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Abstract 

Pain in Fabry disease (FD) is generally accepted to result from neuronal damage in the peripheral nervous system as a 
consequence of excess lipid storage caused by alpha-galactosidase A (α-Gal A) deficiency. Signatures of pain arising 
from nerve injuries are generally associated with changes of number, location and phenotypes of immune cells within 
dorsal root ganglia (DRG). However, the neuroimmune processes in the DRG linked to accumulating glycosphingolip-
ids in Fabry disease are insufficiently understood.

Therefore, using indirect immune fluorescence microscopy, transmigration assays and FACS together with transcrip-
tomic signatures associated with immune processes, we assessed age-dependent neuroimmune alterations in DRG 
obtained from mice with a global depletion of α-Gal A as a valid mouse model for FD. Macrophage numbers in the 
DRG of FD mice were unaltered, and BV-2 cells as a model for monocytic cells did not show augmented migratory 
reactions to glycosphingolipids exposure suggesting that these do not act as chemoattractants in FD. However, 
we found pronounced alterations of lysosomal signatures in sensory neurons and of macrophage morphology and 
phenotypes in FD DRG. Macrophages exhibited reduced morphological complexity indicated by a smaller number 
of ramifications and more rounded shape, which were age dependent and indicative of premature monocytic aging 
together with upregulated expression of markers CD68 and CD163.

In our FD mouse model, the observed phenotypic changes in myeloid cell populations of the DRG suggest enhanced 
phagocytic and unaltered proliferative capacity of macrophages as compared to wildtype control mice. We suggest 
that macrophages may participate in FD pathogenesis and targeting macrophages at an early stage of FD may offer 
new treatment options other than enzyme replacement therapy.

Keywords Lysosomal storage disorder, DRG, Sensory neurons, Macrophages, Inflammation, Phagocytosis, Immune 
cells

Introduction
Lysosomal storage disorders (LSD) comprise a group 
of approximately 70 rare, inheritable monogenetic dis-
eases related to lipid metabolism [1]. Fabry disease (FD) 
is considered the most common LSD, with a prevalence 
of 1:3′100 - 1:1′400 births [2–4]. FD is caused by one or 
more of at least 941 known mutations of the X-chromo-
some linked lysosomal hydrolase alpha-galactosidase A 
(α-Gal A) [5], which cleaves terminal alpha-galactosyl 
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residues from glycosphingolipids and glycopeptides to 
degrade these macromolecules [6]. Dysfunctional α-Gal 
A causes the accumulation of glycolipids, such as glo-
botriaosylceramide (Gb3), lyso-globotriaosylceramide 
(lyso-Gb3), B glycolipid antigen, P1 antigen, and diga-
lactosylceramide, which cannot be degraded by other 
mechanisms [7]. As a consequence, glycolipids aggregate 
within the lysosomes, thereby forming lamellar-shaped 
inclusions [8], that mainly affect the cardiac system and 
the vasculature [9–11], the kidneys [12, 13], as well as the 
peripheral and central nervous system. Gb3 accumulates 
in the peripheral and central nervous system, specifically 
in neurons of sensory ganglia, Schwann cells, endothe-
lial cells, and pericytes of endoneurial capillaries [14, 15]. 
Small fiber neuropathies and pain are common features 
of FD already in early life, which progress and diversify 
over time with increasing age of the patients [16–26]. 
While the pain in FD is generally accepted to arise from 
neuronal damage in the peripheral nervous system with 
small-fiber neuropathy, loss of neuronal terminals [27] 
and a dysregulation of sodium channels [28], injection 
of Gb3 induces local pain and enhances voltage-gated 
 Ca2+ currents that lead to increased intracellular  Ca2+, 
causing neurotoxic effects [29, 30]. Thus, extracellular 
glycosphingolipids, such as Gb3, might directly affect 
nociceptive primary afferents and contribute to FD-asso-
ciated neuropathic pain [29].

Several transgenic mouse models have been devel-
oped to study FD pathophysiology [31–35]. All models 
display abnormalities resembling human FD, including 
Gb3 accumulation in the peripheral nervous system, 
alterations in sensorimotor function, hyposensitivity to 
painful stimuli, as well as upregulation of the transient 
receptor potential cation channel subfamily V member 
1 (TRPV1) and voltage-gated sodium (Nav1.8) channels 
[15, 25, 27, 36, 37]. FD with a global depletion of α-Gal A 
on a C57BL/6 (B6) genetic background [35, 36, 38, 39] in 
contrast to FD mice on B6/129 background exhibit less 
prominent cardiac and renal symptoms as well as less 
profound alterations in thermal sensation [40, 41].

Signatures of neuropathic pain are generally associ-
ated with neuroimmune alterations and changes of the 
number and phenotypes of immune cells within the dor-
sal root ganglia (DRG) [42]. For example, immune cells 
invade the space between the neuronal cell soma and the 
covering satellite cell layer after nerve injury, and this 
is generally accepted to be of relevance for neuropathic 
pain pathogenesis [43, 44]. However, the link between 
accumulating glycosphingolipids and specific immune 
related pathologies has not been sufficiently addressed so 
far.

In order to obtain novel insight into FD-related deficits 
and a possible involvement of neuroimmune dysfunction 

in the peripheral nervous system, we explored lysosomal 
trafficking as well as macrophage morphology and phe-
notypes within the DRG. We discovered signatures of 
pathologically increased phagocytic activity that may be 
causally related to FD small fiber neuropathies. Alter-
natively, macrophage involvement may be indicative of 
compensatory resolving measures to minimize the neu-
ronal damage that is caused by the aberrant accumula-
tion of toxic lipid species.

Material and methods
Mouse model
Male α-galactosidase  A-/0  (GlaKO-/0), female heterozy-
gous  GlaKO+/−, (kindly provided by Dr. A. Kulkarni, 
National Institute of Health, NIDCR, Bethesda, USA 
[35]) and male or female wildtype (wt; i.e.,  Gla+/0 or 
 Gla+/+, respectively) littermates were used in this study. 
Animals were housed under specific pathogen-free (SPF) 
conditions at constant room temperature of 24  °C on a 
12 h light/dark cycle with lights on from 07:00 to 19:00 
and ad  libitum access to autoclaved pelleted food and 
water. All experiments were performed in accordance 
with the Ethics Guidelines of Animal Care (Medical 
University of Innsbruck), as well as the European Com-
munities Council Directive of 22 September 2010 on 
the protection of animals used for scientific purposes 
(2010/63/EU), and approved by the Austrian Bundesmin-
isterium für Bildung, Wissenschaft und Forschung (per-
mit number BMWF-66.011/0148-V/3b/2019).

Indirect immune fluorescence microscopy
Male and female animals were deeply anesthetized using 
a mix of xylazine 10 mg/kg (Xylasol 8-00178, LIVISTO) 
and ketamine 100  mg/kg (Ketasol 8-00173, LIVISTO) 
and transcardially perfused with room temperature 
Dulbecco’s Phosphate Buffered Saline (PBS, 14190-144, 
Gibco), followed by ice-cold 4% paraformaldehyde in 
PBS (PFA; J19943, Thermo Scientific). DRG were post-
fixed overnight (4% PFA) and subsequently embedded in 
4% agarose. Sections of 50 µm were cut on a Leica S1000 
vibratome and stored in PBS with 0.05% sodium azide 
until further processing.

Sections were washed three times for 5 min each with 
PBS and PBS containing 0.25% Triton X-100 (PBST) and 
blocked with 4% normal serum from donkey or goat in 
PBST for 90  min. After incubation with primary anti-
bodies in blocking solution overnight at 4  °C, sections 
were washed three times with PBST and incubated with 
secondary antibodies in blocking solution for 1  h. Sec-
tions were washed with PBST and PBS three times for 
five minutes, incubated with DAPI (1:10′000) for 10 min, 
mounted on object slides and embedded in Mowiol 
4–88 (Roth). For IBA1, CD68, and CD206 detection, 
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heat-induced antigen retrieval (Sodium citrate buffer 
at 80  °C, 450  rpm for 30  min) was performed prior to 
immunostaining [45].

