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INTRODUCTION	
  

The	
   destruction	
   of	
   myelin	
   in	
   the	
   central	
   nervous	
   system	
   (CNS)	
   is	
   a	
   hallmark	
   of	
  
multiple	
   sclerosis	
   (MS).	
   Remyelination	
   failure	
   in	
   demyelinated	
   MS	
   lesions	
  
contributes	
  to	
  axonal	
  loss,	
  which	
  is	
  the	
  major	
  pathological	
  correlate	
  of	
  progressive	
  
functional	
   decline	
   in	
   MS	
   patients.	
   Thus,	
   developing	
   strategies	
   that	
   promote	
  
remyelination	
  is	
  an	
  important	
  goal	
  in	
  the	
  treatment	
  of	
  MS.	
  	
  

The	
  Sherman	
  lab	
  previously	
  discovered	
  that	
  a	
  high	
  molecular	
  weight	
  form	
  of	
  
the	
  glycosaminoglycan	
  hyaluronan	
  (HA)	
  accumulates	
  in	
  demyelinated	
  lesions	
  from	
  
patients	
   with	
   MS	
   and	
   in	
   mice	
   with	
   experimental	
   autoimmune	
   encephalomyelitis	
  
(EAE).	
  They	
  further	
  found	
  that	
  this	
  form	
  of	
  HA	
  prevents	
  remyelination	
  in	
  chemically	
  
demyelinated	
   lesions	
   and	
   that	
   it	
   inhibits	
   oligodendrocyte	
   progenitor	
   cell	
   (OPC)	
  
maturation.	
   These	
   data	
   were	
   consistent	
   with	
   the	
   hypothesis	
   that	
   high	
   molecular	
  
weight	
   HA	
   itself	
   inhibited	
   OPC	
   maturation,	
   preventing	
   oligodendrocytes	
   from	
  
remyelinating	
  demyelinated	
  axons.	
  

We	
   tested	
   this	
   hypothesis	
   by	
   pre-­‐treating	
   high	
   molecular	
   weight	
   HA	
   with	
  
different	
   preparations	
   of	
   hyaluronidases,	
   then	
   determining	
   if	
   the	
   break-­‐down	
  
products	
  of	
  these	
  hyaluronidases	
  could	
  no	
  longer	
  inhibit	
  remyelination.	
  Surprisingly,	
  
we	
   found	
   that	
   preparations	
   of	
   high	
   molecular	
   weight	
   HA	
   treated	
   with	
   bovine	
  
testicular	
   hyaluronidase	
  potently	
   inhibited	
   remyelination	
   in	
  vivo	
  and	
  blocked	
  OPC	
  
maturation	
   in	
   vitro.	
   This	
   effect	
  was	
   not	
   observed	
   following	
   treatment	
   of	
   HA	
  with	
  
Streptomyces	
  hyaluronidase.	
  We	
  also	
  found	
  that	
  OPCs	
  that	
  overexpressed	
  particular	
  
hyaluronidases	
  found	
  in	
  preparations	
  of	
  bovine	
  testicular	
  hyaluronidase	
  failed	
  to	
  
mature	
  into	
  myelinating	
  oligodendrocytes,	
  that	
  OPCs	
  express	
  these	
  hyaluronidases,	
  
and	
  that	
  OPCs	
  can	
  degrade	
  the	
  HA	
  they	
  encounter	
  in	
  demyelinated	
  lesions.	
  

Collectively,	
   these	
   preliminary	
   data	
   supported	
   the	
   hypothesis	
   that	
   the	
  
digestion	
  products	
  of	
  HA	
  generated	
  by	
  particular	
  hyaluronidases	
  are	
  the	
  signals	
  that	
  
contribute	
   to	
   remyelination	
   failure	
   by	
   inhibiting	
   OPC	
   maturation.	
   We	
   further	
  
hypothesize	
   that	
   interfering	
  with	
   interactions	
  between	
   these	
  breakdown	
  products	
  
and	
  receptors	
  on	
  OPCs	
  will	
  promote	
  OPC	
  maturation	
  and	
  remyelination.	
  

During	
   the	
   course	
   of	
   this	
   project,	
   we	
   have	
   developed	
   protocols	
   to	
   assay	
  
which	
   specific	
   HA	
   digestion	
   products	
   are	
   generated	
   by	
   OPCs	
   and	
   mature	
  
oligodendrocytes	
  (OLs)	
  in	
  vitro,	
  and	
  in	
  spinal	
  cord	
  lesions	
  from	
  mice	
  with	
  EAE.	
  We	
  
determined	
   that	
   a	
   specific	
   hyaluronidase,	
   called	
   PH20,	
   is	
   expressed	
   by	
   OPCs	
   and	
  
astrocytes	
  in	
  demyelinated	
  MS	
  and	
  EAE	
  lesions	
  and	
  that	
  digestion	
  products	
  of	
  PH20	
  
block	
  remyelination.	
  We	
  have	
  utilized	
   the	
  assays	
  we	
  developed	
   in	
   the	
   first	
  year	
  of	
  
this	
  project	
  to	
  assess	
  the	
  sizes	
  and	
  quantities	
  of	
  HA	
  digestion	
  products	
  generated	
  by	
  
PH20.	
  We	
  have	
   generated	
   endotoxin-­‐low,	
   highly	
   enriched	
  preparations	
   of	
  HA	
   and	
  
determined	
  the	
  precise	
  size	
  ranges	
  of	
  HA	
  that	
  block	
  OPC	
  maturation.	
  Although	
  we	
  
did	
  not	
  find	
  that	
  HA	
  oligosaccharides	
  were	
  capable	
  of	
  blocking	
  the	
  effects	
  of	
  PH20-­‐
generated	
   HA	
   digestion	
   products	
   on	
   OPC	
   maturation,	
   we	
   did	
   find	
   that	
   a	
  
pharmacological	
  inhibitor	
  of	
  hyaluronidase	
  activity	
  could	
  promote	
  OPC	
  maturation	
  
and	
   functional	
   remyelination.	
   	
  All	
   together,	
   these	
   data	
   indicate	
   that	
   targeting	
  
PH20	
   is	
   a	
   potentially	
   efficacious	
   way	
   to	
   promote	
   remyelination	
   in	
   MS	
   and	
  
other	
  demyelinating	
  diseases.	
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BODY	
  
	
  
Task	
   1:	
   Examine	
   the	
   patterns	
   of	
   hyaluronan	
   (HA)	
   degradation	
   products	
   by	
  
oligodendrocyte	
   (OL)	
   progentiros	
   in	
   vitro	
   and	
   within	
   spinal	
   cord	
   lesions	
   of	
  
mice	
  with	
  experimental	
  autoimmune	
  encephalomyelitis	
  (EAE)	
  
	
  
Our	
   analyses	
   of	
   HA	
   digestion	
   products	
   in	
   OPC	
   cultures	
   demonstrated	
   that	
   HA	
  
content	
   in	
  mature	
  oligodendrocyte	
  cultures	
  was	
  higher	
  than	
   in	
   immature	
  OPC	
  and	
  
pre-­‐oligodendrocyte	
   cultures	
   (Table	
   1).	
   	
   We	
   subsequently	
   determined	
   that	
   OPCs	
  
have	
  distinct	
  hyaluronidase	
  activity	
  that	
  was	
  attributed	
  to	
  the	
  PH20	
  hyaluronidase	
  
(Preston	
   et	
   al.,	
   2013).	
   	
   Analysis	
   of	
   the	
   molecular	
   weight	
   species	
   of	
   HA	
   digestion	
  
products	
   generated	
   by	
   PH20	
   (using	
   bovine	
   testicular	
   hyaluronidase	
   as	
   a	
   PH20	
  
source	
   –	
   BTH)	
   revealed	
   that	
   PH20	
   digestions	
   products	
   are	
   distinct	
   from	
  
Streptomyces	
  (StrepH)	
  hyaluronidase	
  (Figure	
  1;	
  Preston	
  et	
  al.,	
  2013).	
  	
  

	
  

Numerous	
   attempts	
   to	
   fully	
  
analyze	
   the	
  distribution	
  of	
  HA	
  
digestion	
   products	
   in	
   white	
  
matter	
   tissues	
   failed	
   to	
  
produce	
   definitive	
   results.	
  	
  
However,	
   we	
   were	
   able	
   to	
  
determine	
   that	
   spinal	
   cord	
  
tissues	
   isolated	
   from	
   mice	
  
with	
   EAE	
   demonstrated	
  
increased	
   hyaluronidase	
  
activity	
   compared	
   to	
   control	
  
tissues.	
   	
   Lumbar	
   spinal	
   cord	
  
sections	
  from	
  mice	
  with	
  active	
  
EAE	
   (14	
   days	
   post-­‐
inoculation)	
   and	
   the	
   same	
  
lumbar	
  sections	
  from	
  control	
  animals	
  were	
  lysed	
  and	
  incubated	
  with	
  high	
  molecular	
  
weight	
  (>	
  1	
  MDa)	
  HA.	
  	
  There	
  was	
  20-­‐30%	
  more	
  HA	
  digested	
  by	
  the	
  EAE	
  spinal	
  cord	
  
lysates	
   than	
   by	
   the	
   control	
   lysates	
   as	
   assessed	
   by	
   agarose	
   gel	
   electrophoresis	
   as	
  
previously	
   described	
   (Lee	
   and	
   Cowman,	
   1994)	
   followed	
   by	
   quantification	
   of	
  
digitized	
  images	
  using	
  ImageJ	
  (Figure	
  2).	
  	
