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Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that

progressively affects motoneurons, causing muscle atrophy and evolving to

death. Astrocytes inhibit the expression of MHC-I by neurons, contributing to a

degenerative outcome. The present study verified the influence of interferon β

(IFN β) treatment, a proinflammatory cytokine that upregulates MHC-I expression,

in SOD1G93A transgenic mice. For that, 17 days old presymptomatic female mice

were subjected to subcutaneous application of IFN β (250, 1,000, and 10,000 IU)

every other day for 20 days. Rotarod motor test, clinical score, and body weight

assessment were conducted every third day throughout the treatment period.

No significant intergroup variations were observed in such parameters during

the pre-symptomatic phase. All mice were then euthanized, and the spinal

cords collected for comparative analysis of motoneuron survival, reactive gliosis,

synapse coverage, microglia morphology classification, cytokine analysis by flow

cytometry, and RT–qPCR quantification of gene transcripts. Additionally, mice

underwent Rotarod motor assessment, weight monitoring, and neurological

scoring. The results show that IFN β treatment led to an increase in the expression

of MHC-I, which, even at the lowest dose (250 IU), resulted in a significant

increase in neuronal survival in the ALS presymptomatic period which lasted until

the onset of the disease. The treatment also influenced synaptic preservation by

decreasing excitatory inputs and upregulating the expression of AMPA receptors

by astrocytes. Microglial reactivity quantified by the integrated density of pixels

did not decrease with treatment but showed a less activated morphology,

coupled with polarization to an M1 profile. Disease progression upregulated

gene transcripts for pro- and anti-inflammatory cytokines, and IFN β treatment

significantly decreased mRNA expression for IL4. Overall, the present results

demonstrate that a low dosage of IFN β shows therapeutic potential by increasing

MHC-I expression, resulting in neuroprotection and immunomodulation.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disease that affects motoneurons, causing progressive muscle
atrophy and paralysis. From the onset of the symptoms, clinical
signs such as muscle weakness in the upper and lower limbs,
slurred speech, and dysphagia present a progressive worsening until
the patient’s death, usually within the first 5 years of diagnosis,
which usually occurs due to respiratory muscle paralysis, especially
the diaphragm (Malessa et al., 1991; Brooks, 1994; Rowland and
Shneider, 2001; Miller et al., 2012).

Amyotrophic lateral sclerosis comprises approximately 90%
of motoneuron disease (MND)-diagnosed cases. The worldwide
incidence rate is, on average, 1.75 cases per 100,000. The
more common mutations associated with ALS are related to
C9orf72, SOD1, and TARDBP genes, characterizing familial
ALS. However, in a significant percentage of cases, the disease
occurs spontaneously, characterizing sporadic ALS, which etiology
remains unknown. Early diagnosis is uncertain since symptoms
only become evident when approximately 40% of motoneurons
have already degenerated, which significantly reduces the chance
of successful treatment (Brooks, 1994; Marin et al., 2017).

Patients, regardless of disease etiology and mutation, suffer
from neuronal excitotoxicity, which contributes to neuronal
damage and motoneuron death. The mutations result in a series of
chemical and cellular reactions that are not yet completely known
and lead mainly to glutamatergic excitotoxicity in the central
nervous system (CNS) (Hardiman et al., 2017; van Es et al., 2017).
Degeneration of motoneurons is accentuated by changes in the
neuropile, affecting glial cells, such as in astrocytes, which may
assume a toxic profile, favoring disease progress. The control of
excitotoxicity is a pivotal role of astrocytes, as they are responsible
for providing trophic support to motoneurons, in addition to
mediating the rapid reuptake of glutamate after its release from
the presynaptic inputs (Zhao et al., 2004; Boillée et al., 2006).
An interplay among glial cells also takes place, since astrocytes
expressing mutations characteristic of ALS increase microglial
activation, upregulating the inducible nitric oxide synthase (iNOS),
leading to further damage to motoneurons and accelerating disease
progression through a non-cellular autonomous mechanism (Nagai
et al., 2007; Yamanaka et al., 2008).

Recent literature has shown that astrocytes from
individuals with ALS lead to decreased expression of the major
histocompatibility complex of class I (MHC-I) in motoneurons.
In contrast, upregulating MHC-I levels protects motoneurons
from the toxic effects of astrocytes, suggesting that the neuronal
expression of MHC-I modulates the susceptibility to toxicity
caused by astrocytes and may delay disease progression (Nardo
et al., 2016; Song et al., 2016). This is in line with the fact that
MHC-I upregulation after motoneuron axotomy activates a series
of protective mechanisms and facilitates axonal regeneration
(Chiarotto et al., 2017).

Major histocompatibility complex of class I is a transmembrane
heterodimer cell surface receptor, composed of an α chain, which
is folded into three extracellular globular domains (α1, α2, and
α3) coupled to the obligatory β2 microglobulin (β2 m) subunit
(Maenaka and Jones, 1999). In addition to the well-established role

in the immune system, it has become clear that MHC-I plays a non-
immune role in CNS development (Elmer and McAllister, 2012),
and is involved in mechanisms of synaptic plasticity and axonal
regeneration (Corriveau et al., 1998; Oliveira et al., 2004; Castelli-
Haley et al., 2010; Zanon et al., 2010; Inácio et al., 2012; Goodin,
2013; Cebrian et al., 2014; Lee et al., 2014; Mahurkar et al., 2014;
Bombeiro et al., 2016, 2017; Inacio et al., 2016; Cartarozzi et al.,
2019), acting as a neuron-neuron and neuron-glia communication
mechanism, modulating the cellular response to injury and disease
(Oliveira et al., 2004; Zanon and Oliveira, 2006).

Importantly, MHC-I expression in motoneurons of patients
with both types of ALS is almost absent as compared to
healthy individuals, suggesting that astrocytes, in addition
to exerting toxic and neurodegenerative effects, also induce
downregulation of MHC-I, preventing any neuroprotective
function (Song et al., 2016).

It has already been shown that MHC-I expression can
be induced by treatment with the proinflammatory cytokine
interferon β-1b (IFN β) and that animals submitted to peripheral
nerve injury that received treatment with IFN β presented faster
motor recovery (Zanon and Oliveira, 2006; Zanon et al., 2010).
Interferons are cytokines that act on the immune system by
increasing the expression of MHC-I in most tissues, enhancing
the detection of infected cells, and thus inhibiting viral replication
(Israel et al., 1989; Sen, 2001).

Influence of interferon β is used in clinical practice for multiple
sclerosis immunomodulatory treatment; although the mechanism
of action is not completely clear, it is well accepted that IFN
β may interfere in T lymphocyte activation and proliferation,
enhancing apoptosis of autoreactive T cells, thus modulating anti-
inflammatory cytokines, as well as the permeability of the blood-
brain barrier (Lam et al., 2008). Although previous work evaluated
the efficacy of recombinant interferon β-1a in ALS patients, without
significantly positive results, the high dosage used (10 mIU) may
have produced many side effects that obscured any potential benefit
(Beghi et al., 2000).

In this sense, IFN β low-dose treatment has not been tested in
SOD1G93A mice so the upregulation of MHC I could influence the
glial reaction and motoneuron survival (Dhib-Jalbut and Marks,
2010). Therefore, the present study aimed at studying the effects of
increased MHC-I expression in SOD1G93A mice through treatment
with low doses of IFN β and analyzed whether such upregulation
leads to a neuroprotective effect, acting on the modulation of
the motoneuron environment, and reducing the toxicity of ALS
reactive glia.

2. Materials and methods

2.1. Mice

For this study, forty female SOD1G93A (B6SJL) and 10
non-transgenic (NTG) littermates were used. SOD1G93A mice
overexpress the human gene SOD1 with Gly93 → Ala mutation
(Gurney, 1994). All mice were kept at the Laboratory of Nerve
Regeneration, Institute of Biology, University of Campinas. Mice
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TABLE 1 Primer sequences for mouse genotyping.

Primers Sequence

Human SOD forward 5′ CAT CAG CCC TAA TCC ATC TGA 3′

Human SOD reverse 3′ TCT TAG AAA CCG CGA CTA ACA ATC 5′

Mouse SOD forward 5′ GCA ATC CCA ATC ACT CCA CAG 3′

Mouse SOD reverse 3′ GTC CAT GAG AAA CAA GAT GAC 5′

were maintained in appropriate microisolators under a 12 h light-
dark cycle with controlled temperature and humidity and water and
food were provided ad libitum.

The colony was maintained by crossing transgenic males
with wild-type females. The litter was genotyped by PCR, as
recommended by the Jackson Laboratory manual.

DNA extraction and amplification were performed using the
Extract-N-AmpTM Tissue PCR Kit (Sigma Aldrich) according to
the manufacturer’s instructions. The primers used are described in
Table 1.

After genotyping, the mice were distributed into five
experimental groups. The non-transgenic mice (NTG) were
used as a control group, and transgenic mice were divided into a
vehicle and an IFN β treatment group (Table 2).

All experiments and animal handling were approved by the
Institutional Committee for Ethics in Animal Experimentation
(CEUA, Institute of Biology, UNICAMP, protocol no 5323–1/2019
and n◦ 5878–1/2021).

2.2. Drug and treatment

Influence of interferon β treatment was initiated on the
70th day of life (presymptomatic period), every other day by
subcutaneous injection, until the 90th day, with three different IFN
β doses: 250, 1,000, and 10,000 IU, and until 100 days of life, only
with the most efficient IFN β dose. Mice belonging to the vehicle
group received a saline injection.

2.3. Animal survival assessment

Disease progression was evaluated in all transgenic mice every
3 days between the 70th and 90th day of life, always between 13:00
and 16:00 to avoid diurnal variations (Gurney, 1994).

The parameters measured included body weight, neurological
score, and latency to fall in the Rotarod test.

2.3.1. Disease evolution
Bodyweight and neurological scores were monitored to detect

signs of muscle atrophy and disease progression. The neurological
score of 0 to 4 was evaluated as described in the strain manual
of Jackson Laboratory: Working with ALS Mice Guidelines
for preclinical testing and colony management the Jackson
Laboratory.1

Stage 0: the animal performs the full extension of the hind limbs
to the body when it is suspended by the tail.

1 https://resources.jax.org/guides/guide-working-with-als-mice

Stage 1: partial collapse of the extension of the hind limbs
toward the body (weakness) or tremor of the hind limbs during
suspension by the tail.

Stage 2: finger curl or any part of the paw is dragging at least
twice while walking 12 inches.

Stage 3: rigid paralysis or minimal joint movement, not using
the paws for generation of the forward movement.

Stage 4: the animal is unable to straighten within 30 s of being
positioned on both sides.

2.3.2. Motor performance
For Rotarod (EFF 412, Insight, Brazil) tests, mice had up to

8 min to remain in the rotating bar at a constant speed of 5 rpm.
The time until the mice dropped from the cylinder was recorded.

2.4. Tissue preparation for histological
examination

After de end of the treatments, mice were anesthetized
with Anasedan (xylazine, Ceva, Brazil, 10 mg/kg) and Dopalen
(ketamine, Ceva, Brazil, 50 mg/kg) and subjected to transcardial
perfusion with 0.9% saline in 0.1 M phosphate buffer (PBS),
followed by fixative solution (4% paraformaldehyde in 0.1 M
phosphate buffer—PB; pH 7,4). The lumbar spinal cords were
removed, post-fixed in the same fixative solution for 12 h at
4 ◦C, washed with phosphate buffer (PB), and sequentially
cryopreserved in 10, 20, and 30% PB-sucrose solution (12 h in
each concentration).

