we found
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that elevated circulating levels of AngII during hypertension resulted in the disrup-
tion of the BBB integrity, allowing access of circulating AngII to the PVN. Interest-
ingly, the leaked AngII was found to be predominantly bound to microglial cells
(Biancardi et al. 2014; Biancardi and Stern 2016).

Fig. 5.3 Imaging approach to quantify changes in blood–brain-barrier permeability. (a1) Sample
of labeling of the PVN microvasculature following the simultaneous intracarotid injection of the
small size dextran-FITC 10 kDa (green) and the large size dextran-rhodamine 70 kDa (RHO70,
red). (a2) The first step in this process consists in detecting individual pixels that contain both
signals (green and red, shown in white color). These pixels showing colocalization are isolated and
a separate image is generated (a3). Concurrently, a binary image containing only the FITC 10 green
signal (small dye) is obtained (a4). Finally, to isolate and quantify the extravasated FITC 10 signal,
image A3 is digitally subtracted from image A4, resulting in a new image containing only the
extravascular FITC 10 signal (a5), which is then used for densitometry analysis. (b) Representative
images showing increased extravasated small-size dextran-FITC 10 kDa (green dye) but not large
size dextran-rhodamine 70 kDa (RHO70) (red dye) in the PVN of a hypertensive (b2), compared to
a normotensive (b1) rat. A sample of FITC 10 dye located in the PVN parenchyma (empty arrows)
around a nearby vessel (filled arrow) is shown in b3. Scale bars¼ 50 μm. 3V: third ventricle. Panels
a and bmodified from Biancardi et al., Hypertension 2014 and Biancardi and Stern, J Physiol 2016,
respectively)
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Finally, it is important to mention that a RAS-mediated neuroinflammatory
response is not a phenomenon restricted to the PVN or hypothalamus, given that a
contribution of the RAS to neuroinflammation in other brain regions and pathologies
such as Parkinson’s disease (Rodriguez-Perez et al. 2018) has also been
demonstrated recently.

5.4 Experimental Approach to Monitor Microglia Activation
During the Neuroinflammatory Response

One of the main challenges in studying microglial morphology and function is
choosing a reliable technique that reports structural and functional changes in an
unbiased manner. While conventional measurements of cytokine mRNA or protein
levels, as well as immunohistochemical staining for specific microglial markers,
have been around for quite a while, they provide only indirect evidence of microglial
activation. During neuroinflammation, microglia undergo a morphological transition
from a highly ramified to a deramified state, retracting their fine processes and
experiencing an overall reduction in cell volume (Nimmerjahn et al. 2005). Although
it seems evident that a comprehensive knowledge of microglial deramification is of
paramount importance, very little is known about the precise series of events that
ultimately lead to this phenomenon, highlighting the need for tools that allow a
detailed morphometric analysis of microglial remodeling. While classical markers
such as increased microglial density, increased expression of ionized calcium-
binding adapter molecule 1 (IBA1), and various cytokines are widely used to assess
neuroinflammation, they fall short of addressing detailed microglial morphological
changes during this pathological process. This is critical because diverse microglial
morphometric features are not only associated with diverse microglial functions, but
more importantly, they also have been associated recently with different stages in the
spatio-temporal progression of the neuroinflammation process (Prinz et al. 2019). In
this sense, classical two-dimensional maximum projection analysis is insufficient to
provide detailed information about microglial features such as changes in cellular or
somatic volume. In fact, it becomes clear that detailed three-dimensional analysis or
microglia cell morphology is of paramount importance, especially considering
microglial heterogeneity and brain region-specific differences in size, density, and
activation stages.

Our lab recently developed a comprehensive glial profiler on the basis of the
IMARIS (Bitplane, Oxford Instruments) software, which allows rapid, unbiased, and
flexible three-dimensional reconstruction of glial surface and filaments (Althammer
et al. 2020). An overview of the individual steps of the three-dimensional recon-
struction can be found on Fig. 5.4. The uploaded videos highlight the three-
dimensional rotation and the features of the glial profiler. With this approach, we
quantified and analyzed microglia and astrocytes in the PVN in rats with heart
failure. We found that already 8 weeks after the surgical ligation of the coronary
artery, microglia transitioned into a high-activity state and displayed somatic
swelling and retraction of their processes. These two microglial alterations were
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highly correlated, indicating that somatic swelling and deramification are processes
that occur in parallel within the same microglial cells. In addition, we found
convincing evidence for A1 astrocytes 14 weeks after the surgery through genetic
quantification of A1 markers via qPCR and assessment of astrocyte morphology
using the 3D glial profiler.

