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100	  years	  of	  Krabbe	  disease	  
	  

In	  1916,	  Danish	  neurologist	  Knud	  H.	  Krabbe	  reported	  a	  case	  in	  which	  a	  50-‐day-‐old	  

patient	   exhibited	   a	   variety	   of	   symptoms,	   including	   frequent	   crying	   and	   gasping,	  

muscle	   spasms,	  weight	   loss,	   optic	   atrophy,	   and,	   eventually,	   death	   at	   13	  months	  of	  

age.	  The	  patient	  was	  diagnosed	  as	  “sclerosis	  cerebri	  diffuse”1.	  During	  the	  autopsy,	  K.	  

Krabbe	   found	   an	  unusual	  manifestation	   in	   the	  brain	   sections.	  He	  wrote:	   the	  white	  

substance	  is	  replaced	  by	  abnormal	  neuroglia,	  gigantic	  polynuclear	  glia-‐cells	  with	  big	  

fibers	  and	  degenerated	  nuclei1.	  The	  polynuclear	  cells	  were	  later	  named	  globoid	  cells	  

and	  the	  disease	  was	  named	  Krabbe	  disease,	  or	  globoid	  cell	  leukodystrophy	  (GLD).	  In	  

1970,	  half	  of	  a	  century	  after	  the	   first	  diagnosis	  of	  Krabbe	  disease,	  K.	  Suzuki	  and	  Y.	  

Suzuki	  made	  their	  breakthrough	  discovery	  of	  a	  galactocerebroside	  β-‐galactosidase,	  

also	   called	   galactosylceramidase	   or	   galactocerebrosidase	   (GALC),	   deficiency	   in	  

Krabbe	   disease	   patient’s	   specimens	   of	   grey	   matter,	   white	   matter,	   liver,	   spleen,	  

serum,	   leukocytes,	   and	   cultured	   fibroblasts2,3.	   In	   the	   following	   10	   years,	   many	  

experiments	   focused	   on	   identifying	   the	   natural	   substrates	   hydrolyzed	   by	   GALC,	  

including	  galactosylceramide	  (GalCer),	  lactosylceramide,	  monogalatosyl	  diglyceride,	  

and	  galactosylsphingosine	   (psychosine)	   2,4-‐6.	   It	  was	  during	   this	   time	   that	  K.	  Suzuki	  

developed	  the	  psychosine	  hypothesis,	  which	  suggested	  that	  psychosine,	  unlike	  other	  

GALC	   substrates,	   accumulated	   in	   toxic	   levels	   in	   brain	   tissues	   as	   a	   result	   of	   GALC	  

deficiency7,8.	  In	  1980,	  the	  first	  murine	  model	  of	  Krabbe	  Disease,	  the	  twitcher	  mouse,	  

was	   identified	  at	   the	   Jackson	  Laboratory,	  offering	  a	  great	  tool	   for	   investigating	  the	  

molecular	   and	   cellular	  mechanism	  underlying	   the	   disease9,	   but	   it	  wasn’t	   until	   the	  
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early	   1990s	   that	   two	   other	  milestones	  were	   established	   in	   the	   history	   of	   Krabbe	  

disease:	   the	  GALC	  protein	  was	   isolated	  and	  purified	  by	  David	  Wenger’s	  group	  and	  

the	  full-‐length	  cDNA	  of	  GALC	  was	  cloned	  and	  characterized	  by	  David	  Wenger’s	  and	  

Shintaro	  Okada’s	  groups10-‐12.	  Since	  then,	  researchers	  have	  made	  significant	  progress	  

in	  understanding	  Krabbe	  disease	  symptoms,	  causes,	  pathophysiology,	  epidemiology	  

and	   treatments.	  Over	   the	   years,	   the	  psychosine	  hypothesis	  has	   survived	   and	  been	  

refined,	   but	   additional	  molecular	   and	   cellular	  mechanisms	  have	  been	  proposed	   to	  

explain	   Krabbe	   disease	   pathologies.	   However,	   our	   knowledge	   of	   the	   mechanisms	  

and	   treatments	   for	  Krabbe	  disease	   is	   still	   limited,	   yet	   significantly	  more	  advanced	  

than	  in	  the	  20th	  century.	  	  

