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Abstract

Background Histamine is an immune modulator, neuroprotective, and remyelinating agent, beneficially acting on skeletal
muscles and promoting anti-inflammatory features in amyotrophic lateral sclerosis (ALS) microglia. Drugs potentiating the en-
dogenous release of histamine are in trial for neurological diseases, with a role not systematically investigated in ALS. Here,
we examine histamine pathway associations in ALS patients and the efficacy of a histamine-mediated therapeutic strategy in
ALS mice.
Methods We adopted an integrative multi-omics approach combining gene expression profiles, copy number variants, and
single nucleotide polymorphisms of ALS patients. We treated superoxide dismutase 1 (SOD1)-G93A mice that recapitulate
key ALS features, with the brain-permeable histamine precursor histidine in the symptomatic phase of the disease and
analysed the rescue from disease pathological signs. We examined the action of histamine in cultured SOD1-G93A motor
neuron-like cells.
Results We identified 13 histamine-related genes deregulated in the spinal cord of two ALS patient subgroups, among which
genes involved in histamine metabolism, receptors, transport, and secretion. Some histamine-related genes overlapped with
genomic regions disrupted by DNA copy number and with ALS-linked pathogenic variants. Histidine treatment in SOD1-G93A
mice proved broad efficacy in ameliorating ALS features, among which most importantly lifespan, motor performance,
microgliosis, muscle atrophy, and motor neurons survival in vivo and in vitro.
Conclusions Our gene set/pathway enrichment analyses and preclinical studies started at the onset of symptoms establish
that histamine-related genes are modifiers in ALS, supporting their role as candidate biomarkers and therapeutic targets. We
disclose a novel important role for histamine in the characterization of the multi-gene network responsible for ALS and, fur-
thermore, in the drug development process.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a late-onset neurode-
generative disease that primarily affects motor neurons espe-
cially in the spinal cord and evolves in progressive muscular

paralysis leading to death within 2–5 years of diagnosis.
About 90% of ALS cases are classified as sporadic (sALS),
while the remaining 10% have a familial origin. Among the fa-
milial ALS cases, about 20% possess at least 100 different mu-
tations in the gene coding for the copper-zinc superoxide
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dismutase 1 (SOD1) enzyme,1 recognized to promote a gain
of neurotoxic function when mutated. Although the SOD1-
G93A mutation represents only 2% of all ALS cases, the
SOD1-G93A mouse resembling human pathological features
is the most widely used model to test new mechanisms and
drugs. A number of different genes, aberrant cellular path-
ways, and molecular mechanisms are involved in ALS, and
strong evidence points to the impairment of the neuro-
immune axis in causing motor neuron death and muscular
wasting in both animal models and patients. However, ALS
appears as a composite disease, and we still have much to
learn concerning the potential therapeutic strategies to be
used to halt its progression.

Among a vast range of constitutively bioactive molecules
with pleiotropic regulatory roles in neurotransmission and
immune responses, histamine is produced exclusively by de-
carboxylation of histidine by histidine decarboxylase (HDC)
and is catabolized by histamine N-methyltransferase (HNMT)
or by diamine oxidase 1 (DAO1). These enzymes, together
with the four G-protein-coupled receptors H1R-H4R, are ubiq-
uitous in the CNS and mediate histaminergic signalling. In the
central nervous system (CNS), histamine regulates motor cir-
cuits and neuro-immune functions, acts as a neuroprotective
agent,2 and exerts beneficial effects on microglia under
in vitro/in vivo inflammatory conditions.3,4 In support of this,
a condition of impaired histamine production as that occur-
ring in HDC knockout mice decreases M2-like markers and
the neuroprotective role of microglia in vivo.5 Histamine sig-
nalling also promotes remyelination,6 protects skeletal mus-
cles against exercise-induced fatigue,7 and reduces muscle
injury by improving motor performance in Duchenne dystro-
phic mice.8 Additionally, drugs enhancing histamine transmis-
sion, such as histidine or H3R antagonists, exhibit beneficial
effects in animal models of Parkinson’s disease, attention-def-
icit/hyperactivity disorders, schizophrenia, dementia, and de-
pression2 and are under scrutiny in clinical trials for
Alzheimer’s disease and multiple sclerosis. Their efficacy in af-
fecting ALS disease progression has still to be proven.

The aim of this study is to establish if histamine is a disease
modifier in ALS and a novel target for therapy. We adopted
an integrative multi-omics approach, combining copy number
variants (CNVs), single nucleotide polymorphisms (SNPs), and
gene expression profiles of ALS patients, to identify histamine
markers in ALS pathogenesis. We evaluated the preclinical ef-
ficacy of histamine on disease progression in SOD1-G93A
mice, by a sustained treatment with the brain-penetrant his-
tamine precursor histidine provided from the onset of dis-
ease symptoms. We investigated the biological actions of
histamine in cultured motor neuron cells expressing the
SOD1-G93A mutation.

Our work discloses a novel important role for histamine in
characterizing the complex multi-gene interactions responsi-
ble for the disease and, further, in developing future effective
therapeutics.

Methods

Multi-omics profiling of histamine-related genes in
sporadic amyotrophic lateral sclerosis patients

For this study, we referred to our CNV profile data set (avail-
able at NCBI’s Gene Expression Omnibus through GEO Series
accession number 107375) and transcriptomic analyses4,9

performed in the post-mortem motor cortex (Brodmann
areas 4) and spinal cord (lumbar tract L1) from 31 patients
with clear sALS diagnosis and 10 control individuals collected
as previously described.9 Control samples (mean subject age
of 55 years) were obtained from individuals who died from
a non-neurological disease (causes of death: myocardial in-
farction, renal failure, and pulmonary embolism). Informed
consent and approval from the relevant local ethical commit-
tees for medical research were obtained for the use of brain
and spinal tissues and for access to medical records for re-
search purposes. Detailed information related to the origin,
source code, age, gender, race, disease state, survival time
from diagnosis date, and post-mortem interval of patient
samples is given in Supporting Information, Table S1.

In previous works, we used an unsupervised hierarchical al-
gorithm to cluster 41 motor cortex samples from control and
sALS patients on the basis of their similarities measured over
the most ‘hypervariable genes’ (9.646 genes with a standard
deviation> 1.5). The transcriptome profiles enabled to differ-
entiate controls from sALS patients and clearly distinguished
two sALS subgroups (termed sALS1 and sALS2), each associ-
ated with specific genomic aberrations, differentially
expressed genes and biological pathways.9–11 In this work,
we referred to this molecular-based classification for the sub-
sequent analysis. We thus filtered out our genome-wide
‘omics’ data sets by focusing only on genes implicated in hista-
mine cascades, by using histamine metabolism/signalling
query keywords in Gene Ontology database (http://www.
geneontology.org/). To better investigate the contribution of
altered histamine signalling in the complex genetic structure
of ALS and identify new histamine-related loci associated with
disease susceptibility, we also collected genome-wide associa-
tion studies data sets from the ALSOD and ALSGene databases
(http://www.alsod.iop.kcl.ac.uk; http://www.alsgene.org).
Only SNP/indel variants previously reported as ‘pathogenic’
or ‘likely pathogenic’ and with a minor allele frequency-
0.1% in the 1000 Genomes Project were selected for further
analysis. Benign intronic and synonymous variants were fil-
tered out.

