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Abstract

Leukodystrophies are early candidates for cell replacement therapy. For successful donor 
cell survival, integration and maturation, the recipient brain should contain a susceptible 
microenvironment. Vanishing White Matter (VWM) is a severe leukodystrophy affecting the 
astrocytes and oligodendrocytes in the white matter of the brain.  Previous studies found that 
hyaluronan (HA), an important component of the extracellular matrix, is upregulated in the 
brains of VWM patients and mice. As it has been shown that HA can inhibit oligodendrocyte 
progenitor cell maturation, elevated HA levels in the microenvironment could jeopardize 
successful therapy approaches. In this study we explored the possibilities to lower HA 
levels in vitro and in vivo by treatment with dexamethasone and vitrase. Dexamethasone 
treatment of wild-type primary mouse astrocytes lowered levels of Has2 and HA. In cultures 
of dexamethasone-treated wild-type and VWM astrocytes the number of oligodendroglial 
lineage cells was decreased. In cultures with wild-type astrocytes this decrease was 
accompanied with a lower OPC maturation, but in VWM astrocytes the OPC maturation 
was not affected. This suggests that a differential effect of dexamethasone on wild-type and 
VWM astrocytes. In vivo treatment of both dexamethasone and vitrase was able to lower 
HA levels in VWM mouse brains. Long term treatment of both compounds did not improve 
motor skills or pathology in VWM mice, but no adverse effects were observed. This suggests 
that treatment of vitrase or dexamethasone is safe in VWM mice, not effective as stand-
alone treatment, but suitable to be tested in combination with cell therapy in future studies.

Introduction

Vanishing White Matter (VWM) is a severe genetic disorder that mainly affects the white 
matter of the brain (1). Patients show progressive neurological symptoms like ataxia and 
spasticity eventually leading to the death of the patients. VWM is caused by mutations in 
any of the genes encoding the eukaryotic translation initiation factor 2B (eIF2B). A potential 
treatment option for VWM is glial cell replacement therapy. White matter astrocytes and 
oligodendrocytes are selectively affected. Both cells show an immature phenotype, with an 
increased density of oligodendrocyte progenitor cells (OPCs) and an abnormal morphology 
of astrocytes (2). Previous studies have shown that astrocytes play a major role in VWM 
development (3,4), but treatment options targeting aberrant functioning of astrocytes are 
still lacking. 

For successful cell therapy it is essential that cells survive and integrate into the 
recipient brain. Differentiation into the appropriate cell type is not only dependent on the 
donor cell population, but also on the recipient brain microenvironment that can be hostile 
for donor cells or show changes over the disease course thereby becoming less susceptible 
to cell transplantation (5,6). The micro-environment of a cell consists of all the other cells that 
are in close proximity, the extracellular matrix and the factors that are present. It is likely 
that in VWM the microenvironment is hostile for oligodendrocyte maturation, as we have 
shown that VWM astrocytes secrete factors that inhibit OPC maturation in vitro (3) and both 
patients and VWM mice show an increased number of OPCs with a decrease in mature 
oligodendrocytes in vivo (2,3). 

Hyaluronan (HA) is a major component of the extracellular matrix, and in the brain 
mainly produced by astrocytes. Previous studies have shown that particular forms of HA, the 
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high molecular weight (HMW) HA, can inhibit OPC maturation (7). HMW-HA is increased in 
brain tissue of VWM patients obtained at autopsy in end stage disease (8) and HA is increased 
in VWM mouse brain in late disease stages (3). It is not increased in brains of young VWM 
mice or in astrocyte conditioned medium (ACM) from VWM astrocytes (3). Consequently, 
degrading HA from the ACM did not lead to an rescue of the in vitro observed OPC maturation 
defects in VWM (3). However, HA likely plays a detrimental role in late disease stages and may 
interfere with treatment. As in VWM levels of HA are increased, and lowering the levels of 
HA in general has the effect of increasing proliferation and migration of (progenitor) cells 
(9,10), we hypothesize that lowering HA levels may increase the effectiveness of cell therapy 
in VWM.

