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Neuroinflammation is an important factor in the pathogenesis of neurodegenerative

diseases. Microglia-derived lysosomal cathepsins have been increasingly recognized

as important inflammatory mediators that trigger signaling pathways that aggravate

neuroinflammation. In vitro, a contribution to neuroinflammation processes has been

shown for cathepsin X: however, the expression patterns and functional role of cathepsin

X in neuroinflammatory brain pathology remain elusive. In this study we analyzed the

expression, activity, regional distribution and cellular localization of cathepsin X in the

rat brain with neuroinflammation-induced neurodegeneration. The unilateral injection of

lipopolysaccharide (LPS) induced a strong upregulation of cathepsin X expression and its

activity in the ipsilateral striatum. In addition to the striatum, cathepsin X overexpression

was detected in other brain areas such as the cerebral cortex, corpus callosum,

subventricular zone and external globus pallidus, whereas the upregulation was mainly

restricted to activated microglia and reactive astrocytes. Continuous administration of

the cathepsin X inhibitor AMS36 indicated protective effects against LPS-induced striatal

degeneration, as seen by the attenuated LPS-mediated dilation of the lateral ventricles

and partial decreased extent of striatal lesion. Taken together, our results indicate

that cathepsin X plays a role as a pathogenic factor in neuroinflammation-induced

neurodegeneration and represents a potential therapeutic target for neurodegenerative

diseases associated with neuroinflammation.
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INTRODUCTION

Neuroinflammation is associated with many neurodegenerative diseases, including Parkinson’s
disease (PD), Alzheimer’s disease (AD), Huntington disease, amyotrophic lateral sclerosis and
multiple sclerosis. Accumulating evidence suggests that chronic innate neuroinflammation
mediated by microglia and astrocytes is implicated in the progressive nature of these
neurodegenerative disorders. Whereas in healthy conditions microglia display key beneficial
functions that are crucial for maintaining central nervous system (CNS) homeostasis, their
chronic activation in neurodegeneration results in their altered functionality, which is thought to
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FIGURE 4 | Cell-specific localization of cathepsin X in the striatum with LPS-induced lesion. (A–C) Representative images of double immunofluorescent staining of

cathepsin X (red fluorescence) and cell-type markers (green fluorescence) for neurons (NeuN, A), microglial cells (Cd11b, B) and astrocytes (GFAP, C) in the

contralateral (upper panel) and ipsilateral (lower panel) striatum at 4 weeks after the LPS injection. Nuclei were counterstained with DAPI (blue fluorescence). In the

(Continued)
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FIGURE 4 | lesioned striatum, cathepsin X was predominantly restricted to CD11b-positive cells (B, arrows in lower panel) and GFAP-positive cells (C, arrows in lower
panel), whereas neuronal cells were not positive for upregulated cathepsin X (A, arrow in lower panel). The opposite, the endogenously expressed cathepsin X is

present in NeuN-positive cells (A, upper panel). Group of 5 animals (n = 5, group LPS) was conducted, where 4 anterior-posterior striatal slices of each animal were

analyzed. Scale bar = 20µm.

FIGURE 5 | Microglial phenotype of increased cathepsin X-immunopositive cells after intrastriatal LPS injection. (A–D) Representative images of double

immunofluorescence staining of microglial marker CD11b (green fluorescence) and cathepsin X (red fluorescence) in the ipsilateral side of the striatal brain slices 4

weeks after LPS-induced lesion. Nuclei were counterstained with DAPI (blue fluorescence). In the subventriclular zone/caudate-putamen (SVZ/Cpu; A), corpus

callosum (Cc; B), cortex (Ctx; C), and external globus pallidus (GPe; D) upregulated cathepsin X was predominantly restricted to CD11b-positive cells (arrows),

however, some cathepsin X-positive signal did not overlap with CD11b-immunosignal in SVZ/Cpu and GPe (dashed arrows). Group of 5 animals (n = 5, group LPS)

was conducted, where 4 anterior-posterior striatal slices of each animal were analyzed. Scale bar = 20µm.
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FIGURE 6 | Astroglial phenotype of increased cathepsin X-immunopositive cells after intrastriatal LPS injection. (A–D) Representative images of double

immunofluorescence staining of marker for astrocytes GFAP (green fluorescence) and cathepsin X (red fluorescence) in the ipsilateral side of striatal brain slices 4

weeks after LPS-induced lesion. Nuclei were counterstained with DAPI (blue fluorescence). In the subventriclular zone/caudate-putamen (SVZ/Cpu; A), corpus

callosum (Cc; B), cortex (Ctx; C), and external globus pallidus (GPe; D) increased cathepsin X expression was partially observed in GFAP-positive cells, predominantly

in SVZ/Cpu area (arrows); however in all regions cathepsin-positive signal was also seen in GFAP-negative cells (dashed arrows). Group of 5 animals (n = 5, group

LPS) was conducted, where 4 anterior-posterior striatal slices of each animal were analyzed. Scale bar = 20 µ.

