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Abstract
Vitamin D deficiency has been implicated as a risk factor for

multiple sclerosis (MS), but how vitamin D metabolism affects MS
pathophysiology is not understood. We studied the expression of
vitamin D receptor (VDR) and related enzymes, including
1,25(OH)2D-24-hydroxylase (24-OHase; CYP24A1) and 25(OH)D-
1>-hydroxylase (CYP27B1), in CNS tissues of 39 MS patients
and 20 controls and in primary human glial cells in vitro. In control
and MS normal-appearing white matter (NAWM), nuclear VDR
immunostaining was observed in oligodendrocyte-like cells, hu-
man leukocyte antigen (HLA)Ypositive microglia, and glial fibrillary
acidic proteinYpositive astrocytes. There was a 2-fold increase in
VDR transcripts in MS NAWM versus control white matter (p =
0.03). In chronic active MS lesions, HLA-positive microglia/mac-
rophages showed nuclear VDR staining; astrocytes showed nuclear
and cytoplasmic VDR staining. Staining for 24-OHase was restricted
to astrocytes. VDR and CYP27B1 mRNA expressions were increased
in active MS lesions versus NAWM (p G 0.01, p = 0.04, respectively).
In primary human astrocytes in vitro, the active form of vitamin D,
1,25(OH)2D3, induced upregulation of VDR and CYP24A1. Tumor
necrosis factor and interferon-F upregulated CYP27B1 mRNA in
primary human microglia and astrocytes. Increased VDR expression
in MS NAWM and inflammatory cytokineYinduced amplified
expression of VDR and CYP27B1 in chronic active MS lesions
suggest increased sensitivity to vitamin D in NAWM and a possible
endogenous role for vitamin D metabolism in the suppression of
active MS lesions.

Key Words: Central nervous system, Multiple sclerosis, Vitamin D,
Vitamin D receptor.

INTRODUCTION
Low exposure to vitamin D may be a risk factor for

developing multiple sclerosis (MS) (1). Both genetic poly-
morphisms of key enzymes in vitamin D metabolism (2) and a
low vitamin D status before disease onset (3) have been
associated with a high risk of developing MS. In addition, a
low vitamin D status has been associated with a high risk
of MS relapses (4, 5) and a high level of MS-related disability
(6, 7). Therefore, supplementation of vitamin D has been used
to treat MS patients. Some (8, 9), but not all (10, 11), initial
small-scale clinical studies have suggested beneficial effects,
and clinical trials are currently being performed (12).

The mechanisms by which vitamin D may affect MS
are not known. Vitamin D is predominantly acquired by skin
exposure to sunlight but also by dietary intake. Vitamin D and
its metabolites in the circulation are mostly bound to the
carrier protein vitamin DYbinding protein (DBP) gene known
as group-specific component (GC), which is mainly produced
in the liver. The most abundant vitamin D metabolite in
the circulation and tissue is 25-hydroxyvitamin D (25[OH]D),
although this metabolite is not biologically active. The en-
zyme 25(OH)D-1>-hydroxylase (CYP27B1) catalyzes activa-
tion by hydroxylation of 25(OH)D to 1,25-dihydroxyvitamin D
(1,25(OH)2D). Most effects of vitamin D are mediated by the
binding of 1,25(OH)2D to the intracellular vitamin D recep-
tor (VDR), which promotes or inhibits transcription of vita-
min DYresponsive genes. The VDR also promotes catabolism
of vitamin D by inducing expression of 1,25(OH)2D-24-
hydroxylase (24-OHase; CYP24A1). The most well-known
site of vitamin D metabolism is the kidney, which serves an
important endocrine function in maintaining a healthy cal-
cium homeostasis (13). The kidney also regulates vitamin D
levels by resorption of vitamin D metaboliteYbound DBP in
the proximal tubules. This process is mediated by the trans-
porter molecule megalin (low-density lipoproteinYrelated pro-
tein 2 [LrP2]) (14). In addition, VDR expression has been
identified in many other tissues and cell types (15), most nota-
bly monocytes and lymphocytes (16), glia, and neurons (17).

Vitamin D metabolite 25(OH)D is found in the cere-
brospinal fluid (CSF) of MS patients and control subjects and
correlates positively with serum 25(OH)D levels (18). Ac-
cordingly, DBP is present in control CSF and has been re-
ported to be more prevalent in the CSF of MS patients (19).
Therefore, vitamin D and its carrier protein gain access to the
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TABLE 1. Patient Characteristics

