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A B S T R A C T

Mucopolysaccharidosis (MPS) disorders are caused by deficiencies in lysosomal enzymes, leading to impaired
glycosaminoglycan (GAG) degradation. The resulting GAG accumulation in cells and connective tissues ulti-
mately results in widespread tissue and organ dysfunction. The seven MPS types currently described are het-
erogeneous and progressive disorders, with somatic and neurological manifestations depending on the type of
accumulating GAG. Heparan sulfate (HS) is one of the GAGs stored in patients with MPS I, II, and VII and the
main GAG stored in patients with MPS III. These disorders are associated with significant central nervous system
(CNS) abnormalities that can manifest as impaired cognition, hyperactive and/or aggressive behavior, epilepsy,
hydrocephalus, and sleeping problems. This review discusses the anatomical and pathophysiological CNS
changes accompanying HS accumulation as well as the mechanisms believed to cause CNS abnormalities in MPS
patients. The content of this review is based on presentations and discussions on these topics during a meeting on
the brain in MPS attended by an international group of MPS experts.

1. Introduction

Mucopolysaccharidosis (MPS) disorders are characterized by defi-
ciencies in lysosomal enzymes involved in glycosaminoglycan (GAG)
degradation. The resulting excessive intra- and extracellular GAG sto-
rage leads to widespread tissue and organ dysfunction, and reduced life
expectancy [1, 2]. MPS enzymes act in a sequential fashion to reduce
one, two, or all of the three major GAG polysaccharide chains to
monosaccharides, including heparan sulfate (HS), keratan sulfate (KS)
and dermatan sulfate (DS). Depending on the disease, the absence of a
GAG degrading enzyme results in accumulation of specifically sulfated
polysaccharides of those GAGs affected. The presence of somatic and
neurological signs and symptoms of the different MPS disorders appear
to correlate with the primary accumulating GAG (Table 1) [1, 3, 4]. KS
and DS are the main GAGs stored in patients with MPS IV and VI, re-
spectively [3]. These patients have severe skeletal dysplasia and

somatic involvement, but normal cognitive development [1, 2, 5, 6]. HS
is the main GAG accumulating in MPS IIIA-D, whereas in patients with
MPS I, II, and VII both DS and HS accumulate (as well as KS in MPS VII)
[2]. Patients with HS storage disorders, and more particularly those
with a rapidly progressing phenotype, have significant central nervous
system (CNS) involvement that can manifest as impaired cognition,
hydrocephalus, behavioral difficulties, epileptic seizures, and/or
sleeping problems [1, 3, 7–12]. Since primary CNS involvement is only
observed in those disorders associated with impaired HS catabolism,
accumulation of HS, and more fundamentally some aspects of the
partially catabolized HS fragments such as altered chain length, sulfa-
tion patterning, and non-reducing end status, might be fundamental to
the pathology of these CNS abnormalities. Notably, although attenuated
MPS I and MPS II patients are often described as having no neurological
symptoms, presumably due to residual enzyme production, recent stu-
dies have highlighted that attenuated MPS II patients develop cognitive
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difficulties in the long term [12, 13], with a significant deficit in
measures of attention [14]. In the MPS I registry, cognitive impairment
was observed in 31% of Hurler-Scheie (MPS IHS) and 9% of Scheie
(MPS IS) patients [15].

This review summarizes current knowledge on anatomical and pa-
thophysiological changes associated with HS accumulation in the CNS
of MPS I, II, III, and VII patients. In addition, a discussion on potential
biomarkers that could be used to measure CNS disease progression in
these patients is included. The content of this review is based on in-
formation from an expert meeting on the brain in MPS, held on April
28–30, 2016 in Stockholm, Sweden, attended by an international group
of 39 MPS experts. Additional relevant literature was obtained from
PubMed searches using search terms ("Mucopolysaccharidoses/
anatomy and histology"[Mesh]) AND "Blood-Brain Barrier"[Mesh] (10
items), (("Mucopolysaccharidoses/anatomy and histology"[Mesh] OR
"Mucopolysaccharidoses/pathology"[Mesh])) AND "Blood
Vessels"[Mesh] (30 items), ((("Mucopolysaccharidoses/anatomy and
histology"[Mesh] OR "Mucopolysaccharidoses/pathology"[Mesh]))
AND ("brain"[Mesh])) (178 items). Publications not available in English
were excluded. Searches were performed without date restriction.
Additional publications were identified from reference lists within the
most relevant MPS-related papers focusing on CNS anatomy and pa-
thophysiology. The literature search was completed in December 2016.