DRG cell preparations (see below) were fixed in 4% 
PFA for 30  min at room temperature. Fixed cells were 
washed three times for 5 min each with PBS containing 
0.2% Bovine serum albumin and 0.2% Triton X-100 (PBS/
BSA/Triton). Cells were incubated in 5% normal goat 
serum in PBS/BSA/Triton for 30 min. Primary antibod-
ies were diluted in PBS/BSA/Triton and incubated over-
night at 4 °C. Following three washes for 5 min each with 
PBS/BSA/Triton, cells were incubated with secondary 
antibodies for 1  h at room temperature. The final wash 
step was performed with PBS/BSA/Triton and PBS (three 
times for 5  min each). Cells were stained with DAPI 
(1:10′000) for 10  min, mounted on object slides and 
embedded in Mowiol 4–88 (Roth).

The following antibodies and concentrations were used: 
anti-CD77 (rat monoclonal, Beckman Coulter IM0175, 
1:100), anti-IBA1 (goat polyclonal, Novus Biologicals 
NB100-1028, 1:100), anti-CD68 (rat monoclonal, Abcam 
ab53444, 1:1000), anti-CD206 (goat polyclonal, R&D 
systems AF2535, 1:100), anti-Tuj1 (rabbit polyclonal, 
Abcam ab18207, 1:1000), anti-LAMP1 (rabbit mono-
clonal, Cell Signalling 9091, 1:100), anti-Rat IgG (goat 
polyclonal, Thermo Fisher, Alexa Fluor™ 594 A11007, 
1:500), anti-goat IgG (donkey polyclonal, Thermo Fisher, 
Alexa Fluor™ 594 A11058, 1:500), anti-rabbit IgG (goat 
polyclonal, Thermo Fisher, Alexa Fluor™ 594 A11012, 
1:1000). In order to evaluate the specificity of the immu-
nostaining, DRG sections were incubated with the same 
solutions as described above but without the primary 
antibodies (negative control). Negative controls did not 
show unspecific staining.

Cell culture and transwell chemotaxis assay
Murine BV-2 cells were grown in RPMI-1640 medium 
(21875034, Gibco) supplemented with 10% fetal bovine 
serum (FBS, 10106169, Gibco) and 1% Penicillin/Strep-
tomycin (PenStrep 15140122, Gibco). Cells were pas-
saged every 3–4  days for a maximum of 30 passages. 
24  h before the experiment, 4 ×  105 cells/mL were cul-
tured in RPMI-1640 medium supplemented with 2 mM 
L-Glutamine (25030149, Gibco) and 1% Penicillin/Strep-
tomycin. Lyso-Gb3 (Avanti Polar lipids, INC) and Gb3 
(02446–91, Nacalai Tesque INC) was prepared as 1 mM 
stock solution in DMSO (Dimethyl sulfoxide, D4540, 
Sigma-Aldrich). For cell migration experiments, the stock 
solution was dissolved in FBS free media at 0.1 and 1 μM 
and added to the lower chamber of the transwell perme-
able supports (3464, Costar). BV-2 cells (5 ×  104 in 100 μl) 
resuspended in FBS free culture media were added to 
the upper chamber and allowed to migrate through 

the polycarbonate membrane of the transwell system 
(6.5 mm in diameter with 8 μm pore size) for 24 h at 37° 
C (humidified atmosphere of 5%  CO2). Cells that did not 
migrate but stayed on the upper surface of the filter were 
scraped off, whereas cells that had migrated to the lower 
surface were fixed in 4% PFA for 30  min at room tem-
perature and stained with DAPI (1:10′000), imaged and 
counted using Imaris 9.7.0 software (Bitplane, UK).

Preparation of single DRG cell suspension
Male and female mice (20  - 26  weeks old) were deeply 
anesthetized using a mix of xylazine (10  mg/kg) and 
ketamine (100  mg/kg), and transcardially perfused with 
ice-cold PBS followed by tissue collection. DRG were 
harvested and transferred into Dounce buffer (15  Mm 
HEPES, 0.6% (w/v) Glucose in Hank’s Balance Salt Solu-
tion, H8264, Sigma). Homogenization of the DRG tis-
sue was performed with a loose pestle in the Dounce 
homogenizer 15–20 times (Tenbroeck homogenisator, 
10198611, DWK Life Science). The homogenate was 
filtered using a sterile 70  μm nylon cell strainer into a 
sterile 50 mL conical tube. The resulting single-cell sus-
pension was centrifuged at 800 × g for 10 min at 4 °C and 
the pellet resuspended in FACS buffer (PBS with 2% (v/v) 
fetal bovine serum).

Flow cytometry
DRG single-cell suspensions were blocked for non-
specific antibody-binding with anti-CD16/32 Fc-Block 
(BioLegend 101320, 1:100) and incubated in an antibody 
cocktail consisting of anti-CD163-PE (BioLegend 156703, 
1:200), anti-TLR4-PE/Cy7 (BioLegend 117609, 1:200), 
anti-CD206-PerCP/Cy5.5 (BioLegend 141715, 1:200), 
anti-CD11b-APCCy7 (BioLegend 101225, 1:200), anti-
CD68-Alexa700 (BioLegend 137025, 1:200), anti-CD80-
Bv421 (BioLegend 104725, 1:200), anti-CD86-Bv510 
(BioLegend 105039, 1:200), anti-Gr1-Bv605 (BioLegend 
10844, 1:200), anti-F4/80-Bv785 (BioLegend 123141, 
1:200), and anti-CX3CR1-FITC (BioLegend 149019, 
1:200) for 20  min at 4  °C. Exclusion of dead cells was 
achieved by resuspending cells in FACS buffer contain-
ing 10  nM TO-PRO-3 (Invitrogen, Carlsbad, CA, USA, 
T3605). Flow cytometry from the samples was performed 
using a BD LSRFortessa device and BD FACSDiva Soft-
ware (BD Biosciences). Raw data were analyzed using the 
CytoExplorer R package version 1.1.0 [46].

Protein–protein interaction analysis
A previously published microarray mRNA expression 
profiling dataset for DRG from male GlaKO vs wt mice 
(20–24  weeks) was used for analyses [38]. Significantly 
regulated immune-related mRNAs were extracted and 
analyzed using STRING Database v. 11.5 and clustered 
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using an interaction score of 0.4 and MCL clustering 
algorithm (inflation parameter: 3).

Phagocytic activity
To determine phagocytic activity, 50′000 BV-2 cells/well 
were seeded (100 µL per well) in a 96 well plate (Nun-
clon Micro well 96-well, 167008, Thermo Scientific) and 
incubated in 5% FBS medium (RPMI-1640, 21875–034, 
Gibco) with 0.1  µM, 1  µM or 10  µM Lyso-Gb3 or  Gb3 
and/or 10  µM Cytochalasin D (PHZ1063, Invitrogen) 
over night at 37 °C (humidified atmosphere with 95% air 
and 5%  CO2). pHrodo BioParticles (100 µL of 0.5  mg/
mL, A10010, Invitrogen) were added to each well and 
incubated for 2 h at 37 °C. pHrodo uptake was measured 
using an Infinite M200 Pro microplate reader (TECAN) 
using 560  nm and 585  nm as excitation and emission 
wavelengths, respectively. Multiple reads per well were 
acquired in bottom mode, 16 flashes and 150 gain. Nor-
malized relative fluorescence units (RFU) were obtained 
by subtracting the average fluorescence intensity of the 
no-cell negative control and normalizing against the 
added-Cytochalasin D control per condition.

Viability assay
The viability test was performed as described previously 
[47]. Briefly, 2 ×  105 BV-2 cells/mL were seeded per well 
in a 24 well plate for 24 h in 10% FBS medium. Medium 
was changed to the treatment conditions (0.01, 0.1, 1, 
10 µM Lyso-Gb3 or Gb3, 1% DMSO as vehicle) and incu-
bated for 24 h in 5% FBS medium. Dilution 1:1 of trypan 
blue (0.4% Trypan Blue Solution, 93,595, Sigma-Aldrich) 
and cell suspension was prepared to count the viable 
(unstained) and nonviable (stained) cells. Triplicates were 
counted per condition.