TH-immunostaining in the ipsilateral striatum was observed;
however, there was no obvious loss of TH-positive cells in
the ipsilateral SNc following intrastriatal LPS injection. The
latter observation is consistent with the study of Hoban et al.

(2013), who showed that intrastriatal LPS administration did
not lead to any nigrostriatal neurodegeneration. However,
rats with instrastriatal LPS injection rotated significantly after
amphetamine administration, a behavioral indicator of induced
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FIGURE 7 | Cathepsin X inhibitor alleviated degeneration following intrastriatal LPS injection. (A) Representative images of methylene blue staining of coronal sections

of the striatum cut at four anterior-posterior levels; between 1.68 and 1.28mm from bregma (a,a′); between 0.96 and 0.56mm from bregma (b,b′); between 0.00 and

−0.40mm from bregma (c,c′); between −0.40 and −1.40mm from bregma (d,d′ ), 4 weeks after LPS induced lesion in the absence of cathepsin X inhibitor AMS36

(LPS) or the presence of AMS36 (LPS/AMS36). (B) The graph shows the analysis of the size of the lateral ventricle as a sum of lateral ventricle areas in 4

anterior-posterior striatal slices at the ipsilateral side (Lesion) relative to contralateral side (Control). Values are means ± SD of group of 5 animals for LPS (n = 5) and

group of 6 animals for LPS/AMS36 (n = 6), where 4 anterior-posterior striatal slices from each animal were analyzed (n = 5/6) (ANOVA, Student’s t-test, *p<0.5

Control vs. Lesion). (C) The graph shows the analysis of the size of striatum as a sum of striatum areas in 4 anterior-posterior striatal slices at the ipsilateral side

relative to contralateral side. Values are means ± SD of group of 5 animals for LPS (n = 5) and group of 6 animals for LPS/AMS36 (n = 6), where 4 anterior-posterior

striatal slices from each animal were analyzed (n = 5/6) (Student’s t-test, *p<0.5 Control vs. Lesion). (D,E) Western blot analysis of TH and iNOS expression in the

contralateral (Control) and ipsilateral (Lesion) dissected striatal sections after LPS-induced lesion in the absence of cathepsin X inhibitor AMS36 (LPS, n = 5) or the

presence of AMS36 (LPS/AMS36, n = 6), using rabbit monoclonal anti-TH antibody (D) or rabbit polyclonal anti-iNOS antibody (E), respectively. An antibody raised

against β-actin was used as loading control. The graphs below blot shows a semi-quantitative densitometry analysis of the protein level in the ipsilateral side relative to

that in the contralateral side. Values are means ± SD of group of 5 animals for LPS (n = 5) and group of 6 animals for LPS/AMS36 (n = 6), where 4 anterior-posterior

striatal slices of each animal were analyzed (n = 5/6) (two-tailed Student’s t-test, *p<0.05 vs. Control).

functional alterations in the nigrostriatal dopaminergic system
on the ipsilateral side. Thus, LPS treatment enhances responding
to amphetamine after LPS treatment, suggesting that LPS
administration dysregulates presynaptic DA levels, post-synaptic
DA receptor sensitization or alterations in DA turnover (Fortier
et al., 2004; Fan et al., 2011; Hoban et al., 2013).

Furthermore, it is important to stress out that the serotype,
route of administration, and number of injections of LPS induce
varied pathological responses (Batista et al., 2019). Animals can
respond to LPS stimuli differently depending on age and species.
In addition, the source of the stimulus, the dose, the route,
and the duration of the administration used in each study may
also influence the outcome (Reviewed in Zakaria et al., 2017).
Nevertheless, there is a certain reproducibility between different
laboratories and studies. In agreement with other studies (Hunter
et al., 2007; Choi et al., 2009; Hoban et al., 2013) we have shown
microgliosis, astrogliosis, decreased striatal TH levels and pro-
inflammatory effector enzyme iNOS induction in the ipsilateral
brain hemisphere of LPS injection, which together indicate the
model suitability for neuroiflammation studies.