  	
  
	
  

Sample Mean ±  s.d. 
(ng/ml) 

Pre Ols 219 ± 40 

OPCs 100 ± 12 

OLs  826 ± 82 

Table	
  1.	
  HA	
  content	
  of	
  OL	
  and	
  
OPC	
  culture	
  medium	
  

Figure	
   1.	
   Product	
   size	
  distributions	
   of	
  BTH	
  and	
  
StrepH	
   digests	
   are	
   different.	
   HA	
   samples	
   were	
  
treated	
   with	
   BTH	
   (solid	
   line	
   and	
   black	
   circles)	
   or	
  
StrepH	
  (dashed	
  line	
  and	
  white	
  circles)	
  and	
  analyzed	
  
by	
  SEC-­‐MALLS	
  to	
  determine	
  the	
  amount	
  (refractive	
  
index,	
  solid	
  and	
  dashed	
  lines)	
  and	
  the	
  molar	
  masses	
  
based	
  on	
  light	
  scattering	
  (black	
  and	
  white	
  circles)	
  of	
  
HA	
  products	
  present.	
  The	
  weight-­‐average	
  masses	
  of	
  
the	
   BTH	
   and	
   StrepH	
   samples	
   were	
   63.9	
   ±	
   0.5	
   kDa	
  
and	
  2.4	
  ±	
  0.4	
  kDa,	
  respectively.	
   	
  Overlap	
  of	
   the	
  two	
  
digests	
   was	
   ≤	
   2%	
   (e.g.	
   98%	
   of	
   the	
   BTH	
   products	
  
ranged	
  from	
  5.5	
  to	
  227	
  kDa	
  and	
  98%	
  of	
  the	
  StrepH	
  
products	
  were	
  <	
  4.4	
  kDa.	
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In	
  summary,	
  the	
  studies	
  performed	
  in	
  task	
  1	
  demonstrated	
  that	
  (a)	
  OPCs	
  digest	
  HA	
  
through	
   elevated	
   expression	
   of	
   the	
   PH20	
   hyaluronidase;	
   (b)	
   that	
   PH20	
   generates	
  
specific	
   sized	
   digestion	
   products	
   of	
   HA;	
   and	
   (c)	
   that	
   hyaluronidase	
   activity	
   is	
  
elevated	
  in	
  tissues	
  from	
  mice	
  with	
  demyelinating	
  EAE	
  lesions.	
  
	
  
	
  
Task	
  2:	
  Test	
  if	
  specific	
  combinations	
  of	
  HA	
  degradation	
  products	
  are	
  sufficient	
  
to	
  block	
  remyelination	
  and	
  oligodendrocyte	
  progenitor	
  cell	
  maturation	
  in	
  vivo.	
  
	
  
We	
   tested	
   if	
   the	
   digestion	
   products	
   of	
   HA	
   generated	
   by	
   PH20,	
   and	
   not	
   those	
  
generated	
   by	
   Streptomycese	
   hyaluronidase,	
   could	
   block	
   OPC	
   maturation	
   and	
  
remyelination.	
   	
  Only	
  products	
  generated	
  by	
  PH20	
  blocked	
  OPC	
  maturation	
  in	
  vitro	
  
and	
   remyelination	
   in	
   lysolecithin	
   lesions	
   where	
   HA	
   was	
   present	
   (Preston	
   et	
   al.,	
  
2013).	
  We	
  next	
  aimed	
  to	
  determine	
  which	
  HA	
  digestion	
  products	
  could	
  block	
  OPC	
  
maturation.	
  The	
  Weigel	
   lab	
   generated	
   endotoxin-­‐free	
   samples	
  of	
   different	
   sizes	
  of	
  
HA	
  digestion	
  products	
  generated	
  by	
  incubation	
  of	
  high	
  MW	
  HA	
  with	
  PH20	
  (Table	
  2).	
  	
  
Endotoxin	
  tests	
  were	
  performed	
  according	
  to	
  the	
  manufacturer’s	
  instructions	
  using	
  
the	
  Charles	
  River	
  Lab	
  (Wilmington,	
  MA)	
  Kinetic	
  Turbidmetric	
  Assay.	
  	
  
	
  
	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Table	
  2:	
  Average	
  size	
  and	
  size	
  range	
  for	
  final	
  HA	
  pools	
  
	
  
Pool	
   Mw	
  (kDa)	
   1-­‐99	
  %	
  (kDa)	
   mg	
   	
   Pool	
   Mw	
  (kDa)	
   1-­‐99%	
  (kDa)	
   mg	
  

A	
   126	
  ±	
  3	
   83	
  -­‐	
  155	
   1.27	
   	
   H	
   44	
  ±	
  1	
   31.1	
  -­‐	
  53.2	
   3.54	
  

B	
   102	
   71	
  –	
  121	
   1.18	
   	
   I	
   36	
  ±	
  1	
   24.4	
  -­‐	
  45.5	
   3.47	
  

D	
   87	
  ±	
  5	
   67	
  –	
  95	
   1.41	
   	
   J	
   28	
  ±	
  0.3	
   17.0	
  -­‐	
  38.1	
   6.83	
  

E	
   74	
  ±	
  2	
   60	
  -­‐	
  82	
   1.92	
   	
   K	
   20	
  ±	
  1	
   11.8	
  -­‐	
  29.4	
   4.95	
  

F	
   59	
   47	
  -­‐	
  69	
   4.33	
   	
   L	
   13	
  ±	
  1	
   ~9	
  -­‐	
  21	
   3.90	
  

G	
   51	
  ±	
  1	
   38	
  -­‐	
  60	
   3.74	
   	
   M	
   10	
  ±	
  2	
   ~7	
  -­‐	
  14	
   1.37	
  

0	
  

20	
  

40	
  

60	
  

80	
  

100	
  

120	
  

Control EAE no lysate H
A	
  
co
nt
en
t	
  (
%
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  ±
	
  s.
d.
	
   Figure	
   2.	
   Hyaluronidase	
  

activity	
   in	
   control	
   vs.	
   EAE	
  
spinal	
  cords.	
   	
  Lysates	
  of	
  lumbar	
  
spinal	
   cords	
   were	
   mixed	
   with	
  
high	
   MW	
   HA	
   and	
   incubated	
   at	
  
37°C	
   for	
   1	
   hr.	
   then	
   analyzed	
   for	
  
HA	
  content	
  using	
  an	
  ELISA-­‐based	
  
assay.	
  Control:	
  spinal	
  cord	
  tissue	
  
from	
   age-­‐matched	
   control	
  
mouse;	
   EAE:	
   tissue	
   from	
   mouse	
  
with	
   EAE	
   at	
   12	
   days	
   post-­‐
inoculation;	
   no	
   lysate:	
   HA	
  
incubated	
  in	
  buffer	
  alone.	
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Individual	
   fractions	
  of	
  HA	
  were	
  tested	
  for	
  their	
  effects	
  on	
  OPC	
  maturation	
   in	
  vitro.	
  	
  
We	
  found	
  that	
  fractions	
  E-­‐J	
  (Table	
  2)	
  each	
  had	
  the	
  greatest	
  inhibitory	
  activity	
  while	
  
combinations	
   of	
   these	
   fractions	
   (e.g.	
   E-­‐H,	
   I-­‐K,	
   G-­‐I)	
   all	
   had	
   similar	
   degrees	
   of	
  
inhibitory	
  activity	
  (Figure	
  3).	
  Fractions	
  K-­‐M	
  also	
  weakly	
  inhibited	
  OPC	
  maturation.	
  
These	
   findings	
   support	
   a	
   new	
   model	
   for	
   a	
   molecular	
   mechanism	
   underlying	
  
remyelination	
  failure	
  where	
  HA	
  accumulates	
  coincident	
  with	
  reactive	
  astrogliosis	
  in	
  
demyelinating	
   lesions;	
   OPCs	
   that	
   express	
   PH20	
   are	
   recruited	
   to	
   lesions;	
   PH20-­‐
generated	
   HA	
   digestion	
   products	
   signal	
   to	
   OPCs,	
   preventing	
   their	
   maturation	
   to	
  
myelin-­‐forming	
  oligodendrocytes,	
  thus	
  preventing	
  remyelination.	
  
	
  
	
  
Task	
   3:	
   Test	
   if	
   specific	
   formulations	
   of	
   HA	
   oligosaccharides	
   can	
   promote	
  
oligodendrocyte	
  progenitor	
  cell	
  maturation	
  in	
  vitro	
  and	
  in	
  vivo	
  
	
  
Using	
  enriched	
  fractions	
  of	
  PH20-­‐digested	
  HA	
  isolated	
  and	
  prepared	
   in	
  the	
  Weigel	
  
laboratory,	
  we	
  tested	
  the	
  effects	
  of	
   these	
  fractions	
  on	
  OPC	
  maturation	
  in	
  vitro	
  and	
  
whether	
   any	
  of	
   them	
  could	
   interfere	
  with	
   the	
   effects	
  of	
  PH20	
  on	
  OPC	
  maturation.	
  	
  
None	
   of	
   the	
   fractions,	
   either	
   alone	
   in	
   combination,	
   demonstrated	
   the	
   ability	
   to	
  
reverse	
  the	
  effects	
  of	
  PH20	
  digestion	
  on	
  OPC	
  maturation	
  (data	
  not	
  shown).	
  	
  	
  
	
  
Given	
  these	
  findings,	
  we	
  decided	
  to	
  test	
  if	
  a	
  hyaluronidase	
  inhibitor	
  could	
  promote	
  
OPC	
   maturation.	
   	
   We	
   used	
   L-­‐Ascorbic	
   acid	
   6-­‐hexadecanoate	
   (also	
   called	
   VCPAL),	
  
which	
  has	
  potent	
  hyaluroidase	
  inhibitory	
  activity	
  (Botzki	
  et	
  al.,	
  2004).	
  	
  Although	
  not	
  
specific	
  for	
  PH20,	
  we	
  found	
  that	
  VCPAL	
  could	
  promote	
  OPC	
  maturation	
  in	
  vitro	
  and	
  
remyelination	
   in	
   lysolecithin-­‐induced	
   lesions	
   in	
   the	
   presence	
   of	
   HA	
   (Figure	
   4).	
  	
  
Furthermore,	
   we	
   found	
   that	
   VCPAL	
   promoted	
   increased	
   conduction	
   velocities	
   in	
  
these	
  lesions,	
  indicating	
  that	
  blocking	
  hyaluronidase	
  activity	
  can	
  promote	
  functional	
  
remyelination.	
  	
  These	
  findings	
  are	
  described	
  in	
  Preston	
  et	
  al.	
  (2013;	
  attached).	
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   Figure	
   3.	
   	