Preparation of short‑term neuron cultures and lysosome 
tracking
Lumbar DRG from 40  weeks old male mice were 
harvested, cleaned and placed in DMEM medium 
(21885025, Gibco) with 0.05 mg/mL gentamicin (G1397, 
Sigma). DRGs were incubated with 0.09 mg/mL Liberase 
(05466202001, Roche) for 1  h, washed with PBS, and 
incubated with Trypsin–EDTA (1X, 25300054, Gibco) for 
15  min. Cells were dissociated with a fire-polished Pas-
teur pipette in TNB-100® Medium (F8823, Biochrom) 
supplemented with 2.5% Protein-Lipid-Complex (F8820, 
Biochrom), 2 mM L-Glutamine and 1% Penicillin/Strep-
tomycin, and centrifuged in a BSA density gradient at 
500  rpm for 10  min (3.5% BSA in TNB-100® Medium 
with 2.5% Protein-Lipid-Complex, 2  mM L-Glutamine, 
1% Penicillin/Streptomycin). The resulting pellet was 
resuspended in medium (TNB-100® supplemented with 
protein-lipid complex, L-glutamine and 1% Penicillin/

Streptomycin) and further centrifuged at 760  rpm for 
5 min. The pellet was resuspended in modified TNB-100 
medium containing 2.5% Protein-Lipid-Complex, 2 mM 
L-Glutamine, 1% Penicillin/Streptomycin and 100 ng/mL 
2.5S mNGF (N-100, Alomone Labs). Cells were seeded 
on glass cover slips coated with a mixture of 1% v/v Poly-
L-Lysine (P4707, Sigma) and 10% v/v Laminin (L-2020, 
Sigma) and cultivated at 37  °C in 5%  CO2 for 24  h. For 
lysotracker experiments, cells were incubated with 
100 nM LysoTracker (Green L-7526, Invitrogen) at 37 °C 
in 5%  CO2 for 45 min. Time lapse images were acquired 
every 2 s for 10 min on an Olympus IX71 inverted fluo-
rescence microscope equipped with an Orca Flash 4.0 
(C13440 Hamamatsu) with 60 × objective using excita-
tion 504 nm and emission 511 nm (LedHUB, Omicron-
Laserage Laserprodukte). Lysosomal trafficking analysis 
was performed using the “tracking spots” tool in Imaris 
9.7.0 software (Bitplane, UK).

Image analysis and quantification
Z stack images of tissue sections were acquired using 
a Leica TCS SP8 multiphoton (MP) microscope and 
processed by the Imaris 9.7.0 software (Bitplane, UK). 
Microscope settings were consistent between experi-
ments and conditions (MP wavelength 795 nm, intensity 
2%, gain 100%, offset 50%). Gb3 accumulation was cal-
culated based on the total volume of anti-CD77 immune 
fluorescence and normalized against the volume of the 
image. Quantification of DRG macrophages was based 
on anti-IBA1 immunopositive cells. Filament and surface 
3D reconstruction was used to analyse the morphology 
of DRG macrophages. Images of DAPI positive nuclei of 
migrated BV-2 cells were acquired from centric 9 optic 
fields using a Zeiss Axiovert 200  M microscope with a 
20 × 0.3 Ph1 objective (1006–591, Zeiss). DRG neuron 
culture images were acquired using a Zeiss Axio Imager 
Z1 microscope with 100 × 1.46 oil immersion objective 
(420,792–9800, Zeiss).

Statistical analysis
All statistical analyses were performed using RStudio 
v1.1.463 (R v3.6.0). Data were tested for normal distri-
bution using Shapiro-Wilk normality test. For normally 
distributed data, Student’s t-test or two-way ANOVA fol-
lowed by Bonferroni post-hoc test was performed. For 
data with skewed distribution, Mann–Whitney U-test 
or Kruskal–Wallis test was applied, followed by pairwise 
comparisons using Wilcoxon rank sum exact test and 
Bonferroni correction. Statistical tests used in the study 
are indicated in the figure legends. Values are given as 
mean ± standard error of the mean (SEM). Significance 
level was set to p < 0.05.
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Results
Age‑dependent Gb3 accumulation, soma enlargement 
and lysosomal dysfunction of GlaKO sensory neurons
Like FD patients, GlaKO mice develop Gb3 accumulation 
in the peripheral nervous system accompanied by sen-
sory deficits [15, 40, 48–52]. In line with these reports, 
we detected strikingly more Gb3 deposits in the DRG 
(Fig.  1A) of male 28  weeks old GlaKO as compared to 
wt mice (Fig. 1B; wt: 0.00022 ± 0.000075 a.u., vs. GlaKO: 

0.032 ± 0.0061 a.u., p < 0.001). In addition, Gb3 accu-
mulation was significantly enhanced in DRG old male 
GlaKO mice (Fig.  1B; 57  weeks, wt: 0.0011 ± 0.00048 
a.u. vs. GlaKO: 0.069 ± 0.0093 a.u., p < 0.001) and to a 
lesser degree in female heterozygous  Gla/- and homozy-
gous  Gla-/- mice (Additional file  1: Fig. S1A, B). Quan-
tification of Gb3 indicated age-related progressive 
accumulation also in wt male mice (Fig.  1B; 28  weeks: 
0.00022 ± 0.000075 a.u., vs. 57  weeks: 0.0011 ± 0.00048 

Fig. 1 Age-depended glycosphingolipid accumulation and lysosomal dysfunctions in male GlaKO mouse DRG. A Gb3 was identified using indirect 
immune fluorescence microscopy using anti-Gb3 (CD77) in DRG from adult (28 weeks) and old (57 weeks) mice. Scale bar 50 µm. B Quantification 
of Gb3 accumulation. 28 weeks wt mice n = 6, GlaKO mice n = 7, 57 weeks wt mice n = 6, GlaKO mice n = 8. Statistical significance was assessed 
using Kruskal–Wallis test followed by pairwise comparisons using Wilcoxon rank sum exact test and Bonferroni correction. C 3D reconstruction 
of MP detail images from neuronal cell bodies and (D) axon bundles, showing in detail the localization of Gb3 depositions. Scale bar 10 µm. E 
Representative images of LAMP1 staining and quantification of increased lysosomal distribution and cell body area of isolated DRG neurons. Scale 
bar 5 µm. n = 22 cells per group. F Time-lapse analysis of lysosome trafficking in DRG neurons and track length measurements. n = 20 cells per 
group. Mann–Whitney U test. Values are given as mean ± SEM.* p < 0.05, ** p < 0.01, *** p < 0.001, if not otherwise stated
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a.u. p < 0.01), suggesting that Gb3 deposition is positively 
correlated with aging, and this was severely aggravated 
in FD indicative of premature aging. Gb3 deposition 
was mainly detectable in neuronal cell bodies and axon 
bundles of male GlaKO mice (Fig. 1C, D). Based on the 
mainly intracellular location of Gb3 in neurons together 
with the known enlargement of neuronal cell bodies in 
mouse and human FD DRG sections. [7, 53, 54], we que-
ried further whether the enlargement of DRG neuron 
somata was maintained in vitro where extracellular Gb3 
deposits were largely absent due to the culturing condi-
tions. Size, morphology (Fig.  1E; wt: 215 ± 25.6 µm2 vs. 
GlaKO: 519 ± 30.1 µm2, p < 0.001) and in particular lyso-
somal structures were severely altered in FD neurons 
in vitro, as indicated by altered immunoreactivity for the 
lysosomal protein LAMP1 (Fig.  1E; wt: 2373 ± 246 a.u. 
vs. GlaKO: 4545 ± 188 a.u., p < 0.001). Since this could 
be related to alterations in the mobility of lysosomes, 
we loaded cultured neurons from male GlaKO mice and 
control littermates with lysotracker dye to quantify endo/
lysosome movement, in  vitro. Lysosomal displacement 
was significantly decreased in sensory neurons obtained 
from GlaKO compared to control mice (Fig.  1F; wt: 
6.7 ± 0.077 µm vs. GlaKO: 3.7 ± 0.05 µm, p < 0.001), indi-
cating severely hampered endo/lysosomal trafficking that 
may contribute to the sensory deficits associated with the 
disease.

Immune biological processes in DRG
In addition to direct Gb3 induced neuronal deficits, 
immune cells resident in the DRG or invading from the 
vascular system can contribute to overall neuropathic 
changes associated with FD, and numerous deregulated 
functional clusters have emerged from our transcrip-
tomic analysis of male mouse DRG [38]. Re-analysis of 
our data set with a particular focus on neuroimmune 
processes revealed that 95 out of the 812 differentially 
expressed genes were associated with immune pro-
cesses (Fig.  2A, B); protein–protein interaction (PPI) 
and enrichment analyses revealed protein clusters asso-
ciated with interferon processes, major histocompat-
ibility complex, regulation of myeloid immune response 
and complement activation. In addition, genes related 
to macrophage activation and phagocytosis were overall 
upregulated in male GlaKO mice, such as interleukin 1 
receptor associated kinase 3 (Irak3), TNFAIP3 interact-
ing protein 2 (Tnip2), triggering receptor expressed on 
myeloid cells 2 (Trem2), optineurin (Optn) and galectin 3 
(Lgals3). These findings support a disease-related deregu-
lation of immune cell function that so far has not been 
addressed in detail.