2. Anatomical changes in the brain in MPS disorders

Post-mortem histological and neuroimaging studies have revealed
several brain abnormalities frequently present in patients with MPS I
Hurler (MPS IH), II, III [16], and VII [5, 17]. Multifocal or diffuse white
matter lesions are almost universally present in all these MPS types
(Fig. 1A) [5, 18] and have been shown to be more abundant in MPS II
patients with cognitive impairment [19] and to increase in number with
increasing disease duration [20]. Increased signal intensity in the
periventricular white matter has been reported for MPS I, II, III, and VII
[21–23]. Dilated perivascular spaces (PVS), also referred to as cribri-
form changes, are among the most frequently observed CNS abnorm-
alities in MPS I, II, and III patients (Fig. 1B) [21, 24–28]. These changes
can be seen throughout the brain, but are most abundant in the peri-
ventricular and subcortical white matter; their severity varies between
and within MPS disorders [16, 17, 29]. Ventriculomegaly is also a
frequent manifestation of MPS [30, 31]. It can be the result of com-
municating hydrocephalus involving the lateral and third ventricles,
brain atrophy, or both (Fig. 1C and D). Ventriculomegaly associated
with hydrocephalus is more prevalent in MPS I and II than in MPS III
patients, and probably caused by inadequate cerebrospinal fluid (CSF)

absorption [21–23, 25, 26, 28]. Brain atrophy, characterized by en-
largement of the cortical sulci and an increase in CSF, is most prevalent
in MPS II (Fig. 1C) [20, 22, 28] and III [21, 24, 25, 30]. In particular,
decreases in gray matter over time, correlating with decreasing cogni-
tive development quotient scores are observed in MPSIIIA and MPSIIIB
patients [18, 32].

White matter lesions and brain atrophy in MPS patients are assumed
to result from accumulation of storage material, including GAGs, in
neurons and glial cells, which in turn has been suggested to trigger
myelination abnormalities, gliosis, and cell death [16, 21, 25, 26, 30,
34, 35]. Dilated PVS are considered to be due to GAG deposition around
the cerebral vessels [36] and/or in the meninges, which can lead to
impaired CSF reabsorption and ventriculomegaly [5, 19, 20, 22, 23,
25]. Other mechanisms, such as inflammatory disease, and watershed
ischemia in the deep white matter, may also contribute [37].

Abnormalities in the blood-brain barrier (BBB) may also contribute
to CNS pathology in MPS patients. The BBB, which is formed early in
brain development [38], helps to maintain CNS/CSF homeostasis and
protects the CNS from harmful substances by limiting permeability
through tight junctions and controlled regulation of transport routes
[39]. Garbuzova-Davis et al. observed perivascular edema and micro-
vascular leakage in the brain of MPS III patients, compromising BBB
function and integrity [40] and probably contributing to CNS damage
like white matter lesions and atrophy. It needs to be established whe-
ther similar changes to the BBB also occur in the other MPS disorders.

It should be noted that brain abnormalities have also been described
for MPS types that are not typically associated with neurocognitive
impairment. For example, dilated perivascular spaces and white matter
lesions, not correlated with intellectual quotient scores, have been de-
scribed in patients with MPS VI [24]. A brain MRI study in nine MPS
IVA patients showed non-specific white matter changes in two patients
and other abnormalities in seven patients, despite preserved cognition
[41].

3. Cellular changes associated with storage of GAGs and
gangliosides in MPS disorders

Information on neuropathological findings in patients with MPS is
limited. Post-mortem histochemical and ultrastructural examination of
brain tissue from MPS I, II, III, and VII patients showed neuronal ab-
normalities and gliosis throughout the brain resulting from lysosomal
storage, with varying severity among anatomical brain regions [16, 33,
42]. Excessive storage materials in the brain have been found to result
in enlargement of Purkinje cell dendrites in the cerebellum, neuronal
cytoplasm distention (Fig. 2A and B), and development of

Table 1
Biochemical classification of the MPS disorders and the occurrence of neurological and somatic symptoms [3, 108].

