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Regional brain susceptibility to neurodegeneration: 
what is the role of glial cells? 

Introduction
The complex organization of the central nervous system 
(CNS) is based on the heterogeneity and reciprocal interac-
tions of its cellular (neurons, glia, pericytes) and non-cel-
lular (extracellular matrix) elements (Silbereis et al., 2016). 
Decades of studies have challenged the central and exclusive 
role of neurons in the neural transmission and neuroplasti-
city (Allen and Lyons, 2018) and nowadays glial cells, com-
prising about 33–66% of the human brain cells (Azevedo et 
al., 2009; Herculano-Houzel, 2014; Jäkel and Dimou, 2017), 
are key components of the synaptic machinery (Dityatev and 
Rusakov, 2011). Microglial cells (the resident macrophages 
of the CNS) provide the first line of defense against external 
stressors (Hanisch and Kettenmann, 2007) and are involved 
in the pruning and maturation of synaptic networks during 
neurodevelopment. On the other side, astrocytes are key 
regulators of neuronal homeostasis and neuro-glial network 
function (Verkhratsky and Nedergaard, 2016): beside their 
active role in the neurotransmitter reuptake (Ota et al., 2013) 
and ions balance (Lian and Stringer, 2004), astrocytes release 
neurotransmitters (gliotransmission), provide efficiency of 
the blood-brain barrier (BBB), provide trophic and metabol-
ic support to neurons and neuropil, actively responding to 

neuronal firing in a tight metabolic coupling (Cirillo et al., 
2015; Ruminot et al., 2019; Zhou et al., 2019). From circu-
lating glucose, astrocytes produce lactate and transfer it to 
neurons (astrocyte-neuron lactate shuttle) for mitochondrial 
ATP production, thus modulating neuronal excitability and 
plasticity (Magistretti and Allaman, 2018). 

To date, higher brain functions arise from morpho-func-
tional activity of neuro-glial networks (Araque and Navarre-
te, 2010; Perea et al., 2014; Liddelow and Barres, 2017) that 
strictly interact with BBB and extracellular matrix, constitut-
ing the penta-partite synapse (De Luca et al., 2018).

External insults to the CNS first activate microglial cells, 
resulting in both morphological and functional changes 
underlying two different phenotypes, the proinflammatory 
M1 and the immunosuppressive M2 phenotype (Tang and 
Le, 2016). The latter is involved in the release of pro-inflam-
matory factors which contribute to astrocytic activation (re-
active astrocytosis), neuronal dysfunction, altered synaptic 
plasticity and ultimately cell death (Papa et al., 2014). 

Reactive astrocytes show specific alterations in cell mor-
phology and proliferation and can cause permanent tissue 
rearrangement (Anderson et al., 2014). Reactive astrocytes 
show increased expression of glial fibrillary acidic protein, 
reduction of glial glutamate transporters, impaired anti-ox-
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idant defense (reduction of glutathione synthesis), thus 
undermining the synaptic machinery, neurotransmitter 
homeostasis and neuroprotective functions (Cirillo et al., 
2011).

Therefore, it is conceivable that regional neuroinflammato-
ry microglial reaction, reactive astrocytosis, and mitochon-
drial dysfunction might produce a persistent neuro-glial 
metabolic decay, causing progressive neuronal dysfunction 
and failure of the rescue mechanisms, leading to neuronal 
dysfunction and, finally, to neuronal degeneration. Microgli-
osis and astrocytosis, for example, usually precede of several 
weeks the motor symptoms onset and motor neuron degen-
eration in a mouse model of amyotrophic lateral sclerosis 
(Acevedo-Arozena et al., 2011). Therefore, it is conceivable 
that malfunctioning glial cells might create a maladaptive 
environment that negatively impact neuronal physiology, 
leading to neuronal death in neurodegenerative disorders 
but also in the physiological brain aging (Figure 1).  

Search Strategy and Selection Criteria
We have performed a PubMed literature search of experi-
mental articles published mainly in the last 10 years (from 
January 2009 to July 2019) regarding the glial-induced selec-
tive neuronal vulnerability to neurodegeneration, providing 
data in AD, PD and other neurodegenerative disorders.

