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REVIEW ARTICLE

Better understanding the neurobiology of primary lateral sclerosis
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GIOVANNI MANFREDI2, ESTELA AREA GOMEZ3, HIROSHI MITSUMOTO3,4,
MARCELLA L. ERB5, ZHENG TIAN6 & GEORG HAASE6,7

1Department of Neurology, Northwestern University, Feinberg School of Medicine, Chicago, IL, USA,
2Weill Cornell Medicine, Feil Family Brain and Mind Research Institute, New York, NY USA, 3Department of
Neurology, Columbia University Medical Center, New York, NY, USA, 4Eleanor and Lou Gehrig ALS Center,
Columbia University Medical Center, New York, NY, USA, 5School of Medicine Light Microscopy Core,
University of California San Diego, La Jolla, CA, USA, 6Division of Biological Sciences, University of California
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Abstract
Primary lateral sclerosis (PLS) is a rare neurodegenerative disease characterized by progressive degeneration of upper
motor neurons (UMNs). Recent studies shed new light onto the cellular events that are particularly important for UMN
maintenance including intracellular trafficking, mitochondrial energy homeostasis and lipid metabolism. This review
summarizes these advances including the role of Alsin as a gene linked to atypical forms of juvenile PLS, and discusses
wider aspects of cellular pathology that have been observed in adult forms of PLS. The review further discusses the pros-
pects of new transgenic upper motor neuron reporter mice, human stem cell-derived UMN cultures, cerebral organoids
and non-human primates as future model systems to better understand and ultimately treat PLS.

Keywords: primary lateral sclerosis, Betz cell, upper motor neuron, corticospinal motor neuron, Alsin, ALS2, endosomes,
mitochondria, Golgi apparatus, bioenergetics, membrane lipids

Background

Motor neuron disease (MND) is an umbrella term
for pathological conditions that affect upper motor
neurons (UMNs) in the cerebral motor cortex,
lower motor neurons (LMNs) in the spinal cord or
brain stem, or both types of motor neurons.
Primary lateral sclerosis (PLS) represents a rare
form of MND that affects mainly the UMNs and
typically results in very slowly-progressive spasticity
and paralysis (1–8). By contrast, classical amyo-
trophic lateral sclerosis (ALS, maladie de Charcot)
is characterized by the loss of both upper and
lower motor neurons and typically associated with
rapidly progressing muscle weakness (9–11).
Although the rate of progression and the neuronal
involvement are different, PLS and ALS are con-
sidered part of a continuum, and part of a broader
spectrum including also frontotemporal dementia
(FTD) (12,13).

The molecular and cellular mechanisms of
UMN degeneration in PLS remain largely
unknown. A working group among international
PLS experts was therefore constituted on May 3rd
and 4th of 2019 in Philadelphia, PA, USA, with
the aim to better understand the neurobiology of
PLS and to foster collaborative research efforts.
Similar working groups were established for PLS
diagnostics (14), differential diagnostics (15), dis-
ease progression (16), genetics (17), neuroimaging
(18), neurophysiology (19), neuropathology (20),
as well as PLS clinical care and study design (21).

Anatomy of upper motor neurons

The movement starts in the brain and the motor
neuron circuitry is one of the complex circuitries
in the central nervous system with components
both in the cerebral cortex and the spinal cord
(Figure 1(A)). In an effort to better understand
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the neurobiology of PLS, the cellular properties of
UMNs need to be comprehensively analyzed.
Numerous mouse models have been generated for
this purpose. Corticospinal motor neurons
(CSMN) are considered the UMNs in mice, and
similar to UMNs in humans they are also located
in layer 5 of the motor cortex, their soma size is
much larger than that of other excitatory neurons
in the cerebral cortex, and they have a long axon
projecting to the spinal targets. Even though some
aspects of their connectivity may differ among spe-
cies (24,25), there are remarkable similarities
between UMNs at a cellular level (26,27).
Therefore, well-defined mouse models with prom-
inent and progressive CSMN loss have been
invaluable revealing the underlying causes and
pathologies responsible for their vulnerability and
progressive degeneration. The UMNs in many dif-
ferent species are distinguished among many dif-
ferent neuron types based on their large size and
precise location, their first important characteristic.