MPS type Deficient enzyme Main GAG stored Neurological symptoms Somatic symptoms

MPS I α-L-iduronidase (EC 3.2.1.76) HS, DS Hurler: severe
Hurler-Scheie and Scheie: mild to absent

Wide spectrum of severity

MPS II Iduronate-2-sulfatase (EC 3.1.6.13) HS, DS Severe (rapidly progressing phenotypes) or mild to
absent (slowly progressing phenotypes)

Wide spectrum of severity

MPS IIIA N-sulfoglucosamine sulfohydrolase (EC 3.10.1.1) HS Severe Mild to absent
MPS IIIB α-N-acetylgluscoaminidase (EC 3.2.1.50) HS Severe Mild to absent
MPS IIIC AcetylCoA-α-glucosaminide N-acetyltransferase

(EC 2.3.1.78)
HS Severe Mild to absent

MPS IIID N-acetylglucosamine 6-sulfatase (EC 3.1.6.14) HS Severe Mild to absent
MPS IVA N-acetylgalactosamine-6- sulfatase (EC 3.1.6.4) KS None Severe or mild
MPS IVB β-galactosidase (EC 3.2.1.23) KS None Severe or mild
MPS VI N-acetylgalactosamine-4-sulfatase (EC 3.1.6.12) DS None Severe or mild
MPS VII β-D-glucuronidase (EC 3.2.1.31) HS, DS Severe (rapidly progressing phenotypes) or mild to

absent (slowly progressing phenotypes)
Wide spectrum of severity

MPS IXa Hyaluronidase (EC 3.2.1.35) Hyaluronan None Periarticular soft tissue masses,
short stature

DS: dermatan sulfate; GAG: glycosaminoglycan; HS: heparan sulfate; KS: keratan sulfate; MPS: mucopolysaccharidosis.
a Few cases described in literature
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‘meganeurites’ in the cerebral cortex, diencephalon, and brain stem [17,
30, 33, 35, 43–46]. Neuronal GAG accumulation, stained positive with
toluidine blue [16] and ultrastructurally visible as clear vacuoles,
abundantly occurs in Purkinje cells of the cerebellum, but is limited in
the cerebral cortex, brain stem, and diencephalon of MPS I, II, and III
patients [16, 29, 42]. Overall, neuronal cytoplasm is typically distended
by material that stains with Sudan dyes and Periodic acid–Schiff (PAS),
indicative of polysaccharides that may consist of GAGs, gangliosides,
other polysaccharide sugars, and glycolipids [17, 29, 30, 46]. This is
ultrastructurally visible as lamellated cytoplasmatic inclusions, such as
concentric membranous bodies, zebra bodies [29, 30, 46], and dense
granular material [16, 17, 30, 44, 46, 47]. In MPS I and II patients,
Purkinje cells mostly contain concentric membranous and zebra bodies,
while in MPS III dense granular material is present as well [44]. In
addition, around 20% of neurons show signs of degeneration in pa-
tients, probably resulting in the reduced neuron density observed in
several studies [30, 33, 42, 44, 48]. GAG and ganglioside levels in the
brain of MPS I, II, and III patients [1, 35, 45, 49, 50] are up to 6 times
greater than in healthy subjects [16, 30, 45]. Gangliosides may be
produced as a secondary storage mechanism [45]. Mouse models of
MPS I, II, MPS IIIA, IIIB, and IIIC all show abnormal behaviors, either
cognitive in the case of MPS I [51], MPS II [52], MPS IIIA [53], and IIIC
[54], or hyperactivity in the case of MPS IIIA, IIIB, and IIIC [53–55].

Using HS disaccharides fluorescently labelled with 2-aminoacridone
and quantified with reversed phase high-performance liquid chroma-
tography (RP-HPLC) against known HS standards, it has been shown
that MPSI, II, IIIA, IIIB, and IIIC (personal communication Dr. B. Bigger)
mice also show a 5–25 fold elevated storage of HS in the brain, with
additional storage of monosialic gangliosides GM2 and GM3 [56–58].
Notably, neuronal loss is not usually seen in mouse models of disease
[54, 56]. A direct link of accumulation of HS or gangliosides with
cognitive impairment remains to be established.

Gliosis, cellular as well as fibrous (Fig. 2C), is often associated with
neuronal abnormalities in patients [16, 33]. Varying degrees of astro-
gliosis and highly vacuolated macrophages/microglia [16, 29, 30, 33,
46] have been observed in the brains of MPS I, II, and III patients.
Vacuolated macrophages/microglia are often also present in the me-
ninges and dilated PVS [16, 17, 29]. In contrast to the neurons, glial
cells mainly contain electron-lucent storage material [54], suggesting
predominantly GAG storage in these cells. Lamellar inclusions can also
be observed in glial cells, pericytes, and endothelial cells, although to a
lesser extent than in neurons [16, 17, 30, 47]. Mouse models also de-
monstrate marked astrocytosis as shown by increasing numbers and
distention of glial fibrillary acidic protein (GFAP) positive cells and
microgliosis as shown by shortening of processes, thickening of cell
bodies and presence of isolectin B4 or increased intensity of CD11b/