Meta-analysis of gene expression data

Gene expression data from isolated motor neuron and spinal
cord of wild-type (WT) littermates and SOD1-G93A mice at
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various disease stages (pre-symptomatic, symptomatic, and
terminal stage) were downloaded from the public data re-
positories NCBI GEO (http://www.ncbi.nlm.nih.gov/geo/)
and ArrayExpress (http://www.ebi.ac.uk/arrayexpress/),
using the following search terms and/or their combinations:
‘amyotrophic lateral sclerosis’, ‘motor neuron disease’,
‘SOD1 mouse model’, ‘SOD1-G93A transgenic mouse’, and
‘expression profiling’. Data sets included in the analysis had
to meet the following criteria: (i) data were acquired using
a genome-wide gene expression microarray platform with
accessible and clear probe-to-gene mapping annotations
and (ii) there were ≥3 replicates for each experimental con-
dition. For each mouse data set, raw intensity values were
thresholded to 1, log2-transformed, normalized, and
baselined to the median of all samples by using GeneSpring
GX v13.1 software package (Agilent Technologies).
Affymetrix gene expression data were Robust Multichip Av-
erage processed using quantile normalization, while Agilent
and Illumina data were normalized to the 75th percen-
tile.12,13 Finally, data were integrated by using homemade
functions implemented in PostgreSQL database system envi-
ronment (version 9.4.5; http://www. postgresql.org/). We
performed statistical analysis by using GeneSpring GX v13.1
software package (Agilent Technologies). Genes with a
corrected P value <0.05 (one-way analysis of variance
followed by the Benjamin–Hochberg false discovery rate
and the Tukey’s post hoc test) were deemed to be statisti-
cally significant and subsequently filtered for genes impli-
cated in histamine cascades.

Pathway-based functional integration of
multi-omics data

To obtain a comprehensive mapping of functional associa-
tions of histamine-related gene products, we incorporated
our multi-omic data and gene–pathway associations from
the Metacore™ database (Clarivate Analytics, http://
clarivate.com/life-sciences/discovery-and-preclinicalresearch/
metacore/). This is a manually curated repository of molec-
ular interactions of different types, pathways, network
models, and functional ontologies covering human, mouse,
and rat genes.

Superoxide dismutase 1-G93A transgenic mice and
treatments

Animal procedures performed according to European Guide-
lines (2010/63/EU) and Italian law requirements (D.L.
26/2014) were approved by Animal Welfare Office, Depart-
ment of Public Health and Veterinary, Nutrition and Food
Safety, General Management of Animal Care, and Veterinary
Drugs of Italian Ministry of Health and have therefore been

performed in accordance with the ethical standards laid down
in the 1964 Declaration of Helsinki and its later amendments.
Efforts were made to minimize animal suffering and number
of animals necessary to produce reliable results. Adult B6.Cg-
Tg (SOD1-G93A)1Gur/J mice expressing high copy number of
mutant hSOD1 with a G93A substitution (SOD1-G93A) and
originally obtained from Jackson Laboratories (USA) were bred
in our animal facility and housed as described.14 Transgenic
hemizygous SOD1-G93A males were crossbred with C57BL/6
females, both maintained on C57BL/6 genetic background.
Transgenic progeny was genotyped as described.15 To
overcome sex-mixed results with low reproducibility, we
used a single gender because of differences reported in
male/female mice under pharmacological treatments. Female
mice were randomly grouped into vehicle (0.9% NaCl) and his-
tidine treatment groups at different doses (50, 100, and
250 mg/kg), based on previous results.4,16–18 Mice were
injected i.p. every 48 h from disease onset (110 days,15,19) until
150 days of age or terminal stage.

Mice survival, behavioural scores, and motor
studies

Behavioural scores and body weights were assessed starting
at 60 days of age, in order to monitor disease progression.
Behavioural score adopted a rating scale from 5 (healthy
without symptoms of paralysis) to 1 (full paralysis of hind
limbs, animals not able to straighten up within 30 s after be-
ing turned on the back).15 After reaching a score of 1, animals
were euthanized according to guidelines for preclinical test-
ing.20 Motor performance was tested on rotarod apparatus
(Ugo Basile 7650 model).15

Reagents

Reagents were purchased from Sigma (Italy). Antibodies
raised in rabbit: anti-arginase 1 (ARG1) (1:100, Abcam, UK);
anti-CD163 (1:100, Santa Cruz Biotechnology, USA); anti-
choline acetyltransferase (1:500, AbCam); anti-DAO1 (1:200,
Bioss, USA); anti-H1R (1:200, Alomone, Israel); anti-H2R
(1:200, MyBioSource, USA); anti-H3R (1:200, Alomone); anti-
H4R (1:200, Santa Cruz Biotechnology); anti-HDC (1:20,
AbCam); anti-HNMT (1:200, Sigma); anti-inducible nitric oxide
synthase (iNOS) (1:1000, CST, USA); anti-myelin basic protein
(MBP) (1:1000 CST); anti-nuclear factor-kappa B (NF-κB) p65
(1:500, CST); anti-phospho-AKT (1:500, CST); anti-phospho-
p44/42 MAPK (ERK1/2) (Thr202/Tyr204) (1:1000, CST); and
anti-phospho-NF-κB p65 (Ser536) (1:500, CST). Antibodies
raised in mouse: anti-AKT (1:500, Santa Cruz Biotechnology);
anti-GAPDH (1:2500, Calbiochem, USA); anti-gp91phox

(1:1000, BD Transduction Laboratories, USA); anti-SMI32
(1:1000, Covance, USA); and anti-p44/42 MAPK (ERK1/2)
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(L34F12) (1:1000, CST). Antibodies raised in rat: anti-CD11b
(1:200, AbD Serotec, UK).

Histamine assay by HPLC

Superoxide dismutase 1-G93A mice were sacrificed at 2 h af-
ter an acute i.p. histidine treatment (100 mg/kg), spinal cords
were isolated, homogenized with 3% perchloric solution, and
centrifuged at 12 000 g, 4 °C for 20 min. Supernatants were
collected and analysed for histamine content by HPLC, ac-
cording to a previous study.17

Western blotting

Protein lysates were obtained by homogenization of mice
lumbar spinal cords or sciatic nerves.14 Cells undergoing phar-
macological treatments were washed with phosphate buffer
saline (PBS) and lysed in RIPA buffer. Proteins were separated
by SDS–PAGE and transferred onto nitrocellulose membranes
(Amersham Biosciences, IT). Blots were probed overnight at
4 °C with the specified antibody and signals detected using
ECL Advance western blotting detection kit (Amersham Bio-
sciences). Quantitative analysis was performed by Kodak Im-
age Station.

Nissl staining

Mice spinal cords perfused with PBS were processed as de-
scribed.14 Serial 20 μm sections (one every 10 sections) from
lumbar spinal cord segments (L3-L5) were stained with 1%
cresyl violet to detect the Nissl substance of neuronal cells.
A minimum of six sections per mouse were photographed
at ×20 magnification using Axioskop 2 (Zeiss, Germany) mi-
croscope and analysed with Neurolucida software (MBF Bio-
science, USA). Motor neurons count was performed as
described.15

Motor neuron cultures

Motor neuron-enriched primary cultures from embryonic spi-
nal cords were prepared as described.21,22 Briefly, SOD1-
G93A mice (embryonic day 14) were sacrificed and, after re-
moving the meninges, spinal cords were minced and digested
with 0.01% trypsin. After dissociation, cells were cultured in
Neurobasal media (Gibco, UK), plus B-27 on poly-D-lysine-
coated plates. The medium was replaced every 3 days. Mixed
primary motor neuron cultures (~55% motor neurons/total
neurons) were used after 6–7 days in culture. NSC-34 motor
neurons are a mouse hybrid cell line produced by fusion of
motor neuron-enriched embryonic mouse spinal-cord neu-
rons with mouse neuroblastoma cells, and resemble motor

neurons in many ways.23 These immortalized cells have been
widely used as a motor neuron-like model of ALS. NSC-34
cells stably transfected with WT or mutant hSOD1-G93A
DNA24 were maintained in Dulbecco’s modified eagle me-
dium (DMEM)/F12 medium with 10% fetal bovine serum
(FBS) (Invitrogen) and 1% penicillin–streptomycin. Cells were
differentiated in DMEM/F12 supplemented with 1% FBS, 1%
penicillin–streptomycin, and 1% modified Eagle’s medium
non-essential amino acids. For cell viability, differentiated
NSC-34 cells were plated into 24-well and cultured under se-
rum deprivation conditions for 24 h. Cell viability was mea-
sured by counting intact nuclei.25

Immunofluorescence and confocal analysis

Cells in culture were fixed in 4% paraformaldehyde (PFA),
permeabilized in PBS 0.1% Triton X-100, then incubated
overnight with the specified antibody at 4 °C in 1% bovine
serum albumin (BSA) in PBS, and stained with secondary
antibodies. Nuclei were stained with Höechst 33258 and
cells mounted with gel/mount antifading (Biomeda, USA).
Spinal cord tissues were processed as described.4 Immuno-
fluorescence analysis was performed by confocal laser scan-
ning microscope (Zeiss, Germany). Brightness and contrast
were adjusted with Zen software, after background subtrac-
tion. Quantification of CD11b immunoreactivity was per-
formed on lumbar spinal cord sections (at least six
sections for each animal in each group were analysed),
using the ImageJ software (version 1.47, National Institutes
of Health, USA), after background subtraction. Data are
expressed as arbitrary units with respect to WT mice.