   Effects	
   of	
  

different	
   sizes	
   of	
   HA	
  
digestion	
  products	
  on	
  
OPC	
   maturation.	
  	
  
Fractions	
   or	
   mixtures	
  
of	
   fractions	
   from	
   Table	
  
2	
   were	
   tested	
   in	
   OPC	
  
cultures	
   and	
   the	
   %	
   of	
  
cells	
   expressing	
   MBP	
  
compared	
   to	
   controls	
  
was	
  determined.	
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KEY	
  RESEARCH	
  ACCOMPLISHMENTS	
  
	
  

-­‐ Optimized	
  pre-­‐oligodendrocyte	
  and	
  OPC	
  mouse	
  culture	
  system	
  for	
   isolating	
  
and	
  characterizing	
  HA	
  

-­‐ Demonstrated	
   that	
   HA	
   accumulates	
   in	
   oligodendrocyte	
   cultures	
   but	
   not	
   in	
  
OPC	
   cultures,	
   consistent	
   with	
   our	
   findings	
   that	
   hyaluronidase	
   activity	
   is	
  
higher	
  in	
  immature	
  vs.	
  mature	
  oligodendrocyte	
  lineage	
  cells	
  

-­‐ Demonstrated	
   the	
   unique	
   patterns	
   of	
   HA	
   digestion	
   products	
   generated	
   by	
  
bovine	
  testicular	
  hyaluronidase/PH20	
  vs.	
  Streptomyces	
  	
  hyaluronidase	
  

-­‐ Generated	
  purified,	
   low-­‐endotoxin	
  fragments	
  of	
  HA	
  in	
  fractions	
  that	
  include	
  
the	
  range	
  of	
  HA	
  digestion	
  products	
  generated	
  by	
  PH20	
  

-­‐ Determined	
  that	
  lower-­‐sized	
  fragments	
  of	
  HA	
  generated	
  by	
  PH20	
  block	
  OPC	
  
maturation	
  and	
  remyelination	
  

-­‐ Determined	
  that	
  HA	
  oligosaccharides	
  are	
  unlikely	
  to	
  be	
  effective	
  for	
  blocking	
  
the	
  inhibitory	
  activity	
  of	
  PH20-­‐generated	
  HA	
  digestion	
  products	
  

-­‐ Determined	
  that	
  blocking	
  hyauronidase	
  activity	
  using	
  VCPAL	
  is	
  sufficient	
  to	
  
promote	
  OPC	
  maturation	
  in	
  vitro	
  and	
  remyelination	
  in	
  HA-­‐rich	
  demyelinated	
  
lesions	
  in	
  vivo	
  

Figure	
   4.	
   	
   Inhibiting	
   hyaluronidase	
   activity	
  
promotes	
   OL	
   maturation	
   in	
   vitro	
   and	
  
remyelination	
   in	
   vivo.	
   (A)	
   Inhibitory	
   activity	
   of	
  
increasing	
   concentrations	
   of	
   the	
   pan	
  
hyaluronidase	
   inhibitor	
   VCPAL	
   (6-­‐O-­‐Palmitoyl-­‐L-­‐
ascorbic	
   acid)	
   on	
   BTH	
   as	
   determined	
   using	
   a	
  
turbidimetric	
   assay.	
   The	
   final	
   BTH	
   concentration	
  
was	
   100	
   U/ml.	
   Each	
   point	
   represents	
   the	
  
mean±SEM	
  of	
  4	
  replicate	
  experiments.	
  The	
  VCPAL	
  
IC50	
   was approximately 33 µM.	
   (B)	
   OPCs	
   were	
  
grown	
   in	
   OL	
  differentiation	
  medium	
   alone	
   or	
   (C)	
  
with	
  25μM	
  VCPAL	
  for	
  72-­‐96	
  hrs	
  and	
  stained	
  with	
  
MBP,	
   PDGFRα	
   and	
   DAPI.	
   Total	
   MBP+	
   and	
  
PDGFRα+	
   cells	
   are	
   quantified	
   in	
   (D).	
   Consistent	
  
with	
   the	
   hypothesis	
   that	
   hyaluronidases	
  
expressed	
   by	
   mOPCs	
   generate	
   HA	
   fragments	
  
which	
   inhibit	
   OL	
   maturation,	
   blocking	
   HYAL	
  
activity	
  with	
  VCPAL	
  increased	
  the	
  total	
  percentage	
  
of	
   MBP+	
   cells	
   compared	
   to	
   controls	
   (69.31%	
   	
   v.	
  
54.05%	
   p=	
   0.00505)	
   while	
   decreasing	
   the	
   total	
  
percentage	
   of	
   PDGFRα+	
   cells	
   (19.61%	
   v.	
   30.98%	
  
in	
   control,	
   p=0.01719).	
   (E,	
   F)	
   MBP	
  
immunoreactivity	
   (white)	
   of	
   lysolecithin	
   lesions	
  
treated	
  with	
  HMW	
  HA	
  and	
  vehicle	
  (E)	
  or	
  HMW	
  HA	
  
with	
   25	
   µM	
  VCPAL	
  (F).	
   	
   Arrowheads	
   indicate	
   the	
  
borders	
   of	
   the	
   lesions;	
   arrows	
   indicate	
   non-­‐
specific	
  staining	
  of	
  adjacent	
  blood	
  vessels.	
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REPORTABLE	
  OUTCOMES	
  
	
  
The	
  majority	
  of	
  the	
  data	
  reported	
  here	
  have	
  been	
  published	
  in:	
  
Preston M, Gong X, Su W, Matsumoto S, Banine F, Winkler C, Foster S, Xing R, Struve J, Dean 
J, Baggenstoss B, Weigel P, Montine T, Back S, Sherman LS. Digestion products of the PH20 
hyaluronidase inhibit remyelination. Ann. Neurol. (attached) 
 
 
CONCLUSIONS 
 
This study has demonstrated, for the first time, that specific digestion products of HA generated 
by the PH20 hyaluronidase inhibit OPC maturation and prevent remyelination.  Furthermore, this 
study demonstrated that although HA oligosaccharides may not be effective at reversing the 
effects of PH20 digestion products, blocking hyaluronidase activity can promote remyelination. 
These findings are highly significant in that they suggest that a specific inhibitor of PH20 may be 
an effective way to promote remyelination of spared axons within demyelinated lesions in MS 
patients and others with demyelinating disease.   
 
Although we found that a broad-spectrum hyaluronidase inhibitor was could promote 
remyelination, this agent (VCPAL) is unlikely to be useful as a drug to promote remyelination. 
Because it blocks all hyaluronidase activity, VCPAL could have serious side effects given the 
numerous roles played by some hyaluronidases throughout the body, including the joints and the 
cardiovascular system.  Drugs that specifically target the hyaluronidase activity of PH20, 
however, would likely be far safer.  PH20 is not normally expressed in the brain or at high levels 
elsewhere in the body other than in sperm.  Thus, a tolerable side effect of chronic PH20 
inhibition might be male infertility.  We propose, therefore, that PH20-specific hyaluronidase 
inhibitors would be both safe and efficacious as a therapy or co-therapy to promote 
remyelination. 
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ORIGINAL ARTICLE

Digestion Products of the PH20
Hyaluronidase Inhibit Remyelination

Marnie Preston, PhD,1 Xi Gong, MD,2 Weiping Su, MD, PhD,1

Steven G. Matsumoto, PhD,1,3 Fatima Banine, PhD,1 Clayton Winkler, PhD,1

Scott Foster, BS,1 Rubing Xing, BS,1 Jaime Struve, BS,1 Justin Dean, PhD,2

Bruce Baggenstoss, BS,4 Paul H. Weigel, PhD,4 Thomas J. Montine, MD, PhD,5

Stephen A. Back, MD, PhD,2,6 and Larry S. Sherman, PhD1,7

Objective: Oligodendrocyte progenitor cells (OPCs) recruited to demyelinating lesions often fail to mature into
oligodendrocytes (OLs) that remyelinate spared axons. The glycosaminoglycan hyaluronan (HA) accumulates in
demyelinating lesions and has been implicated in the failure of OPC maturation and remyelination. We tested the
hypothesis that OPCs in demyelinating lesions express a specific hyaluronidase, and that digestion products of this
enzyme inhibit OPC maturation.
Methods: Mouse OPCs grown in vitro were analyzed for hyaluronidase expression and activity. Gain of function
studies were used to define the hyaluronidases that blocked OPC maturation. Mouse and human demyelinating
lesions were assessed for hyaluronidase expression. Digestion products from different hyaluronidases and a
hyaluronidase inhibitor were tested for their effects on OPC maturation and functional remyelination in vivo.
Results: OPCs demonstrated hyaluronidase activity in vitro and expressed multiple hyaluronidases, including HYAL1,
HYAL2, and PH20. HA digestion by PH20 but not other hyaluronidases inhibited OPC maturation into OLs. In
contrast, inhibiting HA synthesis did not influence OPC maturation. PH20 expression was elevated in OPCs and
reactive astrocytes in both rodent and human demyelinating lesions. HA digestion products generated by the PH20
hyaluronidase but not another hyaluronidase inhibited remyelination following lysolecithin-induced demyelination.
Inhibition of hyaluronidase activity lead to increased OPC maturation and promoted increased conduction velocities
through lesions.
Interpretation: We determined that PH20 is elevated in demyelinating lesions and that increased PH20 expression is
sufficient to inhibit OPC maturation and remyelination. Pharmacological inhibition of PH20 may therefore be an
effective way to promote remyelination in multiple sclerosis and related conditions.

ANN NEUROL 2013;73:266–280

Demyelination occurs following numerous insults to

the central nervous system (CNS) and is the hall-

mark of multiple sclerosis (MS), causing conduction defi-

cits that compromise motor, sensory, and cognitive func-

tions. Some recovery of function is associated with the

recruitment of oligodendrocyte progenitor cells (OPCs)

to demyelinating lesions, generating oligodendrocytes

(OLs) that remyelinate spared axons.1 However, OPCs

often accumulate in chronically demyelinated lesions and

fail to give rise to myelinating OLs.2–7 Strategies that

promote OPC maturation within demyelinating lesions

therefore have the potential to promote remyelination

and functional recovery in affected individuals.