Towards a Role of Glial Phenotype in 
Neurodegeneration
Despite complex and unknown mechanisms, neurodegener-
ative disorders are characterized by degeneration of specific 
neuronal populations: for example, hippocampal and corti-
cal neurons are mainly affected in Alzheimer’s disease (AD) 
(Minati et al., 2009), medium spiny GABA neurons in basal 
ganglia degenerate in Huntington’s disease (HD) (Rikani et 
al., 2014), cerebellar Purkinje cells in spinocerebellar ataxia 
type 1 (Pérez Ortiz and Orr, 2018) and dopaminergic neu-
rons in the substantia nigra pars compacta (SNpc) in Parkin-
son’s disease (PD) (Ross et al., 2004) (Figure 2). 

Neuronal degeneration, however, is only the final step of a 
cascade of complex events, including also neuroinflamma-
tion, mitochondrial dysfunction, oxidative stress and excito-
toxicity (Yang et al., 2009). The regional selective vulnerabil-
ity of specific brain regions in the neurodegenerative process 
might be correlated to the heterogeneous neuronal responses 
to damaging mechanisms (Wang and Michaelis, 2010) or to 
a different cellular and extracellular context that becomes 
unsupportive to neurons during the disorder development. 

Astrocytic with variable phenotypes can be identified 
across the brain and within a brain region in normal con-
ditions as well as in response to external injury (lipopoly-
saccharide, LPS – injection or middle cerebral artery oc-
clusion) or aging (Sofroniew and Vinters, 2010; Nash et al., 
2011). For example, LPS induced microglial activation and 
consequently reactive astrocytes, that show a detrimental 
phenotype (A1) for neurons, via secretion of neurotoxins, 
interleukin-1α, tumor necrosis factor-α, and C1q (Liddelow 
et al., 2017); in contrast, the ischemia-induced A2 phenotype 
displayed a molecular profile associated with a beneficial or 

protective response and promote neuronal survival (Okada 
et al., 2006). Activated A1 astrocytes, through the release of  
toxic and other (unknown) factors, induce also neuronal and 
oligodendrocyte degeneration in a mouse model of age-re-
lated cognitive decline (Clarke et al., 2018).

Although astrocytes from two mature brain circuits (such 
as striatum and hippocampus) share many similarities, they 
present morphological, molecular and functional differences 
underlying specific roles and specializations within neuronal 
circuits. 

Accordingly, proteomic and transcriptome analysis have 
revealed that µ-crystallin is mainly expressed by striatal as-
trocytes (Khakh, 2019), while pro-brain derived neurotroph-
ic factor and aberrant GABA represent molecular markers of 
active and reactive astrocytes in hippocampus, respectively 
(Chun et al., 2018). Striatal and hippocampal astrocytes 
differ in the territory size, in the number of neurons they 
contact and the synapses covered within their region (Chai 
et al., 2017). 

Moreover, the astrocytic responses to the same type of 
injury also vary across the brain. Recently, a heterogeneous 
response of astrocytes from cortex, hippocampus, and stria-
tum to a mechanical injury was reported in vitro (Cragnolini 
et al., 2018). Using a scratch injury model, striatum astro-
cytes proliferate and occupied the injured area faster than 
astrocytes from the other two brain areas. In the same study, 
the response to the neurotrophins (that promote injury 
recovery) significantly variated among astrocytes from the 
three different brain areas. 

In conclusion, the heterogeneous expression of proteins 
determining astrocytic morphology and function might un-
derlie the selective vulnerability of brain regions to specific 
diseases (Matias et al., 2019). 

Glial-Based Vulnerability of Dopaminergic 
Neurons in Substantia Nigra Pars Compacta
Dysfunction and successive degeneration of the brain dopa-
minergic system strictly correlates with the evolution of the 
clinical picture of the patients affected by PD. However, not 
all dopaminergic neurons are equally affected in PD (Double 
et al., 2010). Neurons in the ventral and lateral SNpc, for ex-
ample, are much more susceptible than dopaminergic neu-
rons in the ventral tegmental area (VTA) or in the hypothal-
amus (Hirsch et al., 1988). Administration of the complex 
I inhibitors 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine, 
rotenone, or 6-hydroxydopamine to experimental animals 
causes preferential neurodegeneration of SNpc neurons 
compared to VTA neurons (Dawson et al., 2002). Despite 
the exposure of all dopaminergic neurons to toxins, degen-
eration is commonly localized to a specific anatomic region, 
suggesting that other mechanisms need to be involved and 
are far from being fully elucidated. 

