
Summary. Fragmentation of the Golgi ribbon is a
common feature of Parkinson’s disease and other
neurodegenerative diseases. This alteration could be the
consequence of the anterograde and retrograde transport
imbalance, α-synuclein aggregates, and/or cytoskeleton
alterations. Most information on this process has been
obtained from cellular and animal experimental models,
and as such, there is little information available on
human tissue. If the information on human tissue was
available, it may help to understand the cytopathological
mechanisms of this disease. In the present study, we
analyzed the morphological characteristics of the Golgi
complex of dopaminergic neurons in human samples of
substantia nigra of control and Parkinson’s disease
patients. We measured the expression levels of putative
molecules involved in Golgi fragmentation, including α-
synuclein, tubulin, and Golgi-associated regulatory and
structural proteins. We show that, as a consequence of
the disease, the Golgi complex is fragmented into small
stacks without vesiculation. We found that only a limited
number of regulatory proteins are altered. Rab1, a small
GTPase regulating endoplasmic reticulum-to-Golgi
transport, is the most dramatically affected, being highly
overexpressed in the surviving neurons. We found that
the SNARE protein syntaxin 5 forms extracellular
aggregates resembling the amyloid plaques characteristic
of Alzheimer’s disease. These findings may help to
understand the cytopathology of Parkinson’s disease.
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Introduction

Parkinson’s disease (PD) is the most common
movement disorder and is the second progressive
neurodegenerative disorder, after Alzheimer’s disease
(AD), affecting 1-2% of the world population over the
age of 65 (Tysnes and Storstein, 2017). PD is mostly
sporadic and age-dependent but a minor number of cases
(~15%) are familial (Deng et al., 2018; Cuenca et al.,
2019). This disease is characterized by the loss of
neuromelanin-containing dopaminergic neurons in the
substantia nigra pars compacta (SNpc) and clinical
symptoms appear when more than 40% of the tyrosine
hydroxylase (TH)-immunoreactive neurons have died
and 80% of the dopamine content has been depleted
(Bezard et al., 2001). These neurons are part of the
nigrostriatal pathway and their loss leads to a reduction
of the striatal dopamine, affecting the basal ganglia
circuitry controlling movement - this explains the
characteristic motor symptoms of the PD (O’Keeffe and
Sullivan, 2018). The main cytopathological hallmark of
the disease is the presence of large protein inclusions
called Lewy bodies and neurites in the survival neurons
(Spillantini et al., 1998; Goedert, 2001). Whether these
protein aggregates represent a protective reaction for the
isolation of abnormal products from the cytoplasm (i.e.,
an aggresome) or a sign of irreversible neuronal damage,
is unclear. A recent structural study showed that these
inclusions contain different organelles like mitochondria
and lysosomes, filamentous materials, and lipids
(Shahmoradian et al. 2019). More than 100 proteins have
been described in these aggregates, with the most
abundant being α-synuclein (α-syn) (Wakabayashi et al.,
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2007). The physiological role of this protein is not clear,
but increasing evidence suggests α-syn regulates the
exocytosis of neurotransmitters at the synapse. It has
been demonstrated that α−syn acts as a chaperone for
the SNARE complexes that mediate membrane fusion
events during synaptic vesicle release (Huang et al.,
2019). Mutant forms or overexpression of wild type
α−syn could interfere with several steps of the neuronal
membrane trafficking. 

A common characteristic of most neurodegenerative
diseases is that a select number of neurons show
fragmented Golgi complexes (GCs) (Gonatas et al.,
2006; Fan et al., 2008; Caracci et al., 2019; Martínez-
Menárguez et al., 2019). In mammalian cells, the Golgi
stacks are joined together by tubular connections in a
continuous network, forming the so-called Golgi ribbon
(Klumperman, 2011; Mironov and Beznoussenko, 2011).
Under a light microscope, Golgi elements appear smaller
and disperse throughout the cytoplasm in pathological
samples when compared with normal neurons. Although
it has not been unambiguously demonstrated by an
electron microscope, it seems that neurodegeneration
induces the fragmentation of the ribbon, resulting in
unconnected Golgi stacks. The cause of this
fragmentation is not known, but it has been linked to the
formation of abnormal protein aggregates typical of the
neurodegenerative diseases, microtubule cytoskeleton
disorganization, imbalance of the membrane trafficking,
or alteration in the levels of structural/regulatory Golgi
proteins (Haase and Rabouille, 2015; Martínez-
Menárguez et al., 2019). The consequences of the
fragmentation of the Golgi ribbon can be catastrophic to
the neuron, including the alteration of the axonal
transport. Golgi fragmentation is a specific and early,
preclinical stage of neurodegeneration (Karecla and
Kreis, 1992; Mourelatos et al., 1996). Given that this
organelle is the central station of cellular trafficking and
an important central hub for the integration of many
signaling pathways, increasing emphasis has been put on
the evaluation of the role of this organelle in the
neurodegenerative disorders.