Fig. 1. Anatomical changes in the brain of MPS patients: (A) moderate white matter lesions in the periventricular white matter (arrows) and moderate ven-
triculomegaly; (B) enlarged perivascular spaces in the corpus callosum (arrow); (C) hydrocephalus; (D) brain atrophy (Reproduced from Nestrasil & Vedolin, 2017
[33] with permission from Elsevier).
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CD68/Iba1 staining [54, 56].
GAG deposition around the cerebral vessels can result in dilated PVS

(Fig. 2D) [36]. Moreover, GAG accumulation can also affect the cellular
components of the BBB. Storage of GAGs and lamellated inclusions [16,
30] have been observed in endothelial cells and pericytes (personal
communication Dr. D.J. Begley) of the BBB in MPS III patients [40].
Moreover, capillaries in the hippocampus, putamen, and cerebellum of
MPS IIIA and D patients showed cell swelling, cell degeneration, peri-
vascular edema, and accumulation of collagen, as well as varying re-
ductions in tight junction proteins [40].

4. Neuropathological mechanisms triggered by altered GAG
metabolism

Several animal models for MPS I, II, III, and VII are currently
available [59], showing histochemical and ultrastructural changes in
the CNS similar to those seen in human post-mortem tissues [43, 48, 54,
56, 60–70]. Particularly MPS mouse models have proven extremely
valuable for pathogenesis studies. These animals have the advantage of
being available in well-characterized strains, which can be bred easily
and compared to unaffected control animals with the same genetic
background [59]. Together with studies in humans, animal models have
contributed to a better understanding of the neuropathological me-
chanisms underlying CNS abnormalities in MPS. In addition, they
provide some explanation for the considerable differences in clinical
presentations of MPS I, II, III, and VII, despite similar primary storage
material (HS).

HS proteoglycans are involved in a wide variety of physiological
processes [71]. At non-lysosomal sites, such as the cell surface and in
the extracellular matrix, they play an essential role in cell signaling,
distribution of growth factors, cytokines, and morphogens, and can
influence cell motility and adhesion [71]. Excessive HS levels and ab-
normal sulfation in the CNS of MPS I, II, III, and VII patients may alter
HS-dependent signaling [72], and trigger inflammation [69]; this could

change intracellular processes and neurotransmission, which in turn
affect CNS functioning [73]. This section will describe the pathological
mechanisms that might be involved in the MPS-associated CNS ab-
normalities.

4.1. Altered cell signaling

The primary consequence of deficient HS degradation is the pro-
duction and accumulation of HS oligosaccharide fragments [4, 16, 74],
which may trigger several pathological mechanisms. Analysis of the
MPS IIIA mouse brain showed the presence of a variety of oligo-
saccharides, ranging from di- to hexasaccharides [75]. In addition, a
cell- and domain-specific distribution pattern for HS forms has been
observed in the MPS IIIB mouse brain [76], although it should be
cautioned that the phage display antibodies used in the latter study can
be unreliable on repeated application as they recognize gross HS
charged structures rather than specific epitopes. Significantly increased
amounts and sulfation patterning of HS (Fig. 3) have been observed in
brains of MPS I, IIIA, and IIIB mice [56, 73], as well as in MPS II
(personal communication Dr. B. Bigger). and MPS IIIC [57]. In humans
with MPS I, II, and III, studies have shown higher HS saccharide levels
in urine, blood, and cultured skin fibroblasts from patients with more
severe signs of CNS disease, such as cognitive decline and loss of speech
[4, 77, 78].

Studies in mice and cell cultures have suggested that abnormal
sulfation and size of HS fragments can affect the binding capacity of
growth factors or morphogens and consequently alter neuronal func-
tioning [73, 79]. For example, HS usually acts as a co-receptor in fi-
broblast growth factor (FGF) signaling [80]. Pathogenic HS in MPSI
cannot properly interact with FGF-2 and the FGF receptor, thus dis-
turbing neuronal proliferation and survival [81], which may contribute
to the reduced development of neural progenitor cells and neuroplas-
ticity in MPS [70, 82]. In addition, dysregulation of growth factor sig-
naling has been suggested to increase glial cell death, which preceded