RT-PCR and qPCR

Total RNA from Tibialis Anterior (TA) skeletal muscle tissue
was extracted with Trizol using a standard protocol. RNA
was retro-transcribed with Taqman reverse transcription kit
(Applied Biosystems) following the manufacturer’s indication.
qRT-PCR was performed using PrecisionPLUS qPCR Master
Mix (Primerdesign, UK) following manufacturer indications.
Relative expression values were normalized to the house-
keeping gene ActB. The primer used was ActB_FW: CACTG
TCGAGTCGCGTCC, ActB_RV: TCATCCATGGCGAACTGGTG;
Hrh1_FW: ACGAGTGAAACCCGATGCTT, Hrh1_RV: CTCCCTCC
CTCGGTCTCTG; Hrh2_FW: GCAGCACCAGCTCCTATGAC,
Hrh2_RV: AGGCTGTCATGTCCTTTTCCA; Hrh3_FW: CTTCCTC
GTGGGTGCCTTC, Hrh3_RV: TCTACCACCAGCCACAGCTT;
Hnmt_FW: ACTAAGATACTAAGGCAGCGAACT, Hnmt_RV: TG
CCATATTGGGTTCTCAGCA; Dao_FW: GCTGAACTGGGCTGC
TGT, Dao_RV: TCTTCATGTGCAGTGGCTGT; and Hdc_FW: GG
AGGAGCAATCCAAGGGAG, Hdc_RV: CATCTCTTTCCCTCTAG
CTCGG.
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Morphometric analysis of muscles and muscle
denervation

Tibialis anterior muscles were dissected out and snap-frozen
in isopentane cooled in liquid nitrogen. Serial transverse
8 μm cryosections were fixed and permeabilized with 100%
acetone for 1 min at RT. Sections were blocked for 1 h with
a solution containing 4% BSA in PBS, stained using the anti-
laminin (Sigma, 1:400), and antibody binding specificity was
revealed using secondary antibodies coupled to Alexa Fluor
488. For nuclear staining, sections were incubated with DAPI
in PBS for 5 min, washed in PBS, and mounted with glycerol
3:1 in PBS.

For haematoxylin/eosin staining, serial transverse cryosec-
tions were fixed in 4% PFA for 10 min, washed in PBS, and
then stained in haematoxylin for 8 min and eosin for 1 min,
as described.26 All sections were visualized on a Zeiss confocal
microscope. Myofibers cross-sectional area was quantified
using ImageJ® software. The entire muscle section was
analysed.

For neuromuscular innervation analysis, longitudinal sec-
tions were stained with mouse anti-synaptic vesicle protein
(SV2; 1:100, DSHB) and anti-neurofilament (2H3; 1:50, DSHB),
with α-bungarotoxin (BTX; 1:500, Invitrogen), and occupied
endplates were quantified as described.27

Mitochondrial oxygen consumption

Evaluation of mitochondrial bioenergetics was performed by
Seahorse XF96 Extracellular Flux Analyzer (Seahorse
Bioscience-Agilent, USA). Multiple parameters of mitochon-
drial function were measured with Stimulus XF Stress Test
Kit (Seahorse Bioscience).28 Briefly, differentiated NSC-34
cells were seeded (7 × 104 cells/well) into micro-lysine-coated
XF96 microplates and incubated overnight in 5% CO2, 37 °C.
To perform Cell Mito Stress Test, medium was replaced with
XF Base supplemented with 1 mM pyruvate, 2 mM gluta-
mine, 10 mM glucose, and cells were incubated at 37 °C for
45 min in a CO2-free incubator, prior to oxygen consumption
ratio analysis by Seahorse XF96. ATP production was mea-
sured by injection of oligomycin, while maximal respiration
and spare respiration capacity were tested in the presence
of carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone.

Data analysis

Data are presented as mean ± standard error of the mean.
Kaplan–Meier analysis, one-way analysis of variance, Stu-
dent’s t-test, or Mann–Whitney test was performed using
MedCalc (Medcalc Software, Mariakerke, Belgium) followed
by individual post hoc comparisons (Fisher’s PLSD).
*P < 0.05 was considered significant.

Results

Differential expression analysis reveals alterations
in histamine-related genes in post-mortem spinal
cord samples from sporadic amyotrophic lateral
sclerosis patients

To explore the potential involvement of the histaminergic
system in ALS patients, we examined expression changes of
genes implicated in histamine signalling and metabolism oc-
curring in post-mortem spinal cord samples from two
transcriptome-based subgroups of sALS patients (sALS1 and
sALS2). Our analysis revealed a total of 13 histamine-related
genes differentially deregulated in sALS1 and sALS2, com-
pared with control individuals. We identified genes encoding
histamine receptors (HRH1 and HRH3), proteins involved in
histamine metabolism (HNMT and PRG3), histamine trans-
port and secretion (ADCYAP1, BTK, CCKBR, EDN1, SLC22A2,
SNX4, SNX6, VAMP8, and YWHAZ), as well as multiple pro-
teins involved in intracellular signal transduction cascades
(i.e. MAPKs, p38MAPK, NF-κB, and AKT) (Table 1). Interest-
ingly, some of these genes were previously identified as dif-
ferentially deregulated also in the motor cortex of the same
sALS patient cohorts, supporting their role as potential bio-
markers and therapeutic targets.4,9

Multi-omic profiling defines core histamine-related
genomic alterations in amyotrophic lateral
sclerosis

To obtain a genome-wide view of multiple histamine-related
genomic aberrations in ALS and determine their effects on
gene expression, we integrated data from different genomic
levels (CNVs and SNPs), mainly focusing on genes associated
with histamine metabolism, receptors, transport, and secre-
tion. A complete overview of CNVs, SNPs/indels, and the
combination of these events in ALS patients is investigated.
Based on ongoing studies performed in our laboratories,
we first analysed histamine-related DNA copy number alter-
ations occurring in previously characterized transcriptome-
based sALS patient subgroups9 (Morello et al., in press), in
order to identify CNV-associated differentially expressed
genes. Our analysis revealed that some histamine-related
genes overlapped with genomic regions disrupted by a
CNV, some of which in a subgroup-patient specific manner
(Figure 1). In particular, we observed the selective amplifica-
tion of ADCYAP1 in sALS1 patients, the selective amplifica-
tion of DAO1 and HRH2 in sALS2 patients, as well as
duplication of HRH3 and CCKBR in both sALS subgroups
(Figure 1). Interestingly among these, ADCYAP1, CCKBR,
and HRH3 showed a significant, positive correlation with
gene expression changes, supporting the idea that genes
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displaying the same tendencies between CNV status and
gene expression levels may represent candidate driver genes
in ALS etiopathogenesis (Table 1).

To provide a comprehensive multi-omics view of the
histamine-related events occurring in ALS pathology, we then
studied the pairwise overlap between the top histamine-
related genes identified from the transcriptome and CNV
analyses and the corresponding ALS-linked pathogenic vari-
ants from ALSdb, a database of exome sequencing data from
mostly sALS patients. Our results demonstrated that there is
a clear homogeneity between the histamine-related genes
driven by gene expression data, CNV, and SNP, supporting
their role as candidate biomarkers and target genes in ALS
(Figure 1, Table 2).