Early postmortem examination of PD samples
showed that GCs are fragmented in some SNpc
dopaminergic neurons (Fujita et al., 2006). The number
of cells with fragmented GCs was fewer than in cells
with Lewy bodies in comparison to cells containing pale
bodies, which are early forms of these aggregates,
suggesting that α-syn aggregation is not the cause of the
fragmentation. The pre-fibrillar forms of α-syn are more
dangerous that fibrils (Gosavi et al., 2002). The main
toxic effect of α-syn is the inhibition of endoplasmic
reticulum to Golgi transport; this effect can be reversed
by the overexpression of Rab1 (Cooper et al., 2006). Rab
proteins are small GTPases that regulate specific steps of
the secretory pathway, shifting from an active GTP-bind
form to an inactive GTP form (Goud and Storrie, 2018).
Later studies showed that other Rabs also inhibit α-syn
toxicity (Gitler et al., 2008) and, importantly, α-syn
directly interacts with important proteins involved in the

maintenance of the Golgi ribbon such as SNARE
proteins (Thayanidhi et al., 2010). Thus, Rabs and
SNARE proteins may be directly related to the Golgi
fragmentation observed in PD and could play an
important role in neurodegeneration.

In our previous study, we investigated differentiated
PC12 cells treated with 6-hidroxydopamine or
methamphetamine as a cellular model of PD, and we
analyzed the molecular mechanisms involved in Golgi
fragmentation (Rendón et al., 2013). Our results
supported the understanding that Golgi fragmentation is
not triggered by an imbalance of the traffic, cytoskeleton
disorganization, or protein aggregation but is, rather, a
consequence of alterations in the homeostasis of specific
Rab GTPases and SNARE proteins, more specifically
Rab1, 2, and 8 and the SNARE protein syntaxin 5.
Although the cellular model used mimics well (e.g.,
mimicking the cytopathological signs of PD, including
the formation of large α-syn aggregates and Golgi
fragmentation) it is not clear whether these results can be
directly extrapolated to dopaminergic neurons affected
over the years for this disease. This is why studies of
human samples are necessary to evaluate previous
studies in cellular or animal models of PD. In the present
study, we analyzed the Golgi organization and structure
in dopaminergic neurons of human SNpc from PD´s
brains. We also analyzed Golgi proteins, which have an
important role in Golgi organization and maintenance of
the Golgi ribbon. Importantly, the human study that we
present here confirms most results obtained in cellular
models, strongly suggesting that Golgi fragmentation is
due to alteration of some specific Golgi regulatory
protein. In addition, we put forward, for the first time,
the idea that the SNARE protein syntaxin 5 form large
extracellular aggregates. We discuss the implications of
this intriguing finding. 
Materials and methods

Antibodies and reagents

The protein α-syn was detected using monoclonal
antibodies from Leica Biosystem (Barcelona, Spain) and
BD Transduction Laboratories (Erembodegem, Belgium)
and a polyclonal antibody from Sigma-Aldrich (Madrid,
Spain). A monoclonal antibody against TH was obtained
from Sigma-Aldrich, mouse anti-Golgin 84 monoclonal
antibody was obtained from BD Transduction
Laboratories, mouse anti-giantin monoclonal antibody
was obtained from Enzo Life Sciences (Farmingdale,
NY), and rabbit anti-glial fibrillary acidic protein (GFAP)
polyclonal antibody was obtained from Dako A/S
(Glostrup, Denmark). Other antibodies against Golgi
proteins and tubulin have been previously specified
(Rendón et al., 2013). Alexa-conjugated secondary
antibodies were purchased from Thermo Fisher Scientific
(Madrid, Spain). Secondary antibodies conjugated to
horseradish peroxidase were obtained from Calbiochem
(Madrid, Spain). Biotinylated secondary antibodies were
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obtained from Jackson ImmunoResearch (Ely, UK).
Protein A-gold was obtained from the Department of Cell
Biology at Utrecht University (Utrecht, The
Netherlands). Vectastain ABC Kit was from Vector
Laboratories-Maravai LifeSciences (Burlingame, CA).
DAPI, Sudan black, and Total Protein Kit, Micro-Lowry,
Peterson-Modification were obtained from Sigma-
Aldrich. Antifade Mounting Medium was purchased
from Vector Laboratories. Protease inhibitor cocktails
were obtained from Roche Diagnostics GmbH (Madrid,
Spain) and Sigma-Aldrich. Unspecified chemical
reagents were purchased from Sigma-Aldrich and
PanReac AppliChem (Barcelona, Spain).
Brain samples and tissue preparation