Fig. 2. Characteristic neuropathological changes in
the brain of MPS patients with CNS involvement. (A)
Neuronal swelling in the cerebral cortex, (B) den-
dritic swelling of Purkinje cells in the cerebellum,
and (C) fibrous gliosis in the thalamus of MPS IIIB
patients (asterisk). (D) Dilatation of the PVS in the
white matter of an MPS II patient (Reproduced from
Hamano et al., 2008 [3] with permission from
Springer Science+Business Media).
A: periodic acid-Schiff staining; B and D: hematox-
ylin and eosin staining; C: Holzer staining. Scale bar
in A and B=20 μm; scale bar in D=200 μm.
CNS: central nervous system; MPS: mucopoly-
saccharidosis; PVS: periventricular space.
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neuronal degeneration in an MPS II mouse model [48]. Moreover, ab-
normally 2-O-sulfated HS in MPS I has been shown to reduce CXCL12-
mediated migration of hematopoietic stem and progenitor cells after
transplant [72] by sequestering CXCL12. Since all chemokines and cy-
tokines likely have an HS binding site, this probably has an effect on
chemokine and cytokine signaling in the brain. Partially degraded HS
saccharides have been shown to enhance integrin-based focal adhesion
activation of astrocytes and neural stem cells in MPS IIIB mice. This
disturbed cell polarization and directed migration in the brain can af-
fect cell plasticity and cell behavior during adult neurogenesis and in-
duce neuropathological changes associated with MPS III [74].

Although MPS I, II, III, and VII are all associated with accumulation
of HS, their phenotypical presentation and severity of neurological
symptoms differ considerably. Behavioral abnormalities, for example,
are more obvious in MPS II and III than in MPS I patients [12]. These
differences might be due to differences in location and/or amount of
GAG accumulation [16, 45] as well as disparities in GAG chain length,
sulfation patterning, or chemical modifications at the non-reducing
terminus of the partially degraded HS species [56, 76, 83]. In MPS II,
partially degraded HS has sulfate moieties bound directly to the car-
bohydrate backbone, while in MPS III these are either N-sulfate (MPS
IIIA), amino (MPS IIIC), or N-acetyl (MPS IIIB and D) moieties [3].
Węgrzyn et al. hypothesized that these modifications interfere differ-
ently with neuronal function, leading to the differences in behavioral
problems [3]; however it is more likely to be an indirect effect of HS-
protein interactions and downstream signaling pathways.

4.2. Pathological cascades triggered by primary storage

4.2.1. Neuroinflammation
A neuroinflammatory response, characterized by astrocyte and mi-

croglial cell activation and increased levels of inflammatory cytokines
(including monocyte chemoattractant proteins, macrophage in-
flammatory protein, and interleukin-1α), has been observed in the
brain of MPS I and III mouse models [48, 54, 56, 68, 84–86]. However,
levels and types of increased inflammatory cytokines vary between MPS
I, IIIA, IIIB, and IIIC mice. While monocyte chemoattractant protein and
interleukin-1α are equally increased in all three disorders, macrophage
inflammatory protein is much more elevated in MPS III [54, 56]. This

could contribute to the differences in behavioral abnormalities.
Neuroinflammation may be caused by intrinsic cell mechanisms

and/or by a response to neuronal abnormalities. Extracellular HS oli-
gosaccharides have been shown to activate microglia through interac-
tion with the toll-like receptor (TLR) 4 and adaptor protein MyD88 in
MPS IIIB mice [69], which triggers production and release of pro-in-
flammatory cytokines and reactive oxygen species. Inactivation of this
TLR4/MyD88 pathway suppresses early-onset neuroinflammation as
seen by microgliosis, while astrocytosis remains unchanged, but does
not reduce expression of disease markers like GAP43, GM2, and GM3,
indicating that neurodegeneration was not delayed [69]. Notably,
neuroinflammation was not suppressed over several months in double
knockout mice, suggesting that inflammation in MPSIII at least, is not
solely driven through the TLR4/MyD88 pathway and may be initiated
via multiple damage-associated molecular patterns (DAMP)-mediated
innate pathways [87]. Hence, although astrocyte and microglial cell
activation have been shown to precede onset of clinical signs and
neuronal loss in MPS III animal models [54, 61], it is not clear what role
neuroinflammation has in disease pathology at this stage.