HA levels can be lowered with vitrase or dexamethasone. Vitrase is a hyaluronidase 
(HYAL), a protein that breaks down HA, derived from ovine testes. Vitrase is FDA-approved 
and mainly used to increase drug dispersion and absorption (11). Dexamethasone is an FDA-
approved synthetic glucocorticoid that is regularly used in clinic, for example to promote 
lung maturation in preterm infants or to treat auto-immune disease (12). It has been shown 
that dexamethasone can lower mRNA expression of hyaluronan synthetases (HAS) in 
fibroblasts, leukocytes, keratinocytes and osteosarcoma cells (13-15). Besides effecting Has 
levels, dexamethasone influences transcription programs involved in astrogliosis (16), OPC 
proliferation (17) and myelination (12). Vitrase and dexamethasone are both drugs that can 
lower HA levels through different mechanisms, and are candidate compounds to improve 
therapeutic strategies for VWM.
 In this study we explored the effects of two compounds (vitrase and dexamethasone) 
on HA levels and VWM disease progression. First, we tested the effect of dexamethasone 
on HA production of wild-type (WT) and VWM mouse astrocytes and OPC maturation 
in vitro. Secondly, we determined the optimal concentration and dosage of vitrase and 
dexamethasone to lower HA levels in mice in vivo. An ELISA assay was used to determine 
HA levels in brain tissue. Finally, VWM mice with homozygous mutations in Eif2b5 (2b5ho (3)) 
were treated with vitrase, dexamethasone or saline from 4 until 9 months of age. We studied 
both the tolerability of VWM mice for long term vitrase and dexamethasone treatment and 
the effect on VWM symptoms.  

Methods

Animals
VWM or 2b5ho mice (carrying a homozygous Arg191His mutation in the Eif2b5 gene (3) ) were 
used to study the effect of lowering HA levels on the VWM phenotype. The 2b5ho mice show 
motor symptoms from 5 months onwards, and the humane endpoint is reached between 7 
and 10 months of age (3). 

For cell culture experiments, embryonic day 18 (E18) WT and 2b5ho mice were 
used as described below. To determine optimal treatment doses and frequency 4-month-
old 2b5ho and 2b5he (heterozygous Eif2b5 mutant mice are considered WT mice as they do 
not have a VWM phenotype) were treated with a single dose of vitrase or dexamethasone 
before they were sacrificed and the brains snapfrozen to analyze HA content as described 
below. For long term treatment, 18 2b5ho mice were treated with dexamethasone, vitrase 
or saline from 4 months to 9 months of age. At 7 months of age the motor skills of all 
mice were tested on the balance beam, grip strength test and footprint test. At 9 months 
of age brains were collected after intracardiac perfusion with 4% paraformaldehyde (PFA). 
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The brains were post-fixed in 4% PFA for 1 day, after which half of the brain was embedded 
in paraffin and the other half was incubated overnight in 30% sucrose and snapfrozen in 
optimum cutting temperature compound (Sakura). All animals were weaned at P21 and had 
ad libitum access to food and water. All procedures were carried out in compliance with the 
policies of animal welfare of the Dutch government and approved by the Animal Care and 
Use Committee of the Vrije Universiteit Amsterdam. 

Compounds
Dexamethasone was obtained from Sigma-Aldrich (D4902). For cell culture experiments 
dexamethasone was dissolved in 100% ethanol (EtOH) in a 10 mM concentration, and further 
diluted in cell culture medium to 100 μM for treatment of astrocytes. For in vivo studies 6 
mg dexamethasone was dissolved in 1 ml 100% EtOH (6 mg/ml) and further diluted to a 
300 μg/ml concentration with saline. For initial experiments to optimize dexamethasone 
concentrations the stock solution was further diluted to 100 μg/ml, 50 μg/ml and 10 μg/
ml; ethanol was added to each dilution to keep ethanol content at 0.05%. Control mice 
were injected with 0.05% ethanol in saline. All solutions were injected as 10 μl/gr, leading to 
final concentrations of 3 μg/g, 1 μg/g, 0.5 μg/g and 0.1 μg/g, respectively. For the long term 
experiment, a concentration of 3 µg/g was chosen for dexamethasone treatment. Mice that 
received long term dexamethasone treatment were injected intraperitoneally (i.p.) for 4 
consecutive days every 4 weeks. 

Vitrase was obtained from Serva (25118.01). For in vivo studies 50 mg of 1000 units/
mg (U/mg) were diluted in 2ml saline, and further diluted to concentrations of 500 U/ml, 
100 U/ml, 50 U/ml and 10 U/ml to optimize treatment concentrations. Control mice were 
injected with saline. All solutions were injected as 10 μl/g, leading to final concentrations of 5 
U/g, 1 U/g, 0.5 U/g and 0.1 U/g, respectively. For the long term experiment, a concentration 
of 5 U/g was chosen for vitrase treatment. Mice that received long term vitrase treatment 
were injected i.p. twice every week.