Samples were individually frozen in n-hexane cooled in liquid
nitrogen at −35◦C. Transverse sections (12 µm thick) of the
lumbar spinal cords were obtained in a cryostat (Microm HM525),
transferred to gelatin-coated slides, dried at room temperature for
30 min, and stored at−20◦C until use.

Neuronal survival analyses and immunofluorescence
staining quantifications were performed in the ventrolateral
and ventromedial region of the ventral horn in the spinal cord,
where the motor neurons are located, as demonstrated in Figure 1.

2.4.1. Toluidine blue staining to assess neuronal
survival

For motoneuron counting, slides were kept for 30 min at
room temperature and then stained with 0.05% toluidine blue
for 30 s, dehydrated, diaphonized, and mounted with Entellan
(Merck) and coverslip.

Motoneurons located in the ventrolateral and ventromedial
nuclei of the spinal cord ventral horn were counted on alternate
slides (Supplementary Figure 1). Counting was performed on both
sides (right and left) of the spinal cord, and only cells with visible
nuclei were counted.

To correct double neuron counts, because the same cell can
be present in two sections, the formula of Abercrombie was used
(Abercrombie and Johnson, 1946):

N = n.t/(t + d)

N is the corrected number of counted neurons, n is the counted
number of cells, t is the thickness of the sections (12 µm), and
d is the average diameter of the cells. Due to the possibility of
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TABLE 2 Experimental groups and distribution of animal numbers for each technique.

Groups No of animals per technique

Pre-symptomatic
period (90 days of life)

Immunofluorescence
motoneuron survival

qRT–PCR, flow
cytometry, and

microglial morphology

NTG (non-transgenic) 5 5

Vehicle 5 5

IFNβ 250 IU/day 5 5

IFNβ 1,000 IU/day 5 *

IFNβ 10,000 IU/day 5 *

Initial symptomatic period
(100 days of life)

NTG (non-transgenic) 5

Vehicle 5

IFNβ 250 IU/day 5

*Corresponds to the experimental group with the most effective dose.

FIGURE 1

Panoramic view of transverse sections of the spinal cord correlating toluidine blue staining with anti-CGRP-positive motoneurons. The inset shows
the motoneuron pool, the region where neuronal survival and immunofluorescence analyzes were performed. Scale bar = 150 µm.

differences in cell size among experimental conditions, the value
of d was calculated specifically for each experimental group.

For statistical analysis, the sum of the sides was considered, and
the ratio between NTG mice and transgenic mice of the different
experimental groups was calculated to express the motoneuron loss
due to the progression of ALS.

2.4.2. Immunofluorescence
Immunofluorescence was evaluated in three representative

alternate sections of the lumbar spinal cord per specimen. After
blocking with 3% BSA (bovine serum albumin) in 0.1 M PB for
45 min, slides were incubated with primary antibodies against
GFAP, Iba1, synaptophysin, MHC-I, GAD65, VGLUT-1, and
AMPA receptor (Table 3) diluted in an incubation solution (1.5%
BSA and 0.2% Tween in 0.01 M PB) and incubated for 4 h at
room temperature. After washing with 0.01 M PB, the secondary
antibodies (Table 3) were applied and incubated for 45 min.
Sections were then rinsed in 0.01 M PB and mounted in a mixture
of glycerol/PB (3:1).

For quantification, one image of each side (right and left)
was acquired for each slide, totaling 3 per animal, using a Leica
fluorescence microscope (DM 5500, Wetzlar, Germany) equipped
with a digital camera (DFC 345 FX, Wetzlar, Germany) using
specific filters according to the secondary antibodies. A quantitative
evaluation of labeling was carried out using the integrated
density of pixel measurements in a fixed area corresponding
to the ventral horn (Figure 1), as described by Oliveira et al.
(2004).

Quantification was performed with ImageJ software (version
1.33u, National Institutes of Health, USA). The integrated density
of pixels was calculated for each image, and the mean value for each
experimental animal was calculated.

2.5. Classification of microglial cells

The microglia morphology was determined in the spinal cord
lamina IX using ImageJ software (NIH, USA). The microglia

Frontiers in Cellular Neuroscience 04 frontiersin.org

https://doi.org/10.3389/fncel.2023.1211486
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-17-1211486 August 24, 2023 Time: 13:31 # 5

Tomiyama et al. 10.3389/fncel.2023.1211486

TABLE 3 Antibodies used for immunofluorescence.

Primary antibody Host Manufacturer Dilution Catalog number Secondary antibody

GFAP Rabbit Abcam 1:1500 ab7779 Alexa 488

Iba-1 Rabbit Wako 1:750 01919741 Alexa 488

MHC-I Rat Biorad 1:200 MCA2398 Cy3

Synaptophysin Rabbit Novus Biologicals 1:1,000 NBPO2-25170 Cy3

GAD65 Mouse Abcam 1:750 AB26113 Alexa 488

V-GluT-1 Rabbit Synaptic Systems 1:1,000 135303 Alexa 488

AMPAr Rabbit Abcam 1:250 ab31232 Alexa 488

GFAP Mouse Abcam 1:400 ab279290 Cy3

NeuN Mouse Millipore 1:500 MAB377 CY3/Alexa488

CGRP Rabbit Millipore 1:1000 C8198 Alexa488

cells were classified into five types, according to previous works
(Diz-Chaves et al., 2012; Lopez-Rodriguez et al., 2015). Type I–
cells with 2 or fewer cellular processes and type II–cells with
3 to 5 short branches. These two types are considered non-
reactive microglia. Type III–cells with a small cell body and more
than 5 branches; type IV–cells with a large soma and thicker
and retracted processes and type V–cells with amoeboid soma,
numerous and small processes. The last three types are considered
reactive microglia.

2.6. Flow cytometry

After perfusion with PBS, the lumbar intumescences of
the spinal cords were freshly dissected and processed for flow
cytometry. For that, tissue was dissociated, and cells were isolated
by Percoll gradient density. Further, cells were incubated with
Live/Dead Kit reagents (Thermo Fisher, USA; catalog number:
L34968) to assess cell viability. To analyze the cell polarization,
microglial cells were labeled with anti-CD45-FITC, anti-CD11b-
APC-Cy7, anti-CD206-PE-Cy7, anti-CD68-APC, anti-TNF-α-PE-
Cy5, and anti-IL-10-PE using the True-Nuclear Transcription
Buffer kit set according to the manufacturer’s instructions
(Biolegend, USA; catalog number: 424401). Afterward, cells
were washed and fixed, and 50,000 events were acquired in a
NovoCyte Flow Cytometer (ACEA Biosciences, San Diego, CA,
USA).

Data analysis was performed using the NovoExpress software
(NovoExpress 1.3.0 software, ACEA Biosciences, San Diego, CA,
USA).

To analyze the Cell phenotype, a tube without a label was made
previously and used to position the quadrants in dot plots graphics.
For this, we performed a blank tube for each Cell marker and
determined the position of M1 and M2 microglia quadrants. After
that, we performed the same analysis in the, respectively, labeled
tubes. Cells were gated by a hierarchical gating strategy: single
cells were gated first, followed by live cells; lastly, microglia were
identified by their relatively low expression of CD45 (CD45low)
and high CD11b (CD11b+). Subsequently, microglial cells which
were TNFα+ and CD68+ were considered polarized toward a pro-
inflammatory, M1 profile, and IL-10+ and CD206+ microglial cells
were considered polarized to an anti-inflammatory, M2 profile.

TABLE 4 TaqMan assays used in the RT–qPCR analysis.

Gene Assay ID

β2m Mm00437762_m1

Il1β Mm00434228_m1

Il4 Mm00445259_m1

Ifnγ Mm01168134_m1

Tnf Mm00443258_m1

Nos2 Mm00440502_m1

Tgfβ Mm01178820_m1

Arg1 Mm00475988_m1

Cgrp Mm00801463_g1

Hprt Mm01545399_m1

2.7. RT–qPCR

After PBS perfusion, lumbar intumescences were dissected out
immediately frozen in liquid nitrogen, and stored at−80 ◦C.

Total RNA was extracted using the QIAzol Lysis Reagent
(Qiagen—cat. no 73,306), and reverse transcription was
synthesized with 2.0 µg total RNA with the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems—Code:
4368814) according to the manufacturer’s instructions.

Following cDNA synthesis, real-time PCR was performed using
a TaqMan Assay (Life Technologies) to evaluate the relative gene
expression levels of the genes listed in Table 4.

For the PCR template, cDNA specimens in triplicate were
used with TaqMan Gene Expression Master Mix (2 × )
(Life Technologies—Code: 4369016) and TaqMan assays
(primers + hydrolysis probes) for the genes listed in Table 2.
Amplification cycles were set as follows: 95◦C for 10 min, followed
by 45 cycles of 95◦C for 15 s and 60◦C for 1 min.

The reference gene was carefully selected based on unchanged
expression under several experimental conditions. The HPRT1
reference gene was labeled with a VIC fluorophore, and the target
genes were labeled with a FAM fluorophore. The entire procedure
for the quantitative PCR was performed on the instrumentation
platform MX3005P (Agilent, Santa Clara, CA, USA), and the results
were calculated with MxPro software (v4.10; 2007, Stratagene).
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For statistical analysis, the mean values of the three
measurements for each animal were used as individual data
for the relative quantification of the genes of interest using the 2−1
1 Ct method (Livak and Schmittgen, 2001).

2.8. Statistical analysis

The quantitative results were analyzed using the mean value
of each experimental group, and respective standard error,
submitted to the One-way analysis of variance (ANOVA)
followed by Bonferroni’s post-test (for neuronal survival,
immunofluorescence), or Tukey’s post-test (RT-qPCR and Flow
Cytometry). Rotarod, neurological score, weight, and microglial
morphological classification were analyzed by the Two-way
ANOVA, followed by the Tukey’s post-test. For the post hoc
analysis of the differences between the means of the different
groups, the Bonferroni’s test was used. All analyses were performed
with the GraphPad Prism 8.0.1 software, and the significance
level was established at p < 0.05. All data are expressed as the
mean± standard error of the mean (SEM).

3. Results

3.1. Effects of different doses of IFN β

treatment on disease progression in
presymptomatic animals

The assessment of behavioral changes during the
presymptomatic disease progression was performed by the
Rotarod test, neurological score, and measurement of body weight.

The rotarod performance test was performed to assess motor
coordination and balance and is the most indicated to detect
neuromotor alterations in the ALS model. The neurologic score
shows signs of the clinical stage of the disease, and body weight can
evaluate signs of muscle atrophy.

As expected, when the assessment was performed in the
presymptomatic period, there were no differences in the time
spent on the rotarod in the different experimental groups or
significant variations in body weight, indicating that muscle
atrophy had not yet occurred during this period. The evaluation of
the neurological score was also not significantly different between
groups (Supplementary Figure 2).

3.2. IFN β treatment increases local
MHC-I expression in a dose-dependent
manner

To assess whether IFN β treatment increases the expression
of MHC-I, anti-MHC-I immunostaining was performed in the
lumbar spinal cord of the experimental groups (Figure 2).

The disease progression, by itself, did not upregulate MHC-
I immunostaining, as shown by the vehicle group. However,
treatment IFN β increased the expression of MHC-I in the
ventral horn of the spinal cord in a dose-dependent manner,

compared to vehicle and NTG groups (NTG: 3510247 ± 183530;
Vehicle: 5450908 ± 414581; 250 IU: 10858614 ± 800696;
∗∗∗p < 0.001 compared to NTG and ∗p < 0.05 compared to
Vehicle; 1,000 IU: 12589055 ± 1379600; ∗∗∗p < 0.001 compared
to NTG and ∗∗p < 0.01 compared to Vehicle; and 10,000 IU:
18376448 ± 1742132; integrated density of pixels, ∗∗∗p < 0.001
compared to NTG and vehicle).