Patient Age, Years Sex Case Type
MS Phenotype

at Onset
MS Duration,

Years Cause of Death
PMD

(Hours:Minutes) pH CSF

1 30 F C V V Pneumonia 30:00 V

2 45 M C V V Bleeding from carcinoma 08:50 6.71

3 75 M C V V Sepsis 07:20 6.16

4 80 F C V V Dehydration 06:15 6.96

5 54 F C V V Renal failure 08:00 6.45

6 69 F MS RR 19 Respiratory insufficiency 09:15 6.40

7 68 F C V V Legal euthanasia 05:45 6.89

8 71 F C V V Cardiac arrest 04:50 6.65

9 40 F MS RR 14 Dehydration 07:00 6.74

10 81 F MS RR 49 Cachexia 04:15 6.93

11 78 F C V V Pulmonary emphysema 07:30 6.60

12 72 M MS RR 22 Carcinoma 4:45 6.92

13 53 F MS RR 18 Pneumonia 07:16 6.54

14 70 M C V V Pancreatic carcinoma 07:30 6.40

15 62 F MS RR 25 Heart failure 06:45 6.49

16 65 F C V V Cardiac arrest 12:50 6.94

17 61 F C V V Cachexia 10:15 7.18

18 40 F MS RR 11 Pneumonia 07:00 6.33

19 70 F MS RR 32 Urosepsis 06:30 6.30

20 76 F MS RR 34 Respiratory insufficiency 14:15 5.93

21 49 M C V V Sudden death 09:50 V

22 64 F MS RR 35 Pneumonia 07:45 6.22

23 58 F MS RR 20 Legal euthanasia 08:10 6.30

24 71 F MS RR 23 Pneumonia 08:20 6.80

25 71 F MS RR 25 Respiratory insufficiency 10:25 6.35

26 38 F MS RR 10 Sudden death 05:15 6.55

27 52 F MS PP 12 Pneumonia 08:25 6.10

28 41 F C V V Arterial lung hemorrhage 13:30 V

29 52 F C V V Sarcoma 06:50 7.16

30 69 F MS RR 27 Lung infection/cardiac arrest 13:20 6.12

31 48 F MS RR 9 Legal euthanasia 08:10 6.55

32 68 F C V V Legal euthanasia 05:45 6.97

33 66 F MS RR 43 Liver failure 06:20 6.44

34 80 F MS RR 58 Heart failure 09:35 6.20

35 43 M MS RR 17 Pneumonia 08:30 6.48

36 48 F MS RR 18 Heart failure 05:50 6.64

37 72 F MS RR 14 Pneumonia 12:00 6.85

38 51 M C V V Ventricular fibrillation 07:44 V

39 49 F MS RR 31 Cachexia/dehydration 05:45 6.43

40 41 F MS RR 11 Unknown 08:25 6.83

41 81 F C V V Legal euthanasia 06:40 7.16

42 56 M C V V Heart failure 14:00 7.03

43 56 M MS RR 27 Pneumonia 08:00 6.65

44 66 M MS ? ? Sepsis 07:45 6.29

45 78 F MS RR 30 Dehydration 11:10 6.32

46 47 M MS RR 7 Urosepsis 07:15 6.20

47 50 M MS PP 17 Pulmonary carcinoma 05:25 6.63

48 66 F MS RR 23 Unknown 06:00 6.18

49 49 M MS RR 26 Pneumonia 08:00 6.26

50 55 M MS PP 32 Pneumonia, urosepsis 06:20 6.70

51 66 M MS PP 26 Ileus 06:30 6.31

52 50 F C V V Pulmonary carcinoma 04:10 6.98

53 61 M MS RR 18 Legal euthanasia 09:15 6.88

54 77 F MS RR 24 Legal euthanasia 10:00 6.50

55 62 M C V V Unknown 07:20 6.36

56 81 F MS RR 57 Sepsis 07:15 7.18

57 75 M MS RR 55 Legal euthanasia 07:45 6.53

58 59 F MS RR 25 Legal euthanasia 04:45 7.08

59 57 F MS V 27 Urosepsis 08:40 6.05

C, control; F, female; M, male; PMD, post mortem delay; PP, primary progressive MS; RR, relapsing-remitting MS.
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CNS. In addition, immunohistochemical staining of VDR and
CYP27B1 has been shown in gray matter neurons and astro-
cytes of healthy donors, suggesting the possibility that these
cells respond to vitamin D (20). Anti-inflammatory effects of
1,25(OH)2D3 on glia in vitro have also been reported (21).
Lastly, in the MS animal model experimental autoimmune
encephalomyelitis (EAE), amplification of VDR and CYP27B1
mRNA expressions were found in the CNS of animals with
EAE versus control littermates (22).

We hypothesized that vitamin D metabolism might be
amplified in MS-affected CNS tissues and that it could exert
anti-inflammatory effects, thereby preventing or limiting the
development of MS lesions (21). Here, we investigated the
vitamin D metabolism pathway in MS-affected and control
CNS tissues. We assessed the cellular localization of VDR
and 24-OHase (CYP24A1) in normal-appearing CNS of MS
and control patients and in chronic active white matter MS
lesions using immunohistochemistry. In addition, we quanti-
fied gene expression of VDR, CYP27B1, CYP24A1, GC, and
LrP2 with quantitative polymerase chain reaction (qPCR) in
normal-appearing white matter (NAWM) of MS and control
brain tissues and in chronic active and chronic inactive MS

lesions (23, 24). Regulation of VDR and vitamin DYrelated en-
zymes, as suggested by immunohistochemistry and qPCR, was
validated in vitro in primary human astrocytes and microglia.

MATERIALS AND METHODS

Subjects
Postmortem brain tissue and blood were obtained from

the Netherlands Brain Bank (Netherlands Institute for Neu-
roscience, Amsterdam, The Netherlands). The Netherlands
Brain Bank obtained permission from its donors for brain
autopsy and the use of tissue, blood, and clinical information
for research purposes; the donor program has been approved
by the Ethical Committee VU University Medical Center
(Amsterdam, The Netherlands). All MS cases were clinically
confirmed by a neurologist and pathologically by a neuro-
pathologist. We obtained snap-frozen and paraffin-fixed tissue
of 3 hypothalami, 12 chronic active lesions, 13 chronic inac-
tive lesions, 37 MS NAWM, and 20 control patient NAWM
for a total of 59 donors. In MS NAWM, brain tissue was
scanned with magnetic resonance imaging to confirm the

FIGURE 1. Neuronal expression of VDR and 24-OHase. Cryostat (A, E, G) and paraffin (C) sections of cortex and cryostat (B) and
paraffin (D, F) sections of hypothalamic supraoptic nucleus. Scale bar = 50 Km. (A, B) Single staining for VDR (brown). (C, D)
Single staining for 24-OHase (brown). (E, F)Negative controls with omission of the primary antibody. (G)Neuronal nuclei (NeuN)-
positive cortical neurons (red) show nuclear VDR staining (green). (H) Treatment of SH-SY5Y neuroblastoma cells with
1,25(OH)2D3 induces expression of CYP24A1 mRNA (encoding 24-OHase) but does not affect VDR expression. Cells were treated
for 48 hours with either vehicle (EtOH) or 10j8/10j7 mol/L 1,25(OH)2D3. Fold differences versus control are shown. (I) Hypo-
thalamic cortisol releasing hormone (CRH)Y, oxytocin (OXT)-, and vasopressin (VP)-positive neurons (red) are immunopositive for
24-OHase (green). CRH and VP were stained in the paraventricular nucleus, and OXT was stained in the supraoptic nucleus. Scale
bars = CRH and VP, 40 Km; OXT, 20 Km.
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absence of MS lesions. This cohort was composed of 41 female
and 18 male donors, with a median age of 62 years (inter-
quartile range [IQR], 50Y71 years). The median CSF pH was
6.5 (IQR, 6.3Y6.9), and the median postmortem delay ([PMD]
the time between death and end of autopsy) was 7 hours
44 minutes (IQR, 6 hours 25 minutesY9 hours 3 minutes).
Clinicopathologic data of the patients are shown in Table 1.