Cell culture
Astrocytes and OPCs were isolated from E18 WT pups on the GentleMACS dissociater 
(Miltenyi Biotec) with papaïn according to manufacturer’s protocol. Astrocytes were 
cultured in astrocyte medium (DMEM/F12 + 5% fetal bovine serum + 1% L-glutamine + 1% 
Pen/strep) for 4 passages and frozen in liquid nitrogen for use in experiments. OPCs were 
sorted for expression of cell surface marker PDGFαR using magnetic activated cell sorting 
(MACS) according to manufacturer’s protocol (Miltenyi Biotec; (3)).

To collect ACM, astrocytes were thawed from liquid nitrogen storage and allowed 
to recover for 3-4 days in astrocyte medium. Astrocytes were switched to M41 medium 
(described as DMEM/F12/N1 in (18)) and treated with 100 μm dexamethasone or vehicle 
(1% EtOH) overnight. The next day medium was refreshed with new M41 medium. RNA 
and ACM samples were collected from the same wells. All wells were treated overnight 
with 100 μm dexamethasone, and the next morning ACM and RNA were collected for the 
overnight condition. For all other wells, medium was refreshed, and ACM and RNA were 
collected at 24 hours, 48 hours, 72 hours and 1 week after treatment. To test the effect of 
dexamethasone-treated astrocytes on OPC maturation, astrocytes were plated from liquid 
nitrogen and allowed to recover for 1 week. Astrocytes were treated with dexamethasone 
or vehicle overnight, after which medium was refreshed and OPCs were plated on top. 
Medium was refreshed after 3 days, and cells were fixed after 1 week in culture with 2% 

164



6

PFA for 20 minutes at room temperature (RT) and subsequently used for immunostaining. 

ELISA
ELISA assays were performed to determine HA levels in ACM or brain tissue. ACM samples 
were collected as described above and diluted 1:8 with RD5-18 for the ELISA. Brain samples 
were lysed, as described previously (3), in lysis buffer containing 50 mM Hepes pH7.5, 150 
mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 0.1% Triton X-100, 10% glycerol and 1 mM DTT. Protein 
concentrations were measured with a Bradford assay and all samples were diluted to 300 
ng/ml in lysis buffer. For the ELISA, samples were further diluted 1:12 with RD5-18. The 
ELISA was performed according to manufacturer’s protocol (DHYAL0, R&D systems). 

Motor tests
Mice from the long-term treatment experiment were tested on motor function at 7 months 
of age. Motor skills were tested on the balance beam, grip strength test and footprint test. 
In the balance beam test, mice were trained to run over a narrow beam to an enclosed 
box. Time to cross the beam and the number of slips of each mice were recorded. The grip 
strength test measures the strength of the front and the front and hind paws combined, by 
pulling mice slowly over a grid and measuring the strength the mice use to hold on to the 
grid. In the footprint test, gait parameters were assessed by painting the front paws red 
and the hind paws blue and let the mice walk in a straight line over a piece of paper. Ataxia 
was measured by the distance between steps of the hind limbs, corrected for the distance 
of the steps of the front limbs. From previous studies, it is known that VWM mice show 
abnormalities on all these tests compared to WT mice.

Table 1. Primary antibodies

Antigen Application Dilution Supplier Order number
S100β Staining tissue 1:1000 ProteinTech 15146-1-AP

GFAP Staining tissue and cells 1:1000 DAKO Z0334

GFAP
Double staining with 

S100β on tissue 1:1000 Sigma-Aldrich G3893

Nestin Staining tissue 1:500 BD Biosciences 611658

MBP Staining cells 1:2000 Covance SMI-99

OLIG2 Staining cells 1:500 Gift from John Alberta DF308

Immunostaining
Brain tissue was cut in 12 µm thick sections on a cryostat. For immunostainings, sections 
are washed with phosphate buffered saline (PBS) and pretreated with heated 0.01M citrate 
buffer (pH 6.0). Sections were incubated in blocking buffer (PBS + 5% normal goat serum + 
0.3% Triton X-100 + 0.1% bovine serum albumin) for 1 hour at RT. Antibodies were diluted in 
blocking buffer; slides were incubated in primary antibodies for 1 hour at RT and overnight 
at 4°C. The next day, slides are washed with PBS and incubated in secondary antibodies for 2 
hours at RT. Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI) and slides were 
mounted with Fluoromount. For stainings of cell cultures, no citrate pretreatment was used. 
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See Table 1 for primary antibodies used. Secondary antibodies were goat-anti-rabbit Alexa 
Fluor 594 and goat-anti-mouse Alexa Fluor 488. Stainings were analyzed with a DM6000B 
microscope (Leica Microsystems) and images were obtained as tiff files. Adobe Photoshop 
CS6 (Adobe Systems Inc) was used to optimize brightness and contrast of images.