The results from the double labeling experiments combining
MHC-I with neuronal and glial markers, revealed a higher degree
of co-localization with motoneurons and astrocytes while showing
lower expression in microglia.

3.3. IFN β treatment is neuroprotective to
spinal motoneurons at the lowest and
intermediate doses

The effects of the disease on neuronal survival, as well as
the effect of treatment with IFN β were evaluated at 90 days of
age, considered a transition phase between the asymptomatic and
symptomatic period of the disease.

For analysis, the number of motoneurons present in the ventral
horn of both sides of the lumbar spinal cord of each experimental
animal was determined. For statistical analysis, the ratio (%)
between TG animals and NTG animals was calculated (Figure 3).
The results show that in the asymptomatic period, all TG mice
displayed significant motoneuron loss when compared to the NTG
counterpart (∗∗∗p < 0.001). The mice treated with IFN β at
the doses 250 and 1,000 IU showed ∼30% greater motoneuron
survival when compared to the vehicle group (∗p < 0.05), (NTG:
99.05 ± 6.514; Vehicle: 40.22 ± 3.406; 250 IU −57.16 ± 1.573;
1,000 IU −59.72 ± 1.945; 10,000 IU −55.38 ± 3.307). At disease
onset (100 days of life), the vehicle group showed an even greater
loss of motor neurons (∗∗∗∗p < 0.0001), while the treatment with
IFN β 250 IU was able to preserve about 40% more when compared
to the vehicle group (∗∗∗p< 0.0005) (NTG: 100.0± 6.461; Vehicle:
35.85± 1.7222; 250 IU−73.77± 5.573).

3.4. IFN β effects on synaptic changes
during the progression of ALS

Synaptophysin is a protein localized in presynaptic vesicles and
is used as a marker for synaptic coverage evaluation. The analysis of
synaptic input changes resulting from the disease and the possible
effect of treatment with IFN β was evaluated by immunostaining
in the lumbar ventral horn, with the intensity of immunoreactivity
represented by the integrated density of pixels.

The quantification of the integrated density of pixels showed
significant downregulation of labeling in the vehicle group
(52%) when compared to NTG (NTG: 72041 ± 2526; Vehicle:
34732 ± 2024; ∗∗∗∗p < 0,0001). The treatment at doses of 250,
1,000, and 10,000 IU led to synaptic preservation 31, 21, and 18%
higher than the vehicle group (Figure 4), indicating that IFN β

treatment, at all doses, is effective in synaptic preservation (250 IU:
57262± 5725; ∗∗p< 0.01; 50168± 3230; 1,000 IU: ∗∗p< 0.01 and
10,000 IU: 47731± 4011; ∗∗p< 0.01, respectively).
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FIGURE 2

Anti-MHC-I immunostaining in the ventral horn of the spinal cord, in (A), view of a spinal cord hemisection showing the pattern of anti-MHC-I
immunostaining. The red circle indicates the Rexed lamina IX, where MHC-I expression was analyzed. Scale bar = 150 µm. Representative images of
(B) NTG, (C) vehicle, (D) 250 IU, (E) 1,000 IU, and (F) 10,000 IU. (G) Quantification of the integrated density of pixels for MHC-I labeling. Figures
illustrating double labeling of Dapi (blue) and MHC-I (green) along with (H) NeuN, (I) GFAP, and (J) Iba-1 (shown in red). Note that IFN β treatment is
related to an increased MHC-I expression at all doses compared to the NTG and vehicle groups, mainly in motoneurons and astrocytes (One-Way
ANOVA followed by Bonferroni’s post-test; ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001). Scale bar = 50 µm.

FIGURE 3

Cross-sections of the ventral horn of the lumbar spinal cord at the pre-symptomatic period. Representative images of the (A) NTG, (B) vehicle,
(C) IFN β 250 IU, (D) IFN β 1,000 IU, (E) IFN β 10,000 IU, (F) graph showing the mean neuronal survival in the different experimental groups in the
pre-symptomatic period (90 days of life). Representative images of the spinal motoneurons in the initial symptomatic period (100 days of life) in
(G) NTG, (H) vehicle, (I) IFN β 250 IU experimental groups. (J) Graph showing the mean neuronal survival at 100 days. Even in the presymptomatic
period, the animals with ALS showed a reduction in neuronal survival compared to the control group (∗∗∗∗p < 0.0001). Importantly, IFN β treatment
led to 31% up to 34% more preservation of motoneurons in 250 and 1,000 IU, respectively as compared to the vehicle group (∗p < 0.05). In the initial
symptomatic period, the vehicle group showed an even greater loss of motor neurons compared to the control group (∗∗∗∗p < 0.0001), while the
treatment with IFN β 250 IU was able to preserve about 40% more when compared to the vehicle (∗∗∗p < 0.0005). Scale bar = 50 µm.

The presence of inhibitory (GABAergic) and excitatory
(glutamatergic) inputs were evaluated by immunolabeling with
anti-GAD65 and anti-VGLUT-1 antibodies, respectively. The

analysis by the integrated density of pixels showed that the animals
in the vehicle group, as well as the treated animals, showed an
increase of approximately 60% of GABAergic immunolabeling
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FIGURE 4

Anti-synaptophysin immunostaining in the ventral horn of the spinal cord. Double labeling counterstained with [(A), blue] DAPI, showing [(B), red]
Synaptophysin, and [(C), green] NeuN and (D) the merge, to evidence the immunostaining around the motoneurons located at the lamina IX of
Rexed. Representative images of the (E) NTG, (F) vehicle, (G) 250 IU, (H) 1,000 IU, and (I) 10,000 IU. (J) Quantification of synaptophysin
immunostaining in which the vehicle group showed a reduction of more than 50% of synaptophysin immunostaining when compared to the control
group (NTG—non-transgenic counterpart) (****p < 0.0001). However, IFN β treatment at doses of 250, 1,000, and 10,000 IU preserved
immunostaining by 31, 21, and 18%, respectively (250 IU: **p < 0.01; 1,000 IU: **p < 0.01 and 10,000 IU: **p < 0.01). Scale bar = 50 µm.

inputs, while there was no significant difference between the vehicle
group and those treated with IFN β (Figure 5) (NTG: 2680± 1638;
Vehicle: 4398 ± 2130; ∗∗∗∗p < 0,0001; 250 UI: 4269 ± 1224;
∗∗∗∗p < 0.0001; 1,000 UI: 4502 ± 1151; ∗∗∗∗p < 0.0001 and
10,000 UI: 4953± 1494; ∗∗∗∗p< 0.0001).

Glutamatergic vesicles, on the other hand, decreased in the
vehicle and treated groups in a dose-dependent manner. The
vehicle group displayed 16.6% less intense labeling than NTG, while
the groups treated at doses of 250, 1,000, and 10,000 IU had a
downregulation of 29, 36, and 45%, respectively, in comparison
to the vehicle (Figure 6) (NTG: 19964154 ± 1621398; Vehicle:
16261809 ± 399116; 250 IU: 11438574 ± 664235; ∗∗p < 0.01;
1,000 IU: 10654462 ± 512523; ∗∗p < 0.01 and 10,000 IU:
9160399± 1352860; ∗∗∗∗p< 0.0001).

3.5. IFN β treatment reduces astrogliosis
and enhances astrocyte AMPA receptor
expression

Astrogliosis was analyzed by immunofluorescence using
the antibody anti-GFAP (Figure 7). The quantification of the
integrated density of pixels showed increased GFAP labeling in
nearly all TG experimental groups when compared to NTG
counterpart (Vehicle, and IFN β 250 IU: ∗∗∗p < 0.001; IFN β

1,000 IU: ∗p < 0.05). However, decreased astrogliosis was depicted
in all IFN β–treated groups in a dose-dependent manner compared
to the Vehicle group (IFN β 250 IU, and IFN β 1,000: ∗∗p < 0.001;
IFN β 10,000 IU: ∗∗∗p< 0.001) (NTG: 7743741± 764713; Vehicle:

25311414 ± 1536500; 250 IU: 18313135 ± 1360993; 1,000 IU:
13372118± 944928; 10,000 IU: 8108219± 549412).

AMPA receptor (AMPAr) expression was assessed in
the spinal cord ventral horn (Figure 8), in which was
detected an increased expression in the experimental
groups treated with IFN β, particularly in thein 1,000 IU
(∗∗p < 0.01) and 10,000 IU (∗∗∗p < 0.001) doses (NTG:
2917426 ± 520315; Vehicle: 7283183 ± 1757822; 2500 IU:
9914429 ± 1477247; 1,000 IU: 11674028 ± 2334274; 10,000 IU:
16071222± 2636748).

Double labeling of AMPAr and GFAP showed that most of the
AMPAr immunolabeling was present in astrocytes.

3.6. IFNβ treatment changes microglia
activation pattern

Disease-related changes in microglial reactivity and the putative
effects of IFN β were analyzed by Iba-1 immunostaining in the
ventral horn of the lumbar spinal cord (Figures 9A, B). Transgenic
mice showed increased anti-Iba-1 immunostaining as compared
to the NTG group. IFN β–1,000 IU group, displayed the greater
upregulation of Iba-1, surpassing the vehicle group (∗∗∗p < 0.001)
(NTG: 373292 ± 44782; Vehicle: 2897074 ± 310603; 250 IU:
3317348 ± 171326; 1,000 IU: 4904229 ± 296253; and 10,000 IU:
3670722± 287483).

In addition to the microglial reactivity analysis through
Iba-1 immunostaining, we analyzed the cellular morphology
which varies according to the activation degree (Figures 9C, D).

Frontiers in Cellular Neuroscience 08 frontiersin.org

https://doi.org/10.3389/fncel.2023.1211486
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-17-1211486 August 24, 2023 Time: 13:31 # 9

Tomiyama et al. 10.3389/fncel.2023.1211486

FIGURE 5

GAD65 immunostaining in the ventral horn of the spinal cord. Double labeling counterstained with [(A), blue] DAPI, showing [(B), green] GAD65, and
[(C), red] NeuN and (D) the merge, to evidence the immunostaining around the motoneurons located at the lamina IX of Rexed. Representative
images of the (E) NTG, (F) vehicle, (G) 250 IU, (H) 1,000 IU, and (I) 10,000 IU. (J) Quantification of the integrated density of pixels for anti-GAD65
labeling, a marker of inhibitory inputs. The transgenic animals showed an increase in immunostaining as compared to the non-transgenic
counterpart (NTG group; ****p < 0.0001). IFN β treatment in all studied doses did not show significant differences as compared to the vehicle. Scale
bar = 50 µm.

FIGURE 6

VGLUT-1 immunostaining in the ventral horn of the spinal cord. Double labeling counterstained with [(A), blue] DAPI, showing [(B), green] VGLUT-1,
and [(C), green] NeuN and (D) the merge, to evidence the immunostaining around the motoneurons located at the lamina IX of Rexed.
Representative images of the (E) NTG, (F) vehicle, (G) 250 IU, (H) 1,000 IU, and (I) 10,000 IU. (J) of (A) NTG, (B) vehicle, (C) 250 IU, (D) 1,000 IU, and
(E) 10,000 IU of IFN β. (F) Quantification of the integrated density of pixels for the VLGUT1 antibody, labeling excitatory inputs. The transgenic group
showed a decrease in immunostaining as compared to the non-transgenic counterpart. The treatments further decreased immunostaining in a
dose-dependent manner. (IFN β 250 UI: **p < 0.01; IFN β 1,000 UI: **p < 0.01, and IFN β 10,000 UI: ****p < 0.0001). Scale bar = 50 µm.
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FIGURE 7

Anti-GFAP immunostaining in the ventral horn of the spinal cord. Double labeling counterstained with DAPI [(A), blue], GFAP [(B), green], and NeuN
[(C), red], and the merge (D) to evidence the immunostaining around the motoneurons located at the lamina IX of Rexed. Representative images of
the (E) NTG, (F) vehicle, (G) 250 IU, (H) 1,000 IU, and (I) 10,000 IU. (J) Quantification of the integrated density of pixels for GFAP labeling, a marker for
astroglial reactivity. Observe the disease-related GFAP upregulation in the Vehicle group, and its downregulation following the 250, 1,000 IU
(∗∗p < 0.01), and 10,000 IU IFN β treatment (∗∗∗p < 0.001), compared to the vehicle group. The reactivity of the group treated with IFN β 1,000 IU
nearly reached the level of the NTG (∗p < 0.05), whereas the group treated with IFN β 10,000 IU practically equaled it. Scale bar = 50 µm.