Isolation of Peripheral Blood Mononuclear Cells
For peripheral blood mononuclear cell (PBMC) iso-

lation, we acquired a fresh heparinized full blood sample
from 5 donors. These were a 64-year-old man with fron-
totemporal dementia (PMD, 4.35 hours; pH CSF 6.25), a
96-year-old female control (PMD, 7.20 hours; pH CSF 6.26),
an 84-year-old female control (PMD, 6.05 hours; pH CSF
7.65), a 53-year-old male MS patient (PMD, 10 hours; pH

CSF 6.38), and an 81-year-old control with Parkinson dis-
ease (PD) (PMD, 5.55 hours; pH CSF 6.76). Peripheral blood
mononuclear cells were isolated with Ficoll gradient cen-
trifugation, as previously described (25). After isolation, cells
were counted with trypan blue, which showed very few trypan
blueYpositive cells. Directly after isolation, 5 � 106 PBMCs
were stored in TRIZOL reagent (Invitrogen Life Technol-
ogies, Carlsbad, CA) at j20-C until RNA extraction.

Isolation of Kidney and Liver mRNA
Snap-frozen liver and kidney samples (with consent for

scientific research) were kindly provided by the Department
of Pathology, Academic Medical Center, University of
Amsterdam, Amsterdam, The Netherlands. From these sam-
ples, 50-Km-thick cryostat sections were homogenized and
dissolved in TRIZOL reagent atj20-C until RNA extraction.

FIGURE 2. Vitamin D receptor is expressed by multiple glial cells throughout NAWM; 24-OHase expression is mostly restricted to
astrocytes. Samples of NAWM from control (A, D, G) and multiple sclerosis patients (B, C, E, F, H, I). (A, B) Single staining for
VDR (brown). Arrowheads indicate oligodendrocyte-like cells (A) and astrocytes (B). (C) Single staining for 24-OHase (brown);
arrowheads indicate astrocytes. (D, E) Double staining for VDR (black, arrowhead*) and HLA-DP, -DQ, and -DR (brown, arrow-
head**). (F) Double staining for 24-OHase (green) and HLA-DP, -DQ, and -mDR (red). (G, H) Double staining for VDR (black) and
GFAP (brown); arrowheads in (H) indicate double-positive reactive astrocytes. (I) Double staining for 24-OHase (green) and GFAP
(red); arrowheads indicate double-positive astrocytes. Scale bars = (AYF, H, I) 50 Km (G) 25 Km.
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Isolation of Primary Human Microglia
Primary human microglia were isolated from freshly iso-

lated postmortem corpus callosum samples from an 81-year-old
woman with PD (PMD, 7.20 hours; pH CSF 6.35), a 95-year-
old female donor with Alzheimer disease (PMD, 4.35 hours;
pH CSF 6.28), and a 91-year-old woman with PD (PMD,
4.10 hours; pH CSF 6.24), as previously described (26). Tis-
sue was mechanically dissociated in a stainless steel sieve in

a glucose-potassium-sodium buffer with 0.3% serum bovine
albumin. The tissue was then enzymatically digested with col-
lagenase type I (Worthington, Lakewood, NJ) and DNAse I
(Roche Diagnostics, Mannheim, Germany), followed by an
erythrocyte lysis step. Subsequently, cells were diluted in a
p = 1.03 isotonic Percoll solution (Amersham/GE Health-
care, Piscataway, NJ) underlain with a p = 1.095 isotonic
Percoll solution and centrifuged. Cells were collected from the

FIGURE 3. Astrocytes respond to stimulation with 1,25(OH)2D3 by upregulation of CYP24A1 (24-OHase) and VDR. (A) Gene
expression of VDR and CYP24A1 in primary human astrocytes and U343/U373 astrocytoma cell lines. Cells were treated for
48 hours with either vehicle (EtOH) or 10j8/10j7 mol/L 1,25(OH)2D3; experiments were performed in triplicate. (B) Immuno-
fluorescent double labeling shows colocalization of GFAP (red) and 24-OHase (green) in primary human astrocytes after 48-hour
stimulation with 10j7 mol/L 1,25(OH)2D3, but not wih ETOH. Nuclei are stained with Hoechst. Scale bar = 50 Km.
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p = 1.03 and p = 1.095 interface. Microglia were then iso-
lated by negative and positive selection with anti-CD15Y and
subsequently anti-CD11bYconjungated magnetic beads (Miltenyi
Biotech, Bergisch Gladbach, Germany), respectively. This re-
sulted in microglia fractions with purities more than 97%.

Culture of Primary Human Microglia
Microglia were seeded in 96-well plates at a concen-

tration of 105 cells per well and cultured in 200 KL RPMI
supplemented with 10% human pool serum. After isolation,
the microglia rested overnight, after which the medium was
refreshed. Microglia were stimulated in duplicate for 48 hours
with 50 ng/mL human recombinant interferon-F ([IFN-F]
No. 285-IF; R&D Systems, Abingdon, UK) and 50 ng/mL
human recombinant tumor necrosis factor ([TNF] Eurocetus,
Amsterdam, The Netherlands). Either vehicle only (EtOH) or
10j8 mol/L 1,25(OH)2D3 (Sigma-Aldrich, Zwijndrecht, The
Netherlands) was added to these cultures. A culture without
cytokines was performed in parallel. For RNA isolation, du-
plicate wells were pooled in TRIZOL reagent to ensure suf-
ficient RNA content.