The second important characteristic of UMNs
is their axon, which extends toward the target cells
in brain stem and spinal cord. UMNs have one of
the longest axons in our bodies, reaching up to
about a meter in length in the case of Betz cells
that project to lumbar and sacral regions of the
spinal cord. Therefore, maintaining the integrity
and the health of this long axon is challenging.
When the neuron shows signs of vulnerability and
degeneration, one of the first sites of neuronal

dysfunction is thus at the axon, with the longest
axon fibers often degenerating first.

The third important characteristic of UMNs is
their long apical dendrite that extends toward the
top layers of the cortex (Figure 1(B–C)). The
apical dendrite is exceptionally important for their
neuronal modulation, as this is the site for many
different neuron populations to make a synaptic
connection with the UMNs (28). The apical den-
drite is extensively branched and the branches are
adorned with hundreds of thousands, of spines
(Figure 1(C)). These spines receive excitatory
input from many different neuron types, such as
callosal projection neurons, thalamacortical neu-
rons and local circuitry neurons (Figure 1(B)) and
(29). Thus, the health and stability of spines are
important for these excitatory neurons to convey
their information. Especially at the site of layer 2/
3, CSMN receive most of their excitatory input,
and this is one of their unique characteristics
(30,31). The connectivity patterns of both long-
distance projection neurons and local circuitry
neurons are investigated by novel approaches,
revealing the complex connectivity dynamics in the
motor cortex and other regions (32,33).

The apical dendrite is however not the only site
where CSMN receive excitatory input. There are
numerous basal dendrites that emanate from the
soma. These basal dendrites are also heavily
adorned by spines, which receive input from many
different neuron types (Figure 1(B)), mostly

Figure 1. Movement starts in the brain and upper motor neurons are an important component of motor neuron circuitry. (A)
Simplified drawing of the basic components of motor neuron circuitry, which has the upper motor neurons and descending paths at the
very top of the command chain. Adapted from (22). (B) Schematic representation of a corticospinal motor neuron (CSMN, located in
layer V of the motor cortex) in cortical layer V as well as long-distance projection neurons and interneurons that modulate its activity.
Also note additional neurons projecting to other cortical regions or thalamus. Adapted from (23). (C) Image of an upper motor neuron,
which is located in layer V of the motor cortex, has an apical dendrite which extends toward the top layers of the cortex and spines
which are the active site of neuronal integration. [For interpretation of the references to color in this figure legend, the reader is referred
to the online version of this article.]
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callosal projection neurons and other local circuitry
neurons (31). CSMN could potentially be receiv-
ing thousands of different excitatory synaptic
inputs per second, and their ability to converge
this information into a single action potential is
also determined by the level and the extent of
inhibitory input they receive. Inhibitory neurons
come in many different types, shapes and function.
Likewise, a plethora of inhibitory neurons also act
upon CSMN (34) and interestingly, some inhibi-
tory neurons located in layer 2/3 inhibit the inhibi-
tory neurons located in layer 5. Therefore, not all
inhibitory neurons’ role should be considered as
pure inhibition, as some in fact contribute to the
activation of CSMN (Figure 1(B)). The balance of
excitation and inhibition is an active area of
research, and findings from these studies will help
reveal the basis of their mode of electrophysio-
logical modulation (35). Since hyperexcitation
contributes to the initial vulnerability of UMNs
(36) and hypoexcitation coincides with their pro-
gressive degeneration, being able to understand
how they are modulated by other cortical neurons
is of great importance (37). Imaging techniques
were developed to visualize the normal connectiv-
ity of Betz cells and their altered connectivity in
disease (38). Similar studies are under way to
reveal the timing and extent of UMN degeneration
in PLS patients (18,19).

Cellular mechanisms relevant to PLS

Loss of dendritic spines is one of the earliest signs
of neuronal degeneration in UMNs (27,39). As
the neurons fail to retain the integrity of their
spines, their input is hampered, leading to altera-
tions in their proper modulation and eventual dys-
function. Because UMNs heavily depend on other
cortical neurons for their modulation, the health
and stability of their spines are of great import-
ance. Recent evidence reveals that the degenerat-
ing CSMN lose their spines, especially at the site
of apical dendrite and apical dendrites also fail to
maintain their cytoarchitecture (40). This cellular
defect is debilitating for CSMN, which depend on
the integrity of their apical dendrite and dendritic
spines for their proper integration into the circuitry
and motor function.