Whilst the expression and release of cathepsin X has been
shown to be associated with neuroinflammation (Glanzer et al.,
2007; Wendt et al., 2009; Greco et al., 2010; Pislar et al.,

2017), this study provides the first experimental evidence that
cathepsin X is strongly upregulated in the rat brain following
LPS-induced striatal inflammation leading to neurodegeneration.
We showed a marked increase in protein expression in the
ipsilateral striatum and surrounding areas 4 weeks after LPS
injection. Likewise, TH staining showed that there is probably
no loss of dopaminergic cells in the ipsilateral SNc, as well as
no change in cathepsin X immunoreactivity in the ipsilateral
SNc. Additionally, we showed that cathepsin X protein level was
significantly increased in the striatum on the lesioned side as
compared to the contralateral striatum, where the pro-form of
upregulated cathepsin X was most prominent. Moreover, our
enzyme assays showed a significant increase of cathepsin X
activity in the ipsilateral striatum following LPS injection, which
suggests that cathepsin X might display a significant proteolytic
activity in the analyzed brain region during neuroinflammation-
induced neurodegeneration.

Alterations in the expression patterns and localization of
the lysosomal cathepsins in the CNS have been reported in
normal and aged brain, and under pathological conditions
(reviewed in Pislar and Kos, 2014). Cathepsin X expression
and proteolytic activity were detected in different brain regions,
such as the cerebral cortex, the cerebellum, the brainstem
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and the spinal cord in the adult mouse brain, and were
found to be age-dependently upregulated during degenerative
processes throughout brain regions (Wendt et al., 2007). Here,
we examined the abundance and the regional distribution of
cathepsin X in the lesioned striatum following LPS-induced
neuroinflammation. Our immunohistochemical data show an
abundant increase in cathepsin X expression predominantly in

the ipsilateral striatum where condensed expression of cathepsin
X was apparent or scattered throughout the striatum region.
Nevertheless, strong upregulation of cathepsin X was also
observed throughout different areas, such as in the cerebral
cortex and corpus callosum around the injection track and
in the external globus pallidus, where scattered distribution
of cathepsin X through the region was observed. Thus, our

FIGURE 8 | Schematic presentation of glial cathepsin X implication in the striatal neuroinflammation in the LPS model. Unilateral LPS injection into the rat striatum

induces cathepsin X upregulation in the striatum and surrounding areas in lesioned hemisphere, predominantyl restricted to activated microglia and reactive

astrocytes. Cathepsin X released from glia cells along with secreted cytotokines, could participate in the development of neuroinflammation, which is reflected in the

production of reactive oxygen species (ROS) and subsequent caspase cascade activation, namely caspase-3, leading to neuronal apoptosis and death. Inhibition of

cathepsin X by small molecule AMS36 potentially ameliorates inflammation-induced neurodegeneration, thus exhibiting neuroprotection role.
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data add another enzyme to the group of cysteine cathepsins,
containing cathepsin B (Yan et al., 2013), L (Xu et al., 2018),
H (Fan et al., 2015) and C (Fan et al., 2012), that have been
reported to be upregulated in different brain regions following
LPS-induced neuroinflammation.

Several lines of evidence support the hypothesis that glial
reactive and inflammatory processes contribute to the cascade
of events leading to neuronal degeneration (reviewed in
More et al., 2013). We have shown that LPS injection into
the striatum causes striatal microgliosis, and the presence
of reactive astrocytes and we found that the majority of
cathepsin X-immunoreactive signals were localized in these
glial cells in the area of the lesioned striatum. Cathepsin
X staining was localized mainly within microglia cells in
the striatum and throughout different areas including the
cerebral, corpus callosum, subventricular zone and external
globus pallidus. This observation correlates well with previous
in vitro studies showing upregulated expression, increased
release and activity of microglial cathepsin X following LPS
stimulation (Wendt et al., 2009; Pislar et al., 2017). We also
observed cathepsin X upregulation in reactive astrocytes, where
stronger co-localization with astrocyte marker was observed
in the subventricular zone; however, some astrocytes in the
ipsilateral striatum and surrounding areas also showed cathepsin
X overexpression. On the contrary, no neuronal cells were
positive for upregulated cathepsin X in the ipsilateral striatum
and throughout other regions following LPS injection. These
results are in agreement with our recent in vivo study using
a hemi-parkinsonian 6-OHDA rat model of PD. Four weeks
post-lesion, we observed a persistent cathepsin X upregulation
restricted to glial cells concentrated in the ipsilateral SNc (Pislar
et al., 2018). The data obtained in the present study are in line also
with other reports showing glial upregulation of certain cysteine
cathepsins in LPS-induced neuroinflammation (Fan et al., 2012,
2015).