Morphology and phenotype of myeloid cells was altered 
in DRG of GlaKO mice
In order to explore whether increased numbers of 
immune cells such as macrophages invading into the 
DRG could contribute to the increased DRG volume 
and the transcriptomic immune-related dysregulations 
in GlaKO DRG, we performed indirect immune fluo-
rescence imaging using IBA-1 as a monocytic marker to 
quantify macrophages, in DRG sections. An age-depend-
ent decline of macrophage numbers was evident in par-
ticular in male GlaKO (Fig.  3A; 28w: 8611 ± 988 cells/
µm3 vs. 57w: 4289 ± 414 cells/µm3, p < 0.05) but also in 
wt mice. However, total numbers of macrophages were 
comparable in both genotypes indicating that Gb3 did 
not act as a chemoattractant for macrophages (Fig. 3A). 
This finding was reflected by results from a trans-well 
migration assay to assess the chemoattractant properties 
of Lyso-Gb3 and Gb3 using the monocyte cell line BV-2, 
in vitro. After a long-term exposure (24 h), a significant 
chemoattractant effect of Lyso-Gb3 or Gb3 was not evi-
dent (Fig.  3B). Of note, Lyso-Gb3 or Gb3 did not affect 
the viability of BV-2 cells (Additional file 1: Fig. S1C).

More remarkably, the morphology of DRG mac-
rophages was strikingly altered in GlaKO mice com-
pared to wt littermates (Fig. 4A, B). 3D reconstruction of 
filament conformation and surface occupation showed 
that old GlaKO DRG macrophages were significantly 
less ramified (Fig.  4C; wt: 5.26 ± 0.245 terminals vs. 
GlaKO: 3.06 ± 0.162 terminals, p < 0.001) with a more 
rounded shape (Fig. 4D; wt: 0.44 ± 0.007 a.u. vs. GlaKO: 
0.55 ± 0.012 a.u., p < 0.001), indicative of a potentially 
hyperactive functional state.

To further investigate FD related alterations of 
macrophages, we analyzed the expression of spe-
cific markers to identify different macrophage pheno-
types. CD206, mannose receptor C type 1 (MRC1) is 
expressed by M2 macrophages [55] and the number 
of  CD206+ macrophages are decreased in GlaKO mice 
[50]. However, the numbers of monocytic cells show-
ing CD206 labelling in the DRG were similar in male 
GlaKO and wt littermates (Fig.  5A). Furthermore, the 
endo/lysosomal marker CD68 enriched in macrophages 
belongs to the lysosomal-associated membrane pro-
tein (LAMP) family of glycoproteins and rapidly shut-
tles between the plasma membrane and endosome 
[56–58]. CD68 is expressed in cells of the mononu-
clear phagocyte lineage including macrophages, micro-
glia, osteoclasts, and myeloid dendritic cells (DCs) 
and is upregulated in inflammation [58, 59]. Interest-
ingly, significantly increased age-dependent expres-
sion of CD68 was evident in DRG from male GlaKO 
mice (Fig.  5B; wt: 28.3 ± 2.09 a.u. vs. GlaKO: 49 ± 2.63 
a.u., p < 0.01) as well as female heterozygous  Gla+/- and 
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homozygous  Gla-/- mice (Additional file  1: Fig. S1A). 
This finding suggested enhanced lysosomal activity as 
a consequence of increased phagocytosis in FD DRG 
macrophages.

Since phagocytosis may be a measure to remove 
excess amount of lipids such as Gb3, we evaluated 
phagocytic activity in the BV-2 monocytic cell line 
in  vitro with pH-sensitive pHrodo BioParticles. BV-2 
cells developed significantly increased phagocytic 
activity when exposed to 1  μM Lyso-Gb3 (Fig.  5C; 
vehicle: 1.18 ± 0.025 normalized RFU vs. Lyso-Gb3: 
2.52 ± 0.053 normalized RFU, p < 0.01) or 1  µM Gb3 
(Fig.  5D; vehicle: 1.18 ± 0.025 normalized RFU vs. 
Gb3: 2.19 ± 0.049 normalized RFU, p < 0.01). However, 

evidence for intracellular Gb3 accumulation was not 
detected in these cells and this is in line with previ-
ously described locations of Gb3 deposits in DRG 
either within neuronal cell bodies or Schwann cells or 
in the extracellular space. This supports the idea that 
other lipid products or cellular debris may be taken 
up and removed by phagocytosing macrophages as 
reported for other LSDs [60]. As a consequence, FD 
macrophages may secrete toxic materials via exosomes 
that can damage neighbouring neurons and aggravate 
neuropathic alterations resulting from FD [61].

Fig. 2 Immune interaction network of significantly regulated immune-related mRNAs obtained from a published microarray dataset [38] of male 
GlaKO DRG. A Heatmap depicting significant differentially expressed immune-related genes between control and GlaKO DRG of 20–24 weeks old 
male mice: interferon-mediated process, major histocompatibility complex, regulation of myeloid immune response, regulation of complement 
activation and genes related to macrophage activation and phagocytosis. B Protein–protein interaction network using STRING Database v. 11.5 and 
MCL clustering algorithm (inflation parameter: 3). Solid lines represent associations with high edge confidence and dashed lines represent lower 
confidence interactions



Page 8 of 15Choconta et al. Immunity & Ageing           (2023) 20:22 

Specific myeloid cell populations are deregulated in male 
GlaKO mice
Further activation markers in the myeloid cell popula-
tion in DRG were explored in single cell suspensions 
from male and female GlaKO and wt DRG prepared by 
physical homogenization for flow cytometry analysis 
(Fig. 6 and Additional file 1: Fig. S3). A gating strategy 
was established based on single-antibody control. Fol-
lowing doublets and dead cell exclusion (Additional 
file 1: Fig. S2), we assessed the leukocyte surface anti-
gens CD11b and Gr1 and identified three subpopu-
lations of monocytes/macrophages  (CD11b+Gr1−, 
 CD11b+Gr1int and  CD11b+Gr1high). GlaKO DRG 
showed a significant reduction of the  CD11b+Gr1high 
population as compared to wt control DRG (Fig.  6A). 
This cell population acts as an important suppressor of 
e.g. obesity-associated inflammation [62], suggesting 
that the depletion of  CD11b+Gr1high monocytes could 
possibly promote inflammatory processes in FD DRG. 
Systemic inflammation is initialized by increased toll 

like receptor 4 (TLR4) expression [63, 64], and we found 
TLR4 upregulated in fractalkine receptor  CX3CR1+ 
and/or  CD11b+ cells in GlaKO mice (Fig. 6B). Further-
more, the scavenger receptor cysteine-rich CD163 was 
enriched in both male GlaKO and female  Gla+/-± DRG 
(Fig.  6C and Additional file  1: Fig. S3C). In the spinal 
cord, CD163 is induced by electrical activity of C-noci-
ceptors indicating microglia activation, and may have 
protective effects rather than promote inflammation 
[65]. We therefore assessed the myeloid cell popula-
tions from wt and GlaKO mice by tSNE dimensionality 
reduction [66]. tSNE plot confirmed expression enrich-
ment of  CD163+ (Fig.  6D, cyan cluster) and reduced 
 CD11b+Gr1high cell population in GlaKO DRG (Fig. 6D, 
yellow population). Collectively, these data revealed 
complex pro-inflammatory functional states of mono-
cytes/macrophages in GlaKO DRG which may develop 
as a consequence of potential excitotoxic neuronal 
damage by Gb3 [29].