Isolation of Primary Human Astrocytes
For adult human astrocyte cultures, we obtained freshly

isolated postmortem subcortical white matter from a 79-year-
old female control (PMD, G18 hours; pH CSF 6.30). The tis-
sue was collected in 25-mL cold Hibernate A (Invitrogen
Life Technologies) and mechanically dissociated into small
pieces. The tissue was digested with 0.2% trypsin and 0.1%
DNAseI (both from Invitrogen Life Technologies) for 30 min-
utes at 37-C while shaking. Next, 2 mL fetal calf serum (FCS)
was added to the mixture; the cells and pellet were then col-
lected by centrifugation. The pellet was taken up in deficient
Dulbecco modified Eagle medium (DMEM) without phenol
red (containing 10% FCS, 2.5% HEPES, and 1% penicillin/
streptomycin; all from Invitrogen Life Technologies); the sus-
pension was then filtered through a 60-mesh screen. Percoll
was then added (half of cell suspension volume), and this
mixture was centrifuged at 4,000 rpm at 4-C for 30 minutes
to separate cells, debris, and myelin. The second layer of the
gradient (glial cellYcontaining fraction) was collected and
washed with complete DMEM (containing 10% FCS, 1%
penicillin/streptomycin, 2.5% HEPES, and 1% gentamicin;

all from Invitrogen Life Technologies). After centrifugation,
the pellet was taken up in complete DMEM, and cells were
seeded in a 6-cm culture dish. After 6 hours at 37-C/5% car-
bon dioxide, the medium was taken off, centrifuged, and the
microglia-poor pellet was seeded onto poly-l-lysine (Sigma-
Aldrich; 15 Kg/mL in PBS, 1 hour at room temperature)Y
coated wells in DMEM/F12 medium containing 5% FCS,
1% penicillin/streptomycin, and 1% l-glutamine (Invitrogen
Life Technologies).

Culture of Primary Human Astrocytes and
Astrocytoma Cell Lines

Astrocytes or U343/U373 astrocytoma cell lines were
seeded in 24-well plates at a concentration of 5� 105 cells per
well and cultured in 500 KL DMEM/F12 medium containing
5% FCS, 1% penicillin/streptomycin, and 1% l-glutamine.
Cells were allowed to adhere overnight. The cultures were
then treated for 48 hours with either vehicle only (0.02%/
0.2%EtOH) or 10j8/10j7 mol/L 1,25(OH)2D. Afterward, cells
were either fixed with freshly prepared 4% paraformalde-
hyde for 10 minutes and used for immunofluorescent dou-
ble staining or resuspended in TRIZOL reagent for RNA
extraction. For the stimulation assay, primary human astro-
cytes were stimulated for 48 hours with 50 ng/mL hu-
man recombinant IFN-F and 50 ng/mL human recombinant
TNF with either vehicle only (0.02% EtOH) or 10j8 mol/L
1,25(OH)2D3. Cells were resuspended in TRIZOL reagent
for RNA extraction.

Immunofluorescent Double Staining of Primary
Human Astrocytes

After fixation, the cells were rinsed with Tris-buffered
saline (TBS) and preincubated with TBS containing 2% nor-
mal horse serum, 0.5% bovine serum albumin, 0.1% Triton
X-100,and 0.05% Tween-20 to block nonspecific staining;
subsequently, they were incubated in TBS containing 0.1%
Triton X-100 overnight at 4-C with primary antibodies
(mouse antiYglial fibrillary acidic protein [GFAP], 1:4000;
Sigma-Aldrich; and rabbit antiY24-OHase, 1:200; Atlas An-
tibodies, Stockholm, Sweden). Subsequently, the cells were
rinsed with TBS after incubation with Hoechst 33258 (1:1000;
BioRad, Hercules, CA) and Cy3- or Cy2-labeled secondary
antibodies (1:400; Jackson ImmunoResearch Laboratories,

TABLE 2. Patient Characteristics for Comparison of Vitamin DYRelated Gene Expression Between NAWM of Control and
MS Patients

MS (n = 37) Control (n = 20)

Median or n IQR Median or n IQR

Sex (M/F; N) 10/27 V 7/13 V

Age, years 62 49Y71 62 51Y70

MS duration, years 25 17Y32 V V

MS onset (RR/PP/uncertain; N) 32/4/2 V V V

PMD, hours 7.8 6.5Y8.5 7.5 6.6Y9.9

pH CSF 6.5 6.3Y6.7 6.9 6.6Y7.0

RIN 7.8 6.9Y8.0 7.4 7.3Y8.0

F, female; M, male; PMD, post mortem delay; PP, primary progressive MS; RIN, RNA integrity number; RR, relapsing-remitting MS.
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FIGURE 4. Gene expression of VDR, megalin (low-density lipoproteinYrelated protein 2 [LrP2]), CYP27B1, CYP24A1, and vitamin
DYbinding protein (GC) in kidney, liver, PBMCs, and NAWM of control and MS patients. (A) Comparison of expression levels
among different control tissue samples. Bars show mean T SEM normalized to the mean expression in the kidney sample or, for GC,
the liver sample. Peripheral blood mononuclear cells were derived from 5 donors; NAWM from 20 controls. N.D., not detectable.
(B) Comparison of expression levels in MS NAWM and control white matter (HC). Lines show median values; data are normalized
to the median expression in the control donor cohort for 20 controls donors and 37MS patients. GC was not detectable. * p G 0.05,
** p G 0.01 (Mann-Whitney U test).
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Newmarket, Suffolk, UK) in TBS containing 0.1% Triton X-100
for 2 hours at room temperature. Finally, the cells were rinsed
3 times with TBS and coverslipped withMowiol (0.1 mol/L Tris,
pH 8.5; 25% glycerol; 10% wt/vol Mowiol 4Y88 [Sigma-
Aldrich]). Fluorescent images were obtained on an AxioPlan 2
microscope (Zeiss, Oberkochen, Germany) with Planapochromat
objectives, using an Evolution QEi black and white camera
(MediaCybernetics, Bethesda, MD). ImagePro software was
used to acquire the images (MediaCybernetics).

Culture of SH-SY5Y Neuroblastoma Cell Line
SH-SY5Y were seeded in a 12-well plate in a concen-

tration of 100,000 cells per well and cultured in high-glucose
DMEM containing 10% FCS and 1% penicillin/streptomycin
(all Invitrogen Life Technologies). Cells were allowed to
adhere overnight. Subsequently, cells were incubated for
48 hours with either vehicle (EtOH) or 10j8/10j7 mol/L
1,25(OH)2D3. Cells were harvested in TRIZOL reagent for
RNA extraction.