The human postmortem samples used in the present
study were obtained from the Neurological Brain Bank
of Navarra (Hospital of Navarra, Pamplona, Spain),
Biobanco del Hospital Clínic of Barcelona, IDIBAPS
(Barcelona, Spain), and Banco de Tejidos de la
Fundación CIEN (Instituto de Salud Carlos III, Madrid,
Spain). All brain samples of PD (n=10) were collected
from clinically and neuropathologically healthy cadavers
who had evidence of this disease at postmortem
examination. The control samples were obtained from
cadavers with no history or histological findings
supporting any neurological disease (n=8). Table 1
shows the description of the human control and PD
SNpc samples used indicating gender, age, and
postmortem interval (PMI), which varied from 1 to 8 h
to minimize the conjectural effects of autolysis. All
tissues were collected with appropriate consent from
brain donors and their legal next-of-kin, and the brain
donation program approved by the EU Regulation 2016-
679 of the European Parliament and the Council and the

Spanish regulations on the protection of personal data in
force, Law 14/2007 of Biomedical Research (LIBM) and
Royal Decree 1716/2011.

Brain slices including ventral mesencephalon were
frozen at -80°C and stored until processing for
electrophoresis. Brain blocks including SNpc were fixed
by immersion in paraformaldehyde in phosphate-
buffered 4% for 24 h for morphological studies. Some
samples were cryoprotected for 48 h in a solution
containing 20% of glycerin and 2% DMSO in 0.125 M
phosphate buffer, pH 7.4. 
Immunocytochemical techniques

Five-micrometer-thick paraffin-embedded samples
were used for immunocytochemical techniques. Samples
were treated with an unmasking solution (0.5 M citrate
buffer, pH 6.0) at 65°C with constant shaking for 30 min
to maximize antibody penetration. Immunofluorescence
was carried out as described previously (Martínez-
Alonso et al., 2005; Rendón et al., 2013). To block
autofluorescence due to lipofuscin particles, sections
were treated with Sudan black for two minutes that
almost completely abolished it when excitation
wavelengths of 354, 488, or 594 nm were used. Samples
were coverslipped using an antifade mounting medium
with DAPI and examined under fluorescence (Zeiss
Axioplan 2) or confocal (Leica DMIRE2) microscopes.
Occasionally, α-syn was also detected using an
appropriate biotinylated secondary antibody followed by
the ABC reagent (or streptavidin/peroxidase complex).
Western blotting analysis

Frozen at samples of substantia nigra were gently
washed in cold PBS and homogenized in an extraction
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Table 1. Description of human nigra susbtantia samples used. Data are listed in terms of gender, age, and PMI (postmortem interval) of control and PD
tissue.

Identification Gender Age PMI (h) Diagnosis

PD 1 M 77 8 Parkinson’s disease
PD 2 M 83 4.5 Parkinson’s disease
PD 3 M 85 5 Parkinson’s disease
PD 4 M 71 4 Parkinson’s disease
PD 5 M 75 6 Parkinson’s disease
PD 6 M 73 1 Parkinson’s disease
PD 7 M 77 6 Parkinson’s disease
PD 8 F 87 7 Parkinson’s disease
PD 9 M 81 5 Parkinson’s disease
PD 10 M 84 3 Parkinson’s disease
Control 1 M 87 4 Vascular encephalopathy
Control 2 F 77 8 Paraneoplastic cerebellar degeneration and Alzheimer’s type IV B pathology
Control 3 F 82 5 Vascular encephalopathy with multiple heart attacks and argyrophilic grain disease type 3 and Alzheimer’s type II A pathology
Control 4 M 80 4 Vascular encephalopathy
Control 5 F 87 6 Vascular encephalopathy
Control 6 M 81 4 Vascular encephalopathy
Control 7 M 29 7 Accident
Control 8 M 26 6 Accident



buffer (50 mM Tris-buffer pH 8.8, 150 mM NaCl, 1%,
Triton X-100 0.5%, SDS 0.1%, 2 mM EDTA pH 8.0, and
sodium deoxycholate 0.5%), which was supplemented
with sodium orthovanadate and a protease inhibitor
cocktail. Each lysate was then centrifuged for 5 min,
15,000g at 4°C, and the supernatant was collected.
Protein concentrations were quantified using the Total
Protein Kit, Micro-Lowry, Peterson-Modification
Protein according to the manufacturer’s instructions.