Fig. 3 Unaltered number of macrophages in male GlaKO DRG supported by the no chemoattractant effect of Gb3 or Lyso-Gb3. A Representative 
images of DRG stained for anti-IBA1. Scale bar 50 µm. B Quantification of DRG macrophages. 28 weeks wt mice n = 6, GlaKO mice n = 7, 57 weeks 
wt mice (n = 6), GlaKO mice (n = 8). Statistical significance was assessed using Kruskal–Wallis test followed by pairwise comparisons using Wilcoxon 
rank sum exact test and Bonferroni correction. *p < 0.05. C Representative images of migrated BV-2 cells using the transwell assay, in vitro. Scale bar 
100 µm. D In line with the in vivo data, 1 µM Lyso-Gb3 or 1 µM Gb3 did not significantly increase cell migration of BV-2 cells (0.1% DMSO as vehicle). 
Wells per condition n = 3. Statistical significance was assessed using Kruskal–Wallis test
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Discussion
In line with previous reports of Gb3 deposited in neu-
rons, skin and liver tissue in FD mice [67, 68], we found 
extracellular Gb3 accumulation accompanied by signifi-
cant morphological alterations and an increased phago-
cytic phenotype in macrophages in the DRG of FD mice.

FD pathogenesis involves major biological processes 
including a chronic inflammatory response, extracellular 
matrix remodelling, peptidase activity, cellular response 
to reactive oxygen species, and dysregulation of meta-
bolic processes. This suggests that the deposition of Gb3 
and deficits of lysosomal storage give rise to complex 

homeostatic alterations in various tissues, including the 
peripheral and central nervous system [69]. Lysosomes 
are considered the relevant site of excess lipid deposits 
in LSD [70]. LAMP proteins are predominantly located 
in the membrane of lysosomes, and critically contrib-
ute to phagocytosis, autophagy, and lipid transport [71]. 
LAMP1 is distributed among autophagic organelles, 
such as lysosomes, which serve as degradation compart-
ments that support neuronal survival and function [70]. 
Although LAMP1 is routinely used as a lysosome marker, 
and LAMP1-positive organelles are often referred to as 
lysosomal compartments, LAMP1 localization may not 

Fig. 4 Age-depended morphological alteration of male GlaKO DRG macrophages. A Representative images of macrophage morphology based 
on IBA-1 staining. Scale bar 10 µm. B Representative 3D reconstruction of GlaKO DRG macrophages compared to control. C Filament tracing and 
D surface reconstruction of macrophages from 28 and 57w old mice. Between 12 and 30 cells per condition were analyzed using Imaris 9.7 with 
Filaments and Surfaces tools. Statistical significance was assessed using Kruskal–Wallis test followed by pairwise comparisons using Wilcoxon rank 
sum exact test and Bonferroni correction. Values are given as mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, if not otherwise stated
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be restricted to lysosomes, rather indicating areas of lyso-
somal interactions with other cellular organelles, such 
as autolysosomes, endosomes, multivesicular bodies, 
and multilamellar bodies [72]. Phagocytic cells from FD 

patients express higher levels of LAMP1 [73], FD axon 
tracts accumulate LAMP1-positive lysosomes and non-
surprisingly, lysosomal trafficking is severely affected in 
FD [74–76].

Fig. 5 Increased macrophage CD68 expression indicative of enhanced phagocytic activity, in vitro. A MP images representing unaltered CD206 
expression, M2 macrophages, in 28w and 57w GlaKO mice. Scale bar 50 µm. Male: 28 weeks wt mice n = 4, GlaKO mice n = 4, 57 weeks wt mice 
n = 4, GlaKO mice n = 6. B Aged GlaKO mice showed a significant upregulation of the endo/lysosomal marker CD68 in DRG. Scale bar 50 µm. 
Male: 28 weeks wt mice n = 4, GlaKO mice n = 4, 57 weeks wt mice n = 4, GlaKO mice n = 7. C Lyso-Gb3 or (D) Gb3 activated phagocytosis of BV-2 
(1% DMSO was used as vehicle). Wells per condition n = 6. Statistical significance was assessed using Kruskal–Wallis test followed by pairwise 
comparisons using Wilcoxon rank sum exact test and Bonferroni correction. Values are given as mean ± SEM. * p < 0.05, ** p < 0.01, if not otherwise 
stated

(See figure on next page.)
Fig. 6 Reduced  CD11b+Gr1high and increased  CD163+  CX3CR1+ and/or  CD11b+ cell populations in male GlaKO DRG. A Flow cytometry analysis of 
myeloid cells in GlaKO and control DRG cell suspensions from 20 - 24 weeks old male mice. Representative scatter plots and histograms of CD11b 
and Gr1 evidencing a reduced fraction of  CD11b+Gr1high cells in GlaKO DRG. B Higher TLR4 expression and (C) enriched  CD163+  CX3CR1+ and/or 
 CD11b+ cells in GlaKO as compared to control DRG. D Dimensional reduction using tSNE and clustering analysis from each myeloid cell population 
identified in (A), (B) and (C). Pooled samples from 3 mice, wt male samples n = 3, GlaKO male samples n = 3



Page 11 of 15Choconta et al. Immunity & Ageing           (2023) 20:22  

Fig. 6 (See legend on previous page.)



Page 12 of 15Choconta et al. Immunity & Ageing           (2023) 20:22 

An increased Gb3 load in peripheral neurons is asso-
ciated with more intense FD pain and hypersensitivity 
of nociceptive neurons [50, 74]. Topical application of 
Lyso-Gb3 or Gb3 causes mechanical hypersensitivity 
in mice, and this is associated with complex changes of 
transduction and action potential generation resulting in 
excitation and sensitization of nociceptive primary affer-
ents [29, 54]. With increasing age, the hypersensitivity 
reverses into hyposensitivity in FD patients [24, 77] and 
GlaKO mice [25, 36]. This may occur as a consequence 
of excitotoxic Gb3 actions or defective lysosomal traffick-
ing in relevant neuronal tissue as observed in the current 
study. In line with these reports, we found significant FD 
related morphological changes in cultured FD sensory 
neurons and structural redistribution of LAMP1-positive 
regions within the cell soma, indicative of lysosomal traf-
ficking deficits and possibly neuronal damage associated 
with FD.

The consequences of nerve damage in FD are com-
plex, but usually involve signatures of sterile inflamma-
tion which is particularly important for the resolution 
of nerve damage and for regenerative processes [78]. Of 
note, LAMP1 expression is not only aberrantly increased 
in neurons but also in phagocytic cells from FD patients. 
This phenotype can be improved via intravenous admin-
istration of enzyme replacement therapy which is  the 
most common treatment for FD [73]. Increased expres-
sion of LAMP1 contributes to the neuroinflammatory 
response in LSD progression [79, 80], pointing towards 
immune cells as emerging FD modifying contributors 
[81, 82]. In models of neuropathic pain, a high density of 
immune cells is observed as a result of early proliferation 
of  ED1+ macrophages phagocytosing myelin followed 
by de novo invasion of macrophages [44]. In contrast, 
macrophage numbers per µm3 were unaltered in GlaKO 
DRG. However, we found strikingly altered macrophage 
morphology suggesting FD-specific immune responses 
distinct from the response to traumatic nerve injury. 
Upregulation of CD68 in macrophages, indicative of 
increased phagocytotic activity, raise the possibility that 
macrophages are involved in the removal of pathologi-
cal lipids such as Gb3. However, Gb3 accumulation was 
exclusively evident in the extracellular space but not 
inside IBA-1-positive cells, suggesting that other sub-
strates such as neuronal debris or myelin resulting from 
neurotoxic cell damage rather than Gb3 itself may be 
phagocytosed by macrophages [83, 84]. In GlaKO male 
and  Gla+/- female mice,  CX3CR1+ and/or  CD11b+ mye-
loid cells showed enriched expression of the anti-inflam-
matory marker CD163 in DRG. Macrophages expressing 
CD163 are usually involved in the resolution of inflam-
mation by activating anti-inflammatory pathways [85, 86] 
or through transferring mitochondria to DRG neurons 

[87]. Since elevated levels of CD163 are not only obtained 
from plasma samples of FD patient but are also reported 
in Gaucher disease or endomyocardial biopsies from 
patients with myocardial diseases [88, 89] the higher 
expression of CD163 on  CX3CR1+ and/or  CD11b+cells 
may resemble a compensatory reaction to resolve accu-
mulating lipids and cell debris common to LSDs.