Gene expression profiles of superoxide dismutase
1-G93A mouse spinal cords at pre-symptomatic,
symptomatic, and terminal disease stages

To obtain a clearer picture of the transcriptomic changes as-
sociated with the dysregulation of the histamine signalling
during ALS progression and evaluate whether these changes
were cause or consequence of motor neuron degeneration,
we analysed histamine-associated genes in SOD1-G93A mice
at pre-symptomatic, symptomatic, and terminal stages (Table
3). Remarkably, our results showed that in the majority of
cases, the deregulation of histamine-related genes (e.g.
Hnmt, Hrh1, and Hrh3) had already started in ALS mice long
before symptom onset. This suggests their possible role as
target genes for ALS diagnosis and treatment in the early
stages of the disease. Moreover, it is interesting to note that
the overwhelming majority of histamine-related genes that
emerged as deregulated in terminal stages of SOD1-G93A
mice were also found deregulated in at least one of sALS pa-
tient subgroups (e.g. Hrh1 and Hrh3), thus offering a rationale
for the selection and prioritization of histamine genes as
potential biomarkers and targets for patient-oriented ALS
care (Tables 1 and 3).

Table 1. Transcriptome profiling of histamine-related and signal trans-
duction genes in post-mortem spinal cords from sALS patient subgroups

Histamine-related
process

Gene symbol
human

sALS1 vs.
Ctrl+

sALS2 vs.
Ctrl+

Histamine receptors
response

HRH1 �1.3657919 �3.3676426
HRH3 3.3078184 3.2435715

Histamine transport/
secretion

EDN1 �1.3455846 —

ADCYAP1 2.1645012 1.2958059
BTK 1.620403 —

CCKBR 2.0207274 1.3815044
SLC22A2 — �1.7292576
SNX4 �1.4973569 �2.0508032
SNX6 �1.3490248 �1.2742385
VAMP8 �1.3397137 —

YWHAZ 1.652496 �1.4955612
Histamine metabolic
process

HNMT — 1.2507114
PRG3 — �1.3007661

Intracellular signal
transduction

ADCY2 1.376056 1.6595138
ADCY3 �1.3174565 —

ADCY6 1.3229696 —

ADCY9 — 2.8711603
AKT1 1.2297583 1.4288182
AKT2 �1.4742545 —

CREB1 1.403151 2.7520528
CREM �1.9194763 �1.822243
DRD4 �1.7610718 �1.7517854
GABRA1 1.3790314 �1.9063799
GABRB1 �1.3748144 �1.313528
GABRB2 �1.3764367 �2.2042353
GABRG2 — �2.3212576
GNA11 1.2675852 �1.2588073
GNAI1 — �1.2425077
GNAO1 2.0851884 —

GNAQ 1.2491798 —

GNAS �1.7503345 �1.7303176
GNB1 �1.3101016 �1.4926312
GNB2 1.6231925 —

GNB4 �1.5696274 1.3077484
GNG10 �1.5117173 —

GNG11 �1.661936 —

GNG13 �1.6040359 �1.5928824
GNG2 — �1.5869129
GNG3 4.5467305 2.6538045
GNG4 — 1.2450533
GNGT1 2.855986 1.8022374
IL10 — �1.382579
IL12B 1.3056774 —

IL1B — �1.3257394
IL6 — �1.5675232
IRX3 �1.2770016 —

ITPR1 — �1.5479783
MAP 2K2 1.297921 —

MAPK12 1.3404667 —

MAPK13 1.6014148 2.256803
MAPK14 — 1.7909265
MMP13 — 2.749664
MMP9 — �1.5295984
NFATC1 �1.3547095 �1.3149108
NFATC2 �1.2919623 �1.6587437
NFKB1 �1.6059966 �1.6690269
NFKB2 — �1.433936
PLCB1 �1.3287859 �1.4977577
PLCB3 1.526242 —

PRKACA 1.3877281 �1.8401401
PRKACB — �1.270291
PRKAR1A 1.4079843 �1.8058393
PRKAR2A �1.447215 �1.5083927
PRKCA �1.3950349 �1.2679613

(Continues)

Table 1 (continued)

Histamine-related
process

Gene symbol
human

sALS1 vs.
Ctrl+

sALS2 vs.
Ctrl+

RAF1 �1.2660495 �1.447958
RELA �1.3689778 �1.7076415
TNF 1.350179 —

VCAM1 �1.4938694 —

The table lists the principal histamine-related and intracellular sig-
nal transduction genes differentially expressed in the spinal cord
of two molecularly distinct subgroups of sALS patients,9 in com-
parison with individual controls. Expression levels are indicated as
fold-change values. Official Entrez Gene Symbols are used. HNMT,
histamine N-methyltransferase; sALS, sporadic amyotrophic lateral
sclerosis.

6 S. Apolloni et al.
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Figure 1 CNVs, SNVs/indels on histamine-related metabolism and signalling pathways. The interaction pathway map represents the functional corre-
lation between multi-omic data (CNV, SNV/Indel) from sALS affecting histamine-related genes and their signalling cascades. The map was created using
the MetaCore pathway map Creator tool (GeneGo). Network objects related to genes specifically involved in histamine receptors, metabolism, and
transport were reported as coloured objects. CNV values are presented on the map as ‘thermometer-like’ symbols with sALS1 patients data repre-
sented as thermometer #1 and sALS2 patients #2. Genes associated with CNV gain regions are labelled with red dots. The thermometers with
black/white stripes and #3 are the ALS genomic variants. ALS, amyotrophic lateral sclerosis; CNV, copy number variant; sALS, sporadic ALS; SNV, single
nucleotide variant.
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Enhanced histaminergic signalling improves motor
performance and lifespan in superoxide dismutase
1-G93A mice

Because histamine cannot penetrate the brain, we tested the
efficacy of a histaminergic strategy in SOD1-G93A mice, by
using the histamine precursor histidine that is able to in-
crease the central histamine levels17 by crossing the blood–
brain barrier and being rapidly converted into histamine.29

Histidine (50–100–250 mg/kg) was injected in mice from the
onset of clinical symptoms. At 100 and 250 mg/kg, histidine
improved behavioural scores (Figure 2A) and motor perfor-
mance (Figure 2B) and delayed disease progression, as
assessed by the time taken to reach the clinical score 3 (Fig-
ure 2C), and the 10%, 50%, and 100% of rotarod impairment
(Figure 2D and 2F). The dose of 50 mg/kg resulted ineffective
in ameliorating mice general conditions and motor perfor-
mance (data not shown). As shown in Figure 2G, histidine
100 mg/kg increased median survival of SOD1-G93A mice
(158 saline, 171 His100), whereas the dose of 250 mg/kg
showed only a trend in increasing survival. Furthermore,
while both histidine 100 and 250 mg/kg statistically delayed
disease duration to terminal endpoint in SOD1-G93A mice,
as assessed by age at terminal endpoint (158.8 ± 1.7 saline;
171.7 ± 2.1 His100, 172.6 ± 6.4 His250), only histidine
100 mg/kg increased disease duration after the onset of first
symptoms (48.8 ± 1.3 saline; 62 ± 4.8 His100, Figure 2I).

At these doses, histidine showed no evidence of toxic ef-
fects in mice, as evaluated by body weight measurement,
and histidine-treated mice presented no gross pathology on
necropsy compared with saline-treated mice.