4.2.2. Oxidative stress
Lysosomes play a crucial role in the degradation and recycling of

intra- and extracellular material. For example, they sequester in-
tracellular material, such as mitochondria and poly-ubiquitinated pro-
teins, through autophagy. Hence, accumulation of GAGs could lead to
secondary storage of these intracellular materials [88, 89]. Abnormal
mitochondrial numbers and morphology, and compromised energy
metabolism have been observed in brain cells of MPS IIIC mice [54, 90].
Mitochondria are a major source of intracellular reactive oxygen spe-
cies. Therefore, mitochondrial abnormalities could result in oxidative
stress. Elevated mRNA levels for oxidative stress markers [54, 84–86,
91] and measures of superoxide ion production and oxidative products
indicate that oxidative stress is present in the brain of MPS I and III
mice [85, 90, 92, 93]. Accumulation of oxidative products and oxida-
tive imbalance have also been reported for patients with MPS I, II, and
IIIB [33, 94]. Oxidative stress can damage several molecules and acti-
vate deleterious pathways [95], which may contribute to MPS-asso-
ciated neurodegeneration.

As experience from other disorders shows that activated microglia

Fig. 3. (A) The amount and sulfation of HS and (B) relative amounts of total HS are increased in brains of MPS I, IIIA, and IIIB mice (Reproduced from Wilkinson
et al., 2012 [56] with permission of Public Library of Science).
HS: heparan sulfate; MPS: mucopolysaccharidosis; WT: wild type.
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have the ability to induce mitochondrial damage through production of
reactive oxygen species and oxidative stress [96, 97], a similar me-
chanism has been proposed for MPS IIIC as well (Fig. 4). However,
Trudel et al. showed development of oxidative stress in MPS IIIB mice
independent of TLR4-induced inflammation [85], suggesting that oxi-
dative imbalance could be directly caused by HS storage rather than a
secondary consequence of neuroinflammation.

4.2.3. Secondary accumulation
Accumulation of GAGs has been suggested to inhibit ganglioside

degrading enzymes [49, 98], leading to the observed secondary accu-
mulation of GM2 and GM3 gangliosides in the MPS disorders [16, 17,
30, 45, 47, 54, 56, 68, 99]. Abnormal storage of gangliosides has been
observed in several brain regions of MPS I and III patients [45] and in
animal models [54, 56, 99], including the cerebral cortex and hippo-
campus. Gangliosides can influence dendritogenesis during develop-
ment. Therefore, it has been suggested that accumulation of ganglio-
sides can trigger the changes in dendrite and axon morphology seen in
MPS patients, leading to synaptic dysfunction [47, 98, 100]. In addi-
tion, GM2 ganglioside accumulation has been suggested to trigger
neuronal cell death in the brain of Tay-Sachs and Sandhoff patients
[101]. This mechanism may also underlie neurodegeneration in MPS
patients (Fig. 4).

Several other substances have also been shown to accumulate in
neurons of MPS I, II, and III mice. Hyper-phosphorylated tau protein
was detected in the medial entorhinal cortex (MEC) and dentate gyrus
of MPS IIIB mice, as well as beta amyloid [91, 102]. Accumulation of
subunit c of mitochondrial ATP synthase (SCMAS) has been observed in
MPS IIIB and IIIC mice, predominantly in the MEC and the somato-
sensory cortex [54, 90, 103]. Increased levels of glypicans, markers for
metabolic stress, and proteins involved in autophagy (such as LC3) have
also been observed in the MEC of MPS mice models [54, 91]. Glypican
1, SCMAS, and LC3 are much more abundant in the MEC of MPS IIIA
and IIIB mice than in the MEC of MPS I and II mice [91], which could
contribute to the differences in disease phenotypes. The increased levels
of protein aggregates observed in MPS mice suggest inadequate lyso-
somal and/or proteasomal proteolysis, which could also lead to

neurodegeneration (Fig. 4) [33, 91, 102]. Ohmi et al. suggested that the
increase in glypican is crucial for these secondary defects in the MEC of
MPS III mice. The proteoglycan glypican is the precursor of the glycan
HS and might be metabolized differently in MPS III compared to MPS I
and II brain [91].

4.3. Defective neurotransmission

As abnormal behavior and neuronal dysfunction are present in MPS
III animals before loss of neurons is observed, they are presumed to be
caused by defects in neurotransmission [54, 61, 104]. Decreased levels
of pre- and post-synaptic proteins, in both inhibitory and excitatory
synapses, have been reported in the cerebral cortex of MPS I and III
mice [56, 105] and the hippocampus of MPS IIIC mice [106] as early as
10 days postnatally. In the hippocampal neurons of MPS IIIC mice, this
decrease is associated with a decrease in synaptic spine density and
altered morphology [106], while in the cortex of MPS IIIB mice, sy-
napse density was reported to remain unaffected [105]. A study in MPS
IIIB mice showed that the decrease in synaptophysin, the most abun-
dant synaptic vesicle membrane protein, in the cortex is caused by HS
oligosaccharide-induced degradation by the proteasome [105]. These
findings of synaptic disorganization suggest that deficiencies in sy-
naptic signaling [56, 106], including pre-synaptic and post-synaptic
vesicular density affect neurotransmission, leading to behavior and
cognitive deficits.