Conclusions
Together, our data not only confirm pathological accu-
mulation of lipid species in FD sensory neurons but 
rather suggests that Gb3 may affect morphology, phago-
cytic function and phenotypes of the myeloid cell line-
age in an age-dependent manner. These alterations may 
be causally involved in disease pathogenesis, and FD-
related changes of monocytes may not only be relevant 
for cardiac and renal FD pathologies [9–12] but also for 
disease related deficits in pain processing. Targeting mac-
rophages could therefore offer novel perspectives for FD 
treatments in addition to enzyme replacement therapy.
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 CD11b+Gr1high). Downstream analysis was performed based on  CX3CR1+ 
and/or  CD11b+ populations, which were gated from the “Live cells” gate. 
Figure S3. Flow cytometry analysis of myeloid cells in  Gla+/- and control 
DRG cell suspensions from 20 - 24 weeks old female mice. (A) Representa-
tive scatter plots and histograms of CD11b and Gr1. (B) TLR4 expression 
and (C) higher CD163 expression in  CX3CR1+ and/or  Cd11b+ in GlaKO. 
(D) Dimensional reduction using tSNE and clustering analysis from each 
identified cell population in (A), (B) and (C). Pooled samples from 3 mice. 
20 - 26 weeks wt female samples n=3,  Gla+/- female samples n=4.

Acknowledgements
The authors gratefully acknowledge the technical assistance of Federica 
Vercelli, Kathrin Braun and Andrea Gollner.

Authors’ contributions
Study design: J.L.C., K.K., T.K., and M.K.; Experiments: J.L.C., C.D., V.L.; Data 
analysis: J.L.C., K.K., T.K.; Data interpretation: J.L.C., K.K., T.K. and M.K.; Manuscript: 
J.L.C., K.K., T.K. and M.K. All authors have read and approved the final version of 
the manuscript.

Funding
This work is part of the TOBeATPAIN research training programme and has 
received funding from the European Union’s Horizon 2020 research and 
innovation programme under the Marie Skłodowska-Curie Grant Agreement 
No 764860 to M.K.; the work was further supported by Austrian Science Fund 
(FWF) grant P30809 to K.K.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on request.

Declarations

Ethics approval and consent to participate
All experiments were performed in accordance with the Ethics Guidelines of 
Animal Care (Medical University of Innsbruck), as well as the European Com-
munities Council Directive of 22 September 2010 on the protection of animals 
used for scientific purposes (2010/63/EU), and approved by the Austrian 
Bundesministerium für Bildung, Wissenschaft und Forschung (permit number 
BMWF-66.011/0148-V/3b/2019).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 7 March 2023   Accepted: 3 May 2023

References
 1. Platt FM, d’Azzo A, Davidson BL, Neufeld EF, Tifft CJ. Lysosomal storage 

diseases. Nat Rev Dis Primers. 2018;4(1):27.
 2. Kok K, Zwiers KC, Boot RG, Overkleeft HS, Aerts JMFG, Artola M. Fabry 

Disease: molecular basis, pathophysiology, diagnostics and potential 
therapeutic directions. Biomolecules. 2021;11(2):271.

 3. Spada M, Pagliardini S, Yasuda M, Tukel T, Thiagarajan G, Sakuraba H, et al. 
High incidence of later-onset fabry disease revealed by newborn screen-
ing. Am J Hum Genet. 2006;79(1):31–40.

 4. Lin HY, Chong KW, Hsu JH, Yu HC, Shih CC, Huang CH, et al. High 
incidence of the cardiac variant of Fabry disease revealed by newborn 
screening in the Taiwan Chinese population. Circ Cardiovasc Genet. 
2009;2(5):450–6.

 5. Stenson PD, Mort M, Ball EV, Evans K, Hayden M, Heywood S, et al. The 
human gene mutation database: towards a comprehensive repository 

of inherited mutation data for medical research, genetic diagnosis and 
next-generation sequencing studies. Hum Genet. 2017;136(6):665–77.

 6. Kornreich R, Desnick RJ, Bishop DF. Nucleotide sequence of the human 
alpha-galactosidase A gene. Nucleic Acids Res. 1989;17(8):3301–2.

 7. Burand AJ, Stucky CL. Fabry disease pain: patient and preclinical paral-
lels. Pain. 2021;162(5):1305–21.

 8. Sheth KJ, Werlin SL, Freeman ME, Hodach AE. Gastrointestinal structure 
and function in Fabry’s disease. Am J Gastroenterol. 1981;76(3):246–51.

 9. Lenders M, Brand E. Precision medicine in Fabry disease. Nephrol Dial 
Transplant. 2021;36(Suppl 2):14–23.

 10. MacDermot KD, Holmes A, Miners AH. Anderson-Fabry disease: clinical 
manifestations and impact of disease in a cohort of 60 obligate carrier 
females. J Med Genet. 2001;38(11):769–75.

 11. Tuttolomondo A, Simonetta I, Riolo R, Todaro F, Di Chiara T, Miceli S, 
et al. Pathogenesis and molecular mechanisms of Anderson-Fabry 
disease and possible new molecular addressed therapeutic strategies. 
Int J Mol Sci. 2021;22(18):10088.

 12. Germain DP. Fabry disease. Orphanet J Rare Dis. 2010;5:30.
 13. Desnick RJ, Banikazemi M, Wasserstein M. Enzyme replacement 

therapy for Fabry disease, an inherited nephropathy. Clin Nephrol. 
2002;57(1):1–8.

 14. Mehta A, Hughes DA. Fabry disease. In: Adam MP, Mirzaa GM, Pagon 
RA, Wallace SE, Bean LJH, Gripp KW, Amemiya A, editors. GeneR-
eviews®. Seattle: University of Washington; 1993–2023.

 15. Rodrigues LG, Ferraz MJ, Rodrigues D, Pais-Vieira M, Lima D, Brady RO, 
et al. Neurophysiological, behavioral and morphological abnormalities 
in the Fabry knockout mice. Neurobiol Dis. 2009;33(1):48–56.

 16. Burlina AP, Sims KB, Politei JM, Bennett GJ, Baron R, Sommer C, et al. 
Early diagnosis of peripheral nervous system involvement in Fabry dis-
ease and treatment of neuropathic pain: the report of an expert panel. 
BMC Neurol. 2011;11:61.

 17. Biegstraaten M, Hollak CE, Bakkers M, Faber CG, Aerts JM, van Schaik 
IN. Small fiber neuropathy in Fabry disease. Mol Genet Metab. 
2012;106(2):135–41.

 18. Dütsch M, Marthol H, Stemper B, Brys M, Haendl T, Hilz MJ. Small fiber 
dysfunction predominates in Fabry neuropathy. J Clin Neurophysiol. 
2002;19(6):575–86.

 19. Laaksonen SM, Röyttä M, Jääskeläinen SK, Kantola I, Penttinen M, Falck 
B. Neuropathic symptoms and findings in women with Fabry disease. 
Clin Neurophysiol. 2008;119(6):1365–72.

 20. Liguori R, Incensi A, de Pasqua S, Mignani R, Fileccia E, Santostefano 
M, et al. Skin globotriaosylceramide 3 deposits are specific to Fabry 
disease with classical mutations and associated with small fibre neu-
ropathy. PLoS One. 2017;12(7):e0180581.

 21. Maag R, Binder A, Maier C, Scherens A, Toelle T, Treede RD, et al. Detec-
tion of a characteristic painful neuropathy in Fabry disease: a pilot 
study. Pain Med. 2008;9(8):1217–23.

 22. Scott LJ, Griffin JW, Luciano C, Barton NW, Banerjee T, Crawford T, et al. 
Quantitative analysis of epidermal innervation in Fabry disease. Neurol-
ogy. 1999;52(6):1249–54.

 23. Üçeyler N, He L, Schönfeld D, Kahn AK, Reiners K, Hilz MJ, et al. Small 
fibers in Fabry disease: baseline and follow-up data under enzyme 
replacement therapy. J Peripher Nerv Syst. 2011;16(4):304–14.

 24. Üçeyler N, Kahn AK, Kramer D, Zeller D, Casanova-Molla J, Wanner C, 
et al. Impaired small fiber conduction in patients with Fabry disease: a 
neurophysiological case-control study. BMC Neurol. 2013;13:47.

 25. Uceyler N, Biko L, Hose D, Hofmann L, Sommer C. Comprehensive 
and differential long-term characterization of the alpha-galactosidase 
A deficient mouse model of Fabry disease focusing on the sensory 
system and pain development. Mol Pain. 2016;12.

 26. von Cossel K, Muschol N, Friedrich RE, Glatzel M, Ammer L, Lohmöller 
B, et al. Assessment of small fiber neuropathy in patients carrying the 
non-classical Fabry variant p.D313Y. Muscle Nerve. 2021;63(5):745–50.