Growing evidence reveals numerous cellular
defects that result in CSMN vulnerability. The
failure of CSMN to maintain their cytoarchitecture
results in a major limitation for retaining the integ-
rity of apical dendrite. Spine loss is one of the
early cellular defects that occur in CSMN.
Likewise, disintegration of axon or failure of
axonal transport machinery is also one of the first
cellular defects resulting in neuronal vulnerability.
Additionally, increased ER stress (41), mitochon-
drial dysfunction and perturbations in lipid

homeostasis (42) also accounts for the underlying
causes of UMN vulnerability. A profound increase
in the extent of immune reaction as well as glial
activation is also observed in PLS patients (43),
and this is recapitulated in many different mouse
models of motor neuron disease.

In an effort to better understand the mecha-
nisms of neurodegeneration in PLS, numerous
mouse models were generated based on PLS-
linked mutations, such as ALS2/Alsin, C9Orf72,
DCTN/Dynactin 1, FIG4/Phosphoinositide 5-
phosphatase, OPTN/Optineurin, SETX/Senataxin,
SPG7/Paraplegin or UBQLN2/Ubiquilin 2 (17).
However, generation and characterization of a
mouse model for an UMN disease is challenging.
Humans heavily depend on their Betz cells for the
initiation and modulation of voluntary movement
and there are direct projections from Betz cells to
the spinal motor neurons. In mice, in addition to
the corticospinal tract, the rubrospinal tract also
plays an important role and the circuitry within
the spinal cord includes an interneuron component
(24). Therefore, when humans have defects in
their corticospinal tract, they may be paralyzed,
whereas mice will be able to move, albeit with loss
of their ability for fine movement. During evolu-
tion, humans have become more specialized in fine
movement in the expense of making themselves
vulnerable to significant spinal cord injuries.
Rodents, however, have better capabilities to
recover from an injury, but they are not as skilled
as humans when it comes to dexterity (24,44).
Moreover, there are no good outcome measures,
which can quantitatively assess the timing and the
extent of UMN degeneration in mouse models of
PLS. Despite these two limitations the UMNs in
mice and human share many common cell bio-
logical features and display similar pathologies at a
cellular level (26,27,45). Hence, many different
labs generated mouse models for genes that had
been found mutated in PLS patients. Albeit most
mouse lines did not have a prominent phenotype
at a species level (46), detailed cellular investiga-
tions of their UMNs began to reveal the underly-
ing problems.

Intracellular trafficking in PLS

The precise molecular and cellular mechanisms of
UMN degeneration in PLS remained elusive for
many years. The importance of intracellular traf-
ficking defects in PLS was first recognized with the
identification of mutations in the Alsin/ALS2 gene.
Alsin is a large 1657 amino acid (184 kilodalton)
protein that harbors three nucleotide exchange fac-
tor (GEF) domains for small GTPases: an N-ter-
minal RCC1-like GEF domain for Ran GTPase, a
central Dbl-homology and pleckstrin-homology
(DH/PH) domain for Rac1 GTPase and a C-
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terminal VPS9 GEF domain for Rab5
GTPase (47,48).

Recessive loss-of-function mutations in Alsin
have been identified in atypical forms of PLS with
infantile or juvenile onset (49,50), infantile ascend-
ing spastic paraparesis (IAHSP) (51) and heredi-
tary spastic paresis (HSP) (52) with no apparent
genotype-phenotype correlation. Five transgenic
mouse models were generated by different groups
(49,53–56) but none of the mouse models fully
recapitulated the motor function defects observed
in patients.