Histaminergic signalling protects motor neurons
and axonal degeneration in superoxide dismutase
1-G93A mice

Guided by the earlier results, we then adopted the most ef-
fective dose of histidine 100 mg/kg for further evaluations.
HPLC analysis revealed that histamine content in the spinal
cord of SOD1-G93A mice was 45.8 ± 6.4 ng/g (n = 6), which
increased to 93.6 ± 14.7 ng/g (n = 6) (P = 0.014) after histidine
treatment. In SOD1-G93A spinal cord at terminal phase of dis-
ease with respect to the saline group, histidine partially
protected motor neurons from death, as observed by Nissl
staining (Figure 3A). Likewise, choline acetyltransferase pro-
tein was significantly decreased in SOD1-G93A with respect
to WT mice (Supporting Information, Figure S1A) and histi-
dine preserved its expression (Figure 3B). Moreover, in
SOD1-G93A with respect to WT mice, we observed a strong
reduction in SMI32 expression (Supporting Information, Fig-
ure S1A). In histidine-treated mice, we observed statistically
significant preservation of SMI32-positive fibres in the ventralTa
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Table 3. Gene expression profiles of SOD1-G93A spinal cords at pre-symptomatic, symptomatic, and terminal disease stage

Histamine-related process Gene symbol mouse Pre-symptomatic stage Symptomatic stage Terminal stage

Histamine receptors response Hrh1 �1.003499128 — �1.003597844
Hrh3 �1.046221992 �1.075912684 �1.050912759

Histamine transport/secretion Edn1 �1.375929264 �1.057040107 1.333098846
Adcyap1 — 1.201892853 —

Btk �1.290913424 — —

Cckbr �1.167878414 �1.070903032 —

Slc22a2 �1.038570786 — —

Snap23 �1.03638262 �1.025148052 —

Snx4 1.236540934 — �1.079338049
Snx6 — �1.203377265 �1.093475719
Vamp7 1.340461968 �1.038865474 �1.052208506
Vamp8 �1.059845532 �1.061651987 1.241167685
Ywhaz �1.098709306 �1.350732188 �1.02076357

Histamine metabolic process Hnmt 1.444280445 — —

Prg3 �1.470871012 — �1.015267987
Intracellular signal transduction Adcy2 2.023873708 �1.048152441 �1.802825559

Adcy3 — �1.002578776 �1.116612498
Adcy6 �1.028682464 �1.031914462 1.246062931
Adcy9 1.266598061 �1.035777163 �1.405373387
Akt1 �1.226973947 �1.052315605 1.209025549
Akt2 �1.226090177 �1.160688229 —

Akt3 �1.171859879 �1.027665214 —

Creb1 �1.131029919 — —

Crem — �1.038302234 —

Drd4 �1.308482844 �1.114190513 —

Gabra1 �1.071315243 — —

Gabrb1 2.755654323 �1.116099761 �1.815309844
Gabrb2 — �1.19872974 —

Gabrg2 �1.146330802 �1.097362011 �1.020976133
Gna11 — �1.017849586 1.203291897
Gnai1 — — �1.029191512
Gnao1 �1.279205386 �1.049786529 —

Gnaq �1.077554095 �1.042284401 �1.139593361
Gnas - �1.030436247 —

Gnb1 1.206852499 — —

Gnb2 �1.149063261 �1.162953351 �1.132948762
Gnb4 — — �1.219119728
Gng10 1.232431089 1.239336488 �1.168181168
Gng11 — — �1.115660465
Gng13 �1.359367344 �1.555262502 —

Gng2 �1.042849815 �1.080945773 1.238813943
Gng3 �1.297109187 �1.05246234 �1.097358904
Gng4 �1.106026584 �1.033424615 �1.041158526
Gngt1 �1.215627453 �1.067192339 —

Icam1 �1.093483742 �1.041303247 1.337188809
Il10 �1.03237061 — �1.054267745
Il12b �1.160343914 �1.059477718 �1.069307231
Il1b 1.002576004 �1.179173693 1.075892325
Il6 �1.197945784 — �1.038636007
Irx3 �1.338152986 �3.86809662 �2.369452938
Itpr1 1.255453987 �1.12400873 �1.27371253
Map 2k2 �1.197195917 �1.063642196 —

Mapk1 — �1.080685442 �1.206047606
Mapk11 �1.144428024 �1.181041741 —

Mapk13 �1.236037351 �1.231334227 �1.082872971
Mapk14 �1.026578354 — �1.176410554
Mmp13 �1.059520405 �1.064706356 �1.001979303
Mmp1a �1.140824834 — �1.020986832
Mmp9 �1.184670887 �1.126900884 �1.609441965
Nfatc1 �1.076125405 �1.097443244 �1.02229657
Nfatc2 �1.16285032 �1.13673478 —

Nfkb1 — �1.032778375 �1.199717176
Nfkb2 �1.363125323 �1.02698758 1.415161791
Nos2 �1.212861572 �1.093178806 —

Plcb1 �1.175530771 �1.090801363 —

Plcb3 �1.398547724 �1.136613821 �1.04356683

(Continues)
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horns of spinal cord sections (Figure 3C), and this result was
confirmed by western blot analysis (Figure 3D). Because oli-
godendrocytes losing their myelinating and metabolic func-
tions participate to the degeneration of ALS motor
neurons,30 we examined MBP expression in SOD1-G93A
mice, where it was shown to be significantly decreased com-
pared with WT mice (Supporting Information, Figure S1A). As
indicated in Figure 3E, MBP immunoreactivity was increased
in ventral grey and white horns of histidine-treated compared
with the saline spinal cord. The preservation of MBP expres-
sion was also confirmed by immunoblotting (Figure 3F).

Histaminergic treatment decreases microgliosis
and modulates
pro-inflammatory/anti-inflammatory markers in
the lumbar spinal cord of superoxide dismutase
1-G93A mice

To investigate if histidine treatment in SOD1-G93A mice can
modify ALS affected pathways in spinal cord, we analysed tis-
sues at symptomatic 150 days of age. We first evaluated the
extent of microgliosis and the expression of microglia-related
markers. Immunofluorescence analysis of lumbar spinal cord
demonstrated a remarkable increase of CD11b positive mi-
croglia in SOD1-G93A with respect to WT mice, which was
partially reverted by histidine treatment (100 mg/kg) (Figure
4A and 4B). Next, we measured the protein levels of
microglial M2-like markers ARG1 and CD163 and microglial
M1-like marker iNOS, demonstrating that in SOD1-G93A
mice, ARG1 and CD163 expressions were decreased and iNOS
increased, compared with WT mice (Supporting Information,
Figure S1B). Histidine was able to significantly increase ARG1
and CD163 and decrease iNOS protein expression in SOD1-
G93A mice with respect to saline-treated mice (Figure 4C
and 4D).

We finally measured the expression of NF-κB and gp91phox,
key inflammatory mediators that are deregulated in ALS and
were previously shown to be down-regulated by histamine
in SOD1-G93A microglia.4 SOD1-G93A mice showed up-
regulated levels of both NF-κB and gp91phox compared with
WT mice (Supporting Information, Figure S1C). In histidine-
treated (100mg/kg) mice respect to the saline-treated group,
we observed a statistically significant reduction of phosphor-
ylated NF-κB and gp91phox proteins (Figure 4E).

When we next analysed SOD1-G93A spinal cord tissue at
the end stage of disease, we observed no statistical changes
in ARG1 (saline = 1 ± 0.2 vs. histidine = 1.2 ± 0.1) and gp91phox

(saline = 1 ± 0.2 vs. histidine = 0.7 ± 0.1), but a significant
down-regulation of phosphorylated NF-κB (saline = 1 ± 0.2
vs. histidine = 0.3 ± 0.06; P < 0.05), in histidine-treated mice
compared with saline-treated mice.