The resulting tissue lysates were resolved on
NuPAGE 4%-12% Bis-Tris and NUPAGE Tris-acetate
gels (Thermo Fisher Scientific Inc., Spain) and
transferred onto polyvinylidene difluoride membranes
(PVDF) 0.45 µm pore (Immobilon P; Millipore
Corporation, Billerica, MA). The membranes were
blocked in TBS-T (10 mM Tris-HCl, pH 7.4, 150 mM
NaCl, and 0.05% Tween 20) containing bovine serum
albumin and then immunolabeled for 60 min with
different antibodies, then diluted in TBS-T. The
membranes were then incubated for 60 min with a
specific peroxidase-conjugated secondary antibody.
Proteins were detected by using ImageQuant LAS 4000
(GE Healthcare, Chicago, Illinois, United States) and
quantification was carried out using the ImageQuant TL
program (GE Healthcare, Chicago, Illinois, United
States). The density of the immunoreactive bands
corresponding to PD samples was compared and
normalized to healthy controls and their relative
densities were expressed as a percentage (mean ±
standard deviation). A total of 4-6 independent
experiments were performed for each sample. 
Ultrastructural analysis

Electron microscope analysis was carried in
formalin-fixed samples as described previously
(Cheville and Stasko, 2014). These samples were
postfixed with 2% glutaraldehyde in 0.2 M cacodylate
buffer, pH 7.4 overnight at 4°C, and for 1 h in a mixture
of 1:1 of 2% OsO4 and 3% of potassium ferrocyanide.
They were then dehydrated and embedded in Epon 812.
Ultrathin sections were examined in a JEOL JEM1010
transmission electron microscope. 

For ultrastructural immunolocation of proteins,
control, and pathological formalin-fixed samples were
postfixed with 2% paraformaldehyde and 0.2%
glutaraldehyde in 0.1 M sodium phosphate buffer pH 7.4
and processed for cryoimmunoelectron microscopy as
described previously (Martínez-Alonso et al., 2005).
Ultrathin cryosections were incubated with rabbit
polyclonal antibodies followed by 10 nm protein A-gold.
After labeling, the sections were treated with 1%
glutaraldehyde, counterstained with uranyl acetate pH 7.0,
and embedded in methyl cellulose-uranyl acetate pH 4.0. 
Statistical analysis

Densitometric data are presented as percentages.
Continuous variables are presented as means and

standard deviations (SD). The Mann-Whitney U test was
used to compare means between PD and control
necropsies. To compare multiple groups, the Kruskal-
Wallis test was used, followed by post hoc Mann-
Whitney U tests. We used p-values to demonstrate
differences between groups, with p<0.05 considered
significant.
Results

Histological evaluation of human samples of SNpc 

As is well known, the pathological hallmark of PD is
the progressive loss of neuromelanin-containing
dopaminergic neurons in SNpc. Our initial examination
of human samples of substantia nigra stained with
hematoxylin and eosin confirmed the reduction of the
number of neuromelanin-containing dopaminergic
neurons (Fig. 1A,B). This diminution was also
confirmed when anti-TH antibodies were used as
markers of dopaminergic cells (Fig. 1C,D). Recent
studies suggest that astrocytes play an active role in
repairing the injured brain, given that reactive astrocytes
in a damaged brain are shown to de-differentiate into
stem-like cells and re-differentiate into neurons (Joe et
al., 2018). We also analyzed the microanatomical
distribution of the astroglial cell population in SNpc by
GFAP immunostaining (Fig. 1E,F). We found that the
diminution of TH-positive cells occurred along with an
increase of GFAP expression in PD samples. 
Immunolocalization of α-syn in human neuromelanin-
containing dopaminergic neurons in SNpc 

Another pathological characteristic of PD is the
accumulation of α-syn in dopaminergic neurons. Despite
the masking effect of neuromelanin in peroxidase-based
immunolabelling experiments, α-syn can be detected in
control samples as diffuse cytoplasmic staining within
neurons extending into the soma and the dendrites (Fig.
2A). Conversely, this protein is concentrated in
intracellular aggregates known as Lewis bodies in
patients with PD (Fig 2B, inset) whereas dendritic
staining is lost as previously described (Braak et al.,
2003). Immunoelectron microscopy shows that α-syn
was specifically located in the cytosolic areas
surrounding pigment granules (Fig. 2C). These granules
appeared in cryosections as heterogeneous elements with
dense and electrolucent areas as previously described in
conventional electron microscopy (Halliday et al., 2005). 
Golgi fragmentation in neurons from PD patients

We next analyzed the morphology and distribution
of GC in control and PD samples by using antibodies
against prototypical Golgi proteins. We also performed
double immunolabelling for Golgi proteins and TH to
unambiguously identified dopaminergic neurons. In
control neurons, the GC immunolabelled for the Golgi
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Fig. 1. Histological examination of human samples of substantia nigra pars compacta (SNpc). Control and PD samples are stained with hematoxylin
and eosin (A, B), immunolabelled for tyrosine hydroxylase (TH) to identified dopaminergic neurons (C, D) or immunolabelled for GFAP to identified
astrocytes (E, F). A-F. There is a reduction of the number of neuromelanin-containing dopaminergic neurons (A-D) in parallel with an increase of the
astrocyte population (E, F) in the pathological tissue. Scale bars: 50 μm.