Multiple signals within the microenvironments of

demyelinating lesions contribute to the failure of OPC

maturation and remyelination.8,9 We previously found
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that high molecular weight (HMW) forms of the glycos-

aminoglycan hyaluronan (HA) are among these signals.

HA is synthesized by transmembrane synthases and is

composed of multiple disaccharide units of glucuronic

acid and N-acetylglucosamine. HA molecules range in

size from �2.5 � 105Da to �4 � 106Da. Different mo-

lecular weight forms of HA have distinct functions in the

nervous system including the regulation of cell motility,

growth, and differentiation.10,11 We found that HA accu-

mulates coincident with astrogliosis in demyelinating MS

lesions,12 traumatic spinal cord injuries,13 perinatal white

matter injuries,14 and lesions associated with vascular

cognitive impairment15 and during normal aging.16 HA

blocks OPC maturation and remyelination in lysoleci-

thin-induced demyelinating lesions, suggesting that

HMW HA accumulation contributes to remyelination

failure.12

We reasoned that a strategy to promote remyelina-

tion within demyelinating lesions is to degrade accumu-

lated HMW HA using hyaluronidases. During inflamma-

tory responses outside the CNS, activated fibroblasts or

other cells secrete hyaluronidases that degrade HA, gener-

ating HA digestion products that act as immune regula-

tors.17 Reactive oxygen species at sites of inflammation

further promote this degradation.18 Although hyaluroni-

dases are expressed in the CNS,19,20 it is unclear whether

HA is similarly degraded at extracellular sites of CNS

inflammation where astrocytes are the principle source of

HA.21

Paradoxically, we and others have found that the

digestion of HMW HA by some hyaluronidases prevents

OPC maturation. A recent study found that treatment of

OPCs with HA degraded by a combination of hyaluroni-

dases and b-glucuronidase blocked OPC maturation in

vitro through a mechanism involving toll-like receptor-2

(TLR2).20 This study also demonstrated that lower mo-

lecular weight forms of HA accumulate in MS lesions,

that OPCs in vitro express multiple hyaluronidases, and

that a broad spectrum hyaluronidase inhibitor can pro-

mote OPC maturation in vitro. The focus of the present

study was to determine whether hyaluronidases are

expressed in human and rodent demyelinating lesions;

whether specific hyaluronidases alone can block OPC

maturation; and whether blocking hyaluronidase activity

can promote remyelination in vivo.

Here, we report that an extracellular hyaluronidase,

called PH20, is elevated in rodent and human demyeli-

nating lesions. We demonstrate that PH20 expression is

elevated in OPCs and astrocytes in chronic demyelinated

MS lesions and in acute lesions in mice with experimen-

tal autoimmune encephalomyelitis (EAE). Elevated

expression of PH20, but not other hyaluronidases, is suf-

ficient to block OPC maturation. Digestion products of

PH20, but not those generated by another hyaluronidase,

potently block remyelination in vivo. Furthermore, inhib-

iting HA synthesis does not influence OPC maturation,

but blocking hyaluronidase activity promotes OPC matu-

ration and remyelination. Collectively, these data suggest

that PH20 is a potential therapeutic target to promote

remyelination.

Materials and Methods

Reagents
HMW HA (100lg; 1.59 � 106Da; Seikagaku Corporation,

Tokyo, Japan) was dissolved in sterile phosphate-buffered saline

(PBS), and HA fragments were generated with addition of bo-

vine testicular hyaluronidase (BTH; Sigma, 100U/ml), Strepto-

myces hyaluronidase (StrepH; Sigma, St Louis, MO; 1-10U/ml),

or PBS vehicle for 1 hour at 37�C, then incubated at 95 to

100�C for 30 minutes to heat inactivate enzymes. Digestions

were evaluated by electrophoresis on a 0.5% agarose gel, fol-

lowed by detection of HA using the cationic dye Stains-All

(Sigma) as previously described.22 4-Methylumbelliferone

(4-MU; Sigma) was dissolved in PBS at 37�C and added to

cultures at a final concentration of 0.1 to 1mM. 6-O-Palmi-

toyl-L-ascorbic acid (VCPAL; Sigma) was dissolved in dime-

thylsulfoxide at a concentration of 100mM and further diluted

to a working concentration of 2.5 to 25lM for cell culture

experiments and for coinjection into lysolecithin lesions. Tur-

bidity assays for VCPAL activity and IC50 calculations were

performed as previously described.23

Analysis of HA Size and Concentration
HA concentration, size distribution, and weight-average molar

mass were determined by size exclusion chromatography–multi-

angle laser light scattering (SEC-MALLS) as previously

described24 using PL Aquagel-OH 60, 40, and 20 (Polymer

Laboratories, Church Stretton, UK) size exclusion columns in

series. MALLS analyses of the SEC column eluate was per-

formed in line using a Dawn DSP Laser Photometer in series

with an Optilab DSP Interferometric Refractometer (both from

Wyatt Technology Corporation, Santa Barbara, CA). Data were

analyzed using ASTRA version 4.73 (Wyatt Technology Corpo-

ration), a dn/dc value of 0.153ml/g, and first-order Berry fits.

Lentiviral Construction and Infections
The expression vector (lentiviral vector–intron–green fluorescent

protein) used for cloning is from Gregory A. Dissen (Oregon

National Primate Research Center, Beaverton, OR).25 PH20

and Hyal5 cDNAs were obtained from Stephan Reitinger (Insti-

tute for Biomedical Aging Research, Austrian Academy of Sci-

ences, Innsbruck, Austria). The Hyal1 cDNA was from Barbara

L. Triggs-Raine (University of Manitoba, Winnipeg, Manni-

toba, Canada).26 Hyal2 was obtained by real time polymerase

chain reaction (RT-PCR) using the forward primer 50-

GAGTTCCTGAGCTGCTACCA-30 and the reverse primer 50-

AGGGGGAGAGATCCCTCATA-30. The open reading frame
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of PH20, Hya1, Hyal2, and Hyal5 were cloned in front of the

cytomegalovirus promoter of a vector plasmid and packaged

into a third-generation lentiviral vector. Cells were plated at 4

to 5 � 104 cells per coverslip and infected overnight using 2.5

to 5.0 � 105 transforming units (Multiplicity of infection

(MOI) 1:50–1:100).

Cell Culture
Neural stem cells were isolated from the medial and lateral gan-

glionic eminences of embryonic day 13.5 mouse (C57BL/6)

embryos and expanded in epidermal growth factor and fibroblast

growth factor-2 (both at 10ng/ml) as neurospheres for 1 week as

previously described.27 To generate OPCs, neurospheres were dis-

sociated into single cells in trypsin (0.05%; Invitrogen, Carlsbad,

CA), washed in Dulbecco modified Eagle medium (DMEM)

plus 10% fetal bovine serum and plated at 5 � 106cells/ml on

uncoated polystyrene plates in DMEM/F12 media containing

0.1% bovine serum albumin (BSA), platelet-derived growth fac-

tor (PDGF) AA and fibroblast growth factor-2 at 20ng/ml each,

B27 supplement minus vitamin A (Gibco, Grand Island, NY),

N1 supplement (Sigma), and D-biotin (10nM, Sigma). Small ad-

herent oligospheres formed and were passaged once a week after

dissociation with Accutase (Invitrogen). After 2 to 3 weeks, oligo-

spheres were transferred to poly-L-ornithine–coated 100mm

dishes. After 1 to 2 passages, highly enriched populations

(>95%) of PDGF receptor (PDGFR)-aþOlig2þO4� OPCs (as

assayed by immunocytochemistry; see Supplementary Fig 1 for

example) were obtained and further propagated for in vitro

experiments. For maturation experiments, OPCs were plated at 4

to 5 � 104 cells per coverslip and differentiated in DMEM/F12,

0.1% BSA, plus triiodothyronine (T3; 30nM, Sigma) and N-ace-

tyl-L-cysteine (NAC, Sigma) as previously described.27

Lysolecithin Lesions
All animal experiments were approved by the Institutional Ani-

mal Care and Use Committee at the Oregon Health and Sci-

ence University. Demyelination was induced in the rostral cor-

pus callosum of 3- to 4-month-old C57BL/6J mice by injection

of lysolecithin (4% in PBS; Sigma) as previously described12

mixed with either vehicle (PBS), HMW HA, degraded HA, or

VCPAL. Five days after lysolecithin injection, the same volumes

of PBS, HA, or VCPAL were reinjected. Brains were harvested

at 8 days after lysolecithin injection, fixed, and processed for

immunohistochemistry as previously described.12

Induction of EAE
EAE was induced in female C57BL/6J mice as previously

described.12 Animals were anesthetized with isoflurane and per-

fused transcardially with 100U/ml sodium heparin (Sigma-

Aldrich, St Louis, MO) containing saline followed by 4% para-

formaldehyde in PBS. Spinal cords were dissected and processed

for immunohistochemistry as described below.

Immunohistochemistry
Cells were fixed for 30 minutes at room temperature in 4%

paraformaldehyde and washed 3� in PBS. Lumbar spinal cord

tissue from mice with EAE was immersion fixed for 12 to 16

hours in 4% paraformaldehyde at 4�C, rinsed 3� in PBS at

room temperature, then cryoprotected in 30% sucrose over-

night at 4�C. Tissues were embedded in optimal cutting tem-

perature medium, rapidly frozen on dry ice, and cryosectioned

at a thickness of 10 to 12lm. Cells and tissues were preblocked

in 10% heat-inactivated fetal bovine serum for 45 minutes. Pri-

mary antibodies were diluted in blocking buffer and cells or

EAE tissue were incubated overnight at 4�C, rinsed in blocking

buffer 3�, then incubated with the appropriate species-specific

fluoroconjugated secondary antibodies (Alexa 546 or Alexa 488;

Molecular Probes, Eugene, OR) for 45 minutes. Antibodies

used were: rat anti–PDGFR-a (1:250; BD Pharmingen, San

Jose, CA), mouse anti-O4 (1:500; Millipore, Billerica, MA),

mouse anti–myelin basic protein (MBP; 1:1,000; Sternberger

Monoclonal, Lutherville, MD), rabbit anti-GalC (1:100, Milli-

pore), rabbit anti–glial fibrillary acidic protein (GFAP; 1:1,000;

Dako, Carpinteria, CA), rabbit anti–microtubule-associated

protein-2 (1:1,000, Millipore), and rabbit anti-Olig2 (1:500,

Millipore). Polyclonal rabbit antisera to PH20 were generously

provided by James Overstreet (PH20, 1:1,000) and Patricia

DeLeon (msSPAM, 1:400). HA was visualized by probing cells

or tissues with biotinylated HA-binding protein (HABP; 1:200,

Seikagaku) followed by avidin-conjugated Cy3 (1:1,000, Molec-

ular Probes). Myelin was visualized by a 30-minute incubation

of EAE sections with FluoroMyelin (1:400 in PBS, Invitrogen)

following primary and secondary antibody application. Cell

nuclei were visualized by 40,6-diamidino-2-phenylindole

(DAPI) staining (Hoeschst 33342; 1:15,000; Molecular Probes).