In experimental models of PD, the balance of astrocytes 
and microglia within the midbrain is a key factor underlying 
the selective vulnerability of SNpc neurons. Evidence sug-
gests that SNpc astrocytes show a different transcriptional 
activity compared to VTA astrocytes. Astrocytes in VTA, but 
not in SNpc, release “factors” which mediate protection of 
induced pluripotent stem cell and dopaminergic neurons in 
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Figure 1 Time-course of the mechanisms leading to selective neuronal degeneration. 
Microglial and astrocytic activation occurs early in the neurodegenerative process and produces maladaptive changes of many components of the 
pentapartite synapse (including extracellular matrix and blood brain barrier). The release of inflammatory and toxic factors by glial cells impairs 
mitochondrial energy production and is associated with the release of ROS. These slowly progressive mechanisms finally initiate neuronal degener-
ation, however the disease onset occurs later, after failure of rescue mechanisms and progression of neuronal degeneration. BBB: Blood-brain barri-
er; ECM: extracellular matrix; M1, M2, A1, A2: microglial and astrocytic type 1 and type 2 phenotypes; ROS: reactive oxygen species.

Figure 2 Selective neuronal degeneration and relative 
neurodegenerative disorders.

VTA and SNpc (Oksanen et al., 2019). Moreover, increased 
microglial reactivity has been observed in both human pa-
tients and animal models of PD, thus increasing the release 
of pro-inflammatory factors. The activation/stimulation of 
the midbrain SNpc microglia with the LPS produces degen-
eration of dopaminergic neurons (Gao et al., 2002; Batista 
et al., 2019), suggesting a role for microglia and the derived 
factors in disease progression. 

Therefore, these extrinsic mechanisms could explain the 

protective nature of astrocytes and the deleterious functions 
of microglia in the disease pathogenesis, and represent puta-
tive targets for future therapeutics in PD. 

Neurodegeneration as a Consequence of Glial 
Mitochondrial Function Decay
Early changes leading to neuronal degeneration include neu-
roinflammation, reactive micro and macro-gliosis, BBB de-
cay, metabolic stress, production of ROS and mitochondrial 
energy impairment (Papa et al., 2014; Reeve et al., 2018). 
Stimulation of Na+/K+ exchanger isoform 1 in astrocytes 
caused ionic dysregulation under ischemic condition, while 
the selective knockout of this astrocytic exchanger isoform 
reduced astrogliosis, BBB damage, infarction and improve 
neurological function after ischemic stroke (Begum et al., 
2018). Expression of the Na+/K+ exchanger, therefore, could 
be involved in astrocytic activation and metabolic acidosis 
after ischemic stroke.

Morphological (Papa et al., 2014) as functional changes 
(Kaminsky et al., 2016) of glial cells results in pathological 
neuro-glial interactions that, in turn, generate hostile envi-
ronment that first induces neuronal dysfunction and later 
neurodegeneration. 

Regional specific perturbations in astrocyte mitochondrial 
functions (Voloboueva et al., 2007) might adversely impact 
their neuroprotective properties and the response to neuro-
nal activity. Morpho-functional heterogeneity of astrocytes 
in different brain regions might play a key role in the astro-
cytic responses to an external injury (Cragnolini et al., 2018). 
Recently, in a rat model of HD, mitochondrial failure by sub-
chronic treatment with 3-nitropropionic acid (a suicide in-
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hibitor of the mitochondrial complex II succinate dehydro-
genase) first induced a loco-regional glial reaction and then 
a selective neuronal degeneration in basal ganglia of treated 
animals (Cirillo et al., 2019). Moreover, striatal vulnerability 
correlated with astrocytic metabolic reprogramming of mi-
tochondrial functions. A reduction of striatal glucose levels 
leads astrocytic mitochondria to switch from ordinary glu-
cose metabolism to fatty acid oxidation, thus increasing oxy-
gen-induced neuronal degeneration (Polyzos et al., 2019). 