Histaminergic signalling affects MAPKs and
decreases denervation muscle atrophy in
superoxide dismutase 1-G93A mice

Because deviation from the strict control of MAPK signalling
pathways particularly in SOD1-G93A mice is implicated in
ALS disease progression, we next analysed ERK1/2 and AKT
pro-survival kinases after histidine treatment. Compared with
WT mice, SOD1-G93A mice expressed similar levels of both
phosphorylated ERK1/2 and AKT in the spinal cord
(Supporting Information, Figure S1D) and robust down-
regulation of phosphorylated AKT in the sciatic nerves
(Supporting Information, Figure S1E). As shown in Figure
5A, in the lumbar spinal cord, the levels of phosphorylated
ERK1/2 and AKT were statistically increased in the histidine
group, with respect to the saline-treated group. Up-
regulation of pERK1/2 in SOD1-G93A motor neurons was con-
firmed also by immunofluorescence (Figure 5B). We more-
over observed activation of the AKT pro-survival pathway

Table 3 (continued)

Histamine-related process Gene symbol mouse Pre-symptomatic stage Symptomatic stage Terminal stage

Prkaca �1.091370655 �1.07263985 �1.388131461
Prkacb — �1.138967544 —

Prkar1a 1.607723299 — �1.933887991
Prkar2a — �1.060189746 —

Prkca �1.073991432 �1.066174143 —

Raf1 �1.112701164 — �1.026474401
Rel �1.173363768 �1.134546121 —

Rela — �1.009506984 —

Relb �1.058592695 — —

Tnf �1.279347739 — �1.027736516
Vcam1 �1.138593267 — —

The table lists the principal histamine-related and intracellular signal transduction genes differentially expressed in the spinal cord of
SOD1-G93A mice at different stages of the disease, in comparison with relative littermate controls. Expression levels are indicated as
fold-change values. Genes similarly deregulated in ALS patients are marked in grey. Official Entrez Gene Symbols are used. Microarray
gene expression data sets have been downloaded from the NCBI Gene Expression Omnibus repository (http://www.ncbi.nlm.nih.gov/
geo/) under accession code GSE10953. ALS, amyotrophic lateral sclerosis; SOD1, superoxide dismutase 1.
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also in sciatic nerves of histidine-treated SOD1-G93A mice
compared with saline-treated mice, as shown in Figure 5C.
To establish if the effects in the spinal cord were accompa-
nied by an improvement in the muscle phenotype, TA mus-
cles were analysed. RT-qPCR analysis demonstrated the

expression of Hrh1, Hrh2, and Hrh3 (Hrh4 was undetectable)
receptors and Hdc, Hnmt, and Dao1 histaminergic enzymes
transcripts in SOD1-G93A TA muscle. No statistically signifi-
cant differences were found compared with WT tissues in
the expression of receptors. A down-regulation of Hnmt

Figure 2 Histidine ameliorates disease progression and improves life span and motor performance in SOD1-G93A mice. Behavioural scores (A) and
rotarod performance (B) were significantly ameliorated in histidine 100 mg/kg (n = 6, blue) and histidine 250 mg/kg (n = 6, green) compared with sa-
line-treated SOD1-G93A mice (n = 12, red). WT in black, n = 4. Kaplan–Meier analysis of time to reach behavioural score 3 (C) and of time to reach 10%
(D), 50% (E), and 100% (F) of rotarod impairment in saline (n = 12, red), histidine 100mg/kg (n = 6, blue), and histidine 250mg/kg (n = 6, green) SOD1-
G93A-treated mice. (G) Kaplan–Meier survival curve of SOD1-G93A mice showing increased survival following histidine 100 mg/kg treatment (n = 6,
blue) as compared with saline-treated mice (n = 8, red), while histidine 250 mg/kg shows only a trend. (H) The terminal endpoint was significantly de-
layed in the histidine 100 mg/kg-treated and histidine 250 mg/kg-treated SOD1-G93A mice compared with saline. (I) Disease duration slowed down
significantly in histidine 100 mg/kg group, as indicated by increased days from clinical score 4.75 to terminal endpoint. Data represent means ± SEM.
Statistical significance was calculated by analysis of variance referred to saline SOD1-G93A,

*
P < 0.05,

**
P < 0.01. SEM, standard error of the mean;

SOD1, superoxide dismutase 1; WT, wild-type.
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expression (Supporting Information, Figure S2A–F) was ob-
served in SOD1-G93A compared with WT muscle. Moreover,
Hdc was the only transcript to be up-regulated by histidine
treatment, suggesting that histidine might cause an increase
of histamine content also in the periphery of treated SOD1-
G93A mice (Supporting Information, Figure S2D).

Moreover, neuromuscular junctions in the TA muscles
showed less marked denervation in histidine-treated mice
with respect to saline-treated mice (Figure 5D). Cross-
sectional area of muscle fibres was also measured, revealing
a partial prevention of muscle atrophy in histidine-treated
mice. In particular, the number of smaller fibres (less than
100 μm2) was reduced while an increase in intermediate fibres
(>500 and <1000 μm2) was observed (Figure 5E).

Histamine protects NSC-34 superoxide dismutase
1-G93A motor neurons through AKT/ERK1/2 and
rescues mitochondrial metabolism

In order to dissect the motor neuron response to histaminer-
gic signalling, we first evaluated the expression of histamine
receptors and metabolic enzymes in mixed motor neuron pri-
mary cultures from the spinal cord of SOD1-G93A mice and in
differentiated NSC-34 motor neuron-like cells expressing the
SOD1-G93A mutation (NSC-G93A). Primary (Figure 6A and
6C, left panels) and differentiated NSC-G93A cells (Figure 6A
and 6C, right panels) immunostained with the neuronal
marker SMI32, both expressed histamine receptors H1R,
H2R, and H3R and metabolic enzymes HDC, HNMT, and

Figure 3 Histidine partially rescues motor neurons loss, axonal degeneration, and demyelination in SOD1-G93A mice. (A) Nissl-stained spinal cord sec-
tions of WT (n = 3, ~150 days) and terminal stage SOD1-G93A mice after saline or histidine 100 mg/kg treatment (n = 4/5). Scale bar: 100 μm. Quan-
tification of motor neuron (MNs) numbers (%) in sections of terminal SOD1-G93A mice is provided. Representative western blots and quantification of
ChAT (B), SMI32 (D), and MBP (F) in saline-treated (n = 4) and 100 mg/kg histidine-treated (n = 5) SOD1-G93A mice. GAPDH was used as a loading
control. Data represent means ± SEM. Statistical significance was calculated by analysis of variance or Mann–Whitney test referred to saline SOD1-
G93A group,

*
P < 0.05 or to WT group,

°
P < 0.05. Representative immunofluorescence of SMI32 (C) and MBP (E) in saline-treated (n = 4) and

100 mg/kg histidine-treated (n = 5) SOD1-G93A mice. Scale bar: 100 μm. ChAT, choline acetyltransferase; MBP, myelin basic protein; SEM, standard
error of the mean; SOD1, superoxide dismutase 1; WT, wild-type.
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Figure 4 Histidine modulates microgliosis and pro-inflammatory/anti-inflammatory markers in the lumbar spinal cord of SOD1-G93A mice. (A) Repre-
sentative confocal images of lumbar spinal cord sections of WT, saline-treated and 100 mg/kg histidine-treated SOD1-G93A mice immunolabelled with
CD11b (red). Scale bar: 100 μm. (B) Quantification of CD11b staining in hemisections of WT, saline-treated and 100mg/kg histidine-treated SOD1-G93A
mice. Data are expressed as means ± SEM (six sections for each animal). (C) Representative western blots and quantification of ARG1, CD163, and iNOS
in saline-treated (n = 4) and 100 mg/kg histidine-treated (n = 5) SOD1-G93A mice. (D) Representative confocal images of microglia cells labelled with
CD11b (red) and ARG1, CD163, or iNOS (green) in saline-treated and 100 mg/kg histidine-treated SOD1-G93A mice. Scale bar: 10 μm. (E) Representa-
tive western blots and quantification of pNF-κB/NF-κB and gp91phox in saline-treated (n = 4) and 100 mg/kg histidine-treated (n = 5) SOD1-G93A mice.
GAPDH was used as a loading control. Data represent means ± SEM. Statistical significance was calculated by analysis of variance, Student’s t-test, or by
Mann–Whitney test referred to saline-SOD1-G93A group,