In situ hybridization
Proteolipid protein (Plp) mRNA was targeted with in situ hybridization as previously 
described (3). In short, Plp dig-labelled probe was hybridized overnight at 60°C. The next day 
slides were washed and incubated with anti-digoxygenin-AP antibody. Alkaline phosphatase 
staining was developed overnight by incubation in BM purple at RT. 

Quantification and statistics
In astrocyte-OPC co-cultures the number of MBP+, OLIG2+ and DAPI+ cells were analyzed 
on at least 10 random fields per well, leading to a total cell count of at least 2500 cells 
per well. The number of Nestin+ cells in the corpus callosum was determined on at least 3 
pictures of the rostrum and 3 pictures of the splenium of the corpus callosum. The number 
of Nestin+/GFAP+ cells was counted and corrected for the total number of DAPI+ cells. 
Bergmann glia translocation was analyzed as previously described (19). Shortly, Bergmann 
glia were identified by staining for S100β on at least 6 pictures of the cerebellum. In ImageJ 
software (NIH) a band was formed around the Purkinje cell layer. All S100β+ cells inside the 
band were counted and considered correctly localized. The S100β+ cells outside the band 
in the molecular layer were also counted and considered as translocated. The number of 
translocated cells was corrected for the total (correctly located + translocated) number of 
S100β+ cells. The number of Plp+ cells was counted in an 100x200 µm square in the white 
matter of the cerebellum and in the splenium and rostrum of the corpus callosum. For each 
area at least 3 squares were counted. 

IBM SPSS Statistics version 22 (IBM corporation) was used to analyze data. Shapiro-
Wilk test was used to test normality  of data. For astrocyte-OPC co-cultures data was not 
significantly different from normal, and paired-samples t-tests were used to analyze the 
effect of dexamethasone treatment compared to vehicle treatment. Effects were considered 
significant when they reached a p value of <.025 to correct for multiple testing. For the 
cell counts of the long term in vivo treatment, an ANOVA was used to study the effect of 
treatment conditions on both the cell count data and the motor test data. Dunnett t-test 
was used as a post-hoc test comparing dexamethasone and vitrase to the saline treatment. 
Effects were considered significant when they reached a p value of <.05 on the post-hoc test.

Results

Dexamethasone lowers HA levels in vitro
To confirm regulatory effects of dexamethasone on HA production, primary wild-type 
astrocytes were treated with dexamethasone. PCR analysis showed that Has2 mRNA 
levels were decreased for 72 hours after dexamethasone treatment (Figure 1A). HA levels 
in the ACM were decreased for longer, at least until 1 week after treatment (Figure 1B). 
Interestingly, Has2 mRNA decreased during culturing in the vehicle condition, while HA 
levels in the ACM were quite stable. This experiment shows that dexamethasone can lower 
Has2 and HA levels in astrocytes in vitro.
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Figure 1. Dexamethasone lowers HA production by astrocytes in vitro. (A) overnight treatment with 
dexamethasone lowered Has2 mRNA levels, which remained lower than the vehicle (1% ethanol) 
treated astrocytes until between 72 hours and 1 week after treatment. (B) Astrocytes conditioned 
medium collected from the same astrocytes as in (A) showed that the HA level in the ACM was lowered 
by dexamethasone treatment at least until 1 week after dexamethasone treatment. WT OPCs were 
cultured on WT or VWM astrocytes pretreated with dexamethasone (C-E). Dexamethasone treatment 
significantly decreased the number of OLIG2+ oligodendroglia lineage cells (E). When corrected for 
the number of OLIG2+ cells, the number of mature MBP+ oligodendrocytes were decreased after 
dexamethasone treatment in co-cultures with WT astrocytes, but not in co-cultures with VWM 
astrocytes (D). In co-cultures with VWM astrocytes the number of MBP/OLIG2+ mature oligodendrocytes 
is slightly increased after dexamethasone treatment. 
AU = arbitrary units; o/n = overnight; hr: hours; Veh = vehicle; Dex = dexamethasone. * = p < .05 (C) 
Scalebar = 50 µm (A-B) Data points indicate a single sample. (D) Data points show different astrocyte 
lines in co-culture with WT OPCs, with the solid data points indicating mean ± SEM.
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Figure 2. Treatment of vitrase or dexamethasone lowers HA levels in vivo. Mice were treated with 
different concentrations of dexamethasone (A) or vitrase (B) and brains were analyzed for HA content 
after 24 hours. For both dexamethasone and vitrase the highest concentrations gave the clearest 
reductions of HA levels. After treatment with either 3 μg/gr dexamethasone, 5 U/gr vitrase or saline 
mice brains were analyzed 1 hour, 24 hours, 72 hours or 1 week later. Dexamethasone gave a transient 
lowering of HA levels at 24 hours, which was not observed at 72 hours or 1 week after treatment (C). 
Vitrase lowered HA levels at 1 hour and 24 hours, although HA levels were still slightly lower at 72 
hours and 1 week after treatment (D).
AU = arbitrary units; Sal = saline; g = gram; U = units; hr = hour. Data points show individual mice, with 
the solid data points indicating mean ± SEM.