Recent developments in the field allowed gen-
etic labeling of CSMN in the UCHL1-eGFP mice,
which labels them with the long-lasting and stable
fluorescent reporter eGFP (57). This CSMN
reporter line allows visualization and cellular
assessment of CSMN within the context of neuro-
degeneration in many different disease models
(Figure 2(A)). Upon crossing Alsin knockout
(KO) mice with UCHL1-eGFP, Alsin KO-
UeGFP mice were generated, in which CSMN
lacked Alsin function and were visualized by eGFP
(42). This allowed eGFP immunohistochemistry
coupled to electron microscopy to reveal the ultra-
structural defects that occur inside CSMN lacking
Alsin function. Corticospinal tract axons displayed
disintegration at the level of the cervical spinal
cord as well as at the pyramidal decussation and
the pons, refining earlier studies (54,56). CSMN
apical dendrites were disintegrating with numerous
vacuoles (Figure 2(B)). There were also profound
defects in mitochondria and the Golgi apparatus
(42) (Figure 2(C–D)). By contrast, neurons other
than CSMN in the Alsin KO mice or CSMN in
wild-type (WT) mice were healthy and had struc-
turally intact organelles (42), further documenting
the selective vulnerability of UMN in PLS. Being
able to shine light to the cellular defects inside a
distinct neuron population was very powerful and
begun to reveal why UMNs are vulnerable and
display progressive degeneration. Profound ultra-
structural defects in Golgi apparatus and mito-
chondria suggest problems with ATP production,
energy metabolism, as well as post-translational
modification of proteins and lipid homeostasis
(42). Beyond Alsin, these data underscore the crit-
ical importance of structural and functional Golgi
integrity for adult motor neuron maintenance and
highlight Golgi pathology as early hallmark of
motor neuron degeneration in MND (58,59).

Alsin localizes to early endosomes in the neur-
onal soma and to punctuate structures in neurites
and neuronal growth cones (47,49,60). In line
with the known functions of the Alsin effectors
Rac1 and Rab5, Alsin has been implicated in a
wide range of cellular functions ranging from
endocytosis (47,49,55,60,61), membrane traffick-
ing (62) and macropinocytosis (63) to

endolysosomal protein degradation (64). Recently,
Alsin was also found to be involved in oxidative
stress sensing by endosomes and to catalyze the
assembly of the Rab5 endocytic machinery on
mitochondria (65). Remarkably, Alsin-deficient
spinal motor neurons were defective in relocating
Rab5 from endosomes to mitochondria and dis-
played increased apoptotic signaling from mito-
chondria upon cellular stress as evidenced by
cytochrome c release into the cytosol (65). These
observations provide a compelling mechanistic
basis for the mitochondrial defects observed in the
CSMN of Alsin KO mice (42).

What might be the consequences of Alsin loss
of function on neuronal growth and maintenance?
Several studies have analyzed cortical neurons
from Alsin KO mice in primary culture. These
neurons showed normal integrity and survival
under baseline conditions and only modest or no
susceptibility to cellular stressors, such as free oxy-
gen radicals or excitotoxic agents (49,53,61). More
pronounced effects were observed when cultured
neurons were subjected to acute RNA interfer-
ence-mediated (RNAi) knockdown of Alsin, which
led to severe defects in axon growth and cell sur-
vival (60,66).

Studies with Alsin knockdown neurons in cul-
ture also gave new clues to the selecive vulnerabil-
ity of CSMN (66). It was demonstrated that
several types of neurons including cortical neurons,
spinal motor neurons and sensory dorsal root gan-
glion neurons displayed similar vulnerability to
Alsin knockdown as cortical neurons (Figure
3(A)). Remarkably however, in co-culture with
astrocytes, Alsin-depleted spinal motor neurons
were completely rescued from Alsin RNAi-medi-
ated cell death and defective axon growth (Figure
3(B)). Alsin-depleted cortical neurons showed to
such rescue effect (Figure 3(B)). The astrocytic
rescue of spinal motor neurons was mediated by a
soluble factor (Figure 3(C)) rather than by cellular
contact and did not involve Rac1 activation (66).
While these data from standard primary cultures
of rodent neurons cannot be directly extrapolated
to CSMN, they provide a first conceptual hint to
the selective vulnerability of CSMN in Alsin-
linked PLS.