Immunohistochemistry
Cryostat sections (12 Km) were mounted on glass cov-

erslips and fixed in 4% buffered paraformaldehyde (pH 7.4)
and stained for VDR (rat, clone 9A7, 1:1000, no. 04-1526;
Millipore, Amsterdam, The Netherlands) (27). Paraffin sec-
tions (7 Km) were stained for 24-OHase (rabbit, 1:50, no.
HPA022261; Atlas Antibodies) after deparaffinization, rehy-
dration, and antigen retrieval in citrate buffer (pH 6). In brief,
sections were incubated in 10% normal horse serum in TBS
with 0.25% gelatin and 0.5% Triton X-100 for 60 minutes,
followed by incubation with the primary antibody overnight at
4-C in TBS with 0.25% gelatin and 0.5% Triton X-100. As
negative controls, staining was performed with omission of
the primary antibody. Then, the sections were washed in TBS
and incubated with biotinylated goat anti-rat or anti-rabbit
immunoglobulin G for 60 minutes at room temperature.
Subsequently, sections were washed again, and the staining
was completed by incubation with horseradish peroxidaseY
conjugated avidin-biotin-complex (VectaStain ABC Elite Kit,
Vector laboratories, Burlingame, CA), which was visualized
with diaminobenzidine (Sigma-Aldrich, St. Louis, MO). Cells
expressing VDR and 24-OHase were identified based on mor-
phology and coexpression of CD3 (rabbit antibody, 1:200, no.
A045201; DAKO, Glostrup, Denmark); GFAP (mouse anti-
body, 1:800, no. G3893; Sigma-Aldrich); human leukocyte
antigenYDP (HLA-DP), HLA-DQ, HLA-DR (mouse antibody,
1:200, no. M0775; DAKO); and neuronal nuclei (mouse an-
tibody, 1:500, no. MAB377; Millipore, Billerica, MA). To
assess double staining in overlapping cellular compartments,
visualization was performed with the liquid diaminobenzidine
plus substrate chromogen system (DAKO) and VECTOR
blue alkaline phosphatase substrate kit (Vector Laboratories,

Burlingame, CA), and spectral overlap was analyzed with
Nuance software (Cambridge Research and Instrumentation
Inc., Hopkinton, MA).

Tissue Sampling for qPCR Analysis
Cryostat sections (12 Km) of chronic active and chronic

inactive lesions were stained for HLA-DP, HLA-DQ, HLA-
DR, and myelin proteolipid protein (mouse, no. MCA839G;
AbD Serotec, Oxford, UK) and classified for lesion activity
(25). In both MS and control cases, regions with normal
myelin content with low microglia activation were regarded
as NAWM. Multiple sclerosis lesions with a hypocellular
demyelinated core, few reactive HLA-positive microglia in the
rim, and normally myelinated perilesional white matter were
designated as chronic inactive lesions. Lesions containing a
demyelinated hypocellular core and a rim of HLA-positive
foamy macrophages/microglia with reactive perilesional white
matter were designated as chronic active lesions. Normal-
appearing white matter, whole chronic active lesions, and
chronic inactive lesions were sampled from cryostat sec-
tions (60 Km) using scalpel dissection. Intervening sections
were stained with Sudan black to confirm that the designated
areas were properly isolated. Isolated material was stored in
TRIZOL reagent at j80-C until RNA isolation.

RNA Isolation and Reverse Transcription
After addition of chloroform to the TRIZOL lysate, the

water-soluble phase was collected and an equal volume of
ethanol was added; this mixture was loaded on an RNeasy
Mini Kit column (Qiagen, Hilden, Germany). Further RNA
isolation was performed according to the manufacturer’s pro-
tocol, and samples were stored at j80-C in water. Control of
RNA quantity and quality was performed using the Nanodrop
(ND-1000; NanoDrop Technologies, Rockland, DE) and the
Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA),
which allowed RNA quality assessment using the RNA in-
tegrity number. Reverse transcription was performed with the
QuantiTect RT transcription kit (Qiagen) following the man-
ufacturer’s protocol. This protocol contains a DNAse step and
uses a combination of oligo(dT) and random hexamer primers.
All cDNA samples were stored at j20-C until analysis.

Real-time qPCR
Primer pairs for real-time qPCR were designed using

the PrimerS software package for qPCR primer design (28),
and specificity was tested on cDNA derived from brain tissue
(all primers), PBMCs (all primers), kidney (VDR, CYP27B1,
CYP24A1, LrP2), and liver (GC) by assessment of the dis-
sociation curve and PCR product, as determined by size
fractionation on 8% polyacrylamide gel. There was no sig-
nificant correlation of VDR, CYP27B1, CYP24A1, or LrP2

FIGURE 5. Vitamin D receptor and 24-OHase (CYP24A1) are expressed in chronic active MS lesions. Figures show the gliotic core
(C), demyelinating rim (R) (within dashed lines), and perilesional reactive white matter (PL). (A) Single staining for VDR. (B) Single
staining for 24-OHase. (C) Double staining for VDR (black) and HLA-DP, -DQ, and -DR (brown). (D) Double staining for 24-OHase
(green) and HLA-DP, -DQ, and -DR (red). (E) Double staining for VDR (black) and GFAP (brown). Inset shows indicated cell at
higher power. (F) Double staining for 24-OHase (green) and GFAP (red). (G) Double staining for VDR (brown) and CD3 (blue).
Arrowheads in (B), (E), and (F) indicate astrocytes. Scale bars = (AYE) 100 Km; (F) 50 Km; (G) 25 Km.
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mRNA expression levels with PMD, CSF pH, or RNA
integrity number value (data not shown). The primer se-
quences were as follows: CYP24A1 (NM_000782.4) forward:
ACGGGCAGAAGATTTGAGGAAT, reverse: CCAGAAC
TGTTGCCTTGTCAAGA; CYP27B1 (NM_000785.3) forward:
GAGCTTGGCAGACATCCCAGGC, reverse: CCCTGCAC
CTGCAGCTCGTGTAG; GC (NM_000583.3) forward: GA
ATATCCTGTAGTCCTGAAGCATGTTT, reverse: TTGCT
TAGGTTAGGTCATCAGAGATCA; LrP2 (NM_004525.2)
forward: GGTGACAAGGATTGTGTTGATGGA, reverse: CC
ACTGGCACACTTGAATTGAGAA; VDR (NM_000376.2)
forward: GGCTTTGCTAAGATGATACCAGGATT, reverse:
GATGACCTCAATGGCACTTGACTT. The qPCR was per-
formed with SYBR Green PCR Master Mix (Applied Bio-
systems, Foster City, CA), with samples containing equal
cDNA concentrations of 10 ng total RNA per reaction. Anal-
ysis was performed according to the manufacturers’ protocol
and the ABI Prism 7300 Sequence Detection System (Applied
Biosystems). Target genes were normalized to the geometric
mean of glyceraldehyde 3-phosphate dehydrogenase messenger
and 18S ribosomal RNA expression. Fold differences were
calculated by 2j$$CT method (29). Arbitrary units were based
on expression in unstimulated cells, expression in kidney and
liver samples, median expression in the control cohort, and
median expression in MS NAWM (see later).