matrix protein giantin appeared as multiple small spots
which are mainly present in the perinuclear area (Fig.
3A). These spots seemed to be smaller in PD samples

and, importantly, they redistributed to the cell periphery
(Fig. 3B) indicating that the GCs of these cells are
fragmented. The same results were obtained with
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Fig. 2. Distribution of α-syn in human neuromelanin-containing dopaminergic neurons in SNpc. Control and PD samples were immunolabelled for α-syn
using peroxidase (A, B, inset) and colloidal as markers (C). A, B. In control samples, α-syn shows a diffuse staining pattern within neuromelanin-
containing neurons extending into the soma and the dendrites. Conversely, this protein concentrates in the round intracellular aggregates known as
Lewis bodies in patients with PD (asterisk). C. Immunogold detection of α-syn in ultrathin cryosection of dopaminergic neurons from PD tissue shows
that α-syn is specifically located in the cytosolic areas surrounding pigment granules. Scale bars: a, b, 50 μm; c, 500 nm.
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Fig. 3. Analysis of the structure of the Golgi complex (GC) in
dopaminergic neurons of human SNpc. Control and PD samples
are labeled for giantin (green), TH (red), and DAPI (blue) as
markers of the GC, dopaminergic neurons, and nuclei, respectively
(A, B), or processed for transmission electron microscopy (C, D).
A, B. In control neurons, the GC appears as multiple spots, which
are mainly located in the perinuclear area; however, these spots
are smaller in PD samples and they are distributed through the
cell, including their periphery, indicating that the GC is fragmented.
C, D. Ultrastructural analysis shows that the Golgi ribbon is
fragmented into small stacks (S) in PD samples. No apparent
vesiculation is observed in these stacks. Scale bars: a, b, 50 μm;
c, d, 500 nm.



different Golgi markers.
To confirm the fragmentation, the Golgi architecture

was analyzed by electron microscopy. Unfortunately, the
samples were not optimally preserved due to the nature
of this type of sample obtained from autopsy. Despite
that, the ultrastructural analysis clearly showed that the
Golgi ribbon is fragmented into small stacks when
compared to the control samples (Fig. 3C,D). These
stacks showed normal morphology with no apparent
vesiculation.
Levels of expression of proteins involved in both
intracellular trafficking and maintenance of Golgi
architecture 

Golgi fragmentation may be due to the
overexpression or downregulation of specific proteins
(Rendon et al., 2013). In the present study, proteins than
may be important in the process of Golgi fragmentation
were identified by measuring the level of expression of
relevant proteins involved in the architecture and
dynamics of the secretory pathway, especially those of
them that have been related with the fragmentation of
the Golgi ribbon. Using quantitative western blotting
analysis, we measured the expression level of proteins of
pathological human SN samples compared with the
levels in control samples (Fig. 4). Of the special interest
was the analysis of endoplasmic reticulum-Golgi-
associated Rab and SNARE proteins, which could be
key proteins in PD cytopathology, as described in
cellular models of this disease. As expected, the levels of
α-syn were higher than in control cells, demonstrating

that the characteristic overexpression and aggregation of
this protein during the development of this pathology;
however, tubulins remained unchanged, suggesting that
the cytoskeleton is not severely damaged. The
expression levels of the Golgi matrix proteins giantin
and GM130 remained unchanged in comparison with the
control samples; however, levels of Golgi reassembly-
stacking protein of 65 kDa (GRASP65) decreased and
Golgin 84 showed a statistically significant increase. The
quantitative analysis of Rab proteins showed that Rab8
was unaltered, whereas Rab2 and Rab1, GTPases
regulating vesicle trafficking between the endoplasmic
reticulum, and the Golgi bodies, were statistically
altered. Thus, Rab2 was diminished by ~20%, whereas
the expression levels of Rab1 increased by ~50%.
Syntaxin 5, a Golgi-localized SNARE protein that is
required for ER-Golgi trafficking also showed a
significant increase. Together, our results show that the
levels of expression of a selective number of Golgi-
associated proteins are altered, suggesting a role in PD
pathology (see discussion section).
Distribution of trafficking-related proteins in dopaminergic
neurons 