Energy metabolism and oxidative stress
in PLS

Mitochondria play a central role in cellular energy
metabolism; therefore, functional mitochondria are
crucial for the health of cells with high-energy
demand, such as neurons. Mitochondrial biogen-
esis, quality control via mitophagy, and mitochon-
drial dynamics are fundamental processes that
generate ATP at the appropriate time and location
within neurons. Mitochondria are also key players
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Figure 2. GFP-labeling of CSMN in Alsin KO mice reveals significant cellular problems in the absence of Alsin function. (A)
AlsinKO-UeGFP mice are generated by crossing the UCHL1-eGFP and the AlsinKO mice and in these mice the CSMN are
genetically labeled with eGFP that is stable and long-lasting (57). (B–C) The coupled immuno-electron microscopy analyses, reveal that
the diseased CSMN cannot maintain the cytoarchitectural integrity of their apical dendrites (B), have massive mitochondrial defects
with collapsed mitochondria that are cleared by mitophagy (C). (D) The Golgi apparatus is enlarged and the vesicles may not fuse
properly. These cellular defects are not detected in healthy CSMNs.
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in both apoptotic and necrotic cell death processes,
cellular calcium homeostasis, and free radical gen-
eration. When disrupted, these mechanisms might
contribute to neurodegeneration including motor
neuron degeneration.

Many lines of evidence highlight mitochondrial
abnormalities in degenerative motor neuron dis-
eases. In genetic models, mitochondrial trafficking
is affected by mutant SOD1, TDP-43 and trun-
cated Alsin (67–69). Abnormalities in mitochon-
drial morphology and increased mitophagy were
observed in CSMN of Alsin KO mice (42). In
humans, hypometabolism measured by FDG-PET
(fluorodeoxyglucose positron emission tomog-
raphy) has been demonstrated in the motor cortex
of patients with PLS (33) as well as in a patient
with Mills’ syndrome (70), an UMN disease also
referred to as unilateral PLS (15,70–72).

In motor neuron diseases, non-neuronal cell
types are however also affected (43). Sporadic
ALS patients have been shown to have various
skin related abnormalities (73–75) with shared
pathology with motor neurons (76–79), suggesting
skin-derived fibroblasts as potential models for
studying motor neuron diseases, as these can offer
information on disease mechanisms.

Functional bioenergetic and metabolic readouts
have been studied in fibroblasts from motor neu-
ron disease patients (73–75). One such readout is
mitochondrial membrane potential, which was
found to be elevated in sporadic ALS compared to
control lines, and elevated even more significantly
in PLS-patient derived fibroblasts compared to
ALS (80). As mitochondrial membrane potential is
generated by oxidizing reducing equivalents from
the Krebs-cycle and dissipated by the ATP-

Figure 3. Role of astrocytes in the vulnerability of cortical neurons to Alsin knockdown. The schematic shows the experimental design
(left panel) using different types of neurons (in grey) in mono-culture or in co-culture with astrocytes (in white). Neurons having
undergone cell death are depicted in red (middle and right panels). (A) Cortical neurons (in blue) and spinal motor neurons (in green)
cultured each for 2 days in mono-culture show similar vulnerability to cell death (in red) induced by RNAi-mediated Alsin depletion.
(B) In direct co-culture with astrocytes, Alsin-depleted cortical neurons display cell death whereas Alsin-depleted spinal motor neurons
are completely rescued. (C) The astrocytic rescue of alsin-depleted spinal motor neurons (lower right panel) is mediated by a soluble
factor as shown in co-cultures where the neurons are placed on coverslips on top of remote astrocytes. Neuronal viability was analyzed
relative to control cultures transduced with a control small interfering RNA and using different types of astroctyes prepared from
cerebral cortex or spinal cord (64).
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synthase, the high membrane potential in PLS
patient-derived cells may signal an elevated meta-
bolic rate, a decreased ATP demand, or a combin-
ation of both processes. The production of reactive
oxygen species in mitochondria, a well-established
contributor to ALS pathology (81), is exponen-
tially dependent on membrane potential. Oxygen
consumption rates, glycolytic rates, and cellular
ATP contents of fibroblasts derived from healthy
control subjects and PLS patients were studied
(Figure 4). Both ALS and PLS fibroblasts exhib-
ited elevated oxidative (Figure 4(A)) and glycolytic
(Figure 4(B)) rates, with only a modest increase in
ATP content in ALS and no differences in ATP
levels in PLS compared to controls (Figure 4(C))
(82). These results, together with the elevated
mitochondrial membrane potential, suggest that
PLS patient-derived cells have elevated ATP
demand and consumption, which needs to be
matched by enhanced energy metabolism through
both oxidative and glycolytic ATP pathways.