FIGURE 8

AMPAr immunostaining in the ventral horn of the spinal cord in (A) NTG, (B) vehicle, (C) IFN β–250 IU, (D) 1,000 IU, and (E) 10,000 IU. In (F),
Quantification of the integrated density of pixels for AMPAr labeling, depicting AMPA receptor presence in the gray matter. (G) Staining for cell nuclei
(DAPI, blue), (H) immunolabeling for reactive astrocytes (GFAP, red), and (I) AMPAr (green), respectively. (J) Merge image evidencing that most
expression of the AMPAr is present in astrocytes (NTG vs. IFN β 250 IU: ∗p < 0.05; NTG vs. IFN β 1,000 IU: ∗∗∗p < 0.001; Vehicle vs. IFN β 10,000 IU: ∗p
< 0.05). Scale bar = 50 µm.

It was observed that treatment with IFNβ led to a reduction
in the number of activated microglia when compared to
the Vehicle group (Figure 9E). Iba1-positive cells were

classified into five different types: types I and II, considered
surveillant microglia, and types III, IV, and V, considered
activated.
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FIGURE 9

Morphological analysis of microglia. (A) Iba-1 integrated density of pixels analysis showing double labeling counterstained with (a1) DAPI, showing
(a2) Iba-1, (a3) NeuN, and (a4) the merge to evidence the immunostaining around the motoneurons located at the lamina IX of Rexed. Representative
photomicrographs of (a5) NTG, (a6) Vehicle, (a7) 250 IU, (a8) 1,000 IU, and (a9) 10,000 I. In (a10), Quantification of the integrated density of pixels for
Iba-1 labeling. Increased microglial reactivity is observed in all TG when compared with NTG (****p < 0.0001). IFN β–1,000 IU group displayed the
most intense Iba-1 upregulation (***p < 0.001, compared to the vehicle; **p < 0.01 compared to 250 IU, and *p < 0.05 compared to 10,000 IU).
Scale bar = 50 µm. (B) Iba-1 positive microglia classified according to morphological aspects into surveillant (Types I and II) and activated (Types III,
IV, and V). Scale bar = 50 µm. (C) Quantification of microglial cells into surveillant, and (D) activated. Note that IFN β treatment decreased the
number of activated microglia when compared to the Vehicle group (**p < 0.001). (E) Detailed quantification of microglial types for each
experimental group (NTG vs. vehicle: ***p < 0.001, ****p < 0.0001; NTG vs. IFN β 250 IU: ###p < 0.001, ####p < 0.0001; Vehicle vs. IFN β 250 IU:
$p < 0.05; $$$$p < 0.0001). Two-way ANOVA, followed by Tukey’s post-test (*NTG vs. Vehicle; #NTG vs. IFN β 250 IU; $Vehicle vs. IFN β 250 IU).
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As expected, in the NTG group 100% of the Iba1-positive
cells were characterized as surveillant. In the TG mice, there was
an increase in activated microglia, corresponding to 88% of the
Iba1-positive cells in the vehicle group, and 63% in the IFN β

−250 IU. Thus, IFN β treatment decreased the number of activated
microglia in the time course of ALS (∗∗p< 0.01).

Among the different morphologies, IFN β treatment increased
the number of Type II, surveillant, microglia, and decreased Type
III, activated counterparts. Overall, this data indicates that the IFN
β at 250 IU shifts the morphological pattern of the microglia toward
a less-activated profile.

Whereas the pro-inflammatory microglia reached 16% of the
analyzed cells in the NTG group, such profile decreased to 6 and
3% in the vehicle and IFN β 250 IU, respectively (∗∗∗∗p< 0.0001).

For a better understanding of the immunomodulatory effect
of the IFN β treatment in ALS microglia, we proceeded to
characterize the cytokine expression profile of such cells, using the
flow cytometry technique (Figure 10).

Microglia activation has been associated with two dichotomic
phenotypes, named M1 and M2. M1 microglia express pro-
inflammatory mediators such as TNFα and displays specific surface
markers such as CD68. M2 microglia is related to the expression
of anti-inflammatory cytokines like IL-10, and display specific
surface markers, such as CD206. Therefore, we quantified amongst
live CD11b+ and CD45low cells the percentage of cells that were
polarized to the pro- (CD11b+, CD45low, CD68+, and TNFα+)
and anti-inflammatory (CD11b+, CD45low, CD206+, and IL10+)
profiles. In the NTG group, 31% of the cells were polarized toward
the pro-inflammatory profile. Such polarization was reduced to
∼17% in the context of ALS but increased when IFN β (a pro-
inflammatory cytokine) was administered, totaling ∼60% of the
cells polarized do M1 profile (∗p < 0.05 compared to NTG, and
∗∗p < 0.01 compared to vehicle) (NTG: 31.17 ± 2.810; Vehicle:
9.095± 3.592; IFN β 250 IU: 58.13± 2.876).

Of note, in NTG mice ∼50% of microglial cells were polarized
either to pro- or anti-inflammatory profiles so that half of the
microglial population analyzed displayed M1–M2 intermediate
phenotypes. In the course of ALS, the percentage of polarized
microglial cells was reduced, with ∼23% of cells either M1 or M2
polarized, resulting in∼77% of the cells grouped in the continuum
of intermediate phenotypes. The IFN β administration changed
such a scenario back to NTG levels, leading to 60% of cells polarized
to M1 or M2, favoring the M1 phenotype (∗p < 0.05 compared to
NTG, and ∗∗p < 0.01 compared to vehicle) (NTG: 1.995 ± 0.2347;
Vehicle: 2.975± 1.709; IFN β 250 IU: 21.75± 5.837).

3.7. Analysis of gene expression in the
early onset of ALS by RT–qPCR

Figure 11A shows the relative quantification of gene transcripts
for the β2 microglobulin molecule, a subunit of MHC-I, present in
the spinal cord of transgenic animals treated with 250 IU of IFN
β or vehicle. The transgenic animals showed increased expression
of β2 microglobulin compared to the NTG group; however, no
significant difference was observed in comparison with the IFN β

counterpart or the vehicle (NTG: 1.05± 0.17, Vehicle: 2.32± 0.26,
IFN β 250 IU: 2.28± 0.35).

Figures 11B–D shows the relative quantification of gene
transcripts for the pro-inflammatory cytokines INFγ, IL1β,
and TNFα. In general, TG animals show increased levels of
proinflammatory cytokines, which is considered an expected result
due to the inflammation caused by ALS. IFN β treatment reduced
IL-1β mRNA transcript levels (INFγ—NTG: 1.05 ± 0.18, Vehicle:
1.90 ± 0.40, IFN β 250 IU: 1.22 ± 0.09; IL1β–NTG: 1.06 ± 0.17,
Vehicle: 4.00 ± 0.18, IFN β 250 IU: 3.13 ± 0.69, p < 0.01; TNFα—
NTG: 1.16 ± 0.35, Vehicle: 3.22 ± 0.06, IFN β 250 IU: 2.67 ± 0.45,
p< 0.05).

In addition to proinflammatory cytokines, the expression of
gene transcripts for the anti-inflammatory cytokines TGFβ and
IL4 was also verified (Figures 11E, F). We observed that TG
animals showed increased expression of these cytokines compared
to NTG; however, treatment with IFN β 250 IU was able to
significantly reduce the levels of gene transcripts for the cytokine
IL4 in comparison to the vehicle group (TGFβ—NTG: 1.00± 0.03,
Vehicle: 2.30 ± 0.06, IFN β 250 IU: 2.15 ± 0.32, p < 0.01; IL4—
NTG: 1.15 ± 0.44, Vehicle: 2.97 ± 0.09, IFN β 250 IU: 1.43 ± 0.37,
p< 0.05).

The cytokine iNOS (Figure 11G) is used as a marker of
the M1 profile of macrophages, characterized by the production
of proinflammatory cytokines, while Arginase 1 (Figure 11H)
represents the M2 profile of macrophages, characterized by the
production of anti-inflammatory cytokines (Davis et al., 2013).
Our results demonstrate that there were no significant differences
between the experimental groups for the markers described above
(iNOS—NTG: 1.01 ± 0.09, Vehicle: 1.00 ± 0.10, IFN β 250 IU:
0.82 ± 0.09; Arg1—NTG: 1.02 ± 0.09, Vehicle: 1.44 ± 0.16, IFN
β 250 IU: 1.21± 0.24).

CGRP is a peptide related to the calcitonin gene and is
expressed by motoneurons. Studies show that its upregulation is
related to the susceptibility of the motoneuron to degenerate during
the course of ALS (Ringer et al., 2012). Our results indicate the
absence of significant differences between the experimental groups
(CGRP—NTG: 1.02 ± 0.10, Vehicle: 1.23 ± 0.28, IFN β 250 IU:
0.84± 0.14; Figure 11I).

4. Discussion

Amyotrophic lateral sclerosis is a disease of fast progression,
extremely disabling, and difficult to diagnose in its early stages.
When the first clinical signs appear, close to half of the
motoneurons have already degenerated. There is no preemptive
treatment, and the drugs available for use by patients are riluzole
and edaravone, which act by decreasing the excitotoxicity caused
by glutamate and oxidative stress, respectively, prolonging the
life of patients by a few months. More recently, Relyvrio, a drug
combination of sodium phenylbutyrate and taurursodiol has been
approved by the FDA as a therapeutic option for ALS (Paganoni
et al., 2020, 2021, 2022).

Although sex dimorphism affects the incidence and prevalence
of ALS in male subjects, controversial results have been reported
(Hayworth and Gonzalez-Lima, 2009; McCombe and Henderson,
2010; Kim et al., 2012; Mancuso et al., 2012; Zwiegers et al., 2014;
Pfohl et al., 2015; Curtis et al., 2017; Chiarotto et al., 2019; Tang
et al., 2019). In addition, the bulbar onset is more observed in
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FIGURE 10

Effects of ALS and a low dose of IFN β administration on microglial phenotyping. (A) Scatter plot depicting size (X-axis, forward scatter, FSC-A) vs.
cell granularity (Y-axis, side scatter, SSC-A) that allows the delimitation of the live microglial cells gate (herein corresponding to 84.29% of the total
events acquired by the cytometer). (B) Representative flow cytometry dot plots showing TNFα and CD68 levels on pro-inflammatory microglia, and
IL10 and CD206 on anti-inflammatory microglia from all experimental groups. Graphs with the percentages of (C) pro-, and (D) anti-inflammatory
microglia. Note the increase in pro-inflammatory polarized microglia after IFN β administration (∗p < 0.05, compared to NTG, and ∗∗p < 0.01
compared to vehicle). (E) Stacked bar graph summing up the percentages of polarized (anti- or pro-inflammatory microglia) and cells grouped in
between these two polar phenotypes.

females than in males, which is associated with a faster disease
progression (McCombe and Henderson, 2010; Kiernan et al., 2011).
Remarkably, T-cell activation, antigen presentation molecules,
microglial activation, and interferon pathway are more intense
in female subjects (Keren-Shaul et al., 2017; Zrzavy et al., 2017;
Gal-Oz et al., 2019). Female-derived immune cells, particularly
macrophages, display elevated baseline expression of inflammatory
genes (Gal-Oz et al., 2019). Based on the above discussed, in the
present study, we evaluated female SOD1G93A mice, similar to
previous authors (Linares et al., 2013; Sironi, 2017; Chiarotto et al.,
2022) that investigated the ALS pathophysiology.