As described above, Western blot analysis showed
that PD induces significant changes in the levels of
important Golgi-related proteins. We wanted to know if
these alterations could also be demonstrated
morphologically and how it affected their distribution.
We only found significant results for Rab1 and syntaxin
5. Immunofluorescence experiments confirmed that the
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Fig. 4. Quantitative analysis and representative
immunoblots of proteins involved in intracellular
traff icking and maintenance of Golgi
architecture. As expected, the quantitative
analysis of α-syn shows an increase in PD
samples. The expression levels of the Golgi
matrix proteins giantin and GM130 remain
unchanged in comparison with the control
samples; however, the levels of GRASP65
decrease whereas Golgin 84 shows a
statistically significant increase. On the other
hand, the quantitative analysis of Rab proteins
shows that Rab8 was unaltered whereas Rab2
diminishes by ~20%, and the expression levels
of Rab1 increase by ~50%. Syntaxin 5 also
showed a significant increase. The data used in
the statistical analyses are the mean ± SD
obtained in 4-6 independent experiments.
Asterisks indicate significant differences
(Student’s t-test, p<0.05).
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Fig. 5. Distribution of Rab1 in dopaminergic neurons of human SNpc. Control and PD samples were immunolabelled for Rab1 (A, C) and visualized
under the phase contrast (A, C), fluorescence (B, D, E), and electron microscopes (F). Nuclei were identified by DAPI staining (A, C). Dopaminergic
neurons in SNpc are easily recognized in phase-contrast microscopy due to their content in melanin (A, C). A-E. Rab1 immunolabelling is very weak
and restricted to dopaminergic neurons in control samples; however, survival dopaminergic neurons in PD samples show a strong immunolabelling for
this Rab1 when compared with control cells. Detailed analysis showed that this GTPase has a Golgi-like pattern of distribution. F. Immunoelectron
microscopy of Rab1 in PD cells confirms that this small GTPase was present in the Golgi cisternae. Scale bars: a-d, 50 µm; e, 25 µm; f, 500 nm.
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Fig. 6. Distribution of syntaxin 5 in dopaminergic neurons of human SNpc. Control and PD samples were immunolabelled for syntaxin 5 (green), GFAP
(red) immunolabellings, and DAPI staining (blue) (A, B, E, F) or single immunolabelled for syntaxin 5 (C, D and inset in figure A). A, B. In control
samples, there is a weak signal for this SNARE protein and the immunolabelling is restricted to neurons (inset). In contrast, syntaxin 5 is highly
expressed in PD samples. C, D. Representative images of the intracellular immunolabelling and its corresponding phase-contrast image in PD
samples. Syntaxin 5 is present in small dots distributed for the entire neuronal cytoplasm. There is a weak signal in a Lewy body (asterisk). 
E, F. Representative images of syntaxin 5 extracellular aggregates in PD samples observed by confocal and phase-contrast microscopy. These large
extracellular aggregates (asterisk) do not co-localize with glial cells and appear as round empty spaces in phase-contrast microscopy. 
G. Representative syntaxin 5 immunoblots shows that the antibody only recognizes one single band of about 35 kDa in both control and PD samples.
Scale bars: 50 µm.



rab1 was over-expressed in PD samples. In the control
neurons (Fig. 5A,B) this GTPase was faintly detected. In
contrast, Rab1 had a strong signal (Fig. 5C,D) in PD
survival neurons. A detailed analysis of the distribution
showed that Rab1 had a Golgi-like pattern in these cells
(Fig 5E). Immunoelectron microscopy confirmed that
this small GTPase was present in the Golgi cisternae
(Fig. 5F).

Major changes in the expression and distribution
were observed for syntaxin 5. In the control samples, we
found a week signal for this SNARE (Fig, 6A).
Immunolabelling was restricted to neurons (inset in Fig.
6A). In contrast, PD samples had a strong signal. This
SNARE was detected in the cytoplasm of the neurons,
including a weak reaction in Lewy bodies (Fig. 6B-D);
however, unexpectedly, syntaxin 5 was also found
extracellularly, forming large aggregates (15-30 µm of
average size). These aggregates represented neither
components of neurons nor glial cells, as shown by the
double immunolabelling experiments using markers of
the cells (6B,E). In the phase-contrast images, these
aggregates appeared to be located in round empty spaces
resembling amyloid plaques typical of AD (Fig. 6F).
These aggregates were also found in the anterior portion
of the cerebral peduncle (cerebral crus) in PD samples
but not in other areas of the encephalon (data not
shown). Importantly, Western blot analysis showed that
the antibody only recognized one single band of about
35 kDa in both control and PD samples (Fig. 6G)
demonstrating that the immunolabelling was specific for
syntaxin 5 and did not bind other proteins that might be
responsible for the extracellular labeling.
Discussion