Sections from mice with lysolecithin lesions were analyzed for

MBP reactivity as previously described.12

The use of tissues from individuals with MS was

approved by the Human Subjects Committee at the University

of Washington. For the analysis of MS patient lesions, paraffin

sections from 5 MS patients (mean duration of disease, 16.4

years; mean age, 57.6 years; Supplementary Table 1) were

deparaffinized in xylene and then rehydrated in graded alcohols.

Endogenous peroxidase activity was blocked with 0.3% (vol/

vol) hydrogen peroxide in methanol before washing the slides

in water. Slides were heated in citrate buffer (10mmol/l, pH

6.0) for 5 minutes in a microwave for antigen retrieval. Sections

were then preblocked in 5% normal goat serum. Primary anti-

body incubation was the same as indicated above, except that

rabbit anti-PH20 (J. Overstreet) was used at a 1:500 dilution.

Following biotinylated goat antirabbit secondary antibody bind-

ing, the avidin–biotin–peroxidase complex technique (Vectastain

ABC kit and NovaRED; Vector Laboratories, Burlingame, CA)

was used for visualization according to the manufacturer’s

instructions. In separate experiments, sections were also double-

labeled with anti-PH20 (1:300) and either anti-MBP (1:500),

anti-O4 (1:400), or anti-GFAP (1:50, Dako) followed by fluo-

rescence-conjugated secondary antibodies as above.

Image processing and cell counts were performed using

Photoshop 3.0 (Adobe Systems, San Jose, CA) and ImageJ

(NIH, Bethesda, MD), respectively. For cell counts, 10 fields

were randomly selected, and at least 500 cells were counted per
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coverslip (3 coverslips per group). Mean cell numbers and

standard deviations were calculated for each group.

Quantitative Analysis of OPC Maturation in
Lysolecithin-Induced Lesions
Serial tissue sections (50lm) were cut on a vibrating microtome

(VTS-1000; Leica Microsystems, Bannockburn, IL). Tissue sec-

tions were double-labeled for CC-1 (mature OL marker) and

PDGFR-a (OL progenitor marker) and counterstained with

Hoechst 33324. Tissue sections were first treated for antigen re-

trieval (10 minutes at 95�C in 50mM Tris–ethylenediaminete-

traacetic acid buffer, pH 9.0). Tissue was incubated at 4�C for

3 days with a mouse monoclonal antibody CC-1 (OP80; 1:200

in PBS with 0.1% triton X-100; Calbiochem, San Diego, CA)

and a rabbit polyclonal antisera against PDGFR-a (1:500; in

PBS with 0.1% triton X-100; a generous gift of Dr William

Stallcup, Burnham Institute, La Jolla, CA). Sections were also

stained with DAPI to identify cell nuclei. Cell counts within ly-

solecithin-induced-induced lesions were performed using a �40

objective with a counting radicle mounted on a Leica DMRA

epifluorescence microscope. Cell counts were done in 3 separate

zones that corresponded to a central region of chronic demye-

lination (zone 1), an adjacent region of active remyelination

(zone 2), and the most lateral zone, which was equivalent to

normal surrounding white matter (zone 3). For each study, a

minimum of 5 animals were analyzed, and counts were

obtained from duplicate adjacent sections. Given the irregular

shape of the lesions, it was not feasible to precisely define the

boundaries of these 3 zones. Each zone displayed a unique pat-

tern of nuclear cell density that allowed it to be readily distin-

guished from adjacent zones. Zone 1 typically had a very high

density of cell nuclei, whereas zone 2 had a density that was in-

termediate between zones 1 and 3. Within each zone, cell

counts were done in a standardized number of fields that maxi-

mized the number that could be defined: zone 1 (2 fields),

zones 2 and 3 (6 fields each).

Compound action potential (CAP) recordings
Brains were rapidly removed and submerged in ice cold artifi-

cial cerebrospinal fluid (aCSF; 124mM NaCl, 5mM KCl,

1.25mM NaH2PO4, 26mM NaHCO3, 1.3mM MgSO4, 2mM

CaCl2, 10mM glucose, pH 7.4) saturated with 95% O2/ 5%

CO2. A 400lm-thick coronal slice corresponding to Bregma

coordinates 0.5 to 0.9 was cut on a vibratome (Leica), col-

lected, and incubated in aerated aCSF at room temperature for

1 hour prior to recording.

For recording, the slice was transferred to a perfusion

chamber mounted on an upright microscope (Zeiss, Thorn-

wood, NY). The tract of the injection electrode was usually

visible; however, injection sites were confirmed with subsequent

histochemical analysis of the slice. Recording and stimulating

electrodes were positioned in the corpus callosum on the side

of the injection and then moved to the opposite side to obtain

recordings of untreated axons. The bipolar stimulating electro-

des were fashioned from Teflon-insulated tungsten wires (World

Precision Instruments, Sarasota, FL) with tips positioned

approximately 0.3mm apart. The stimulating electrodes were

connected to a stimulator (Grass S88; Grass Technologies, West

Warwick, RI) and stimulation isolation unit (Grass Technolo-

gies). Stimulus intensity was adjusted to obtain a maximal

response. Recordings were obtained using glass microelectrodes

filled with aCSF with a resistance of 3 to 5MX. Recordings
were amplified and filtered at 10kHz. Recordings were obtained

from 2 sites across the width of the corpus callosum at approxi-

mately 1.5mm from the stimulating electrode. Ten responses

were averaged at each recording site. The magnitude of the

CAP waveform was determined by measuring the maximum

negative deflection with respect to a tangent drawn between the

adjacent positive deflections. For each recording session, 3 ani-

mals per group (treated with VCPAL or vehicle) were analyzed.

RT-PCR and Quantitative RT-PCR
Total RNA was isolated from cells or tissues using TRIzol (Invi-

trogen) following the manufacturer’s instructions. mRNA was

reverse transcribed into cDNA using random hex or oligo d(t)

primers and a reverse transcriptase kit (Promega, Madison, WI).

mRNA sequences for each hyaluronidase were downloaded from

the National Center for Biotechnology Information website

(http://www.ncbi.nlm.nih.gov), and primers for RT-PCR were

designed manually (supplied by Integrated DNA Technologies,

Coralville, IA). See Supplementary Table 2 for primers used. RT-

PCR was performed using GoTaq or Superscript DNA

transcriptase (Promega or Invitrogen) in a Mastercycler Gradient

(Eppendorf, Hamburg, Germany) following the manufacturer’s

protocols. RT-PCR reaction products were analyzed by electro-

phoresis on a 1% agarose gel, and amplicons were visualized fol-

lowing staining with ethidium bromide. quantitative RT-PCR

(qRT-PCR) was performed using predesigned primer and probe

sets (TaqMan Assays; Applied Biosciences, Carlsbad, CA;

HYAL1, Mm00476206; HYAL2, Mm0477731; and PH20

[SPAM1], Mm00486329), with an AB 7900HT fast PCR system

using SDS 2.4 software (Applied Biosciences). Data Analysis was

performed using Excel (Microsoft, Redmond, WA).

Statistics
An unpaired 2-tailed t test was used to compare changes in

anti-PDFGFR-a and anti-MBP immunolabeled cells in in vitro

experiments. One-way analysis of variance followed by Tukey

multiple comparison test was used to assess changes in the per-

centages, relative to controls, of mature OLs in cultures treated

with VCPAL and for the analysis of qRT-PCR experiments. A

value of p < 0.05 was considered significant.

Results

A Specific Hyaluronidase Blocks OPC
Maturation In Vitro
We previously found that HMW forms of HA accumu-

late in demyelinating lesions and that the presence of

HA blocks OPC maturation and remyelination.12 Sloane

and coworkers20 reported that HMW HA digested by a

combination of a hyaluronidase and b-glucuronidase
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blocked OPC maturation in vitro. To further explore the

role of HA in OPC maturation, we utilized a culture sys-

tem in which mouse neural stem cells are differentiated

in vitro into mouse OPCs (>90% PDGFR-aþ/O4�/

GalC�/MBP� cells) that can subsequently generate pre-

OLs (O4þ/GalC�/MBP� cells) and mature OLs (MBPþ

cells) in the presence of a prodifferentiation medium that

contained T3 and NAC (see Supplementary Fig 1). After

3 hours in culture, we observed elevated pericellular HA

synthesis by OPCs that increased over time (Supplemen-

tary Fig 2A–C). HA synthesis continued to accumulate

in pre-OL cultures 24 hours following T3 and NAC

treatment, but then diminished in cultures enriched with

MBPþ cells, with HA remaining associated with cell

bodies (see Supplementary Fig 2D, E). All 3 HA syn-

thases were expressed by OPC cultures (see Supplemen-

tary Fig 2F).

Although as many as 60% of cells in these mouse

OPC cultures became MBPþ OLs in prodifferentiation

medium, approximately 40% of cells consistently failed

to mature (Fig 1). We hypothesized that the low level of

HA synthesized in our cultures was sufficient to block

the maturation of a limited number of OPCs. We there-

fore tested whether the prevention of HA synthesis is suf-

ficient to increase OL maturation in these cultures. To

block HA synthesis, OPCs were switched to media con-

taining the HA synthase inhibitor 4-MU. HA synthesis

was almost completely blocked by 1mM 4-MU (see Fig

1A, B). Unexpectedly, we found that inhibiting HA syn-

thesis had no significant effect on OL maturation com-

pared to controls despite the nearly complete absence of

HA in these cultures (see Fig 1D, E, G).