Although excitotoxicity is a hallmark of the disease, the
mechanisms underlying the pathogenesis of ALS are obscure
which hampers the development of efficient therapeutical
approaches. Since motoneuron loss is closely related to glial
activation, microglial and astroglial reactivity have been thoroughly
investigated, raising the possibility that mechanisms from innate
and adaptative immunity contribute to the disease progression.

Indeed, it has been shown that both in mice and humans,
there is a decrease in MHC-I expression by motoneurons, which,
in turn, become more susceptible to degeneration (Staats et al.,
2013; Song et al., 2016). Correspondingly, MHC-I upregulation

by motoneurons has been described in a mouse model of
ALS with slow disease progression (SOD1G93A in C57Bl/6J
background). Contrarily, a low MHC-I presenting mouse strain
(SOD1G93A in 129Sv background) displays fast disease progression
(Nardo et al., 2013).

Herein, we administered IFN β in SOD1G93A transgenic mice
to increase MHC-I expression during the presymptomatic phase
of ALS. Using immunofluorescence, we evaluated the expression
of MHC-I in the lumbar segment of the spinal cord of NTG and
TG mice treated with different doses of IFN β. Our results show
that IFN β upregulates MHC-I expression in a dose-dependent
manner. The immunostaining for MHC-I was significantly higher
in the treated groups compared to the vehicle and NTG equivalents,
mainly in motoneurons and astrocytes. Such data corroborate with
the previous results of Zanon et al. (2010), which described the
effectiveness of IFN β in significantly increasing the expression
of MHC-I and the positive correlation of such upregulation and
the regenerative success in response to axonal injury (Fuchs,
2012). On the other hand, the analysis of the β2 microglobulin
gene transcripts showed that there is an upregulation in the β2m
mRNA due to the disease; however, there was no significant
increase in β2m mRNA after treatment with IFN β. But, in
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FIGURE 11

Relative quantification of gene expression of the β2 m (A), Ifn γ (B), Il1 β (C), Tnf α (D), Tgf β (E), Il4 (F), Nos2 (G), Arg 1 (H), and Cgrp (I) in the lumbar
spinal cord of non-transgenic (NTG) and transgenic animals in the presymptomatic stage of ALS (*p < 0.05 and **p < 0.01 as compared to NTG;
$p < 0.05 compared to the vehicle).
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turn, IFN β treatment increased the expression of the MHC-I
molecule in the gray matter of the ventral spinal cord, where
motor neurons and surrounding glial cells are located. The
fact that the entire lumbar spinal cord was processed for RNA
extraction (including white matter) may explain the difference
between immunofluorescence and RT-qPCR results. Furthermore,
it is known that the mRNA-protein correlation is not always
linear, and the possible discrepancy is also typically attributed to
other levels of regulation between the transcript and the final
protein product (Maier et al., 2009). We, therefore, suggest that the
differential expression of MHC-I occurs locally in the lumbar spinal
cord, specifically in the region where motor neurons are located,
probably exercising its neuroprotective role there.

The dose-related increase in MHC-I expression is coupled with
an increased motoneuron survival at the pre-symptomatic stage,
which is maintained until the initial symptomatic stage at 100 days
of life. The studies by Staats et al. (2013) with SOD1 transgenic
mice and SOD1-knockout mice for β2-microglobulin (β2m), an
obligatory subunit of the MHC-I molecule, reinforce that MHC-
I is involved in slowing down the progression of ALS: the results
show that SOD1-β2m knockout animals present faster disease
progression.

Our finding demonstrates that IFN β, and consequently the
increase in MHC-I expression, contributes to the preservation of
motoneurons before the onset of the disease, implicating a better
quality of life and possible improved lifespan.

Such neuroprotection exerted by MHC-I may be related to
the downregulation of the natural killer (NK) T limphocyte
cell activation. NK cells survey MHC-I expression, which in
turn regulates cytotoxic response (Borrego et al., 2002). In
healthy cells, including motoneurons, normal MHC-I expression
protects against NK cell damage. Interestingly, ALS spinal cord
motoneurons downregulate MHC-I expression, making them
more vulnerable to NK-mediated cytotoxicity (Song et al., 2016;
Figueroa-Romero et al., 2022). The relationship between MHC-
I loss and NK cell damage in ALS is supported by the “missing
self ” hypothesis (Ljunggren and Kärre, 1990), which reports that
NK cells recognize and destroy cells that show decreased MHC-I
expression, which is a common feature of infected and transformed
cells after viral infection (Borrego et al., 2002). Other studies have
found that NK cell depletion slows motoneuron degeneration,
delays motor impairment, and downregulates microglial activation
and regulatory T cell infiltration (Garofalo et al., 2020; Appel
et al., 2021). In line with the above discussed, other studies have
demonstrated that the increase in MHC-I expression delays the
progression of ALS symptoms and protects motoneurons from the
toxic effects of astrocytes, suggesting that MHC-I expression also
modulates the susceptibility to toxicity caused by reactive astrocytes
(Nardo et al., 2016; Song et al., 2016).

We then analyzed astrogliosis by quantifying immunolabeling
GFAP-positive astrocytes. The GFAP is a protein constitutively
expressed by astrocytes and it is broadly used as a marker
for astrogliosis (Vargas and Johnson, 2010). Through the
quantification of the integrated density of pixels analysis, we
observed that IFN β treatment decreased astrogliosis. In line with
our data, the study by Song et al. (2016) demonstrated that ALS
patients displayed a decrease in MHC-I levels in motoneurons and
suggested that reactive astrocytes secrete stress inducers from the
endoplasmic reticulum, which causes a decrease in MHC-I levels,

thus making the neurons more susceptible to astrocyte-induced
excitotoxicity.

Besides the signaling interplay that takes place between
astrocytes and motoneurons during ALS, astrocytes
also play a pivotal role in the CNS as regulators of
neurotransmitter homeostasis, as they re-uptake synaptic-
released neurotransmitters, such as glutamate. In ALS glutamate
re-uptake by astrocytes is compromised (Boillée et al., 2006),
and an exacerbated activation of the AMPA receptor (AMPAr)
has been reported in diseased motoneurons (Antonella Gasbarri,
2014). Overall, such changes increase calcium permeability and
influx to the cytoplasm contributing to motoneuron degeneration
(Kwak et al., 2010; Kia et al., 2018; Sengupta et al., 2019;
Gregory et al., 2020).

In the present work, the possible effect of IFN β in glutamate
clearance was performed by analysis of the immunoreactivity
against AMPAr in SOD1G93A mice. The results indicate a
significant increase in labeling in treated animals as compared to
NTG equivalents, which is in line with previous literature (Kia
et al., 2018; Sengupta et al., 2019; Gregory et al., 2020). The IFN
β-treated groups showed a significantly higher density of AMPAr
immunostaining in a dose-dependent manner. Complementarily,
AMPAr upregulation was found to co-localize with GFAP-positive
astrocytes.

In this regard, previous data suggest that astrocytes may be
involved in the regulation of the neuronal expression of GluR2,
a subunit of the AMPA receptor that mediates the vulnerability
of neurons to calcium intake (Van Damme et al., 2007; Roopali
Yadav et al., 2017). Importantly, the present results show that IFN
β treatment decreased, in a dose-dependent manner, the astrocyte
reactivity, while increasing the expression of AMPAr. Such
correlation indicates a relationship between AMPAr expression and
glial neuroprotective behavior.

The stabilization of reactive astrogliosis by IFN β

administration is also related to the preservation of synaptic
terminals in apposition to spinal motoneurons. The analysis of
anti-synaptophysin immunostaining on the lamina IX of Rexed
showed that the treatment at the three different doses contributed
to the preservation of synaptic coverage of spinal motoneurons.
Several studies have reported that SOD1G93A animals, as well
as ALS patients, suffer a reduction in synaptic coverage, mainly
in spinal cord motoneurons, from the onset of symptoms (Ince
et al., 1995; Ikemoto et al., 2002; Sunico et al., 2011), reaching up
to 80% loss in end-stage disease (Chiarotto et al., 2019, 2022). It
is suggested that this reduction in synaptic coverage is an initial
step toward neurodegeneration, occurring simultaneously with
the onset of the symptoms. In this sense, IFN β treatment and
increased MHC-I expression contributed to the spinal synaptic
circuitry preservation, which is in line with previous studies
(Oliveira et al., 2004; Zanon and Oliveira, 2006; Zanon et al., 2010).

The fate of excitatory and inhibitory inputs was evaluated
through immunostaining anti-VGLUT-1 and anti-GAD-65.
The quantification of immunolabeling showed a decrease in
glutamatergic synapses in the vehicle group in comparison to
the NTG group suggesting a protective response to avoid the
excitotoxicity exerted by glutamate. IFN β treatment further
reduced glutamatergic immunolabeling by 45% in comparison to
the vehicle counterpart. The same pattern of synaptic detachment
has been described in axotomy models, where preferential
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retraction of excitatory synapses after the injury is observed,
reflecting a synaptic reorganization, to favor axonal regeneration
(Lindå et al., 2000; Spejo et al., 2019). This is in line with
the hypothesis that the increased expression of AMPAr in
astrocytes by MHC-I upregulation is related to decreased
glutamate concentration in the motoneuron vicinity, thus reducing
excitotoxicity, resulting in motoneuron survival. This hypothesis
is reinforced by the study of Lalancette-Hebert et al. (2016), which
reported that α-motoneurons receiving excitatory proprioceptive
stimuli are more susceptible to ALS-induced degeneration.
Contrarily, γ-motoneurons, which lack monosynaptic excitatory
inputs from Ia afferent fibers, are disease resistant and spared.

Regarding GABAergic inputs (anti-GAD65 staining), we
observed that TG animals showed greater immunoreactivity as
compared to NTG animals, but treatment with IFN β did not
significantly change that scenario, indicating that the plasticity of
inhibitory inputs might be influenced by other mechanisms than
only the MHC I upregulation.

Besides astrocytes, microglia have also been implicated in
playing a role in ALS (Clarke and Patani, 2020). Microglia are
highly motile cells constantly scanning their surroundings by
extension and retraction of their processes (Nimmerjahn et al.,
2005). These cells respond to a plethora of stimuli becoming
activated and undergoing graded changes in their morphology,
and gene expression (London et al., 2013; Chiarotto et al., 2019).
Since neurodegeneration triggers neuroinflammation, microglial
cells also undergo profound changes in the time course of ALS
(Clarke and Patani, 2020). Using spatial transcriptomics, Maniatis
et al. (2019) reported that changes in microglial gene expression
occurred before any modifications in the motoneurons, indicating
that the etiology of the disease might be triggered in non-neuronal
cells.

Herein, we found an upregulation of Iba-1 staining in all TG
mice with no significant differences when comparing vehicle and
IFN β treated groups. Although there is Iba-1 upregulation in
the process of microglial activation, it has become increasingly
common to associate the analysis of Iba-1 labeling with other
techniques that bring more details about the degree of microglia
activation or the pro- or anti-inflammatory profile they assume. In
this sense, we proceed to analyze the IFN β treatment influence
on the microglial morphology and cytokine expression through
analysis of microglial typing and flow cytometry, respectively.