5. Pathophysiological biomarkers predicting neurodegeneration
and treatment efficacy

There are currently no established objective means that can accu-
rately predict clinical course and treatment effect in MPS patients.
Classical diagnostic tests that measure GAG levels in urine might be
used to some degree as biomarkers of disease severity, but are subject to
several limitations ([1, 2, 107] and personal communication Dr. B.
Bigger). While dye binding assays (dimethylmethylene blue or alcian
blue) are not GAG-specific, qualitative tests using 2D chromatography
can distinguish between different GAGs, but are time-consuming and
give limited quantitative information. Moreover, urinary GAG levels
can change with age and hydration status.

A number of other methods have been developed to quantify spe-
cific GAGs in urine, blood, tissues, or cells of MPS patients in an attempt
to predict disease progression and therapeutic efficacy. Several groups
used HPLC and mass spectrometry (MS) analysis to identify and mea-
sure levels of specific GAG disaccharide or trisaccharide units, with
specific abnormal terminal end structures [73, 78, 108, 109]. Since
abnormal sulfation patterns affect neuronal functioning, these patterns
could in theory function as biomarkers for CNS disease (progression).
Indeed, Fuller et al. showed that a ratio of α-L-iduronidase activity to
two HS- and DS-derived trisaccharides provides a clear distinction be-
tween healthy controls, MPS I patients with CNS involvement, and MPS
I patients without CNS involvement [78]. However, these techniques
are complex, expensive, and require HPLC and MS instruments dedi-
cated to carbohydrates. The ratio of urinary DS to chondroitin sulfate
has also been suggested as a biomarker for disease progression and
long-term treatment outcomes in MPS IH and II patients [110–113].
This ratio can be measured by means of 2D-electrophoresis and/or li-
quid chromatography tandem-mass spectrometry. The serum level of
the GAG-regulated heparin cofactor II-thrombin (HCIIT) complex has
been identified as a surrogate DS marker and a potential biomarker for
MPS I, II, and VII. The concentration of this complex has been shown to
correlate with disease severity and to quickly respond to treatment in
MPS IH and II patients [112–116]. However, both biomarkers are un-
likely to predict CNS disease or progression as their accumulation is
measured in the urine or serum and not in the CNS and HCIIT responds
primarily to DS and not HS storage [116].

The CNS and CSF could theoretically be a good source to measure

Fig. 4. Proposed mechanism underlying CNS involvement in MPS IIIC mice. 1)
Accumulation of HS and HS-derived oligosaccharides accumulate in microglial
cells. 2) Release of this material triggers 3) a TLR-induced inflammatory re-
sponse. 4) The inflammatory mediators cause mitochondrial damage and, 5)
together with the primary storage, block autophagy, and lead to accumulation
of gangliosides and misfolded proteins in the neurons, 6) which finally trigger
neuronal cell death. (Reproduced from Pshezhetsky et al., 2015 [90] with
permission from Taylor & Francis).
CNS: central nervous system; HS: heparan sulfate; MPS: mucopolysaccharidosis;
ROS: reactive oxygen species; TLR: toll-like receptor; TNFα: tumor necrosis
factor alpha.
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primary or secondary biomarkers for MPS disorders associated with
neurodegeneration. Primary storage material (HS) in brain tissue,
measured by direct or indirect methods, appears to be a relatively re-
liable biomarker in MPS mouse models. However, HS in CSF, which is
typically the only source available from patients, may be less predictive
as it is unclear how HS moves from the brain into the CSF compartment.
Inflammatory cytokines, such as monocyte chemoattractant protein,
macrophage inflammatory protein, and interleukin-1α [48, 54, 56, 68,
84–86, 117, 118], could also potentially be measured in the CSF.
However, exposure to infectious agents or inflammation during disease
could introduce variability in these CSF biomarkers. Moreover, as they
can cross the BBB, they may move in and out of the CNS and CSF, which
may lead to under- or overestimation of treatment effect. Measurement
of lysosomal swelling, inflammation, proteasomal function, and oxi-
dative stress would all require analysis of tissue [56]. Although CSF
biomarkers may be predictive of the further disease course of MPS
patients, they cannot identify neurodegeneration. To date, no available
CSF biomarker can predict disease progression in a prospective manner.