OPC maturation in vitro is not significantly improved after dexamethasone treatment of 
astrocytes
A co-culture of astrocytes and OPCs was used to test the effect of dexamethasone treatment 
of astrocytes on OPC maturation. Astrocytes were treated with 100 µm dexamethasone 
overnight, and OPCs were plated on top of the astrocytes the next day. After 1 week OPC 
maturation was assessed with staining for MBP and OLIG2 (Figure 1C-E). Dexamethasone 
treatment decreased the number of OLIG2+/DAPI+ cells significantly compared to vehicle 
treatment (Figure 1E). This difference can either be caused by a decreased survival and/or 
proliferation of OPCs and oligodendrocytes, or by an increased proliferation of astrocytes 
after dexamethasone treatment. The total number of DAPI+ cells were decreased from 
3220 ± 400 to 2801 ± 346, a decrease of on average 400 cells. The total number of OLIG2+ 
cells were decreased from 1004 ± 270 to 672.2 ± 231, a decrease of on average 330 cells. 
This shows that the largest part of the decrease in cell number is due to a change in the 
number of OLIG2+ cells and not due to a change in astrocyte number. To correct for the 
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lower number oligodendroglia lineage cells when looking at OPC maturation, the number 
of MBP+ cells was corrected for the number of OLIG2+ cells. In WT cultures the ratio of 
MBP+/OLIG2+ cells was significantly decreased after dexamethasone treatment (figure 1D). 
In VWM cultures the ratio of MBP+/OLIG2+ cells was not significantly changed, with a trend 
to an increased ratio of MBP+/OLIG2+ cells after dexamethasone treatment. This shows 
that dexamethasone treatment of WT or VWM astrocytes has differential effects on OPC 
maturation, and that dexamethasone treatment might improve the astrocytic support of 
OPC maturation in VWM. 

Dexamethasone and vitrase treatment lowers HA levels in vivo
Mice were treated with saline or different concentrations of dexamethasone or vitrase. After 
24 hours, brains were isolated, snapfrozen and an ELISA for HA was performed. HA levels 
were decreased after treatment with 3 μg/g dexamethasone or 5 U/g vitrase (Figure 2A-B, 
Table 2). These concentrations were then tested in a time-series, where brains were isolated 
1 hour, 72 hours and 1 week after i.p. injections. For treatment with 3 μg/g dexamethasone 
HA levels were lowered only at 24 hours post-treatment (Figure 2C, Table 2). Injections with

Figure 3. Long term treatment of vitrase or dexamethasone did not improve motor functions. Mice 
that were treated with vitrase, dexamethasone or saline from 4 to 9 months of age were tested on 
motor skills at 7 months of age. The treatment groups did not show any improvements on the balance 
beam time (A) or slips (B). Also the strength of the front and hind paws (C), measured with the grip 
strength meter, or the gait ataxia (D), measured on the foot print test, were unaffected. 
S = seconds; Sal = saline; Dex = dexamethasone; Vit = vitrase; N = Newton. Data points show individual 
mice, with the solid data points indicating mean ± SEM.
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Table 2. Effects of different dexamethasone and vitrase concentrations  and post-treatment times 
on HA brain levels.