 27. Lakoma J, Rimondini R, Donadio V, Liguori R, Caprini M. Pain related 
channels are differentially expressed in neuronal and non-neuronal 
cells of glabrous skin of fabry knockout male mice. PLoS One. 
2014;9(10):e108641.

 28. Birklein F. Mechanisms of neuropathic pain and their importance in 
Fabry disease. Acta Paediatr Suppl. 2002;91(439):34–7.

 29. Choi L, Vernon J, Kopach O, Minett MS, Mills K, Clayton PT, et al. The 
Fabry disease-associated lipid Lyso-Gb3 enhances voltage-gated 



Page 14 of 15Choconta et al. Immunity & Ageing           (2023) 20:22 

calcium currents in sensory neurons and causes pain. Neurosci Lett. 
2015;594:163–8.

 30. Tehse J, Taghibiglou C. The overlooked aspect of excitotoxicity: 
Glutamate-independent excitotoxicity in traumatic brain injuries. Eur J 
Neurosci. 2019;49(9):1157–70.

 31. Formaggio F, Rimondini R, Delprete C, Scalia L, Merlo Pich E, Liguori R, 
et al. L-Acetylcarnitine causes analgesia in mice modeling Fabry disease 
by up-regulating type-2 metabotropic glutamate receptors. Mol Pain. 
2022;18:17448069221087032.

 32. Ishii S, Yoshioka H, Mannen K, Kulkarni AB, Fan JQ. Transgenic mouse 
expressing human mutant alpha-galactosidase A in an endogenous 
enzyme deficient background: a biochemical animal model for studying 
active-site specific chaperone therapy for Fabry disease. Biochim Biophys 
Acta. 2004;1690(3):250–7.

 33. Kaneski CR, Hanover JA, Schueler Hoffman UH. Generation of an. Mol 
Genet Metab Rep. 2022;31: 100871.

 34. Lohne V, Bjørnsborg E, Westerby R, Heiberg E. Effects of facial 
paralysis after acoustic neuroma surgery in Norway. J Neurosci Nurs. 
1987;19(3):123–31.

 35. Ohshima T, Murray GJ, Swaim WD, Longenecker G, Quirk JM, Cardarelli 
CO, et al. alpha-Galactosidase A deficient mice: a model of Fabry disease. 
Proc Natl Acad Sci U S A. 1997;94(6):2540–4.

 36. Namer B, Orstavik K, Schmidt R, Mair N, Kleggetveit IP, Zeidler M, et al. 
Changes in ionic conductance signature of nociceptive neurons underly-
ing Fabry disease Phenotype. Front Neurol. 2017;8:335.

 37. Rajan JN, Ireland K, Johnson R, Stepien KM. Review of mechanisms, 
pharmacological management, psychosocial implications, and holistic 
treatment of pain in Fabry disease. J Clin Med. 2021;10(18):4168.

 38. Kummer KK, Kalpachidou T, Kress M, Langeslag M. Signatures of altered 
gene expression in dorsal root ganglia of a Fabry disease mouse model. 
Front Mol Neurosci. 2017;10:449.

 39. Kummer KK, Kalpachidou T, Mitrić M, Langeslag M, Kress M. Altered gene 
expression in prefrontal cortex of a Fabry disease mouse model. Front 
Mol Neurosci. 2018;11:201.

 40. Jabbarzadeh-Tabrizi S, Boutin M, Day TS, Taroua M, Schiffmann R, Auray-
Blais C, et al. Assessing the role of glycosphingolipids in the phenotype 
severity of Fabry disease mouse model. J Lipid Res. 2020;61(11):1410–23.

 41. Mogil JS, Wilson SG, Bon K, Lee SE, Chung K, Raber P, et al. Heritability of 
nociception I: responses of 11 inbred mouse strains on 12 measures of 
nociception. Pain. 1999;80(1–2):67–82.

 42. Lindborg JA, Niemi JP, Howarth MA, Liu KW, Moore CZ, Mahajan D, et al. 
Molecular and cellular identification of the immune response in periph-
eral ganglia following nerve injury. J Neuroinflammation. 2018;15(1):192.

 43. Hu P, McLachlan EM. Macrophage and lymphocyte invasion of dorsal 
root ganglia after peripheral nerve lesions in the rat. Neuroscience. 
2002;112(1):23–38.

 44. Hu P, McLachlan EM. Distinct functional types of macrophage in dorsal 
root ganglia and spinal nerves proximal to sciatic and spinal nerve tran-
sections in the rat. Exp Neurol. 2003;184(2):590–605.

 45. Nakagawa T, Ohnishi K, Kosaki Y, Saito Y, Horlad H, Fujiwara Y, Takeya M, 
Komohara Y. Optimum immunohistochemical procedures for analysis of 
macrophages in human and mouse formalin fixed paraffin-embedded 
tissue samples. J Clin Experiment Hematopathol. 2017;57:31.

 46. Hammill D. CytoExploreR: interactive analysis of cytometry data. 1.1.0 
ed2021. p. R package.

 47. Strober W. Trypan blue exclusion test of cell viability. Curr Protoc Immu-
nol. 2015;111:A3.B.1-A3.B.

 48. Masotti M, Delprete C, Dothel G, Donadio V, Rimondini R, Politei JM, et al. 
Altered globotriaosylceramide accumulation and mucosal neuronal fiber 
density in the colon of the Fabry disease mouse model. Neurogastroen-
terol Motil. 2019;31(3): e13529.

 49. Rullo L, Posa L, Caputi FF, Stamatakos S, Formaggio F, Caprini M, et al. 
Nociceptive behavior and central neuropeptidergic dysregulations in 
male and female mice of a Fabry disease animal model. Brain Res Bull. 
2021;175:158–67.

 50. Spitzel M, Wagner E, Breyer M, Henniger D, Bayin M, Hofmann L, et al. 
Dysregulation of immune response mediators and pain-related ion chan-
nels is associated with pain-like behavior in the GLA KO mouse model of 
Fabry disease. Cells. 2022;11(11):1730.

 51. Sugimoto J, Satoyoshi H, Takahata K, Muraoka S. Fabry disease-associated 
globotriaosylceramide induces mechanical allodynia via activation of 
signaling through proNGF-p75. Eur J Pharmacol. 2021;895: 173882.

 52. Üçeyler N, Biko L, Hose D, Hofmann L, Sommer C. Comprehensive and 
differential long-term characterization of the alpha-galactosidase A 
deficient mouse model of Fabry disease focusing on the sensory system 
and pain development. Mol Pain. 2016;12:1744806916646379.

 53. Godel T, Bäumer P, Pham M, Köhn A, Muschol N, Kronlage M, et al. Human 
dorsal root ganglion in vivo morphometry and perfusion in Fabry painful 
neuropathy. Neurology. 2017;89(12):1274–82.

 54. Hofmann L, Hose D, Griesshammer A, Blum R, Doring F, Dib-Hajj S, et al. 
Characterization of small fiber pathology in a mouse model of Fabry 
disease. Elife. 2018;7:e39300.

 55. Xu ZJ, Gu Y, Wang CZ, Jin Y, Wen XM, Ma JC, et al. The M2 macrophage 
marker CD206: a novel prognostic indicator for acute myeloid leukemia. 
Oncoimmunology. 2020;9(1):1683347.

 56. Kurushima H, Ramprasad M, Kondratenko N, Foster DM, Quehenberger O, 
Steinberg D. Surface expression and rapid internalization of macrosialin 
(mouse CD68) on elicited mouse peritoneal macrophages. J Leukoc Biol. 
2000;67(1):104–8.

 57. Chistiakov DA, Killingsworth MC, Myasoedova VA, Orekhov AN, Bobryshev 
YV. CD68/macrosialin: not just a histochemical marker. Lab Invest. 
2017;97(1):4–13.

 58. Gottfried E, Kunz-Schughart LA, Weber A, Rehli M, Peuker A, Muller A, 
et al. Expression of CD68 in non-myeloid cell types. Scand J Immunol. 
2008;67(5):453–63.

 59. Greaves DR, Gordon S. Macrophage-specific gene expression: current 
paradigms and future challenges. Int J Hematol. 2002;76(1):6–15.

 60. Spix B, Chao YK, Abrahamian C, Chen CC, Grimm C. TRPML cation chan-
nels in inflammation and immunity. Front Immunol. 2020;11:225.