In the present study, we analyzed the structure of the
GC and the relative levels of expression of several key
Golgi structure/membrane traffic regulatory proteins in
human samples of SNpc of PD patients. The main aim of
our study is to investigate the cause/s of neuronal Golgi
fragmentation in this progressive neurodegenerative
disease. We compared the results obtained in human
samples with cellular models. We would like to
underline the difficulties of using human samples in
experimentation. Our results confirm previous studies
(Fujita et al., 2006) by showing that the GCs of the
human dopaminergic neurons are fragmented and
redistributed from a perinuclear location to the cell
periphery. Our ultrastructural analysis demonstrates that
there is a fragmentation of the Golgi ribbon into smaller
stacks. Importantly, stacks did not show vesiculation.
Fragmentation of the ribbon is a physiological process
observed during mitosis where the Golgi ribbon is
sequentially fragmented into unlinked stacks, separated
cisternae, and finally, vesicles (Ayala and Colanzi, 2017;
Wei and Seemann, 2017). Thus, PD pathological
samples resembled the first step of the processes that
happen in the G2 phase of the cell cycle. Fragmentation
of the ribbon and vesiculation has also been observed

during apoptotic cell death (Sesso et al., 1999). It is still
unclear whether Golgi fragmentation is a consequence of
cell death or, conversely, whether this phenomenon
triggers apoptosis. Conversely, Golgi fragmentation
during neurodegeneration seems to be a long process
with its own characteristics. Unfortunately, there are
very few ultrastructural studies on the morphology of the
neurons in neurodegenerative diseases due to the
difficulties to preserve human samples from autopsies.
Thus, it is unclear whether this process behaves similarly
to other neurodegenerative diseases. 

In our previous study, using transformed PC12 cells
treated with methamphetamine or 6-OHDA as a cellular
model of PD, we found that after three days of treatment,
the GC appeared to be fragmented but α-syn inclusions
were not formed and the cytoskeleton was intact,
demonstrating that these are not the causes of the
phenomenon. As expected, α-syn is over-expressed in
PD human samples and some dopaminergic neurons
showed immunoreactive Lewy bodies. As Golgi
fragmentation is observed in cells without these bodies,
these aggregates do not appear to be the cause of
fragmentation. The number of cells with fragmented
Golgi complexes is similar in neurons with or without
these aggregates (Fujita et al., 2006); however, the role
of pre-fibrillar α-syn cannot be rejected (Gosavi et al.,
2002). Recent studies support that the overexpression of
wild type or the familial PD-related A53T mutant forms
of this protein induces fragmentation (Furlong et al.,
2020). Interestingly, this fragmentation is enhanced by
the deletion of PINK1, which is also associated with
familial forms of PD. The kinase activity protects
against fragmentation by a mechanism involving Akt
signaling, demonstrating that there is a connection
between Golgi structure and many neuronal processes
including mitochondrial homeostasis, neurite
development, and cell survival (Furlong et al., 2019,
2020). Our immunoelectron microscopical analysis
indicates that α-syn is detected around melanin pigment
granules. To the best of our knowledge, it is the first
description of the ultrastructural location of this key
protein on PD. Tubulin levels are not altered in these
cells, which suggests that the cytoskeleton is not
severely damaged. Thus, as shown in cellular models,
protein aggregates and cytoskeleton do not seem to be
the cause of the fragmentation.

Our previous study suggests that the alteration of the
GC morphology is due to an alteration of the levels of
specific Rabs and SNARE proteins (Rendón et al.,
2013). After three days of treatment, a few Rab and
SNARE proteins are altered, in contrast with longer
treatments that affect the levels of many Golgi-related
proteins. Thus, we found that Rab1, 2, and 8 and
syntaxin 5 are key proteins involved in GC
fragmentation. Now, in the present study, we
investigated whether these conclusions can be confirmed
in human samples from PD patients where the disease
has been developing for many years. As demonstrated in
the cellular model, we now demonstrate that the
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evolution of the disease affects the levels of several
proteins that regulate membrane traffic and Golgi
organization. The most affected protein is the small
GTPase Rab1 that increased its expression ~50% in
comparison with controls, respectively. Similar results
were obtained in cellular models (~40%). This
overexpression is also demonstrated, even more clearly,
in immunofluorescence experiments where PD neurons
are strongly labeled. Overexpression does not affect the
intracellular distribution of this GTPase, in contrast with
cellular models of alcoholism (Tomás et al., 2012). The
results obtained for Rab2 in human samples are also
very similar to those in our cell model. In both cases, the
level of expression of this GTPase decreased. Rab1 and
Rab2 are small GTPases that regulate ER-to-Golgi and
Golgi-to-ER transports, respectively (Goud et al., 2018).
These results demonstrate that PD affects the early
transport steps, inducing an imbalance of traffic at the
GCs, and suggest that this is the main cause of GC
fragmentation in PD and, perhaps, other neuro-
degenerative diseases (Martínez-Menárguez et al.,
2019). 

In our cellular model, Rab8 seems to be involved in
Golgi fragmentation. This GTPase is involved in post-
Golgi transport steps and regulates neurite outgrowth
(Shikanai et al., 2018). The depletion of this GTPase
induces Golgi fragmentation (Aizawa and Fukuda,
2015). In the cellular model, its level of expression was
depleted by 40%; however, in human PD samples, we
found a slight decrease in the level of this GTPase,
although it was not statistically significant. The analysis
of a higher number of human samples may confirm this
result. 