Statistical Analysis
Statistical analysis was performed with GraphPad Prism

version 5 software (GraphPad Inc., La Jolla, CA). To describe
continuous variables, the median values with corresponding
interquartile ranges are provided. Differences between indi-
vidual samples were assessed with the Mann-Whitney U test.
Vales of p G 0.05 were considered significant.

RESULTS

Neuronal Expression of VDR and 24-OHase
(CYP24A1)

Because hypothalamic neurons in particular have pre-
viously been shown to immunostain for VDR (20), we veri-
fied VDR staining in these cells. All neurons in both the
cerebral cortex and hypothalamus showed nuclear staining for
VDR (Fig. 1A, B), which was confirmed by double staining
with neuronal nuclei (Fig. 1G). In addition, most cortical

neurons and subgroups of hypothalamic neurons showed
cytoplasmic CYP24A1 staining (Fig. 1C, D). In the hypo-
thalamus, 24-OHaseYpositive neurons were mainly observed
within the supraoptic nucleus and the periventricular nucleus.
This 24-OHase signal colocalized with cortisol-releasing
hormoneY, vasopressin-, and oxytocin-positive hypothalamic
neurons (Fig. 1I). To further support induction of neuronal
24-OHase expression by vitamin D, we tested the effect of in
vitro 1,25(OH)2D3 treatment of SH-SY5Y neuroblastoma
cells and confirmed that VDR signaling in neurons induced
expression of CYP24A1 mRNA encoding the 24-OHase
(Fig. 1H).

Glial Expression of VDR and 24-OHase
(CYP24A1) in NAWMof MS and Control Patients

Glia showed nuclear immunostaining for VDR through-
out the NAWM in both MS and control patients (Fig. 2).
Many positive nuclei lined up in linear conformations, sug-
gestive of oligodendrocytes (Fig. 2A). In contrast to controls,
some glial cells in MS patients also showed cytoplasmic VDR
staining (Fig. 2B) that was evident in cells double labeled
as GFAP-positive astrocytes (Fig. 2G, H). Human leuko-
cyte antigenYpositive microglia all showed nuclear staining
(Fig. 2D, E). Astrocyte-like cells were 24-OHase positive in
both controls and MS patients (Fig. 2C). Using double stain-
ing, we confirmed that several GFAP-positive astrocytes were
24-OHase positive (Fig. 2I), whereas HLA-positive microglia
did not stain for 24-OHase (Fig. 2F). To confirm the histo-
logic findings, we assessed the effects of 1,25(OH)2D3 on
primary human astrocytes and on astroglioma cell lines in
vitro (U343 and U373) (Fig. 3A). On exposure to 1,25(OH)2D3,
astrocytes upregulated both VDR and CYP24A1 mRNA
expression in a dose-dependent manner; upregulation was
confirmed in primary human astrocytes by immunohisto-
chemistry (Fig. 3B). There were no significant effects of
1,25(OH)2D3 treatment on CYP27B1 mRNA expression
(data not shown).

Quantification of mRNA Expression of VDR
and Metabolizing Enzymes in NAWM

We next quantified mRNA expression of vitamin D
metabolismYrelated genes in MS NAWM (n = 37) and control
NAWN (n = 20). The cohorts were matched for age, post-
mortem delay, CSF pH, and RNA integrity number (Table 2).

TABLE 3. Patient Characteristics for Comparison of Vitamin DYRelated Gene Expression Between MS NAWM and Lesions
NAWM (n = 20) Chronic Active MS Lesions (n = 12) Chronic Inactive MS Lesions (n = 13)

Median or n IQR Median or n IQR Median or n IQR

Sex (M/F) 10/10 V 6/6 V 6/7 V

Age, years 57 49Y66 54 48Y58 66 56Y75

MS duration, years 25 16Y29 21 12Y26 26 22Y30

MS onset (RR/PP/uncertain; N) 14/4/2 V 9/2/1 V 10/2/1 V

PMD, hours 7.8 6.3Y8.3 7.4 7.0Y8.0 7.3 6.0Y8.0

pH CSF 6.5 6.3Y6.7 6.5 6.2Y6.7 6.5 6.3Y6.7

RIN 7.3 6.7Y7.8 7.5 6.8Y7.8 6.9 6.6Y7.4

F, Female; M, male; PMD, post mortem delay; PP, primary progressive MS; RIN, RNA integrity number; RR, relapsing-remitting MS.
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In control NAWM, transcripts of VDR and CYP27B1 were
expressed in the same range as in PBMCs, whereas expres-
sions of CYP24A1 and LRP2 mRNAs were significantly
higher (Fig. 4A). We could not detect GC transcripts in
NAWM. Importantly, in MS NAWM, the expression of VDR
mRNA was significantly increased versus that in control
NAWM (p G 0.05; Fig. 4B). Expression of CYP27B1,
CYP24A1, and LRP2 mRNA did not differ between NAWM
of MS patients and controls (Fig. 4B).

Cellular Expression of VDR and 24-OHase
(CYP24A1) in MS Lesions

Next, we stained for VDR and CYP24A1 in chronic
active lesions (Fig. 5). In the lesion cores, there was astrocyte-
like cytoplasmic staining of VDR, and many cells in the
hypercellular rim and reactive perilesional white matter

showed nuclear staining for VDR. Double staining showed
that both HLA-positive microglia and macrophages (Fig. 5C)
and GFAP-positive reactive astrocytes were VDR positive
(Fig. 5E) in and outside the rim. Expression of 24-OHase
was restricted to (reactive) astrocytes in the core and rim and
in the perilesional white matter (Fig. 5B). Indeed, double
staining did not show colocalization of 24-OHase with
HLA (Fig. 5D), and 24-OHase only colocalized with GFAP-
positive astrocytes (Fig. 5F). In addition, perivascular T cells
were positive for VDR (Fig. 5G).