We next tested whether degradation of HA could

influence OPC maturation. In contrast to the results of

FIGURE 1: Bovine testicular hyaluronidase (BTH) inhibits oligodendrocyte progenitor cell (OPC) maturation in vitro. OPCs
were grown in prodifferentiation medium containing triiodothyronine and N-acetyl-L-cysteine. Control OPC cultures (A, D)
were analyzed relative to cultures treated with the hyaluronan (HA) synthase inhibitor 4-methylumbelliferone (4-MU; B, E) or
with PH20 (C, F). After 96 hours, cultures were fixed and stained for the OL lineage markers myelin basic protein (MBP; red;
to label mature OLs), platelet-derived growth factor receptor a (PDGF-Ra; green; to label OPCs), and 40,6-diamidino-2-phenyl-
indole (blue; to visualize cell nuclei). (A–C) Representative levels of HA (as assayed using HA-binding protein [HABP] histochem-
istry) for each treatment group. (G) The total percentages of PDGF-Ra1 and MBP1 cells are quantified. PH20 treatment
significantly inhibited OL maturation, as shown by a decreased percentage of cells expressing MBP compared to controls
(<0.5% vs 54.1%) and an increased percentage of cells expressing PDGF-Ra compared to controls (97.8% vs 30.9%). (E, G)
Inhibiting HA synthesis did not significantly alter OL maturation. (H) Quantification of OPC maturation in the presence of
chondroitinase ABC (ABC) or Streptomyces-derived hyaluronidase (StrepH). Unlike PH20, neither of these enzymes demon-
strated any significant effect on OPC maturation. These experiments were performed 43, with each data point assayed in trip-
licate wells. Scale bar 5 10lm. *p < 0.0003. s.d. 5 standard deviation.
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Sloane and coworkers,20 we found that BTH alone at

concentrations between 25 and 100U/ml completely

degraded HA in OPC cultures (see Fig 1C) and inhib-

ited OPC maturation (see Fig 1F, G). This inhibitory ac-

tivity was reversed by heat inactivation of the enzyme

prior to HA digestion (data not shown). OPC matura-

tion was not inhibited when cultures were treated with

StrepH or with chondroitinase ABC (which degrades

chondroitin sulfate into unsaturated disaccharides) at

concentrations that were optimal for the digestion of HA

and chondroitin sulfate, respectively (see Fig 1H). This

finding is consistent with the hypothesis that specific HA

digestion products are capable of inhibiting OPC matu-

ration in vitro.

The PH20 Hyaluronidase, but Not Other
Hyaluronidases, Potently Inhibits OPC Maturation
The soluble hyaluronidase activity in BTH has been

attributed to the PH20 enzyme.28 We therefore per-

formed gain-of-function experiments to test how

increased expression of PH20 and other mammalian hya-

luronidases influenced OPC maturation. The cDNAs

from mouse Hyal1, Hyal2, Hyal5, and PH20 were cloned

into a bicistronic lentiviral expression vector carrying the

cDNA for enhanced green fluorescence protein (EGFP).

OPCs were then infected with lentiviruses carrying each

construct and analyzed for changes in OPC maturation

as described above. OPC cultures infected with the con-

trol virus, carrying EGFP alone, demonstrated pericellu-

lar HA accumulation (Fig 2A), whereas HA was reduced

in cultures infected with the PH20 (see Fig 2B) and the

Hyal1, Hyal2, and Hyal5 viruses (data not shown). Cells

infected with the PH20-carrying virus demonstrated a

significant (p < 0.0009) and pronounced inhibition of

OPC maturation as assessed by quantification of MBPþ

cells, compared to cultures infected with a virus carrying

only the EGFP cDNA (38% of control). Infection with

the Hyal1-bearing virus had no significant effect on OL

maturation, and cells infected with viruses carrying Hyal2
and Hyal5 only weakly inhibited OL maturation

(approximately 80% and 73% of control, respectively;

p < 0.02).

HA Digestion Products Generated by PH20 Are
Sufficient to Inhibit Remyelination In Vivo
Taken together, our data support the hypothesis that spe-

cific HA digestion products generated by PH20 but not

other hyaluronidases or chondroitinase potently inhibit

OPC maturation. To determine whether PH20 generates

distinct HA degradation products, we analyzed HMW

HA that had been treated with either PH20 (BTH) or

StrepH using the quantitative and sensitive SEC-MALLS

technique to characterize the HA products in these 2

digests (Fig 3A). The weight-average sizes of the PH20

(63.9 6 0.5kDa) and StrepH (2.4 6 0.4kDa) digests

were very different. More importantly, the 2 distributions

of HA product sizes in the 2 digests were essentially not

overlapping. Only about 2% of the products in both

digests were in the same size range (eg, 98% of the

PH20 products ranged from 5.5 to 227kDa, and 98% of

the StrepH products were <4.4kDa).

We next determined whether the HA digestion

products generated by PH20 activity were capable of

blocking remyelination. We induced focal demyelination

in the corpus callosum of mice using lysolecithin as pre-

viously described.12 After 5 days, a second injection of ei-

ther vehicle, HMW HA that had been incubated with

vehicle, PH20-degraded HMW HA, or StrepH-degraded

HMW HA was delivered into the original lesion site.

Brains from these animals were analyzed 8 days after the

initial lysolecithin injection (n � 6 per group). OPC

maturation was assessed by analysis of MBP immunore-

activity in sections through lesions as previously

described.12 As expected, elevated MBP immunoreactiv-

ity at the sites of lesions was observed in animals injected

with vehicle (Fig 3B). Consistent with our previous find-

ings,12 MBP expression was reduced in lesions injected

with HMW HA (Fig 3C shows typical example). MBP

expression was also reduced in lesions injected with

PH20-digested HA, but was comparable to vehicle-

injected controls in animals treated with StrepH-digested

HA.

To further characterize and quantify the effects of

PH20-digested HA on OPC maturation, we analyzed the

proportion of cells within lesions (zone 1), at lesion bor-

ders (zone 2), and in adjacent unaffected white matter

(zone 3) that express PDGFR-a and CC1 (a marker of

mature OL cell bodies) in lysolecithin-induced demyeli-

nated lesions (Supplementary Fig 3) after 8 days as

above. We observed a significant increase in PDGFR-aþ

and CC1þ cells within lesions compared to unaffected

white matter (see Fig 3F, G), consistent with the idea

that OPCs are recruited to demyelinating lesions and

mature into OLs that remyelinate spared axons. Interest-

ingly, we did not observe increased numbers of PDGFR-

aþ cells at lesion borders, but there was a significant

increase in the numbers of CC1þ cells at borders. The

lesion borders are similar to so-called shadow plaques

where partial remyelination occurs. It is possible, there-

fore, that the increased numbers of OLs at the borders of

lesions are the result of increased OPC maturation due

to a lack of inhibitory signals in this location. Adding

PH20-induced HA digestion products to lesions resulted

in a significant increase in PDGFR-aþ cells and a

Preston et al: PH20 Inhibits Remyelination

February 2013 271



significant decrease in CC1þ cells (see Fig 3F, G), indi-

cating that OPCs were still recruited to lesions but failed

to mature into OLs. Specific HA digestion products pro-

duced by PH20 are therefore capable of blocking OL

maturation in demyelinated lesions in vivo.

OPCs Express Hyaluronidases and Degrade HA
A previous study using only immunohistochemistry with

single antibodies reported that OPCs in vitro express

multiple hyaluronidases, including PH20.20 Other

reports, however, had indicated that PH20 was localized

to testes but not other tissues.29–32 To confirm that

PH20 is expressed by OPCs, we isolated total RNA from

mouse testes (as a positive control for testicular hyaluro-

nidases), from OPCs grown in vitro, and from adult

mouse corpus callosum, then performed RT-PCR using

primers specific for the hyaluronidases with known hya-

luronidase activity in mouse testes (Hyal1 Hyal2, Hyal5,

and PH20). We found that Hyal1, Hyal2, and PH20

but not the testes-specific Hyal5 were expressed by OPCs

and in white matter using both RT-PCR (Fig 4) and

qRT-PCR (data not shown). Hyal1, Hyal2, and PH20

FIGURE 2: Elevated expression of PH20, the soluble hyaluronidase in PH20, blocks oligodendrocyte (OL) maturation in vitro.
Oligodendrocyte progenitor cells were infected with lentiviruses carrying enhanced green fluorescence protein (EGFP) only
(control; A, C) or viruses carrying EGFP plus Hyal1, Hyal2, Hyal5 (not shown), or PH20 (B, D). Cells were grown for 96 hours
and stained for EGFP (green) and either hyaluronan-binding protein (HABP; A, B; red) or myelin basic protein (MBP; C, D; red).
(E) Quantification of MBP expression by EGFP1 cells relative to cultures infected with the virus carrying EGFP alone. PH20
overexpression resulted in reduced HABP staining and inhibited OL maturation compared to cultures infected with only EGFP.
HYAL2 overexpression partially inhibited OL maturation (78.48% of control). HYAL5 overexpression also partially inhibited OL
maturation (70.08% of control). These experiments were performed 43 with each data point assayed in triplicate wells. *p <
0.02, **p < 0.0009. Scale bar 5 10lm. s.d. 5 standard deviation.
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FIGURE 3: PH20 digestion products of hyaluronan (HA) block remyelination. (A) HA samples were treated with bovine testicu-
lar hyaluronidase (BTH)/PH20 (solid line and black circles) or Streptomyces hyaluronidase (StrepH; dashed line and white
circles) and analyzed by size exclusion chromatography–multiangle laser light scattering to determine the amount (refractive
index, solid lines and dashed lines) and the molar masses based on light scattering (black circles and white circles) of HA prod-
ucts present. The weight-average masses of the BTH/PH20 and StrepH samples were 63.9 6 0.5kDa and 2.4 6 0.4kDa, respec-
tively. Overlap of the 2 digests was �2% (98% of the BTH/PH20 products ranged from 5.5 to 227kDa and 98% of the StrepH
products were <4.4kDa). (B) Vehicle alone, (C) high molecular weight (HMW) HA (100lg/ml), (D) BTH/PH20-degraded HA
(100lg/ml), or (D) StrepH-degraded HA (100lg/ml) was stereotactically coinjected with lysolecithin into the corpus callosum.
Each HA preparation was reinjected without lysolecithin into demyelinated lesions 5 days later. Remyelination was determined
by immunolabeling for myelin basic protein (MBP) 8 days after lysolecithin injection. Arrows in B and E indicate the typical pat-
tern of enhanced MBP immunoreactivity (white) in areas of apparent remyelination. Note that because of the broad dynamic
range of the signal, areas of remyelination appear overexposed. Insets show digitally enlarged images of lesions with reduced
brightness and contrast, demonstrating the morphology within lesions. Arrows in C and D indicate regions of persistent lyso-
lecithin-induced demyelination. This experiment was performed 33. Scale bar 5 250lm. (F) Quantification of the density of
platelet-derived growth factor receptor a (PDGFR-a)1 cells within lesions (zone 1), at lesion borders (zone 2), and in adjacent
unaffected white matter (zone 3). Note that there is an increase in PDGFR-a1 cells within lesions that is enhanced by PH20-
digested HA. *p < 0.002. (G) Quantification of CC11 cells in the different zones of demyelinated lesions. Note that CC11 cells
increase in number both within lesions and at lesion borders. PH20-digested HA significantly inhibits the maturation of these
mature OLs within the lesion. *p < 0.001. s.d. 5 standard deviation.