Mouse # Genotype Gender Treatment Time before isolation HA level (AU)

1 WT M Saline-Dex 24 hours 126.6

2 VWM M Saline-Dex 24 hours 144.1

3 VWM M 0.1 µg/gr Dex 24 hours 175.9

4 VWM F 0.1 µg/gr Dex 24 hours 104.7

5 VWM M 0.5 µg/gr Dex 24 hours 182.1

6 VWM F 0.5 µg/gr Dex 24 hours 201.5

7 VWM M 1 µg/gr Dex 24 hours 230.1

8 VWM F 1 µg/gr Dex 24 hours 144.6

9 VWM M 3 µg/gr Dex 24 hours 62.2

10 VWM F 3 µg/gr Dex 24 hours 112.2

11 WT F Saline-Vit 24 hours 148.9

12 VWM F Saline-Vit 24 hours 117.7

13 VWM M 0.1 U/gr Vit 24 hours 109.4

14 VWM F 0.1 U/gr Vit 24 hours 72.5

15 VWM M 0.5 U/gr Vit 24 hours 117.5

16 VWM F 0.5 U/gr Vit 24 hours 92.9

17 VWM M 1 U/gr Vit 24 hours 179.5

18 VWM F 1 U/gr Vit 24 hours 120.9

19 VWM M 5 U/gr Vit 24 hours 34.2

20 VWM F 5 U/gr Vit 24 hours 64.6

21 WT F Saline-Dex 1 hour 103.9

22 VWM M Saline-Dex 1 hour 99.5

23 WT M Saline-Dex 72 hours 71.3

24 VWM M Saline-Dex 72 hours 120.3

25 WT F Saline-Dex 1 week 31.8

26 VWM F Saline-Dex 1 week 60.4

27 VWM M 3 µg/gr Dex 1 hour 151.0

28 VWM F 3 µg/gr Dex 1 hour 90.4

29 VWM M 3 µg/gr Dex 72 hours 129.9

30 VWM F 3 µg/gr Dex 72 hours 89.0

31 VWM M 3 µg/gr Dex 1 week 142.0

32 VWM F 3 µg/gr Dex 1 week 86.9

33 WT M Saline-Vit 1 hour 125.3

34 VWM F Saline-Vit 1 hour 138.3

35 WT M Saline-Vit 72 hours 48.9
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36 VWM F Saline-Vit 72 hours 59.1

37 WT M Saline-Vit 1 week 36.4

38 VWM F Saline-Vit 1 week 105.6

39 VWM M 5 U/gr Vit 1 hour 58.4

40 VWM F 5 U/gr Vit 1 hour 71.0

41 VWM M 5 U/gr Vit 72 hours 54.1

42 VWM F 5 U/gr Vit 72 hours 32.5

43 VWM M 5 U/gr Vit 1 week 50.7

44 VWM F 5 U/gr Vit 1 week 27.1
HA levels are determined with an ELISA and expressed as arbitrary units (AU). WT = wildtype; VWM = 
Vanishing White Matter; M = male; F = female; Dex = Dexamethasone; Vit  =Vitrase; h = hours. 

5 U/g vitrase lowered HA levels for up to 72 hours (Figure 2D, Table 2). Based on these 
results it was decided to treat mice in the long-term experiment with both dexamethasone 
and vitrase. 

Long term dexamethasone or vitrase treatment did not have negative side effects
Mice were treated with dexamethasone, vitrase or saline from 4 to 9 months of age. For 
dexamethasone treatment, 6 mice were injected for 4 consecutive days once every 4 weeks. 
The effect of dexamethasone treatment on HA levels only lasted for 24 hours, and this 
treatment schedule is comparable to treatment schedules used in clinic (20). Three VWM 
control animals were injected with saline + 0.05% EtOH for 4 consecutive days every 4 weeks 
as well.  Vitrase was injected twice a week in 6 mice, with 3 VWM control animals receiving 
saline injections twice a week. All mice were weighted at least once a week and every day 
that they were injected. No significant differences or changes in weight were observed in 
any of the mice. Mice were closely monitored for other negative effects of treatment, for 
example whether vitrase would affect the skin area at the injection sides, as HA is a major 
component of skin tissue and loss of HA is implicated in age related decline in skin condition 
(11,14). No negative effects were observed in any of the mice, suggesting long term treatment 
with vitrase and dexamethasone is safe.