Other proteins altered in PD samples are GRASP65
and Golgin 84-Golgi matrix proteins that are essential in
the maintenance of Golgi architecture. In human
samples, we found that GRASP65 levels decrease ~15%
but were unaltered after three days of treatment in our
cellular model. Interestingly, this protein has a key role
in Golgi fragmentation observed in AD (Joshi et al.,
2014). In this case, the fragmentation process could be
similar to mitosis where the protein is phosphorylated by
Cdk5, which triggers unlinking and unstacking (Wei and
Seemann, 2017); however, we did not observe
unstacking in our PD samples. Golgin 84 has been
related to Golgi fragmentation because it regulated the
tubular connections that link stacks to form the ribbon
(Diao et al., 2003). In human samples, Golgin 84 is
overexpressed by ~30% compared with the control.
Unfortunately, this protein was not analyzed in our
previous study because the antibody used did not work
properly in rat cells. The overexpression (and depletion)
of Golgin 84 induces Golgi fragmentation (Diao et al.,
2003). Interestingly, this protein binds active GTP-bound
Rab1 (Satoh et al., 2003). Thus, the overexpression of
Rab1 may induce Golgi fragmentation in two different
ways. As indicated above, the first mechanism is the
alteration of the ER-to-Golgi transport and the
consequent imbalance of the in- and out-going traffic at

the Golgi station. The second mechanism could be the
interaction with Golgin-84. Conversely, this matrix
protein is decreased in brains from animal models of AD
and it has been suggested that it can induce Golgi
fragmentation, cdk5 activation, and tau hyper-
phosphorylation (Jiang et al., 2014).

The main difference between human samples and
the cellular model was found for syntaxin 5. This t-
SNARE mediates COPII-dependent ER-to-Golgi
anterograde transport and COPI-dependent intra-Golgi
transport and, both overexpression and depletion cause
Golgi fragmentation (Linders et al., 2019). Syntaxin 5
has been related to PD given that it directly interacts
with the A53T mutant form of α-syn (Thayanidhi et al.,
2010). Interestingly, this SNARE protein has been
recently involved in the formation and clearance of
protein inclusions during cell stress (Babazadeh et al.,
2019) suggesting that it might have a role in the
development of Lewy bodies. To our initial surprise, this
protein was overexpressed by ~30% in human samples,
whereas it decreased by 10% in our PC12 based-model.
The analysis of its distribution by immunofluorescence
was also surprising and may explain these differences.
Most syntaxin 5 was found in extracellular aggregates,
which resemble the amyloid plaques typical of AD. β-
amyloid deposition, although infrequent in PD patients
(Edison et al., 2008), has been described in a
subpopulation of PD patients with dementia (Kotzbauer
et al., 2012). It has been related to the rapid progression
of dementia and shorter survival. It is unclear whether
PD-associated amyloid plaques are the same as those
described in AD. Unfortunately, in our study, the anti-
syntaxin 5 antibodies did not work for immunoelectron
microscopy, so we cannot characterize these aggregates.
We reject that this distribution was an artifact. First,
immunoblot analysis showed that the antibody was very
specific and recognized only one single band of the
appropriate molecular weight of the major form syntaxin
5 (35 kDa) (Hui et al., 1997). Second, these aggregates
were only found in the SNpc and cerebral peduncle but
not in other parts of the encephalus. The significance and
implications of this finding can only be speculated. In
AD, amyloid plaques are the result of the wrong
processing of the amyloid precursor protein by β- and γ-
secretases, which results in the secretion of toxic β-
amyloid peptides (Tan and Gleeson, 2019; Yuksel and
Tacal, 2019). How syntaxin 5 reaches the extracellular
spaces is unknown. These aggregates may be liberated
by the dying neurons. We found some immunolabelling
for syntaxin 5 in Lewy bodies. Alternatively, given that
syntaxin 5 has been implicated in endosome-to-TGN
transport (Nonnenmacher et al., 2014), this SNARE
might be abnormally processed and secreted via
exosomes, in the same way as described for α-syn
(Russo et al., 2012). It is highly speculative, but it
deserves to be studied if these aggregates have a role
activating glial cells and the spreading of the disease.

We can conclude that the GC architecture is altered
during the development of the PD; a slow process that
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results in the fragmentation of the Golgi ribbon but not
in its vesiculation. Concomitantly, the levels of
important Golgi regulatory/structural proteins are
altered, which may explain the observed fragmentation.
Analysis of human samples and cellular models points
Rab1 as the main actor in the cytopathogenesis of PD.
The demonstration of the SNARE protein syntaxin 5
aggregates extracellularly in these patients is intriguing,
opening many new questions and points to putative
similarities between PD and AD. Unfortunately, the
molecular mechanisms involved in these processes are
difficult to solve using human samples and cellular
models can be a useful approach.
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