transcripts were also amplified from RNA isolated from

whole brain, cortex, and spinal cord (data not shown).

To verify that the transcripts we had amplified by RT-

PCR were indeed PH20, 3 distinct sets of primers (see

Supplementary Table 2) were used to amplify separate

regions of PH20 mRNA isolated from adult mouse brain

and were sequenced, confirming that OPCs express bona

fide PH20 RNA (data not shown).

Given that PH20 transcripts are expressed by OPCs

and in the corpus callosum, and that elevated PH20

expression is sufficient to inhibit OPC maturation, we

examined PH20 expression in OL lineage cells at differ-

ent stages of differentiation. PH20 protein expression

was assayed in proliferating OPCs and maturing OLs by

immunocytochemistry using 2 separate PH20 antibodies

(generous gifts of P. DeLeon and J. Overstreet) in combi-

nation with the OL lineage-specific markers PDGFR-a,

O4, or MBP. PH20 immunostaining localized both to

the cell body and processes of immature PDGFR-aþ

OPCs (Fig 5A–D). In contrast, PH20 was highly

enriched in the cell body and in the tips of processes in

O4þ pre-OLs (see Fig 5E–H). PH20 expression was

reduced in mature MBPþ OLs, where it became re-

stricted to the cell body (see Fig 5I–L). Altogether, these

data indicate that the distribution of PH20 is maturation

dependent and becomes reduced in processes and re-

stricted to the cell body as OPCs mature into OLs.

Because PH20 is a glycosyl-phosphatidylinositol–

anchored hyaluronidase that can function at neutral pH,

we reasoned that its expression by OPCs would lead to

the digestion of extracellular HA. We therefore deter-

mined whether OPCs are capable of degrading HA.

OPCs were plated onto coverslips uniformly coated with

HMW HA (approximately 1.59MDa), differentiation

FIGURE 4: Oligodendrocyte progenitor cells (OPCs) express multiple hyaluronidases. Total mRNA was isolated from mouse
testes (as a positive control), OPCs, and adult mouse corpus callosum, reverse transcribed, and subjected to real time polymer-
ase chain reaction. OPCs express Hyal1, Hyal2, and PH20 but not the testes-specific Hyal5. The same patterns of hyaluronidase
expression were found in the corpus callosum.

FIGURE 5: PH20 expression is differentially localized on proliferating oligodendrocyte progenitor cells (OPCs) compared to
mature oligodendrocytes (OLs) in vitro. PH20 expression was confirmed by immunocytochemistry in OPCs (A–D), preoligoden-
drocytes (E–H), and maturing OLs (I–L). In OPCs, PH20 expression (B; green) was seen in cell bodies and processes of platelet-
derived growth factor a (PDGFRa)1 OPCs (A; red). (D) Inset shows lack of staining in OPCs incubated with preimmune serum.
(F) Distribution of PH20 (red) in an O41 (E; green) cell. (H) PH20 expression is observed in the tips of O41 processes (arrows).
PH20 expression became confined to the cell body (J; green) of myelin basic protein (MBP)1 OLs (I; red). 40,6-Diamidino-2-phe-
nylindole (DAPI; blue) was used to identify cell nuclei. Merged images are shown in D, H, and L.

ANNALS of Neurology

274 Volume 73, No. 2



was promoted in the presence of T3 and NAC for 24 or

72 hours, then cells were fixed and labeled with an anti-

O4 antibody and a biotinylated HABP. We observed a

loss of HABP staining around the cell bodies and proc-

esses of O4þ cells at 24 hours in vitro (Fig 6A–C). After

72 hours of OPC differentiation, O4 staining demon-

strated membrane sheets of maturing OLs that were asso-

ciated with a pronounced loss of HABP staining (see Fig

6D–F). Collectively, these data indicate that OL lineage

cells express PH20 and are capable of digesting extracel-

lular HMW HA.

PH20 Expression Is Elevated in Demyelinating
Lesions
Because we found that HMW HA accumulates in

chronic demyelinated lesions,12 that PH20 expressed by

OPCs can degrade HMW HA, and that PH20 break-

down products can inhibit OPC maturation and remyeli-

nation, we hypothesized that PH20 expression may be

upregulated in demyelinated lesions. In mice with EAE,

we observed that PH20 was not detectable in unaffected

adult white matter but was elevated in active, acute

demyelinated spinal cord lesions (eg, circled areas in Fig

7A–D), where it was expressed by both reactive astrocytes

and occasionally by OPCs (data not shown).

In chronically demyelinated plaques of MS patients

(n ¼ 5; see Supplementary Table 1), PH20 immunoreac-

tivity was enriched at the borders of lesions, with only

small numbers of immunoreactive cells in the center of

lesions (see Fig 7E, arrows; Supplementary Fig 4).

Numerous cells expressed PH20 at the lesion borders.

Double-labeling immunohistochemistry revealed that the

majority of these PH20þ cells originated from GFAPþ-

reactive astrocytes (see Fig 7G; arrows) as well as a sub-

population of O4þ preoligodendrocytes (see Fig 7H;

arrows). HA staining was reduced in PH20-high areas in

MS lesions, consistent with the finding that PH20þ

OPCs can degrade extracellular HA (Supplementary Fig

5). These data indicate that PH20 expression and activity

are elevated in rodent and human demyelinating lesions.

Pharmacological Inhibition of Hyaluronidase
Activity Promotes OL Maturation and Functional
Remyelination
Given that OPCs express multiple hyaluronidases and

that degradation products of PH20 inhibit OPC matura-

tion, we reasoned that blocking the activity of hyaluroni-

dases, and therefore the generation of inhibitory HA

breakdown products, would promote OL maturation.

We chose to inhibit hyaluronidase activity in OPC cul-

tures with the hyaluronidase inhibitor VCPAL for 72 to

96 hours. Consistent with previous studies, we found

that VCPAL inhibited BTH/PH20 activity, with an IC50

of 25 to 35lM (Supplementary Fig 6). We examined

VCPAL-treated and control (vehicle) cultures for changes

in the expression of the OL lineage markers PDGFR-a
to label OPCs and MBP to label mature OLs. VCPAL

treatment prevented HA degradation as assayed by

HABP labeling (data not shown) and significantly

increased the proportion of cells that became mature

OLs, assayed as the total percentage of cells expressing

MBP as compared to cultures treated with vehicle alone

(Fig 8A–C).

FIGURE 6: Oligodendrocyte progenitor cells (OPCs) and later oligodendrocyte (OL) stage cells degrade hyaluronan (HA).
OPCs grown in the presence of triiodothyronine and N-acetyl-L-cysteine were plated onto coverslips coated with high molecu-
lar weight HA, allowed to mature for 24 (A–C) or 72 (D–F) hours, and stained with O4 (green), hyaluronan-binding protein
(HABP; red), and 40,6-diamidino-2-phenylindole (blue). Pronounced degradation of HA, as assayed by loss of HABP staining,
was seen around cell bodies and the extensive O41 processes (A–C) at 24 hours. By 72 hours, substantial degradation of HA
was also observed (D–F) in areas corresponding to the presence of O41 membranes that resemble myelin sheets. Note that
HA was preserved around many OPC and mature OL cell bodies.

Preston et al: PH20 Inhibits Remyelination

February 2013 275



To assess whether inhibition of hyaluronidase activ-

ity is sufficient to promote OPC maturation in vivo, we

coinjected VCPAL with HMW HA into lysolecithin-

induced corpus callosum lesions. In animals with lysolec-

ithin-induced lesions, VCPAL resulted in elevated MBP

immunoreactivity (see Fig 8D, E; arrows) similar to that

seen in animals injected with vehicle alone (eg, Fig 3B).

When we quantified OPCs and mature OLs within

lesions, at lesion borders, and in adjacent unaffected

white matter as described above, we found that there was

a trend toward increased numbers of CC1þ cells and

decreased numbers of PDGFR-aþ cells within lesions

treated with HMW HA and VCPAL compared to con-

trols injected with vehicle and HMW HA (see Fig 8F, G,

zone 1). At lesion borders, VCPAL-treated animals dem-

onstrated a significant increase in PDGFR-aþ and CC1þ

cells, indicating that VCPAL enhanced recruitment and

maturation of OPCs, especially at lesion borders.

We next tested whether VCPAL could promote the

functional remyelination of lysolecithin-induced lesions.