Dexamethasone and vitrase did not improve VWM symptoms
No significant improvement was observed on motor skills with the balance beam, grip 
strength test of the footprint test (Figure 3A-D). At 9 months of age brains were isolated and 
analyzed for known VWM disease markers: (1) the increased number of Nestin+ astrocytes 
in the corpus callosum, (2) the translocation of Bergmann glia from the Purkinje cell layer 
to the molecular layer, and (3) a decreased number of Plp+ cells in the corpus callosum 
and white matter of the cerebellum (3,19). No differences between the two saline conditions 
(saline and saline + 0.05% ethanol) were observed, so these mice were grouped together for 
analysis (Table 3). Treatment of dexamethasone or vitrase did not improve any of the disease 
markers, suggesting that these treatments alone do not improve the VWM phenotype 
(Figure 4A-H, Table 3). Moreover, dexamethasone treatment even increased the number of 
Nestin+ cells in the corpus callosum compared to saline treatment (p = .005; Figure 4A,E), 
which could suggest worsening of the VWM phenotype. However, no differences in any 
of the other markers were observed, so dexamethasone might only affect cerebral white 
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matter astrocytes, and no other aspects of VWM pathology. In summary, no improvement of 
VWM symptoms were observed after long term treatment with vitrase and dexamethasone.

Table 3. VWM disease markers in long term treated mice

Mouse # Genotype Gender Treatment BG Nestin Plp corpus 
callosum

Plp cerebel-
lum

44 VWM F Saline-Dex 0.205 0.225 79.2 45.0

45 VWM M Saline-Dex 0.266 0.254 67.3 51.8

46 VWM M Saline-Dex 0.279 0.195 83.4 59.0

47 VWM F 3 µg/g Dex 0.324 0.335 68.9 64.8

48 VWM F 3 µg/g Dex 0.256 0.480 57.3 63.2

49 VWM F 3 µg/g Dex 0.292 0.331 60.3 54.6

50 VWM M 3 µg/g Dex 0.316 0.439 51.4 59.4

51 VWM M 3 µg/g Dex 0.305 0.363 67 46.5

52 VWM M 3 µg/g Dex 0.230 0.234 92.3 75.7

53 VWM F Saline-Vit 0.296 0.190 52.6 45.8

54 VWM F Saline-Vit 0.188 0.202 67.3 53.6

55 VWM M Saline-Vit 0.314 0.195 72.1 52.0

56 VWM F 5 U/g Vit 0.291 0.071 52.3 47.5

57 VWM F 5 U/g Vit 0.264 0.167 58.7 47.8

58 VWM F 5 U/g Vit 0.274 0.097 74.8 42.7

59 VWM M 5 U/g Vit 0.291 0.186 52.9 52.0

60 VWM M 5 U/g Vit 0.308 0.320 79.3 70.7

61 VWM M 5 U/g Vit 0.309 0.096 74.4 35.6
VWM = Vanishing White Matter; M = male; F = female; Dex = Dexamethasone; Vit = Vitrase; BG = 
Bergmann glia

Figure 4. Long term treatment of vitrase or dexamethasone did not improve VWM pathology. Mice 
that were treated with vitrase, dexamethasone or saline from 4 to 9 months of age were analyzed on 
pathological hallmarks of VWM at 9 months of age. An example of the immunostainings and in situ 
hybridization in representative mice for each condition is shown (saline = #45, dexamethasone = #49, 
vitrase = #58; see Table 3). (A) shows a Nestin/GFAP double staining in the corpus callosum (B) shows 
S100β/GFAP staining in the cerebellum, on which the localization of Bergmann glia cell bodies can be 
seen. Some of the translocated Bergmann glia cells from the Purkinje cell layer to the molecular layer 
are indicated by arrows. (C-D) shows an in situ hybridization for Plp mRNA in the corpus callosum (C) 
and cerebellum (D). The results of the cell counts show the % of Nestin+ cells in the corpus callosum 
(E), the % of translocated Bergmann glia cells in the cerebellum (F), and the number of Plp+ cells in 
the corpus callosum (G) and cerebellum (H) of saline, dexamethasone and vitrase treated mice. No 
significant improvement is observed; dexamethasone treatment even significantly increased the 
number of Nestin+ cells in the corpus callosum.
Sal = saline; Dex = dexamethasone; Vit = vitrase; BG = Bergmann glia; cc = corpus callosum; cer = 
cerebellum. Scalebars = 50 μm. Data points show individual mice, with the solid data points indicating 
mean ± SEM. ** = p < .01
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Discussion

In this study we explored whether lowering HA levels can be part of treatment strategies 
for VWM. We showed that it is possible to use vitrase or dexamethasone to lower HA 
levels in vitro and in vivo. To our knowledge vitrase has not been used previously to treat 
brain disorders, although studies suggest it can pass the blood brain barrier (21). Indeed, we 
observed a decrease in brain HA levels after vitrase treatment. In the long term treatment, 
mice were treated from 4 months of age, which marks the onset of motor symptoms in VWM 
mice, until they were sacrificed at 9 months of age. No adverse side effects were observed 
in any of the mice, suggesting safety of both the dexamethasone and the vitrase treatment. 
Both vitrase and dexamethasone did not improve VWM symptoms, and as dexamethasone 
might even have negative effects, vitrase might be a better candidate for further research.