The hypermetabolism in PLS could be a source
of reactive oxygen species produced as a toxic
byproduct. It remains to be determined if these
findings in fibroblasts translate to disease-relevant
cell types such as glia and neurons in PLS
patients. Nevertheless, in support of this hypoth-
esis, clustering analysis of a large number of post
mortem sporadic ALS (sALS) cortex samples found
the biggest cluster consisting of patients with hall-
marks of oxidative and proteotoxic stress (82).
Based on our studies, the hypermetabolic pheno-
type appears to be more pronounced in PLS com-
pared to sALS (Figure 4) and it is possible that
some of the differences in the clinical manifesta-
tions between these two forms of motor neuron
disease are related to different levels of compensa-
tion for enhanced energy demands. Further inves-
tigations of energy metabolism and oxidative stress
in PLS could offer new perspectives on develop-
ment of PLS-specific biomarkers and thera-
peutic targets.

Lipid homeostasis in PLS

In the nervous system, the lipid composition of
neuronal membranes is highly regulated and
dynamic, as lipids perform a wide variety of func-
tions, including roles in cell structure, synaptic
transmission, and multiple metabolic processes
(83). The spatial distribution of lipids in mem-
branes has been investigated by computer simula-
tion (84) and Figure 5(A). Changes in the
concentrations of membrane lipids have been
reported in several neurodegenerative diseases
including Alzheimer’s disease (reviewed in (84)). It
is therefore expected that the study of the absolute
and relative concentrations of membrane lipids in
PLS may shed light into these cellular processes
and unravel novel degenerative pathways.

Analysis of the lipid composition of longitu-
dinal plasma samples from PLS and ALS patients
showed increased levels of de novo synthesized tri-
glycerides, free-unesterified cholesterol, and spe-
cific species of cholesteryl esters, reflecting a
significant imbalance in lipoprotein composition
(Figure 5(B–C)). Baseline changes in neutral lipids
were similar in the two conditions, but there was a
differential progressions from baseline to follow-up
(two years), consistent with the much more rapid
progression of ALS.

In contrast, ALS samples showed marked
changes in glycerophospholipids and sphingolipids
that were essentially absent in PLS samples
(Figure 5(C)). However, given the slow rate of
progression of PLS pathogenesis compared to
ALS, we cannot exclude the possibility that these
changes become significant after longer periods of
time in PLS pathogenesis. Those alterations in
glycerophospholipids levels have also been detected
in spinal cord tissues from ALS animal models
with mutations in the superoxide dismutase 1 gene
(SOD1G93A) at more advanced disease stages, pos-
sibly reflecting loss of MNs (85). Likewise, altera-
tions in sphingolipid levels and in sphingolipid-

Figure 4. Functional bioenergetics of control versus PLS fibroblasts. Primary skin fibroblasts were cultured in the presence of 5mM
glucose, 4mM glutamine and 1mM pyruvate, values were normalized by mg protein. (n¼91 control and 34 PLS). (A) Oxygen
consumption rates (OCR) measured by Seahorse flux analyzer, are indicative of mitochondrial respiration. (B) Extracellular
acidification rate (ECAR), also measured by Seahorse, are indicative of glycolytic fluxes. (C) Total cellular ATP content measured by a
luminescence assay. Experimental details are provided in the study by Konrad and colleagues (82).
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Figure 5. Pathological changes in the main classes of lipids in plasma from PLS and ALS patients. A. Computer simulation of the
spatial distribution of lipids and cholesterol in the outer leaflet of the plasma membrane. Shown are 63 different lipid species,
combining 14 types of headgroups and 11 types of tails. Cholesterols are colored yellow, lipid headgroups are colored by type:
Phosphatidylcholine PC blue, Sphingomyelin SM gray, Phospatidylethanolamine PE cyan; GM red; Phosphatidylinositolphosphates
PIP magenta; Phosphatidylinositol PI pink; Phosphatidylserin PS green; PA, white; CE, ice blue; Diacylglycerol brown; LPC, orange.
The pie chart shows the relative distribution of the main lipid in the outer leaflet of the plasma membrane. Modified from (84) with the
kind permission of the authors and the publisher. B. Table showing the main classes of lipids in plasma from PLS and ALS patients
analyzed by LC-MS. C. Heat map representation of the most significant fold-changes in the concentration of every class of lipids in
plasma from ALS and PLS patients compared to controls at the beginning of the study (baseline) and two years after (Follow-up).
(n¼40 samples analyzed in triplicate. �<0.05; ��<0.01. t-test). [For interpretation of the references to color in this figure legend, the
reader is referred to the online version of this article.]
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regulating enzymes have been previously described
in tissues from ALS mouse models (86,87) and in
cerebrospinal fluid from ALS patients (87).
Interestingly, and while the precise causes of these
lipid changes in motor neuron disorders are cur-
rently unknown, the alterations in the plasma lipid
composition of our ALS and PLS samples closely
resemble those induced by hypoxic stress (88).