Concerning microglial morphology analysis, we observed that
the NTG group displayed predominantly surveillant cells, type I
and II, comprising cells with few branches and long, thin processes,
as expected (Ohgomori et al., 2016). The vehicle group, on the other
hand, presented about 89% of cells characterized as reactive, which
presents cell body hypertrophy, shorter processes, and, in its most
activated degree (type V), assumes an amoeboid morphology.

The morphological changes in microglia activation, such as
the shortening of branches and hypertrophy of the cell body,
have already been reported in Alzheimer’s Disease, Multiple
Sclerosis (Rasmussen et al., 2007; Plescher et al., 2018), and ALS
(Ohgomori et al., 2016). And IFN β treatment showed to influence
the microglial morphology by enhancing the number of Type
II microglia while reducing the number of Type III, activated,
microglia.

Coupled with microglial morphological changes, we analyzed
the inflammatory profile of microglia through the flow cytometry

technique. Activated microglia have been routinely classified
into two opposing phenotypes, the M1, pro-inflammatory, and
the M2, anti-inflammatory. However, microglia assume graded
responses when activated, establishing a continuum of intermediate
phenotypes between M1 and M2 (Brites and Vaz, 2014; Geloso
et al., 2017; Clarke and Patani, 2020). In this regard, we
comparatively quantified polarized M1 and M2 microglia, together
with intermediately polarized cells. Across all experimental groups,
we observed the expression of both M1 and M2 markers.
Interestingly, in the NTG group, approximately half of the
microglia displayed an undifferentiated phenotype, constituting
nearly 80% of the total microglial population in the vehicle-treated
group. Despite their morphological activation being predominantly
classified as type IV and V, indicating an activated state, these
microglia exhibited an ongoing dynamic alternation in their
inflammatory phenotype. Such an increase in intermediately
differentiated microglia is in line with previous reports (Geloso
et al., 2017; Maniatis et al., 2019; Clarke and Patani, 2020), that
even show that the profile changes during disease progression
(Liao et al., 2012; Geloso et al., 2017; Maniatis et al., 2019;
Clarke and Patani, 2020).

In the context of ALS, many neuroprotective strategies that
focus on modulating microglia reactivity attempt to improve
clinical and/or pathological features (Geloso et al., 2017; Clarke
and Patani, 2020). In this context, the administration of IFN β

in the presymptomatic stage of ALS, is related to an increase
in pro-inflammatory microglia polarization, yielding ∼60% of
M1 polarized microglia. Notably, alongside the polarization
toward the M1 phenotype, we observed significant alterations in
microglial morphology. These findings demonstrate that IFN β

treatment induces the production of pro-inflammatory cytokines
and, intriguingly, simultaneously exerts a modulatory effect on
microglial morphology, leading to a less activated state. Notably,
microglia exhibiting a moderately activated morphological state,
particularly type III, maintain their capacity to produce pro-
inflammatory cytokines (Gaudet and Fonken, 2018), which were
the most notable after treatment in the RT-PCR analysis.

Being IFN β a pro-inflammatory cytokine, the M1 polarization
is expected, but due to its complex mechanism of action, it
can mediate protective functions on microglia, as extensively
reported for multiple sclerosis, such as debris clearance, reduction
of inflammatory cells passing through the blood-brain barrier,
and also stimulate the production of growth factors, creating the
possibility for increased neuronal survival and repair (Kieseier,
2011; Scheu et al., 2019), which can be considered favorable,
especially in the early stages of ALS.

In vitro studies by Beers et al. (2006) revealed that microglia
with mSOD1G93A mutation produce and release more superoxide
and nitrite, inducing neuronal death, in addition to resulting
in further activation of microglia with neurotoxic characteristics.
In contrast, Persson et al. (2005) observed that polysaccharide
(LPS)-activated mouse microglial cell cultures express GLT-1
glutamate uptake proteins and contribute to the removal of excess
glutamate from the neuronal environment. Another in vitro study
demonstrated that after optic nerve injury, microglia activated by
T helper cells through IFN-γ stimulation have an increased ability
to remove neurotoxic extracellular glutamate (Shaked et al., 2005).
Both studies, therefore, suggest that microglial activation, in certain
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contexts, can contribute to the reduction of excitotoxicity exerted
by the excess of glutamate in the extracellular environment, acting
in specific situations, with a neuroprotective role.

Moreover, when we analyzed the expression of the
proinflammatory cytokines TNFα and IL1β, the TG animals
showed overall upregulated gene expression of such cytokines,
which were not upregulated by IFN β treatment, showing that
punctual regulations of pro-inflammatory molecules around
diseased motoneurons did not lead to overall neuroinflammation
in the spinal cord, reducing putative negative effects of extended
inflammation in the context of the disease (Henkel et al., 2009;
Chiarotto et al., 2019; McCauley and Baloh, 2019).

Regarding the expression of anti-inflammatory cytokines, we
observed an increase in the gene transcript levels of TGFβ and
IL-4 in vehicle-treated animals. Such an increase has already
been reported in other studies, indicating a direct relationship
with the progression of ALS, where such cytokines can act by
enhancing neurodegenerative inflammatory responses through
microglia and T cells, contributing to the acceleration of
disease progression (Endo et al., 2015; Chiarotto et al., 2019;
Scheu et al., 2019; Polverino et al., 2020). In our analyses,
the group treated with IFN β demonstrated reduced levels of
gene transcripts for IL4 compared to the vehicle group. The
reduction of IL4 has already been observed in other studies,
which demonstrated, in multiple sclerosis models, that treatment
with IFN β acts by reducing the expression of such anti-
inflammatory cytokine (Schluep et al., 1999; Andersson et al., 2011;
Kvarnström et al., 2013).

5. Conclusion

In conclusion, our results demonstrate that a low dosage of
IFN β shows therapeutic potential in the presymptomatic phase of
ALS, by increasing MHC-I expression, resulting in neuroprotection
and immunomodulation. In addition, IFN β shifted microglia
morphology and changed the molecular profile of activated
microglia toward a pro-inflammatory pattern.

Influence of interferon β treatment also increased AMPAr
expression in astrocytes, which could contribute to a decrease
in neuronal toxicity, resulting in a higher motoneuron
survival rate observed.

The RT–qPCR results indicated an increase in gene transcripts
in TG mice of pro- and anti-inflammatory cytokines, with a
significant influence of IFN β treatment on the reduction of
IL4 expression, corroborating previous studies carried out in
multiple sclerosis models. Further, treatment with IFN β preserved
synaptic terminals, with a particular effect on excitatory, VGLUT-
1-positive, terminals.

Overall, treatment with IFN β protects motoneurons from
ALS-induced degeneration and acts on synaptic preservation,
reducing astrogliosis. Further analyses are needed to address the
persistence of the positive effects in the symptomatic phase of the
disease, as well as to understand the mechanisms of action and
possible combinations with other molecules that may increase ALS
patients’ lifespan.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by the Institutional Committee
for Ethics in Animal Experimentation (CEUA, Institute of
Biology, UNICAMP), protocol no (5323–1/2019). The study
was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

AT, LC, and GC conceived and performed experiments,
analyzed data, and wrote the manuscript. AT and LO performed the
flow cytometry experiments. AO conceived experiments, analyzed
data, obtained funding, and wrote the manuscript. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by the São Paulo Research
Foundation–FAPESP (grant numbers 2018/05006-0, 2020/16372-
0, and 2020/15892-8) and the National Council for Scientific and
Technological Development (CNPq) (grant number 303050/2021-
7).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fncel.2023.
1211486/full#supplementary-material

Frontiers in Cellular Neuroscience 17 frontiersin.org

https://doi.org/10.3389/fncel.2023.1211486
https://www.frontiersin.org/articles/10.3389/fncel.2023.1211486/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fncel.2023.1211486/full#supplementary-material
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-17-1211486 August 24, 2023 Time: 13:31 # 18

Tomiyama et al. 10.3389/fncel.2023.1211486

References

Abercrombie, M., and Johnson, M. (1946). Quantitative histology of Wallerian
degeneration; nuclear population in rabbit sciatic nerve. J. Anat. 80, 37–50.

Andersson, M., Khademi, M., Wallström, E., and Olsson, T. (2011). Cytokine profile
in interferon-ß treated multiple sclerosis patients: Reduction of interleukin-10 mRNA
expressing cells in peripheral blood. Eur. J. Neurol. 4, 567–571.

Antonella Gasbarri, A. (2014). “Involvement of glutamate in learning and
memory,” in Identification of neural markers accompanying memory, ed. A. Meneses
(Amsterdam: Elsevier).

Appel, S., Beers, D., and Zhao, W. (2021). Amyotrophic lateral sclerosis is a systemic
disease: Peripheral contributions to inflammation-mediated neurodegeneration. Curr.
Opin. Neurol. 34, 765–772. doi: 10.1097/WCO.0000000000000983

Beers, D., Henkel, J., Xiao, Q., Zhao, W., Wang, J., Yen, A., et al. (2006). Wild-
type microglia extend survival in PU.1 knockout mice with familial amyotrophic
lateral sclerosis. Proc. Natl. Acad. Sci. U. S. A. 103, 16021–16026. doi: 10.1073/pnas.
0607423103

Beghi, E., Chiò, A., Inghilleri, M., Mazzini, L., Micheli, A., Mora, G., et al. (2000).
A randomized controlled trial of recombinant interferon beta-1a in ALS. Neurology
54:469. doi: 10.1212/wnl.54.2.469

Boillée, S., Vande Velde, C., and Cleveland, D. W. (2006). ALS: A disease of motor
neurons and their nonneuronal neighbors. Neuron 52, 39–59. doi: 10.1016/j.neuron.
2006.09.018

Bombeiro, A., Hell, R., Simoes, G., Castro, M., and Oliveira, A. (2017). Importance
of major histocompatibility complex of class I (MHC-I) expression for astroglial
reactivity and stability of neural circuits in vitro. Neurosci. Lett. 647, 97–103. doi:
10.1016/j.neulet.2017.03.038

Bombeiro, A., Thome, R., Oliveira Nunes, S., Monteiro Moreira, B., Verinaud, L.,
and Oliveira, A. (2016). Correction: MHC-I and PirB upregulation in the central
and peripheral nervous system following sciatic nerve injury. PLoS One 11:e0165185.
doi: 10.1371/journal.pone.0161463

Borrego, F., Kabat, J., Kim, D., Lieto, L., Maasho, K., Peña, J., et al. (2002). Structure
and function of major histocompatibility complex (MHC) class I specific receptors
expressed on human natural killer (NK) cells. Mol. Immunol. 38, 637–660. doi: 10.
1016/s0161-5890(01)00107-9

Brites, D., and Vaz, A. (2014). Microglia centered pathogenesis in ALS: Insights in
cell interconnectivity. Front. Cell Neurosci. 8:117. doi: 10.3389/fncel.2014.00117

Brooks, B. (1994). El Escorial world federation of neurology criteria for
the diagnosis of amyotrophic lateral sclerosis. Subcommittee on Motor Neuron
Diseases/Amyotrophic Lateral Sclerosis of the World Federation of Neurology
Research Group on Neuromuscular Diseases and the El Escorial “Clinical limits of
amyotrophic lateral sclerosis” workshop contributors. J. Neurol. Sci. 124, 96–107.
doi: 10.1016/0022-510x(94)90191-0

Cartarozzi, L., Perez, M., Kirchhoff, F., and Oliveira, A. (2019). Role of MHC-I
expression on spinal motoneuron survival and glial reactions following ventral root
crush in mice. Cells 8:483. doi: 10.3390/cells8050483