Recent technical advances have made it possible to monitor microglial activity,
calcium transients, and morphometric changes in vitro and in vivo. While our
recently developed glial profiler allows to monitor microglial population shifts and
respective changes in microglial morphology, these tools are very useful to study

Fig. 5.4 Three-dimensional reconstruction of microglia via IMARIS. Raw z-stacks of fluores-
cently labeled microglia are used for the three-dimensional reconstruction. Surface and filaments are
reconstructed in a two-step process and the final reconstruction can be used to calculate various glial
parameters such as surface, cell volume, branches, and complexity. During injury, disease, and
neuroinflammation, microglial cells retract their processes and become less ramified, which is
usually referred to as microglial activation. This term can be slightly misleading, given that
microglia are highly active cells even in the basal state. The precise description of the three-
dimensional reconstruction of glial cells can be found in Althammer et al. (2020)
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acute effects of various compounds on microglial activity and function in individual,
non-fixed cells. Further improvement of these techniques will be necessary to
specifically manipulate microglial function in vivo and in vitro, with methods similar
to those that have been used to activate/inhibit both neurons and microglia under
various conditions.

5.5 Perspectives

The respective roles of astrocytes and microglia in healthy and diseased brains have
been extensively studied (Eroglu and Barres 2010; Liddelow and Barres 2017).
However, several questions regarding the transition from healthy to diseased states
remain for both cell types and require further studies. For instance, it remains unclear
how the still heavily debated concept of gliotransmission changes during various
disease conditions. How do neurodegenerative diseases, chronic neuroinflammation,
and CNS injury affect neuron–glia communication, and ultimately information
processing and function in the brain? How exactly does disturbed astrocyte function
and signaling translate into impaired network function, which can be observed in
various cognitive disorders and neurodegenerative diseases? The recent discovery of
A1 astrocytes that become neurotoxic upon induction by activated microglia
represented a milestone in neuroinflammation research (Liddelow et al. 2017).
However, the precise role and identity of the neurotoxin is currently still unknown
(Liddelow and Barres 2017; Liddelow et al. 2017). While most of the work in the
field of neuroinflammation has been focused on cognition-related brain areas,
including the cortex and the hippocampus, important findings regarding the contri-
bution of astrocytes and microglial cells to altered hypothalamic network functions
in disease states has recently started to emerge. These studies provide compelling
evidence for a critical contribution of altered astrocyte and microglia function to
exacerbated neuronal activity as well as autonomic and neuroendocrine outputs (e.g.,
neurohumoral activation) in prevalent cardiovascular diseases, particularly heart
failure. Moreover, a growing body of evidence supports astrogliosis in the arcuate
nucleus as a key mechanism underlying compromised energy-related signaling in
the hypothalamus during obesity. Finally, recent clinical studies provide compelling
evidence supporting a high degree of comorbidity between cardiometabolic diseases
and cognitive impairment and mood disorders (Hammond et al. 2018), with
neuroinflammation standing as a potential common underlying mechanism. Thus,
changes in hypothalamic neuro–glial communication in disease states could have
important pathological impacts beyond autonomic and neuroendocrine regulation.
Recent advances in microglia and astrocyte research have made it possible to label
and manipulate glial cells in a cell type-specific manner to provide detailed insights
into their origin, genetic variability, and functions during health and disease. Under-
standing the precise molecular architecture and functional roles of glia will help to
develop tailored approaches to treat patients suffering from a myriad of cognitive,
neurodegenerative, and even developmental diseases that involve one or more types
of glial cells.

120 F. Althammer and J. E. Stern
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Allen and Eroglu (2017) Comprehensive review about the interaction between
astrocytes with neurons and synapses.
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profiler used to highlight drastic changes to microglial and astrocytic morphology
during heart failure.
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participant in the tripartite synapse.

Brown et al. (2013) The most detailed and comphrehensive review about
magnocellular neurons, their function, their in- and outputs and modulation of
various vital physiological processes.

Eroglu and Barres (2010) The role of glia in synaptogenesis, synapse modulation
and synapse elimination.

Liddelow and Barres (2017) The role of reactive astrocytes during
neuroinflammation.

Ludwig and Leng (2006) The mechanism of somato-dendritic release of
neuropeptides and its consequences on local networks and physiology.

Prinz et al. (2019) Comprehensive overview of microglial concepts, microglial
development and microglial function.

Stern (2015) Review about the relationship of somato-dendritic release and neuro-
endocrine integration in the hypothalamus and its link to pathophysiological
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Zhao et al. (2015) Fantastic review on the blood-brain barrier and its role in the
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