Finally, some neuroimaging markers might be able to measure CNS
involvement and treatment-related changes in the CNS of MPS patients.
For example, the myo-inositol/creatine ratio, measured with magnetic
resonance spectroscopy, has been shown to correlate with CNS disease
in MPS II patients [19]. Myo-inositol functions as an osmolyte in the
CNS; increased levels could relate to the increased volume of cells in
MPS brains with CNS involvement [119]. In addition, the myo-inositol/
creatine ratio has been suggested as a marker for astrogliosis
[120–122], which could function as a biomarker for GAG-induced glial
changes and neuroinflammation. Recent research also points to the
potential utility of volumetric magnetic resonance imaging changes in
gray matter and ventricular volume as biomarkers of CNS involvement
in patients with MPS.

6. Discussion and conclusions

Accumulation of undegraded and partially degraded HS leads to a
variety of secondary changes in the homeostasis of the brain of patients
with MPS I, II, III, and VII, although it remains unclear if HS is directly
responsible or is a bystander to secondary processes. Although different
pathophysiological mechanisms have been investigated, currently
available information is mostly based on animal models and the results
do not allow identification of a single mechanism that can explain all
the different CNS alterations observed in MPS. What is clear, is that in
DS storage diseases such as MPS VI, despite similar secondary storage
accumulation, global pathology and inflammation, there is no evidence
of neurological disease, whereas in severe HS storage diseases, such as
MPS III, cognitive deficits are typically present. If HS truly is at the
heart of neurological disease pathology, how do we explain the dif-
ferent cognitive symptoms in MPS I and, for example, MPS III patients?
Is this due to different HS species, or could it be another mechanism?
Research to test the pathogenicity of specific GAG degradation frag-
ments would be of benefit given a suitable assay. Given the wide variety
of processes involving HS, changes in different pathways may interact
with each other. Full transcriptomic and particularly proteomic sig-
natures of diseased brain may go some way to understanding what
storage substrates we are missing. In the past, transcriptomics have
focused on total brain tissue; this has the disadvantage of combining the
transcriptomics of several cell types. Increases in GFAP and monocyte
chemoattractant protein 1 (MCP1), for example, that are typically two
of the top hits described, are almost certainly just manifestations of
proliferation of astrocytes and microglia respectively, rather than re-
flecting upregulation of these genes in neurons. We also need to con-
sider linking neuroimaging outcomes with biomarker discovery. MRI
appears to have limitations in defining cognitive changes in MPS dis-
eases, due to the slow progression of the disease, except where neuronal
loss has progressed to late stage, at which point it is largely irrelevant.
MR spectroscopy could be of interest and positron emission tomography

(PET) imaging may have a role to play, but the latter will require novel
tracer development, as many of the current tracers available are in-
appropriate, which is a costly undertaking. Some pathological processes
in MPS, such as lysosomal destabilization due to accumulation of large
molecules, have also been described for other lysosomal storage dis-
orders. Lysosomal destabilization may lead to deficiencies in some of
the basic functions of lysosomes, such as autophagy, which in turn may
induce secondary abnormalities such as compromised energy metabo-
lism by mitochondria. Further studies are necessary to determine the
sequence and interaction between pathophysiological mechanisms in-
volved in neurological disease in MPS. This requires more specific
transcriptomic studies of cell subtypes in the brain and elucidation of
specifically altered pathways, ideally with transgenic mice. The ques-
tion is whether there are specific brain areas that are most important to
preserve in MPS disease. This research is hampered by the cross cor-
rectional ability of most of the enzymes, thus conditional knockouts in
specific cell types have been of limited use to date. Membrane bound
enzymes such as Heparan-α-glucosaminide N-acetyltransferase
(HGSNAT) or those lacking secretional ability offer an approach to
testing this.

Although specific molecules of the pathophysiological cascade have
been suggested as useful biomarkers, there is currently no biomarker
that allows for identification and monitoring of neurodegeneration in
MPS disorders. While specific primary HS substrate levels may re-
present useful markers of response to treatment, they generally only
give information about neurological disease when they are sampled
directly from the brain, rather than the CSF, which is currently un-
feasible in patients. Inflammatory biomarkers may prove to be variable
in patient populations. Nonetheless, as there is clearly dysregulation of
inflammation, both innate and adaptive, in MPS disease, an immune
based biomarker could prove of some use in determining the effect of
treatment on the brain, especially since inflammation has been linked
to cognition in several neurodegenerative diseases. More research is
therefore needed to identify other biomarkers that specifically provide
information on the CNS.
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