Mice were treated as above with VCPAL or vehicle (n ¼
3/group/experiment), and slices of corpus callosum that

included the injection site were analyzed using CAP

recordings. Representative recordings of slices are shown

in Figure 9A to C. There was a lack of fast latency peaks

(representing myelinated axons) in animals injected with

HA and vehicle, but increased high-latency peaks in ani-

mals that received VCPAL, similar to those observed in

the control hemisphere. Following the recording, the

400lm slices were fixed and immunolabeled as whole

mounts for MBP. Immunolabeling verified increased

MBP immunoreactivity in animals treated with VCPAL

as compared to animals injected with vehicle (see Fig

9D, E). Quantification of high:low latency peak ratios

(see Fig 9F) confirmed that VCPAL increased conduction

velocities in the corpus callosum of mice treated with ly-

solecithin and HMW HA, whereas treatment with vehi-

cle had no affect on conduction velocities.

Altogether, these findings support the hypothesis

that the hyaluronidase activity of OPCs and other cells

in demyelinating lesions contributes to the impairment

of OL maturation and thus to the remyelination failure

seen in chronically demyelinated lesions and MS plaques.

These data further suggest that inhibiting hyaluronidase

activity, and particularly PH20 activity, may be an effica-

cious strategy to promote remyelination.

Discussion

We have demonstrated for the first time that the PH20

hyaluronidase is elevated in astrocytes and OPCs in

demyelinating lesions from MS patients and rodents

with EAE; that elevated expression of PH20 by OPCs

is sufficient to inhibit OPC maturation; that HA diges-

tion products generated by PH20 are sufficient to in-

hibit OPC maturation and remyelination; and that in-

hibiting hyaluronidase activity promotes OPC

maturation and remyelination in vivo. Although an ear-

lier study reported that a wide range of HA molecules

with different molecular weights are present in demye-

linating MS lesions,20 our findings support the hypoth-

esis that the molecules that inhibit OPC maturation

and remyelination are a specific set of digestion prod-

ucts generated by PH20.

Previous studies from our group and others

reported that HMW HA accumulates in demyelinating

FIGURE 7: PH20 expression in demyelinated lesions. (A–D) Sections of lumbar spinal cord from mice with experimental auto-
immune encephalomyelitis, 21 days postinoculation with myelin oligodendrocyte glycoprotein. PH20 immunoreactivity (green;
B, D) was elevated in areas where there was demyelination (indicated by white circles), identified by loss of FluoroMyelin (red)
staining (A, D) and increased 40,6-diamidino-2-phenylindole (DAPI) labeling (C, D). Merged image is shown in D. (E–H) PH20 is
also expressed by glial cells at the borders of chronic, cortical multiple sclerosis (MS) lesions. (E) PH20 immunoreactivity was
enriched at the borders of lesions (arrows). (F) Numerous cells expressed PH20 in the lesion borders (myelin basic protein
[MBP], red; PH20, green). (G) Double-labeling of an MS patient’s lesion with antibodies against PH20 (red) and glial fibrillary
acidic protein (GFAP; green). (H) Double-labeling of MS lesions with PH20 (green) and O4 (red). Original magnification, 35 (A–
E), 340, (F–H). Sections were counterstained with DAPI (blue) to label cell nuclei.
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FIGURE 8: Inhibiting endogenous hyaluronidase activity promotes oligodendrocyte (OL) maturation in vitro and remyelination
in vivo. Oligodendrocyte progenitor cells (OPCs) were grown in (A) OL differentiation medium alone or (B) with 25lM 6-O-pal-
mitoyl-L-ascorbic acid (VCPAL) for 72 to 96 hours and stained with myelin basic protein (MBP), platelet-derived growth factor
receptor a (PDGFR-a), and 40,6-diamidino-2-phenylindole. (C) Total MBP1 and PDGFR-a1 cells are quantified. Consistent with
the hypothesis that hyaluronidases expressed by OPCs generate hyaluronan (HA) digestion products that inhibit OL matura-
tion, blocking HYAL activity with VCPAL increased the total percentage of MBP1 cells compared to controls (69% vs 54% p 5

0.005) while decreasing the total percentage of PDGFR-a1 cells (19% vs 30% in control, p 5 0.02). (D, E) MBP immunoreactiv-
ity (white) of lysolecithin lesions treated with (D) high molecular weight (HMW) HA and vehicle or (E) HMW HA with 25lM
VCPAL. Arrowheads indicate the borders of the demyelinated lesion in D and the area of remyelination in E; arrows indicate
tissue areas with autofluorescence. Scale bar 5 250lm. (F) Quantification of PDGFR-a1 cells within lesions (zone 1), at lesion
borders (zone 2), and in adjacent unaffected white matter (zone 3). Note that there was a trend within lesions for a reduction
in the number of PDGFR-a1 cells. Within the lesion border, there was a significant increase in OL progenitors. (G) Quantifica-
tion of CC11 cells within the different lesion zones. The apparent recruitment of OL progenitors in the lesion border (F) was
accompanied by an increased density of CC11 mature OLs in the lesion border in G (and a similar trend within lesions). **p <
0.001. s.d. 5 standard deviation.
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lesions and that adding HMW HA to demyelinated

lesions prevents OPC maturation and remyelination.12,20

HA and HA receptors, including CD44 and TLR2, are

elevated coincident with astrogliosis following a variety of

CNS insults including demyelinating lesions in MS

patients and mice with EAE,12,20 traumatic spinal cord

injuries,13 and ischemia.33 HA is also elevated in the

brains of aged rodents34 and nonhuman primates,16 and

in patients with Alzheimer disease and age-related vascu-

lar brain injury.15,35,36 Myelination disturbances occur in

each of these conditions. Our data support a model for

remyelination failure whereby HMW HA is synthesized

by reactive astrocytes and other cells within CNS lesions,

the HA is degraded into specific HA digestion products

by PH20 expressed by glial cells in the lesion microenvir-

onment as well as OPCs recruited to lesions, and these

HA digestion products in turn inhibit OPC maturation.

The HMW HA added to demyelinating lesions in previ-

ous studies was therefore likely digested by PH20

expressed within lesions, and these digestion products

and not HMW HA itself blocked remyelination. Thus,

inhibiting hyaluronidase activity and blocking signaling

by hyaluronidase-generated HA digestion products are

potentially efficacious strategies for promoting remyelina-

tion in numerous conditions.

Our finding that PH20 expression in OPCs is

localized to the tips of cell processes and then is re-

stricted to the cell body in more differentiated OLs sug-

gests that PH20 may play a role in regulating OPC–

axon interactions during myelination. Thus, although

PH20 digestion products inhibit OPC maturation and

remyelination, and blocking PH20 activity promotes

OPC maturation in vitro, the enhanced remyelination

we observed following treatment with a hyaluronidase in-

hibitor could be the result of altering the regulated inter-

actions between OPC processes and axons. Additional

studies will be required to test this hypothesis.

HA digestion products may influence OPC matura-

tion through a number of mechanisms. A study in Xeno-

pus tadpoles demonstrated that glycogen synthase kinase-

3b (GSK3b), a serine/threonine protein kinase that is

part of the Wnt signaling cascade, is activated by HA sig-

naling.37 The Wnt signaling cascade and GSK3b in par-

ticular have been implicated in regulating OPC matura-

tion.38–41 Inhibition of GSK3b stimulates remyelination

in adult mice.40 It is possible therefore that HA digestion

products inhibit OPC maturation at least in part through

the activation of GSK3b. HA digestion products may

also signal through TLR2 or TLR4,42–46 both of which

can also influence GSK3b activation.47,48 Toll-like

FIGURE 9: Compound action potential recordings of lysolecithin-induced demyelinating lesions treated with 6-O-palmitoyl-L-
ascorbic acid (VCPAL) or vehicle. (A–C) Raw traces of recordings of slices from (A) a lesion treated with vehicle and HA; (B) a
lesion treated with hyaluronan (HA) and 25lM VCPAL; and (C) the uninjected contralateral hemisphere of the animal in A. Fol-
lowing recording, slices were fixed in paraformaldehyde, then stained as whole mounts with an anti–myelin basic protein anti-
body (white). (D) A slice from an animal injected with HA and vehicle. (E) A slice from an animal injected with HA and VCPAL.
(F) Quantification of the ratios of averaged recordings of fast and slow latencies. Note that slices treated with VCPAL demon-
strated significant recovery of fast latency transduction. s.d. 5 standard deviation.
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receptors are expressed by OPCs, and 1 study has sug-

gested that HA-mediated inhibition of OPC maturation

is dependent on TLR2.20 The contributions of other HA

receptors, including CD44 and the receptor for hyalur-

onan-mediated motility, in regulating OPC maturation

have yet to be elucidated.

HA digestion products likely act in concert with

other signals in demyelinated lesions to prevent remyeli-

nation. Like HA accumulation, many of these signals

appear to be linked to reactive astrogliosis. Reactive

astrocytes in spinal cord injuries increase their expression

of bone morphogenetic proteins that inhibit OPC differ-

entiation with concurrent promotion of astrocyte differ-

entiation.49 It is possible that HA, which is synthesized

predominantly by reactive astrocytes, acts on OPCs fol-

lowing its digestion by PH20 in concert with these and

other inhibitory mechanisms including the Nogo recep-

tor–interacting protein LINGO-1 to prevent

remyelination.50

Although we have demonstrated that inhibiting hy-

aluronidase activity is sufficient to promote remyelination

in lesions where HA accumulates, such broad-acting

inhibitors are not likely to be useful as therapeutic

agents. Hyal1 and Hyal2, for example, are widely distrib-

uted in many different tissues.51 Hyal1-null mice develop

osteoarthritis,52 and humans with HYAL1 mutations de-

velop a lysosomal storage disorder, mucopolysaccharidosis

IX.53 Hyal2-null mice develop skeletal and hematological

abnormalities.54 In contrast, although PH20 mRNA has

been detected at high levels in testis and in low abun-

dance in a limited number of other tissues, PH20-null
mice do not display any significant pathological pheno-

types.55 Our finding that PH20 is specifically upregu-

lated in demyelinating lesions and is sufficient to block

OPC maturation suggests that agents that target PH20

and not other hyaluronidases may be both safe and effi-

cacious as long-term therapies for the promotion of

remyelination.
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