Selective vulnerability of basal ganglia is also reported in 
humans after metabolic, toxic or ischemic insults to basal 
ganglia, resulting in bilateral striatal necrosis (Wang and 
Cheng, 2003). Recently, we have reported the case of a pa-
tient with an acquired bilateral striatal necrosis after met-
abolic acidosis, hypothesizing that neuronal degeneration 
might be the consequence of the selective vulnerability of 
striatal BBB and decay of mitochondrial energy production 
(Cirillo et al., 2019).

These results prompted us to suppose a strict mor-
pho-metabolic-energetic coupling of reactive astrocytes: 
external injuries induce selective mitochondrial decay in 
specific astrocytes of a susceptible brain region, leading to 
reactive gliosis and progressive neurodegeneration. 

Transcriptional and Genetic Profiles of 
Astrocytic Populations Involved in 
Neurodegenerative Mechanisms
The development of new genetic tools have allowed the tran-
scriptome analysis of reactive astrocytes from multiple brain 
regions (Zamanian et al., 2012) and the differentiation of the 
two main astrocytic phenotypes (A1 and A2). 

The neurotoxic type A1 phenotype is triggered by microg-
lia (Liddelow et al., 2017; Yun et al., 2018) and can be de-
tected in many neurodegenerative conditions including PD 
(Yun et al., 2018), AD, amyotrophic lateral sclerosis (Li et al., 
2019) and after traumatic brain injury (Clark et al., 2019). 

A1 astrocytes in PD experimental models have been also 
induced by pre-formed fibrils of α-synuclein (α-syn PFF) 
and can be blocked by administration of NLY01, a gluca-
gon-like peptide-1 receptor (GLP1R) agonist. Glp1r mRNA 
levels show a brain-region heterogeneity, being predom-
inantly expressed in non-cortical areas associated to the 
progression/ neurodegeneration in PD. On the other hand, 
GLP1R is mainly expressed in microglia and astrocytes after 
α-syn PFF administration, suggesting that astrocytes mediate 
α-syn PFF toxicity and NLY01 might exert its glial-mediated 
activity in non-cortical brain regions. 

Recently, using the Ribo-Tag technique, ribosomes were 
genetically tabbed and astrocyte-associated mRNA purified 
from different brain areas of adult and aged mouse (Boisvert 
et al., 2018). Astrocytes from aged brains showed a regional 
specific upregulation of the genes involved in eliminating 
synapses, highlighting the role of astrocytes in damaging 
synapses. 

Could the gene expression profile of each brain region 
explain the selective vulnerability to neurodegeneration? 
In recent studies, the transcriptional profiles of astrocyte 
populations were linked to tumors and neurodegenera-

tive diseases (Cuevas Diaz Duran et al., 2019). Through an 
advanced comparative bioinformatic analysis, it has been 
shown that gene signatures of astrocytic subpopulations cor-
relate with glioma subtypes. In addition, several genes linked 
with neurodegenerative diseases such as AD, HD or PD were 
enriched in subpopulations of astrocytes (Sofroniew and 
Vinters, 2010). 

Does astrocytic dysfunction precede 
neurodegeneration in specific brain regions? 
The progression of astrocytosis and Aβ deposition has been 
examined using in vivo positron emission tomography in a 
transgenic mouse model of AD (APPswe) (Rodriguez-Vie-
itez et al., 2015). In 6-month-old APPswe, authors observed 
intense cortical astrocytosis but not Aβ plaques deposition, 
suggesting that astrocytosis occurs early in AD and precedes  
Aβ plaque deposition. Furthermore, a pan-cortical tran-
scriptomic network analysis provided a comprehensive as-
sessment of the critical molecular pathways associated with 
AD pathology. It offered new insights into the molecular 
mechanisms underlying selective regional vulnerability to 
AD at different stages of the progression of cognitive deficits 
and development of the canonical neuro-pathological lesions 
characterizing this disorder (Wang et al., 2016). Many of the 
gene expression changes, including those of oligodendro-
cytes, occurred early in the progression of the disease, mak-
ing them potential treatment targets and unlikely to be mere 
bystander result of degeneration.

Conclusions
More extensive studies of the time course of gliosis in neu-
rodegenerative diseases models should be carried out to 
determine whether astrogliosis is a previous phenomenon 
triggering neurodegeneration. Understanding the respons-
es of astrocytes in diseases represents a new challenge for 
the diagnostic and the development of successful strategies 
against specific neurological disorders by interfering with 
the astrocytic subpopulations. 
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