*
P < 0.05,

**
P < 0.01, or to WT group,

°
P < 0.05. ARG1, arginase 1; iNOS, inducible nitric

oxide synthase; NF-κB, nuclear factor-kappa B; SEM, standard error of the mean; SOD1, superoxide dismutase 1; WT, wild-type.
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Figure 5 Histidine affects pro-survival pathways in the spinal cord and sciatic nerves and decreases denervation atrophy in skeletal muscles of SOD1-
G93A mice. Representative western blots and quantification of pERK/ERK and pAKT/AKT (A), in saline-treated (n = 4) and 100 mg/kg histidine-treated
(n = 5) SOD1-G93A mice spinal cord. GAPDH was used as a loading control. (B) Representative confocal images of motor neurons labelled with SMI32
(green) and pERK (red) in saline-treated and 100 mg/kg histidine-treated SOD1-G93A mice. Scale bar: 10 μm. (C) Representative western blots and
quantification of pAKT/AKT in saline (n = 4) and 100 mg/kg histidine-treated (n = 5) SOD1-G93A mice sciatic nerves. GAPDH was used as a loading con-
trol. (D) Representative confocal images of BTX (green, postsynaptic domain) and SV2/2H3 (red, presynaptic terminals) in tibialis anterior (TA) muscle
of saline-treated and histidine-treated SOD1-G93A mice. For each mouse group, the percentage of occupied endplates was calculated on the basis of
the overlay between SV2/2H3 and BTX. Arrowheads indicate innervated neuromuscular junctions. Scale bar: 20 μm. (E) Representative confocal images
of TA muscle cryosections stained with haematoxylin and eosin (H&E) and labelled with anti-laminin (green) antibody. Arrows indicate smaller atrophic
fibres. Frequency distribution of fibre cross-sectional area (CSA) is shown in the right panel. Scale bar: 100 μm. Data represent means ± SEM. Statistical
significance was calculated by Student’s t-test or by Mann–Whitney test referred to saline-SOD1-G93A, *P < 0.05, **P < 0.01. BTX, bungarotoxin; SEM,
standard error of the mean; SOD1, superoxide dismutase 1; SV2, synaptic vescicle 2.
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Figure 6 Histamine protects NSC-34 G93A motor neurons via AKT/ERK1/2 pathways and rescues mitochondrial function. Representative confocal im-
ages of primary as well as differentiated NSC-G93A motor neurons stained with H1-H4R (green, A) or HDC, HNMT, DAO1 (green, C), and with SMI32
(red). Scale bar: 100 μm. Representative western blots and fold expression values of H1-H4R (B) and HDC, HNMT, DAO1 (D) in NSC-WT differentiated
and -G93A differentiated cells. Values represent means from n = 3 independent experiments. Statistical significance was calculated by Student’s t-test
referred to NSC- WT cells, *P < 0.05. Representative western blots and quantification of pERK/ERK (E) and pAKT/AKT (F) in NSC-WT and -G93A differ-
entiated cells under serum starvation and in the absence or presence of histamine (HA, 10–1000 μM for 24 h). GAPDH was used as a loading control.
Data represent means ± SEM. Statistical significance was calculated by analysis of variance (ANOVA) referred to NSC-G93A untreated cells, *P < 0.05,
n = 4 replicates. (G) Measurement of the rate of oxygen consumption ratio (OCR) in differentiated NSC-WT and -G93A cell lines cultured without serum
and treated with different concentrations of histamine (10–1000 μM for 24 h). Individual parameters for basal respiration, ATP production, maximal
respiration, and spare respiratory capacity are indicated. Each data point represents an OCR measurement. Data represent means ± SEM. Statistical
significance was calculated by ANOVA referred to untreated NSC-G93A cells, *P < 0.05, n = 4 each performed in sextuplicate. Cell death in NSC-
G93A differentiated cells was determined under serum starvation in the absence or presence of histamine (10–1000 μM for 24 h) (H) or in cells ex-
posed to histamine 1000 μM for 24 h and orphenadrine (H1R antagonist, 10 μM), ranitidine (H2R antagonist, 10 μM), thioperamide (H3R antagonist,
5 μM), PD98059 (500 nM), or wortmannin (10 nM) (I). Data represent means ± SEM. Statistical significance was calculated by ANOVA referred to cells
in serum starvation medium, *P < 0.05, n = 4 performed in triplicate. DAO1, diamine oxidase 1; HDC, histidine decarboxylase; HNMT, histamine N-
methyltransferase; SEM, standard error of the mean; SOD1, superoxide dismutase 1; WT, wild-type.
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DAO1. Next, in order to evaluate differences in the regulation
of histamine receptors and enzymes in NSC-34 motor neuron
cells expressing WT (NSC-WT) or mutant SOD1, we analysed
H1-H4R and HDC, HNMT, and DAO1 by western blotting. Sim-
ilarly to what previously observed in the lumbar spinal cord of
SOD1-G93A mice during disease progression compared with
WT mice,4 we demonstrated decreased levels of H1R and
H3R (Figure 6B) and increased levels of all histamine enzymes
(Figure 6D) in NSC-G93A with respect to NSC-WT cells.

We next investigated if histamine directly targets the
AKT/ERK1/2 pro-survival pathway after serum starvation as
neuronal stressor inducing cell death. Differentiated NSC-
G93A compared with NSC-WT showed a significant down-
regulation of ERK1/2 and AKT phosphorylations, which were
instead significantly increased by histamine in a dose-
dependent manner in NSC-G93A (Figure 6E and 6F).

We next examined the effects of histamine on bioenergetic
capacity of NSC-G93A cells under serum starvation, using the
Seahorse XF96 Bioanalyser. Our results clearly showed mito-
chondrial damages and massive levels of energy deficit in-
duced by expressing mutant SOD1-G93A, as observed by a
decline in basal respiration, ATP production, maximal respira-
tion, and spare respiratory capacity (Figure 6G). The failure in
maximal respiration indicated alterations in the electron
transport chain, while the decrease of spare respiratory ca-
pacity suggested that mutant SOD1 inhibits the rapid adapta-
tion of NSC-G93A motor neurons to metabolic changes.
Importantly, under serum deprivation conditions in NSC-
G93A cells, histamine with a maximal effect at 100 μΜ
reverted the impaired mitochondrial metabolism (Figure 6G).

We finally evaluated the NSC-G93A cell death induced by
serum starvation for 24 h. In a dose-dependent manner (10–
1000 μM), histamine totally rescued about 35% death induced
in NSC-G93A cells by serum starvation (Figure 6H). The hista-
mine effect was abolished by antagonists selective for H1R,
H2R, and H3R and, most importantly, by PD98059 and
wortmannin, inhibitors respectively of ERK1/2 and AKT (Figure
6I), thus ascribing this neuroprotective effect to AKT/ERK axis.

Discussion

In terms of disease-modifying treatment options, several
drugs have been tested in large multicentre trials for ALS,31

but albeit encouraging results, only riluzole and edaravone
are FDA-approved therapeutics available to patients.32 The
present study establishes that the administration of histidine
during the symptomatic phase enhancing histaminergic trans-
mission in the SOD1-G93A transgenic mouse model mitigates
a broad range of disease phenotypes associated with ALS. This
builds on our recent work showing that histamine drives an
anti-inflammatory phenotype in SOD1-G93A microglia and
that the histaminergic system is dysregulated in ALS mice

and patients.4 Previous transcriptome analysis from two sub-
groups of sALS patients has indeed highlighted a differential
expression of several histamine-related genes in post-mortem
cortex samples. Here, we adopted an integrative multi-omics
approach combining gene expression profiles, CNVs, and SNPs
of ALS patients for capturing histamine pathway associations
in ALS and providing a comprehensive understanding of
histamine-relatedmolecular mechanism thatmight contribute
to the disease. Our genome-wide analysis of multiple genomic
aberrations occurring in sALS patients identified CNV-affected
histamine-related genes that were differentially expressed in
one or both sALS patient subgroups, among which for instance
HRH3, CCKBR, and ADCYAP1 showed a positive correlation
with transcriptomic changes. By integrating our transcriptomic
and genomic data with the ALS-linked pathogenic variants
from ALSdb database, we also identified multiple coding vari-
ants in these genes, supporting those as candidate driver
genes in ALS etiopathogenesis and thus establishing histamine
as a gene modifier in ALS and a candidate therapeutic target.