Castelli-Haley, J., Oleen-Burkey, M., Lage, M., and Johnson, K. (2010). Glatiramer
acetate and interferon beta-1a for intramuscular administration: A study of outcomes
among multiple sclerosis intent-to-treat and persistent-use cohorts. J. Med. Econ. 13,
464–471. doi: 10.3111/13696998.2010.496650

Cebrian, C., Loike, J., and Sulzer, D. (2014). Neuronal MHC-I expression and its
implications in synaptic function, axonal regeneration and Parkinson’s and other brain
diseases. Front. Neuroanat. 8:114. doi: 10.3389/fnana.2014.00114

Chiarotto, G., Cartarozzi, L., Perez, M., Biscola, N., Spejo, A., Gubert, F., et al. (2019).
Tempol improves neuroinflammation and delays motor dysfunction in a mouse model
(SOD1. J. Neuroinflammation 16:218. doi: 10.1186/s12974-019-1598-x

Chiarotto, G., Cartarozzi, L., Perez, M., Tomiyama, A., de Castro, M., Duarte,
A., et al. (2022). Delayed onset, immunomodulation, and lifespan improvement of
SOD1(G93A) mice after intravenous injection of human mesenchymal stem cells
derived from adipose tissue. Brain Res. Bull. 186, 153–164. doi: 10.1016/j.brainresbull.
2022.06.008

Chiarotto, G., Nardo, G., Trolese, M., França, M., Bendotti, C., and Rodrigues de
Oliveira, A. (2017). The emerging role of the major histocompatibility complex class I
in amyotrophic lateral sclerosis. Int. J. Mol. Sci. 18:2298. doi: 10.3390/ijms18112298

Clarke, B., and Patani, R. (2020). The microglial component of amyotrophic lateral
sclerosis. Brain 143, 3526–3539.

Corriveau, R., Huh, G., and Shatz, C. (1998). Regulation of class I MHC gene
expression in the developing and mature CNS by neural activity. Neuron 21, 505–520.
doi: 10.1016/s0896-6273(00)80562-0

Curtis, A., Masellis, M., Hsiung, G., Moineddin, R., Zhang, K., Au, B., et al.
(2017). Sex differences in the prevalence of genetic mutations in FTD and ALS: A
meta-analysis. Neurology 89, 1633–1642. doi: 10.1212/WNL.0000000000004494

Davis, M., Tsang, T., Qiu, Y., Dayrit, J., Freij, J., Huffnagle, G., et al. (2013).
Macrophage M1/M2 polarization dynamically adapts to changes in cytokine

microenvironments in Cryptococcus neoformans infection. mBio 4, e264–e213. doi:
10.1128/mBio.00264-13

Dhib-Jalbut, S., and Marks, S. (2010). Interferon-beta mechanisms of action in
multiple sclerosis. Neurology 74, S17–S24.

Diz-Chaves, Y., Pernia, O., Carrero, P., and Garcia-Segura, L. (2012). Prenatal stress
causes alterations in the morphology of microglia and the inflammatory response of
the hippocampus of adult female mice. J. Neuroinflammation 9:71.

Elmer, B., and McAllister, A. (2012). Major histocompatibility complex class I
proteins in brain development and plasticity. Trends Neurosci. 35, 660–670. doi: 10.
1016/j.tins.2012.08.001

Endo, F., Komine, O., Fujimori-Tonou, N., Katsuno, M., Jin, S., Watanabe, S., et al.
(2015). Astrocyte-derived TGF-β1 accelerates disease progression in ALS mice by
interfering with the neuroprotective functions of microglia and T cells. Cell Rep. 11,
592–604.

Figueroa-Romero, C., Monteagudo, A., Murdock, B., Famie, J., Webber-Davis, I.,
Piecuch, C., et al. (2022). Tofacitinib Suppresses Natural Killer Cells In Vitro and
In Vivo: Implications for Amyotrophic Lateral Sclerosis. Front. Immunol. 13:773288.
doi: 10.3389/fimmu.2022.773288

Fuchs, S. (2012). Ubiquitination-mediated regulation of interferon responses.
Growth Factors 30, 141–148.

Gal-Oz, S., Maier, B., Yoshida, H., Seddu, K., Elbaz, N., Czysz, C., et al. (2019).
ImmGen report: Sexual dimorphism in the immune system transcriptome. Nat.
Commun. 10:4295. doi: 10.1038/s41467-019-12348-6

Garofalo, S., Cocozza, G., Porzia, A., Inghilleri, M., Raspa, M., Scavizzi, F., et al.
(2020). Natural killer cells modulate motor neuron-immune cell cross talk in models
of Amyotrophic Lateral Sclerosis. Nat. Commun. 11:1773. doi: 10.1038/s41467-020-
15644-8

Gaudet, A., and Fonken, L. (2018). Glial cells shape pathology and repair after spinal
cord injury. Neurotherapeutics 15, 554–577.

Geloso, M., Corvino, V., Marchese, E., Serrano, A., Michetti, F., and D’Ambrosi, N.
(2017). The dual role of microglia in ALS: Mechanisms and therapeutic approaches.
Front. Aging Neurosci. 9:242. doi: 10.3389/fnagi.2017.00242

Goodin, D. (2013). The use of interferon Beta and glatiramer acetate in multiple
sclerosis. Semin. Neurol. 33, 13–25.

Gregory, J., Livesey, M., McDade, K., Selvaraj, B., Barton, S., Chandran, S., et al.
(2020). Dysregulation of AMPA receptor subunit expression in sporadic ALS post-
mortem brain. J. Pathol. 250, 67–78. doi: 10.1002/path.5351

Gurney, M. (1994). Transgenic-mouse model of amyotrophic lateral sclerosis.
N. Engl. J. Med. 331, 1721–1722.

Hardiman, O., Al-Chalabi, A., Chio, A., Corr, E., Logroscino, G., Robberecht, W.,
et al. (2017). Amyotrophic lateral sclerosis. Nat. Rev. Dis. Primers 3:17085.

Hayworth, C., and Gonzalez-Lima, F. (2009). Pre-symptomatic detection of chronic
motor deficits and genotype prediction in congenic B6.SOD1(G93A) ALS mouse
model. Neuroscience 164, 975–985. doi: 10.1016/j.neuroscience.2009.08.031

Henkel, J., Beers, D., Zhao, W., and Appel, S. (2009). Microglia in ALS: The good,
the bad, and the resting. J. Neuroimmune Pharmacol. 4, 389–398. doi: 10.1007/s11481-
009-9171-5

Ikemoto, A., Nakamura, S., Akiguchi, I., and Hirano, A. (2002). Differential
expression between synaptic vesicle proteins and presynaptic plasma membrane
proteins in the anterior horn of amyotrophic lateral sclerosis. Acta Neuropathol. 103,
179–187. doi: 10.1007/s004010100449

Inacio, R., Zanon, R., Castro, M., Souza, H., Bajgelman, M., Verinaud, L.,
et al. (2016). Astroglioma conditioned medium increases synaptic elimination
and correlates with major histocompatibility complex of class I (MHC I)
upregulation in PC12Cells. Neurosci. Lett. 634, 160–167. doi: 10.1016/j.neulet.2016.
10.019

Inácio, R., Zanon, R., Verinaud, L., and de Oliveira, A. (2012). Interferon beta
modulates major histocompatibility complex class I (MHC I) and CD3-zeta expression
in PC12 cells. Neurosci. Lett. 513, 223–228. doi: 10.1016/j.neulet.2012.02.046

Ince, P., Slade, J., Chinnery, R., McKenzie, J., Royston, C., Roberts, G., et al. (1995).
Quantitative study of synaptophysin immunoreactivity of cerebral cortex and spinal
cord in motor neuron disease. J. Neuropathol. Exp. Neurol. 54, 673–679. doi: 10.1097/
00005072-199509000-00009

Israel, A., Le Bail, O., Hatat, D., Piette, J., Kieran, M., Logeat, F., et al. (1989). TNF
stimulates expression of mouse MHC class I genes by inducing an NF kappa B-like
enhancer binding activity which displaces constitutive factors. EMBO J. 8, 3793–3800.
doi: 10.1002/j.1460-2075.1989.tb08556.x

Keren-Shaul, H., Spinrad, A., Weiner, A., Matcovitch-Natan, O., Dvir-Szternfeld,
R., Ulland, T., et al. (2017). A unique microglia type associated with restricting
development of Alzheimer’s disease. Cell 169, 1276–1290.e17. doi: 10.1016/j.cell.2017.
05.018

Frontiers in Cellular Neuroscience 18 frontiersin.org

https://doi.org/10.3389/fncel.2023.1211486
https://doi.org/10.1097/WCO.0000000000000983
https://doi.org/10.1073/pnas.0607423103
https://doi.org/10.1073/pnas.0607423103
https://doi.org/10.1212/wnl.54.2.469
https://doi.org/10.1016/j.neuron.2006.09.018
https://doi.org/10.1016/j.neuron.2006.09.018
https://doi.org/10.1016/j.neulet.2017.03.038
https://doi.org/10.1016/j.neulet.2017.03.038
https://doi.org/10.1371/journal.pone.0161463
https://doi.org/10.1016/s0161-5890(01)00107-9
https://doi.org/10.1016/s0161-5890(01)00107-9
https://doi.org/10.3389/fncel.2014.00117
https://doi.org/10.1016/0022-510x(94)90191-0
https://doi.org/10.3390/cells8050483
https://doi.org/10.3111/13696998.2010.496650
https://doi.org/10.3389/fnana.2014.00114
https://doi.org/10.1186/s12974-019-1598-x
https://doi.org/10.1016/j.brainresbull.2022.06.008
https://doi.org/10.1016/j.brainresbull.2022.06.008
https://doi.org/10.3390/ijms18112298
https://doi.org/10.1016/s0896-6273(00)80562-0
https://doi.org/10.1212/WNL.0000000000004494
https://doi.org/10.1128/mBio.00264-13
https://doi.org/10.1128/mBio.00264-13
https://doi.org/10.1016/j.tins.2012.08.001
https://doi.org/10.1016/j.tins.2012.08.001
https://doi.org/10.3389/fimmu.2022.773288
https://doi.org/10.1038/s41467-019-12348-6
https://doi.org/10.1038/s41467-020-15644-8
https://doi.org/10.1038/s41467-020-15644-8
https://doi.org/10.3389/fnagi.2017.00242
https://doi.org/10.1002/path.5351
https://doi.org/10.1016/j.neuroscience.2009.08.031
https://doi.org/10.1007/s11481-009-9171-5
https://doi.org/10.1007/s11481-009-9171-5
https://doi.org/10.1007/s004010100449
https://doi.org/10.1016/j.neulet.2016.10.019
https://doi.org/10.1016/j.neulet.2016.10.019
https://doi.org/10.1016/j.neulet.2012.02.046
https://doi.org/10.1097/00005072-199509000-00009
https://doi.org/10.1097/00005072-199509000-00009
https://doi.org/10.1002/j.1460-2075.1989.tb08556.x
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1016/j.cell.2017.05.018
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-17-1211486 August 24, 2023 Time: 13:31 # 19

Tomiyama et al. 10.3389/fncel.2023.1211486

Kia, A., McAvoy, K., Krishnamurthy, K., Trotti, D., and Pasinelli, P. (2018).
Astrocytes expressing ALS-linked mutant FUS induce motor neuron death through
release of tumor necrosis factor-alpha. Glia 66, 1016–1033. doi: 10.1002/glia.23298

Kiernan, M., Vucic, S., Cheah, B., Turner, M., Eisen, A., Hardiman, O., et al. (2011).
Amyotrophic lateral sclerosis. Lancet 377, 942–955.