The effects of glucocorticoids are broad, cell type specific, and dose- and timing-dependent, 
which makes it difficult to predict effects of glucocorticoid treatment on a specific 
disease (16,22,23). Dexamethasone is known to have many effects, including modulation 
of the inflammatory response (24) and inhibition of progenitor cell proliferation (17,25). 
Dexamethasone can regulate transcription programs through the glucocorticoid receptor 
(22). The glucocorticoid receptor forms a complex in the cytoplasm with many other 
proteins like heat shock proteins, chaperones and protein kinases. Upon binding with 
glucocorticoids, these proteins are released and cause fast effects on the target cells, in 
addition to the slower transcriptional effects (22). Astrocytes express the glucocorticoid 
receptor, and treatment with dexamethasone has been shown to affect mRNAs associated 
with proliferation and metabolic pathways (23) and can cause astrogliosis (16). The effect of 
glucocorticoids on oligodendrocytes has been studied intensively. Antenatal and postnatal 
treatment of glucocorticoids has been associated with delayed myelination (12), which might 
be mediated by astrocytes and microglia (16,26). This is consistent with the results of the 
astrocyte-OPC co-cultures, in which dexamethasone treatment of astrocytes lowered the 
number of oligodendroglia lineage cells. Other studies showed that glucocorticoids seem to 
inhibit OPC proliferation and promote oligodendrocyte differentiation (17), which might be 
beneficial for VWM. In cultures with WT astrocytes that were treated with dexamethasone, 
we observed a decreased percentage of OPCs that maturated into MBP+ cells. However, in 
cultures with VWM astrocytes we did not see a decrease in OPC maturation, but rather a 
trend towards increased OPC maturation. This shows a differential effect of dexamethasone 
treatment between WT and VWM. Different factors in the microenvironment of the VWM 
brain affect oligodendrocyte maturation. In a previous study we observed that lowering HA 
levels in ACM by hyaluronidase treatment improved OPC maturation both in WT and VWM 
ACM conditions to a similar degree (3). This suggests that the effect observed in this study is 
not mediated by HA but rather by another downstream effect of dexamethasone treatment 
on astrocytes. For future studies it would be interesting to identify these factors so a more 
targeted therapy can be developed. Together, dexamethasone treatment of astrocytes 
might help in reverting the OPC maturation inhibition in VWM. However, as dexamethasone 
treatment increased the number of Nestin+ astrocytes in the corpus callosum in vivo, further 
research should be done to identify more specific factors to increase OPC maturation in 
VWM.

Glial cell replacement therapy is a potential therapeutic option for VWM (27), and may be 
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improved by micro-environment targeting strategies. Similar strategies have had success in 
preclinical studies for stroke (28) and have been shown to increase survival of transplanted 
cells (29). High levels of HA can have detrimental effects on cell therapy (10). As HA is increased 
in brains of symptomatic VWM patients, it might be helpful for the survival and maturation 
of injected cells to lower HA levels. High levels of HA can inhibit astrogliosis (30) which is also 
surprisingly low in VWM considering the amount of tissue damage (2). On the other hand, 
HA might have positive influences on repair of brain lesions, for example by facilitating OPC 
recruitment to lesion sites (10). The balance between production and degradation, and the 
size of HA fragments are important to determine the effects of HA on (neural) cells (10). 
Vitrase could possibly be used to treat patients after transplantation to support the survival 
and integration of transplanted cells. HA is probably not the only factor influencing OPC 
maturation in VWM, but it is the only factor currently known to be upregulated in VWM 
mice and patients (3,8). In a previous study we observed that lowering HA levels in ACM by 
hyaluronidase treatment improved OPC maturation both in WT and VWM ACM conditions 
to a similar degree (3). Future studies combining cell transplantation and vitrase treatment in 
mice could explore this combination therapy.
 To conclude, this study showed that long term dexamethasone and vitrase 
treatments can be used to lower HA levels and are safe in VWM mice. As standalone 
therapies, they did not lead to improvements of the VWM phenotype, but lowering HA 
levels after cell transplantation may improve survival and maturation of donor cells. The 
effect of lowering HA levels on the efficacy of cell transplantation will be studied in future 
experiments.
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