VDR and Metabolizing Enzyme mRNA
Expression in Chronic Active MS Lesions

Messenger RNA expression of VDR, CYP27B1,
CYP24A1, and LRP2 was quantified using qPCR in chronic
active white matter MS lesions and compared with mRNA

FIGURE 6. Gene expression of VDR, megalin (low-density lipoproteinYrelated protein 2 [LrP2]), CYP27B1, and CYP24A1 in active
and inactive MS lesions. Tissue sections with MS lesions were stained for HLA-DR, -DQ, and -DB and myelin proteolipid protein.
Based on this staining, lesions were classified as either chronic active ([CAL] hypocellular gliotic core with a rim of demyelinating
foamy macrophages, n = 12) or inactive ([CIL] hypocellular gliotic core without reactive myeloid cells, n = 13). The entire lesions
were sampled by scalpel dissection and compared with samples of MS NAWM (n = 20) matched for age, postmortem delay, and
CSF pH. Expression levels of mRNA were quantified with qPCR. * p G 0.05, ** p G 0.01 (Mann-Whitney U test).
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expression in both chronic inactive lesions and MS NAWM
(Table 3). Although the patients with chronic active lesions
were younger than those with inactive lesions, the groups
were matched for postmortem delay, CSF pH, and RNA
integrity number. Expressions of VDR and CYP27B1 mRNA
were increased in chronic active lesions versus with NAWM
(p G 0.05 and p G 0.01, respectively; Fig. 6). Differences
between chronic inactive lesions and NAWM were not sig-
nificant. Interestingly, expression of LRP2 mRNA was re-
duced in both chronic active and chronic inactive lesions
versus NAWM (p G 0.01; Fig. 6).

IFN-F and TNF Induce CYP27B1 Expression in
Primary Human Astrocytes and Microglia

Upregulation of CYP27B1 and VDR in chronic active
lesions suggested either influx of blood-borne cells or induc-
tion by inflammatory mediators. To test support for the latter,
we cultured primary human microglia and primary human
astrocytes in the presence of IFN-F, TNF, and 1,25(OH)2D3

(Fig. 7). Both IFN-F and TNF upregulated CYP27B1 mRNA
expression in microglia and astrocytes, which showed a trend
toward attenuation by addition of 10j8 mol/L exogenous
1,25(OH)2D3. In both IFN-FY and TNF-treated cell types, the
induction of CYP24A1 mRNA expression by 1,25(OH)2D3

was less pronounced when compared with that of the unstimu-
lated cells. Notably, upregulation of CYP27B1 and CYP24A1
treated with IFN-F/TNF and 1,25(OH)2D3, respectively, was
more pronounced in astrocytes when compared with those
in microglia. No significant shifts in VDR mRNA expression
were observed at concentrations of 10j8 mol/L 1,25(OH)2D3,
which is consistent with the findings in Figure 3A. Thus, both
microglia and astrocytes respond to inflammatory cytokines
with upregulation of CYP27B1 and could both contribute to
the upregulation of CYP27B1 in situ in chronic active lesions.

DISCUSSION
This is the first study investigating the expression of

key proteins in vitamin D metabolism in the human CNS in
the context of MS neuropathology. We confirmed nuclear
staining for VDR in cortical and hypothalamic neurons and
also demonstrated neuronal cytoplasmic staining for CYP24A1.
Throughout MS and control NAWM, nuclear staining for
VDR was found in oligodendrocyte-like cells, microglia and
astrocytes. Astrocytes also showed cytoplasmic staining for
VDR. Cytoplasmic 24-OHase staining, suggestive for func-
tional VDR signaling, was found in astrocytes in situ but not
in microglia. In both MS and control NAWM, mRNA for
CYP27B1, CYP24A1, VDR, and megalin was detected. In
MS NAWM, however, levels of VDR mRNA were higher
when compared with those of control NAWM, which may
reflect an increased potential of this tissue to respond to
vitamin D. In chronic active MS lesions, nuclear staining for

VDR was found in demyelinating microglia/macrophages
and in reactive astrocytes, with astrocytes showing cytoplas-
mic staining. Cytoplasmic 24-OHase staining was restricted
to reactive astrocytes. The expression of both CYP27B1 and
VDR mRNA was higher in chronic active lesions versus MS
NAWM, possibly reflecting an increased local formation of
the biologically active 1,25(OH)2D and an increased potential
to respond to this metabolite. Accordingly, primary microglia
and astrocytes upregulated CYP27B1 in response to proin-
flammatory triggers, and these cells are therefore likely to
contribute to the higher local expression of CYP27B1 as is
found in chronic active MS lesions. Although the functional
consequences for the etiology of the disease process of MS
remain to be determined, these findings imply that the vitamin
D metabolism pathway is amplified by chronic active white
matter lesions. Because the active vitamin D metabolite was
previously shown to have anti-inflammatory effects on glial
cells in vitro, our data also suggest an anti-inflammatory role
of vitamin D in local lesion formation in MS.

Earlier studies showed staining for VDR within neu-
rons and glial cells of fetal and adult rats (17, 30) and humans
(20), as well as 1>-OHase staining in human neurons and glia
(20). We additionally showed staining for 24-OHase, sug-
gesting functional activation of the VDR pathway in neurons
in situ. Exposure of primary neurons to 1,25(OH)2D in vitro
induced transcription and release of several neurotrophins
(31Y33). Therefore, vitamin D may act as a promoter of neu-
ronal protection, regeneration, and development (34). In-
terestingly, epidemiologic studies have shown a negative
correlation of vitamin D status with both cognitive decline
(35) and the risk of PD (36). However, it remains to be seen
whether a high systemic vitamin D status protects neurons
against neurodegeneration.