Lipidomics analyses are consistent with the
view that PLS and ALS are part of an MND con-
tinuum (89). An intriguing possibility is that PLS
patients may be protected from the aggressive
nature of classical ALS by genetic or environmen-
tal factors that buffer, counteract and in some
cases stabilize the aforementioned metabolic altera-
tions, thereby slowing the progression of
the disease.

Conclusions and perspectives

These are exciting times for fundamental, transla-
tional and therapeutic research in PLS. In addition
to the information gathered, we believe that novel
model systems for PLS will be generated in the
future, based on new genetic mutations identified
in PLS patients. Non-human primates will also be
explored as potential PLS models. Rhesus mon-
keys, for instance, present some major advantages.
First, they have approximately four times more
CST axons than rats, display strong functional
UMN connections to hand and digit muscles (24)
and can be trained to perform precision grips at
high success rates (44). Second, PLS-associated
gene mutations can be introduced into pyramidal
cells of their motor cortex by intrathecal or subpial
delivery of AAV-based vectors (90,91). Third,
germline transgenesis of rhesus monkeys will be
achieved by gene transfer into oocyte (92) or by
CRISPR/Cas-mediated gene editing (93). Fourth,
technologies will become available to target the
expression of PLS mutations temporally or spa-
tially, thereby limiting disease symptoms and lifting
ethical concerns. Taken together, these technolo-
gies will pave the way for better understanding the
basis of UMN pathology in PLS.

AAV-mediated gene therapy approaches allow-
ing direct transduction of UMNs, without affecting
other neurons or cells in the cerebral cortex will
also provide effective long-term treatment options
(40). Last but not least, drug discovery studies are
being developed which incorporate UMN survival
as a therapeutic readout. Crossing PLS-relevant
mouse lines with the UCHL1-eGFP reporter mice
will allow the visualization and assessment of the
specific cellular responses to drug treatments
in vivo and in vitro (45,94).

In addition to primary cultures of rodent cor-
tical neurons, cultures of stem-cell derived human
UMNs (95) are currently entering the toolbox for

PLS modeling. Indeed, CTIP2-positive (96) and
COUP-TF1-negative (97) bona fide UMNs have
recently been generated. Future studies will
involve UMNs generated either from PLS patient’s
iPSc or from normal iPSc that will be engineered
by CRISPR/Cas9 to carry PLS-patient linked gene
mutations (65).

As a complement to these approaches, cerebral
organoids also called “mini-brains” (98) hold
promise as intermediate PLS models. Human
iPSc-derived cerebral organoids, which contain
UMNs, glia and microglia in a 3D cyto-architec-
ture reminiscent of the motor cortex (98–100), can
be maintained in bioreactors for long periods of up
to one year and are able to form networks
responding to physiological stimuli (101). Cerebral
organoids thus offer exciting perspectives to study
the pathogenic interactions between UMNs, glia,
and immune cells which are increasingly recog-
nized as an important contributor to PLS (43).

There are significant achievements for the
investigation and identification of novel com-
pounds that improve the health of UMNs, and we
think in the near future the first compounds will
be identified based on their ability to specifically
enhance the health and connectivity of UMNs.

Coupled to further achievements in high-
throughput screening, and to efforts to link PLS
patients and PLS clinical centers of excellence,
these developments offer the unprecedented hope
for therapeutic advancements.
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