 61. Lee KS, Lee J, Lee P, Kim CU, Kim DJ, Jeong YJ, et al. Exosomes released 
from Shiga toxin 2a-treated human macrophages modulate inflamma-
tory responses and induce cell death in toxin receptor expressing human 
cells. Cell Microbiol. 2020;22(11): e13249.

 62. Xia S, Sha H, Yang L, Ji Y, Ostrand-Rosenberg S, Qi L. Gr-1+ CD11b+ 
myeloid-derived suppressor cells suppress inflammation and promote 
insulin sensitivity in obesity. J Biol Chem. 2011;286(26):23591–9.

 63. Zettel K, Korff S, Zamora R, Morelli AE, Darwiche S, Loughran PA, Elson 
G, Shang L, Salgado-Pires S, Scott MJ, Vodovotz Y. Toll-like receptor 4 on 
both myeloid cells and dendritic cells is required for systemic inflamma-
tion and organ damage after hemorrhagic shock with tissue trauma in 
mice. Front Immunol. 2017;8:1672.

 64. Ling GS, Bennett J, Woollard KJ, Szajna M, Fossati-Jimack L, Taylor PR, et al. 
Integrin CD11b positively regulates TLR4-induced signalling pathways in 
dendritic cells but not in macrophages. Nat Commun. 2014;5:3039.

 65. Hathway GJ, Vega-Avelaira D, Moss A, Ingram R, Fitzgerald M. Brief, 
low frequency stimulation of rat peripheral C-fibres evokes prolonged 
microglial-induced central sensitization in adults but not in neonates. 
Pain. 2009;144(1–2):110–8.

 66. Toghi Eshghi S, Au-Yeung A, Takahashi C, Bolen CR, Nyachienga MN, Lear 
SP, et al. Quantitative comparison of conventional and t-SNE-guided gat-
ing analyses. Front Immunol. 2019;10:1194.

 67. Ohshima T, Schiffmann R, Murray GJ, Kopp J, Quirk JM, Stahl S, et al. 
Aging accentuates and bone marrow transplantation ameliorates 
metabolic defects in Fabry disease mice. Proc Natl Acad Sci U S A. 
1999;96(11):6423–7.

 68. Schreiber HA, Harding JS, Hunt O, Altamirano CJ, Hulseberg PD, 
Stewart D, et al. Inflammatory dendritic cells migrate in and out of 
transplanted chronic mycobacterial granulomas in mice. J Clin Invest. 
2011;121(10):3902–13.

 69. Fernandes M, Husi H. Integrative systems biology investigation of Fabry 
disease. Diseases. 2016;4(4):35.

 70. Reggiori F, Molinari M. ER-phagy: mechanisms, regulation, and diseases 
connected to the lysosomal clearance of the endoplasmic reticulum. 
Physiol Rev. 2022;102(3):1393–448.

 71. Alessandrini F, Pezzè L, Ciribilli Y. LAMPs: Shedding light on cancer biol-
ogy. Semin Oncol. 2017;44(4):239–53.

 72. Cheng XT, Xie YX, Zhou B, Huang N, Farfel-Becker T, Sheng ZH. Revisiting 
LAMP1 as a marker for degradative autophagy-lysosomal organelles in 
the nervous system. Autophagy. 2018;14(8):1472–4.



Page 15 of 15Choconta et al. Immunity & Ageing           (2023) 20:22  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 73. Pereira EM, do Monte SJ, do Nascimento FF, de Castro JA, Sousa JL, Filho 
HC, et al. Lysosome-associated protein 1 (LAMP-1) and lysosome-associ-
ated protein 2 (LAMP-2) in a larger family carrier of Fabry disease. Gene. 
2014;536(1):118–22.

 74. Waltz TB, Burand AJ, Sadler KE, Stucky CL. Sensory-specific peripheral 
nerve pathology in a rat model of Fabry disease. Neurobiol Pain. 2021;10: 
100074.

 75. Raa H, Grimmer S, Schwudke D, Bergan J, Wälchli S, Skotland T, et al. Gly-
cosphingolipid requirements for endosome-to-Golgi transport of Shiga 
toxin. Traffic. 2009;10(7):868–82.

 76. Yam GH, Bosshard N, Zuber C, Steinmann B, Roth J. Pharmaco-
logical chaperone corrects lysosomal storage in Fabry disease 
caused by trafficking-incompetent variants. Am J Physiol Cell Physiol. 
2006;290(4):C1076–82.

 77. Torvin Møller A, Winther Bach F, Feldt-Rasmussen U, Rasmussen A, 
Hasholt L, Lan H, et al. Functional and structural nerve fiber findings in 
heterozygote patients with Fabry disease. Pain. 2009;145(1–2):237–45.

 78. Kalinski AL, Yoon C, Huffman LD, Duncker PC, Kohen R, Passino R, et al. 
Analysis of the immune response to sciatic nerve injury identifies effero-
cytosis as a key mechanism of nerve debridement. Elife. 2020;9:e60223.

 79. Cawley NX, Sojka C, Cougnoux A, Lyons AT, Nicoli ER, Wassif CA, et al. 
Abnormal LAMP1 glycosylation may play a role in Niemann-Pick disease, 
type C pathology. PLoS One. 2020;15(1):e0227829.

 80. Stroobants S, Wolf H, Callaerts-Vegh Z, Dierks T, Lubke T, D’Hooge R. Sen-
sorimotor and neurocognitive dysfunctions parallel early telencephalic 
neuropathology in fucosidosis mice. Front Behav Neurosci. 2018;12:69.

 81. De Francesco PN, Mucci JM, Ceci R, Fossati CA, Rozenfeld PA. Fabry dis-
ease peripheral blood immune cells release inflammatory cytokines: role 
of globotriaosylceramide. Mol Genet Metab. 2013;109(1):93–9.

 82. Rozenfeld P, Feriozzi S. Contribution of inflammatory pathways to Fabry 
disease pathogenesis. Mol Genet Metab. 2017;122(3):19–27.

 83. Wu S, Romero-Ramírez L, Mey J. Retinoic acid increases phagocytosis of 
myelin by macrophages. J Cell Physiol. 2021;236(5):3929–45.

 84. Kucharova K, Stallcup WB. Distinct NG2 proteoglycan-dependent roles 
of resident microglia and bone marrow-derived macrophages during 
myelin damage and repair. PLoS One. 2017;12(11):e0187530.

 85. Niehaus JK, Taylor-Blake B, Loo L, Simon JM, Zylka MJ. Spinal mac-
rophages resolve nociceptive hypersensitivity after peripheral injury. 
Neuron. 2021;109(8):1274-82.e6.

 86. Fabriek BO, Dijkstra CD, van den Berg TK. The macrophage scavenger 
receptor CD163. Immunobiology. 2005;210(2–4):153–60.

 87. van der Vlist M, Raoof R, Willemen HLDM, Prado J, Versteeg S, Martin Gil C, 
et al. Macrophages transfer mitochondria to sensory neurons to resolve 
inflammatory pain. Neuron. 2022;110(4):613-26.e9.

 88. Hayashi Y, Hanawa H, Jiao S, Hasegawa G, Ohno Y, Yoshida K, et al. Ele-
vated endomyocardial biopsy macrophage-related markers in intractable 
myocardial diseases. Inflammation. 2015;38(6):2288–99.

 89. Møller HJ, de Fost M, Aerts H, Hollak C, Moestrup SK. Plasma level of the 
macrophage-derived soluble CD163 is increased and positively correlates 
with severity in Gaucher’s disease. Eur J Haematol. 2004;72(2):135–9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Age-related neuroimmune signatures in dorsal root ganglia of a Fabry disease mouse model
	Abstract 
	Introduction
	Material and methods
	Mouse model
	Indirect immune fluorescence microscopy
	Cell culture and transwell chemotaxis assay
	Preparation of single DRG cell suspension
	Flow cytometry
	Protein–protein interaction analysis
	Phagocytic activity
	Viability assay
	Preparation of short-term neuron cultures and lysosome tracking
	Image analysis and quantification
	Statistical analysis

	Results
	Age-dependent Gb3 accumulation, soma enlargement and lysosomal dysfunction of GlaKO sensory neurons
	Immune biological processes in DRG
	Morphology and phenotype of myeloid cells was altered in DRG of GlaKO mice
	Specific myeloid cell populations are deregulated in male GlaKO mice

	Discussion
	Conclusions
	Anchor 23
	Acknowledgements
	References