Kieseier, B. (2011). The mechanism of action of interferon-beta in relapsing multiple
sclerosis. CNS Drugs 25, 491–502.

Kim, H., Magranè, J., Starkov, A., and Manfredi, G. (2012). The mitochondrial
calcium regulator cyclophilin D is an essential component of oestrogen-mediated
neuroprotection in amyotrophic lateral sclerosis. Brain 135, 2865–2874. doi: 10.1093/
brain/aws208

Kvarnström, M., Ydrefors, J., Ekerfelt, C., Vrethem, M., and Ernerudh, J. (2013).
Longitudinal interferon-β effects in multiple sclerosis: Differential regulation of IL-10
and IL-17A, while no sustained effects on IFN-γ, IL-4 or IL-13. J. Neurol. Sci. 325,
79–85.

Kwak, S., Hideyama, T., Yamashita, T., and Aizawa, H. (2010). AMPA receptor-
mediated neuronal death in sporadic ALS. Neuropathology 30, 182–188.

Lalancette-Hebert, M., Sharma, A., Lyashchenko, A., and Shneider, N. (2016).
Gamma motor neurons survive and exacerbate alpha motor neuron degeneration in
ALS. Proc. Natl. Acad. Sci. U. S. A. 113, E8316–E8325. doi: 10.1073/pnas.1605210113

Lam, S., Wang, S., and Gottesman, M. (2008). Interferon-beta1b for the treatment
of multiple sclerosis. Expert Opin. Drug Metab. Toxicol. 4, 1111–1117.

Lee, H., Brott, B., Kirkby, L., Adelson, J., Cheng, S., Feller, M., et al. (2014). Synapse
elimination and learning rules co-regulated by MHC class I H2-Db. Nature 509,
195–200. doi: 10.1038/nature13154

Liao, B., Zhao, W., Beers, D., Henkel, J., and Appel, S. (2012). Transformation from
a neuroprotective to a neurotoxic microglial phenotype in a mouse model of ALS. Exp.
Neurol. 237, 147–152. doi: 10.1016/j.expneurol.2012.06.011

Linares, E., Seixas, L., dos Prazeres, J., Ladd, F., Ladd, A., Coppi, A., et al. (2013).
Tempol moderately extends survival in a hSOD1(G93A) ALS rat model by inhibiting
neuronal cell loss, oxidative damage and levels of non-native hSOD1(G93A) forms.
PLoS One 8:e55868. doi: 10.1371/journal.pone.0055868

Lindå, H., Shupliakov, O., Ornung, G., Ottersen, O., Storm-Mathisen, J., Risling,
M., et al. (2000). Ultrastructural evidence for a preferential elimination of glutamate-
immunoreactive synaptic terminals from spinal motoneurons after intramedullary
axotomy. J. Compar. Neurol. 425, 10–23.

Livak, K., and Schmittgen, T. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25,
402–408.

Ljunggren, H., and Kärre, K. (1990). In search of the “missing self ”: MHC molecules
and NK cell recognition. Immunol. Today 11, 237–244. doi: 10.1016/0167-5699(90)
90097-s

London, A., Cohen, M., and Schwartz, M. (2013). Microglia and monocyte-derived
macrophages: Functionally distinct populations that act in concert in CNS plasticity
and repair. Front. Cell Neurosci. 7:34. doi: 10.3389/fncel.2013.00034

Lopez-Rodriguez, A., Siopi, E., Finn, D., Marchand-Leroux, C., Garcia-Segura, L.,
Jafarian-Tehrani, M., et al. (2015). CB1 and CB2 cannabinoid receptor antagonists
prevent minocycline-induced neuroprotection following traumatic brain injury in
mice. Cereb. Cortex 25, 35–45. doi: 10.1093/cercor/bht202

Maenaka, K., and Jones, E. (1999). MHC superfamily structure and the immune
system. Curr. Opin. Struct. Biol. 9, 745–753.

Mahurkar, S., Suppiah, V., and O’Doherty, C. (2014). Pharmacogenomics of
interferon beta and glatiramer acetate response: A review of the literature.
Autoimmun. Rev. 13, 178–186.

Maier, T., Güell, M., and Serrano, L. (2009). Correlation of mRNA and protein in
complex biological samples. FEBS Lett. 583, 3966–3973.

Malessa, S., Leigh, P., Bertel, O., Sluga, E., and Hornykiewicz, O. (1991).
Amyotrophic lateral sclerosis: Glutamate dehydrogenase and transmitter
amino acids in the spinal cord. J. Neurol. Neurosurg. Psychiatry 54,
984–988.

Mancuso, R., Oliván, S., Mancera, P., Pastén-Zamorano, A., Manzano, R., Casas,
C., et al. (2012). Effect of genetic background on onset and disease progression in
the SOD1-G93A model of amyotrophic lateral sclerosis. Amyotroph. Lateral Scler. 13,
302–310.

Maniatis, S., Aijo, T., Vickovic, S., Braine, C., Kang, K., Mollbrink, A., et al. (2019).
Spatiotemporal dynamics of molecular pathology in amyotrophic lateral sclerosis.
Science 364, 89–93.

Marin, B., Boumédiene, F., Logroscino, G., Couratier, P., Babron, M., Leutenegger,
A., et al. (2017). Variation in worldwide incidence of amyotrophic lateral sclerosis: A
meta-analysis. Int. J. Epidemiol. 46, 57–74.

McCauley, M., and Baloh, R. (2019). Inflammation in ALS/FTD pathogenesis. Acta
Neuropathol. 137, 715–730.

McCombe, P., and Henderson, R. (2010). Effects of gender in amyotrophic lateral
sclerosis. Gend. Med. 7, 557–570.

Miller, R., Mitchell, J., and Moore, D. (2012). Riluzole for amyotrophic lateral
sclerosis (ALS)/motor neuron disease (MND). Cochrane Database Syst. Rev.
2012:CD001447.

Nagai, M., Re, D., Nagata, T., Chalazonitis, A., Jessell, T., Wichterle, H., et al. (2007).
Astrocytes expressing ALS-linked mutated SOD1 release factors selectively toxic to
motor neurons. Nat. Neurosci. 10, 615–622. doi: 10.1038/nn1876

Nardo, G., Iennaco, R., Fusi, N., Heath, P., Marino, M., Trolese, M., et al. (2013).
Transcriptomic indices of fast and slow disease progression in two mouse models of
amyotrophic lateral sclerosis. Brain 136, 3305–3332. doi: 10.1093/brain/awt250

Nardo, G., Trolese, M., and Bendotti, C. (2016). Major histocompatibility complex
I expression by motor neurons and its implication in amyotrophic lateral sclerosis.
Front. Neurol. 7:89. doi: 10.3389/fneur.2016.00089

Nimmerjahn, A., Kirchhoff, F., and Helmchen, F. (2005). Resting microglial cells are
highly dynamic surveillants of brain parenchyma in vivo. Science 308, 1314–1318.

Ohgomori, T., Yamada, J., Takeuchi, H., Kadomatsu, K., and Jinno, S. (2016).
Comparative morphometric analysis of microglia in the spinal cord of SOD1(G93A)
transgenic mouse model of amyotrophic lateral sclerosis. Eur. J. Neurosci. 43, 1340–
1351. doi: 10.1111/ejn.13227

Oliveira, A., Thams, S., Lidman, O., Piehl, F., Hokfelt, T., Karre, K., et al. (2004). A
role for MHC class I molecules in synaptic plasticity and regeneration of neurons after
axotomy. Proc. Natl. Acad. Sci. U. S. A. 101, 17843–17848.

Paganoni, S., Hendrix, S., Dickson, S., Knowlton, N., Berry, J., Elliott, M., et al.
(2022). Effect of sodium phenylbutyrate/taurursodiol on tracheostomy/ventilation-
free survival and hospitalisation in amyotrophic lateral sclerosis: Long-term results
from the CENTAUR trial. J. Neurol. Neurosurg. Psychiatry 93, 871–875. doi: 10.1136/
jnnp-2022-329024

Paganoni, S., Hendrix, S., Dickson, S., Knowlton, N., Macklin, E., Berry, J.,
et al. (2021). Long-term survival of participants in the CENTAUR trial of sodium
phenylbutyrate-taurursodiol in amyotrophic lateral sclerosis. Muscle Nerve 63, 31–39.
doi: 10.1002/mus.27091

Paganoni, S., Macklin, E., Hendrix, S., Berry, J., Elliott, M., Maiser, S., et al. (2020).
Trial of sodium phenylbutyrate-taurursodiol for amyotrophic lateral sclerosis. N. Engl.
J. Med. 383, 919–930.

Persson, M., Brantefjord, M., Hansson, E., and Rönnbäck, L. (2005).
Lipopolysaccharide increases microglial GLT-1 expression and glutamate uptake
capacity in vitro by a mechanism dependent on TNF-alpha. Glia 51, 111–120.

Pfohl, S., Halicek, M., and Mitchell, C. (2015). Characterization of the contribution
of genetic background and gender to disease progression in the SOD1 G93A mouse
model of amyotrophic lateral sclerosis: A meta-analysis. J. Neuromuscul. Dis. 2,
137–150. doi: 10.3233/JND-140068

Plescher, M., Seifert, G., Hansen, J., Bedner, P., Steinhauser, C., and Halle, A. (2018).
Plaque-dependent morphological and electrophysiological heterogeneity of microglia
in an Alzheimer’s disease mouse model. Glia 66, 1464–1480. doi: 10.1002/glia.23318

Polverino, A., Rucco, R., Stillitano, I., Bonavita, S., Grimaldi, M., Minino, R.,
et al. (2020). In amyotrophic lateral sclerosis blood cytokines are altered, but do not
correlate with changes in brain topology. Brain Connect. 10, 411–421.

Rasmussen, S., Wang, Y., Kivisakk, P., Bronson, R., Meyer, M., Imitola, J., et al.
(2007). Persistent activation of microglia is associated with neuronal dysfunction of
callosal projecting pathways and multiple sclerosis-like lesions in relapsing–remitting
experimental autoimmune encephalomyelitis. Brain 130, 2816–2829. doi: 10.1093/
brain/awm219

Ringer, C., Weihe, E., and Schütz, B. (2012). Calcitonin gene-related peptide
expression levels predict motor neuron vulnerability in the superoxide dismutase 1-
G93A mouse model of amyotrophic lateral sclerosis. Neurobiol. Dis. 45, 547–554.
doi: 10.1016/j.nbd.2011.09.011

Roopali Yadav, S., Yuan, H., and Traynelis, S. F. (2017). “AMPA receptors: Molecular
biology and pharmacology,” in Reference module in neuroscience and biobehavioral
psychology, ed. R. Larry (Amsterdam: Elsevier).

Rowland, L., and Shneider, N. (2001). Amyotrophic lateral sclerosis. N. Engl. J. Med.
344, 1688–1700.

Scheu, S., Ali, S., Mann-Nüttel, R., Richter, L., Arolt, V., Dannlowski, U., et al. (2019).
Interferon β-mediated protective functions of microglia in central nervous system
autoimmunity. Int. J. Mol. Sci. 20:190.

Schluep, M., van Melle, G., Henry, H., Städler, C., Roth-Wicky, B., and Magistretti,
P. (1999). Assessing multiple sclerosis activity: Is the in vitro production of tumor
necrosis factor-alpha, interleukins 2, 6, 4, and 10, and immunoglobulin G of value?
J. Neurol. 246, 1041–1050. doi: 10.1007/s004150050510

Sen, G. (2001). Viruses and interferons. Annu. Rev. Microbiol. 55, 255–281.
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