Most glial cells were also immunopositive for VDR.
Expression of 24-OHase is induced by binding of the
1,25(OH)2D-ligated VDR complex to a vitamin D response
element in the promoter region of the CYP24A1 gene (37). In
almost all cells, an excess of free 1,25(OH)2D induces the
catabolic 24-OHase enzyme to control its intracellular levels.
We found that both primary human microglia and astrocytes
constitutively expressed CYP24A1 mRNA, which was up-
regulated by 1,25(OH)2D3 in vitro. Typically, only astrocytes
stained positive for 24-OHase in situ, which suggests a
less pronounced VDR signaling in activated macrophages/
microglia when compared with that in astrocytes. Induction of
CYP24A1 mRNA by 1,25(OH)2D3 in vitro was also less
pronounced in primary human microglia versus primary hu-
man astrocytes. An earlier report showed increased expres-
sion of CYP24A1 mRNA on exposure to 1,25(OH)2D in a
C6 astrocytoma cell line and primary rat astrocyte culture
(38). Interestingly, expression of CYP24A1 in peripheral
macrophages was abrogated by stimulation with IFN-F (39).
Likewise, differentiated resting macrophages showed low

FIGURE 7. Stimulation of primary human astrocytes and microglia induces gene expression of VDR and CYP27B1, which is abro-
gated by 1,25(OH)2D3. Gene expression of CYP27B1 and 24-OHase (CYP24A1) in primary human astrocytes (left) and microglia
(right). Cells were stimulated with both 50 ng/mL TNF and 50 ng/mL interferon-F (cyt) in the presence of vehicle only (EtOH) or
10j8 mol/L 1,25(OH)2D3. Microglia were derived from 3 individual donors; single experiments were performed. Astrocytes were
derived from a single donor; a triplicate experiment is shown.
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CYP24A1 expression and excreted more 1,25(OH)2D in vitro
when compared with monocytes and differentiated dendritic
cells (40). Notably, activated macrophages in vivo can hy-
droxylate excessive amounts of 1,25(OH)2D3 (41), which
can even leak into the circulation in granulomatous diseases
(42). Therefore, lower expression of CYP24A1 in activated
macrophages may be a trait that is also present in HLA-
positive reactive microglia in situ, underlying the absence
of 24-OHase immunopositivity.

With qPCR, we found gene expression of VDR,
CYP27B1, CYP24A1, and LrP2 in NAWM of control and
MS patients. In MS NAWM, the increased expression of
VDR mRNA suggests an increased potential of the tissue
to respond to vitamin D, albeit that its cellular sources are
uncertain. We observed both an increase of VDR-positive
HLA-positive microglia in MS NAWM and reactive astro-
cytes showing cytoplasmic VDR staining in MS NAWM.
Alternatively, infiltrating blood-derived cells (e.g. T lympho-
cytes) could be a source of VDR. In chronic active lesions,
expression of VDR was further enhanced and coincided with
an increased expression of CYP27B1. The relatively less
pronounced upregulation of these molecules in chronic inac-
tive lesions suggests that their enhanced expression coincides
with active inflammation and demyelination. Unfortunately,
the antiY1>-OHase antibody described by Eyles et al (20)
gave no specific staining in our hands; therefore, we were
unable to identify the cellular sources of CYP27B1. However,
we did show that both astrocytes and microglia are able
to upregulate CYP27B1 in an inflammatory environment in
vitro and may therefore both contribute to the upregulation
of CYP27B1 in situ. We postulate that the increased expres-
sion of CYP27B1 and VDR in active lesions reflects in-
creased synthesis of active vitamin D. This may serve as an
anti-inflammatory feedback loop that contributes to dampen-
ing of lesion activity in MS (21). Accordingly, others have
shown a reduction of TNF and interleukin 1A production in
a microglia cell line by 1,25(OH)2D (43) and a reduction
of TNF and macrophage colony-stimulating factor mRNA
expression in primary rat astrocytes and an astroglioma cell
line (44). A reduced immunoreactivity of MHC class II has
been described in rats with EAE after systemic 1,25(OH)2D
treatment (45). In addition, an increase of VDR and CYP27B1
mRNA expression in whole-brain lysates of mice with EAE
compared with control littermates has been described (22),
supporting the induction of VDR and CYP27B1 in neuro-
inflammation.

We found no expression of GC (encoding DBP) in the
CNS samples of MS patients and controls. Because sub-
stantial levels of DBP have been detected in the CSF of
MS patients and subjects without MS (19), DBP within the
blood-brain barrier must be derived from the outside. Vita-
min DYbinding protein, like albumin, is too large to pass the
blood-brain barrier passively, suggesting that an active trans-
port mechanism must be present (21). Excitingly, LrP2, en-
coding the DBP transporter molecule megalin, showed a
pronounced expression in NAWM. In proximal tubules of
the kidney, megalin-mediated resorption of the DBP-bound
vitamin D metabolites is essential for maintaining vitamin D
status (14, 46). Immunohistochemical studies have localized

megalin at the endothelium of cerebral microvasculature and
choroid plexus (47), and it may, therefore, be an important
transporter molecule for DBP and vitamin D into the CNS.
We found a pronounced loss of LrP2 mRNA expression in
both active and inactive MS lesions. Whether this finding is
an epiphenomenon of tissue damage within an MS lesion or
may represent one of the sequelae leading to an MS lesion
is uncertain.

A limitation of our study is that we report expression
levels of VDR and vitamin DYrelated enzymes but not actual
metabolite levels. Although we postulate that enzyme and
receptor expressions are relevant for local levels of vitamin D
metabolites, we were unable to test this assumption. In an
earlier study in EAE, EAE priming was associated with
increased spinal cord levels of 1,25(OH)2D (22). We could
not measure the local concentrations of vitamin D metabolites
25(OH)D and 1,25(OH)2D in the tissue samples that we
investigated. In addition, a lower serum vitamin D status has
been described in MS versus controls. We cannot exclude that
possibility that the differential expression of VDR observed
between MS and control NAWM is attributable to differences
in systemic vitamin D status. Although CSF 25(OH)D levels
correlated positively with circulating vitamin D status (18), it
remains to be seen whether this is also true in the highly
controlled environment of CNS tissue. Another limitation of
this study is that it was designed to assess the expression of
VDR and vitamin DYrelated enzymes in NAWM and chronic
active white matter lesions. We did not explore associations
with other neuropathologic features of MS.

Vitamin D has received much attention in several
medical fields. Our data stress that the brain should be re-
garded as a vitamin DYresponsive organ, with its own po-
tential to locally regulate the activation and inactivation of
vitamin D metabolites. The induction of VDR and CYP27B1
mRNA expression in chronic active lesions suggests focal
amplification of a vitamin DYinvolved regulatory mechanism
in MS. In addition, the apparent signaling of vitamin D in
neurons suggests an extensive role of vitamin D in the CNS
beyond immune homeostasis. The extent to which this system
is responsive to systemic vitamin D status and the extent to
which it is relevant for disease outcomes in MS and other
brain diseases remain to be determined.
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