The meta-analysis approach that we have next adopted to
compare gene expression profiles in spinal cord samples from
sALS patients with those obtained in SOD1-G93A mice dem-
onstrated that many histamine-related genes were
deregulated in both patients and mice, confirming those as
promising biomarkers/therapeutic targets and indicating that
histaminergic molecular mechanisms are shared by both spe-
cies. Despite the fact that transcriptome analysis of human
tissues is generally considered as a consequence of disease
progression (because most CNS specimen refer to post-
mortem tissues), the deregulation for instance of Hnmt,
Hrh1, and Hrh3 genes occurred in mice long before symptom
onset, suggesting these as potential early stage biomarkers
and targets for treating ALS.

Enhancement of endogenous histaminergic transmission
can be achieved in mice by either intracerebroventricular ad-
ministration of histamine16 that has however only a limited
translational value or by intraperitoneal administration of
the histamine precursor histidine able to increase the hista-
mine levels in the spinal cord,17 as we have confirmed here
in SOD1-G93A mice. We proved here that according to our
pharmacological regimen, a sustained administration of histi-
dine after symptoms insurgence ameliorated a wide range of
molecular, neuropathological, and behavioural disease-
associated features. Most importantly, histidine delayed dis-
ease progression, increased life span, improved motor perfor-
mance, while reduced microgliosis and denervation muscle
atrophy, and attenuated motor neuron and axonal loss,
moreover demyelination and neuroinflammation in the spinal
cord. Remarkably, the high dose (250 mg/kg) of histidine was
not as effective as the lower dose (100 mg/kg) with regard to
overall survival, while it ameliorated rotarod performance
and behavioural scores. Although histidine is well tolerated
in human and rodents, its high intake is known to induce hy-
perlipidaemia, hypercholesterolemia, and copper deficiency
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in plasma and liver.33 Thus, we cannot exclude that high-
dosage and prolonged treatment with histidine up to the ter-
minal stage of the disease might produce metabolic side ef-
fects that might, in turn, reduce the efficacy of the
treatment itself. Moreover, it is reported that histamine at
high doses down-regulates in the brain its own synthesis by a
feedback inhibition of HDC activity mediated by H3R.34 There-
fore, the 250 mg/kg treatment might have likely produced
lower levels of histamine in the spinal cord with respect to
the 100mg/kg treatment, and this might contribute to explain
the reduced efficacy of the higher histidine dose. Further ex-
periments will surely shed light on this issue.

Several studies now describe that not only motor neuron
loss but also non-neuronal cell dysfunctions act as major con-
tributors to the progressive symptoms of ALS.1 The result
that histidine can target several key cell phenotypes of ALS,
that is, motor neurons, glial cells, and skeletal muscles as
shown here, might thus explain why histidine exerted benefi-
cial effects in SOD1-G93A mice. The histidine treatment is
particularly encouraging in symptomatic mice and makes
the approach potentially more valuable for later translation,
as most patients suffering from sporadic forms are diagnosed
only at the symptomatic stage of the disease. In a different
way, our recent studies exploring the actions of another his-
taminergic compound, clemastine, proved that also an anti-
histaminergic strategy reversing the inflammatory phenotype
of microglia can exert positive outcomes in extending survival
of ALS mice, but only when provided before the insurgence of
symptoms.14 This may suggest that the therapeutic potential
of central histamine in ALS mice shows a dual time window,
as also demonstrated in a model of neuropathic pain.17 This
is in line with the recognized dual role that histamine plays
for instance in microglia, that is, detrimental under healthy
conditions and beneficial within inflammatory environ-
ments.3 It might also be explained by histaminergic drugs act-
ing on cell types that per se possess dual roles in ALS
pathogenesis, for instance microglia and immune cells
preventing disease progression at early stages while inducing
pathogenic responses at later stages.35–37

Among the pathways involved in the protective effects of
histidine in SOD1-G93A mice, here, we demonstrated a de-
creased level of some key pro-inflammatory gene modifiers
of ALS, that is, gp91phox, NF-κB,38,39 and M1-like microglia
marker iNOS, parallel to an increase in M2-like microglia
markers ARG1 and CD163, which we previously demonstrated
to be downstream pathways of histamine in SOD1-G93A mi-
croglia.4 Interestingly, NF-κB that was recognized to be a
histamine-related gene complex by our multi-omics pathway
analysis was also found dysregulated in our cohort of sALS pa-
tients, thus making it a likely target of histamine intervention.
Because activation of NF-κB during the early phases of ALS is
sufficient to prolong survival in mice, whereas activation in glia
in the late phases decreases survival,40 a therapy able to inhibit
NF-κB at symptomatic phase is predicted to be beneficial, as

indeed we obtained here with histidine. The levels of phos-
phorylated AKT in motor neurons are decreased in ALS pa-
tients and SOD1-G93A mice.41,42 Known to exert a protective
action on ALS neuronal cells,43 the up-regulation of pAKT and
pERK in the spinal cord of histidine-treated SOD1-G93A mice
would thus suggest that the pro-survival response sustained
by histidine proceeds through activation of ERK and
PI3K/AKT signalling. In agreement with this hypothesis, the
neuroprotection of ALS motor neuron cells in vitro by hista-
mine was dependent on AKT/ERK1/2 pathway activation, thus
confirming previous results about the AKT/ERK1/2 pro-survival
axis in ALS motor neuron.44–46

The presence of mutant SOD1 in motor neurons causes mi-
tochondrial dysfunction,24 and the mitochondrial apoptotic
pathway is crucial in motor neuron death and ALS pathogen-
esis.47 Here, we demonstrated a role for histamine in rescu-
ing mitochondrial metabolism and ATP production in motor
neuron cells. The beneficial effects observed on mitochon-
drial metabolism and integrity that are critical in regulating
cellular health reinforce the hypothesis that histamine treat-
ment could be helpful in ALS.

While previous pharmacological approaches showing
promise against ALS have not always reached sufficient effi-
cacy to support translation into therapy, histamine drugs dis-
play a clear value in several animal models of neurological
diseases. Furthermore, H3R antagonists increasing histamine
neuronal release are in clinical trials for Alzheimer’s disease
and multiple sclerosis and are already approved in Europe
for narcolepsy.2 Our results now add ALS disease to the grow-
ing promise of histaminergic strategies. By proposing the his-
tamine modulation as a candidate mechanism to be further
challenged in ALS, we trust not only that histamine will an-
swer to the many questions still unsolved about ALS but also
that a viable histamine-related therapy might be proven to
work for patients. Our further trials will validate H3 antago-
nists against ALS progression.
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Figure S1. Dysregulation of spinal cord and sciatic nerve pa-
rameters in SOD1-G93A mice at 150 days of age. Representa-

tive western blots and quantification of: ChAT, SMI32 and
MBP (A); ARG1, CD163 and iNOS (B); pNF-κB/NF-κB and
gp91phox (C); pERK/ERK and pAKT/AKT (D) in WT (n = 3)
and SOD1-G93A (n = 4) mice lumbar spinal cords, and of
pAKT/AKT (E) in WT (n = 3) and SOD1-G93A (n = 4) mice sci-
atic nerves. GAPDH was used as a loading control. Data repre-
sent means ± S.E.M. Statistical significance was calculated by
student’s t-test or Mann–Whitney test referred to SOD1-
G93A group, *P < 0.05.
Figure S2. Expression of histamine receptors and enzymes in
Tibialis Anterior muscle of SOD1-G93A mice at 150 days of
age. Real-time PCR for Hrh1 (A), Hrh2 (B), Hrh3 (C), Hdc (D),
Hnmt (E) and Dao1 (F) in the tibialis anterior muscle of WT
(n = 3), saline-treated (n = 4), histidine-treaded SOD1-G93A
mice (n = 5). Data are normalized to β-actin and expressed
as means ± S.E.M. Statistical significance was calculated by
ANOVA referred to WT group, *P< 0.05, **P< 0.01 or to sa-
line-treated SOD1-G93A mice °°P < 0.01.
Table S1. General information of patients and individual
controls.
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