Due to the harmful action of cysteine cathepsins in
pathological processes of neurodegeneration, cathepsin
inhibitors constitute a possible tool for therapeutic interventions
to inhibit excessive proteolytic activity (reviewed in Pislar
and Kos, 2014). Some beneficial in vivo effects of cysteine
protease inhibitors toward neurodegeneration have been
demonstrated with cathepsin B inhibition (Hook et al., 2007,
2010; Van Broeck et al., 2007; Haque et al., 2008). The results
obtained so far implicate a significant role of cathepsin X in
neuroinflammation-induced neurodegeneration; therefore, the
inhibition of its excessive activity might be a useful therapeutic
approach. Here, we used a known irreversible epoxysuccinyl-
based inhibitor of cathepsin X AMS36 (Sadaghiani et al., 2007),
which demonstrated promising neuroprotective effects in vitro
(Pislar et al., 2014, 2017). It has been shown that cathepsin X
inhibitor AMS36 significantly reduced LPS-induced production
of nitric oxide, reactive oxygen species and the pro-inflammatory
cytokines interleukin-6 and tumor necrosis factor-α from
microglial BV2 cells. Additionally, inhibition of cathepsin X
suppressed microglial activation through the reduced caspase-3
activity, together with diminished microglial cell death and
apoptosis, and also through inhibition of the activity of the

mitogen-activated protein kinases. In this in vivo study, we
first demonstrated lower cathepsin X activity in the rat brain
after AMS36 administration as well as selectivity for cathepsin
X among other cysteine cathepsins. AMS36 selectivity toward
cathepsin X was also reported for tumor tissues, whereas
in other tissues such as rat liver and kidney, a significant
cross-reactivity of AMS36 with cathepsin B inhibition was
observed (Sadaghiani et al., 2007). Nevertheless, no decreased
activity of cathepsin B has been observed in brain tissue
after AMS36 administration. Our first results with AMS36
inhibitor injected in vivo indicate its protective effect against
LPS-induced neurodegeneration. We have showed reduced
extent of LPS-induced striatal degeneration in AMS36 injected
rats. Namely, TH levels were no longer significantly reduced
after LPS lesion when AMS36 was administred. Similarly,
lateral ventricles did not show dilation after LPS and AMS36
injection. Furthermore, the increased striatal iNOS protein level
in the ipsilateral striatum following LPS injection compared
to the contralateral striatum was abolished when AMS36
was continuously administrated together with LPS injection.
These results designate glial cathepsin X as a key player in
neuroinflammation-induced neurodegeneration. However,
further experiments are needed to unequivocally demonstrate
cathepsin X inhibitor induced neuroprotection in vivo. Thus, a
new generation of selective and reversible cathepsin X inhibitors
(Fonovic et al., 2017) may be expected to significantly improve
the cathepsin X-targeted therapy of neurodegenerative diseases
related with neuroinflammation.

In conclusion, in our current study we used an animal
model of neuroinflammation by intrastriatal LPS administration
to show the regional distribution and cellular localization
of cathepsin X, a lysosomal cysteine protease, in the brain.
Unilateral LPS injection into the striatum increased cathepsin
X expression and its activity in the striatum and surrounding
areas on the ipsilateral side. The prominent cathepsin X
upregulation was restricted to glial cells, activated microglia
and reactive astrocytes. Moreover, administration of a cathepsin
X inhibitor along with LPS injection revealed its potential
protective role in neuroinflammation induced striatal lesion. As
summarized in Figure 8, the obtained results add to previous
in vitro evidence showing cathepsin X mediated microglia
activation and further support the notion that cathepsin X
could participate in the development of neuroinflammation in
the CNS.
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