	  

	  

Krabbe	  disease	  epidemiology,	  symptoms,	  and	  pathology	  
	  

Krabbe	  disease	  is	  rare,	  occurring	  in	  1	  of	  100,000	  infants	  in	  the	  United	  States,	  0.74	  of	  

100,000	   infants	   in	   Australia,	   1.35	   of	   100,000	   infants	   in	   Netherlands13-‐15,	   but	   it	  

occurs	  in	  high	  incidence	  in	  some	  communities.	  	  For	  example,	  6	  in	  1000	  infants	  in	  a	  

highly	   insular	   community	   in	   a	   large	   Druze	   kindred	   in	   Israel	   are	   born	   with	   the	  

disease16.	   Approximately	   95%	   of	   the	   patients	   have	   the	   infantile-‐onset	   form	   of	  

Krabbe	   disease	   in	   which	   patients	   exhibit	   signs	   and	   symptoms	   in	   the	   first	   few	  

months	   of	   life	   and	   die	   around	  2	   years	   of	   age17,18.	   The	   clinical	   signs	   of	   early-‐onset	  

Krabbe	   disease	   are	   roughly	   divided	   into	   three	   states18,19.	   The	   first	   stage	   begins	  

around	  3	  to	  6	  months	  of	  age	  and	  is	  characterized	  by	  frequent	  crying,	  fever	  without	  
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apparent	  cause,	  muscle	  spasms,	  extreme	  irritability,	  regression	  of	  psychological	  and	  

physiological	  development,	  and	  vomiting	  with	  feeding	  difficulties.	  Seizures	  may	  also	  

occur	  at	  this	  stage18,19.	   In	  the	  second	  stage,	  patients	  rapidly	  develop	  optic	  atrophy,	  

as	  well	  as	  progression	  of	  motor	  and	  mental	  deterioration18,19.	  During	  the	  final	  stage,	  

patients	   are	   blind	   and	   their	   cognitive	  development	   severely	   deteriorates	   until	   the	  

patient’s	  death18-‐20.	  The	  other	  5%	  of	  the	  patients	  express	  the	  juvenile	  or	  adult	  onset	  

form17,19,21.	   Patients	   with	   late-‐onset	   Krabbe	   disease	   exhibit	   a	   diversity	   of	  

phenotypes,	   and	   clinical	   examination	  must	   be	   carefully	   performed	   to	   detect	   these	  

cases19,21.	  Patients	  general	  experience	  a	   slow	  progression	  of	   the	  disease	  and	  show	  

some,	  but	  not	  all	  of	  the	  early-‐onset	  symptoms17,19,21.	  Histopathology	  of	  brain	  tissue	  

from	   human	   patients	   reveals	   severe	   demyelination,	   loss	   of	   oligodendrocytes	   via	  

apoptosis,	  macrophage	  and	  microglia	  recruitment,	  and	  astrocyte	  activation	  in	  both	  

the	   CNS	   and	   PNS,	   with	   the	   phenotype	   being	   particularly	   apparent	   in	   the	  

cerebellum17,19,22.	  In	  addition,	  brain	  specimens	  of	  Krabbe	  disease	  often	  show	  multi-‐

nuclear	   globoid	   cells	   that	   are	   periodic	   acid-‐Schiff	   (PAS)-‐positive	   and	   often	   cluster	  

around	  blood	  vessels	  17,19,23,24.	  	  

	  

	  

Krabbe	  disease	  genetic	  cause	  and	  GALC	  essential	  properties	  
	  

Krabbe	  disease	  is	  caused	  by	  the	   lack	  of	  GALC	  enzymatic	  activity.	  GALC	  is	  a	  soluble	  

lysosomal	  hydrolase	  that	  removes	  the	  galactosyl	  moiety	  from	  substrates.	  	  It	  has	  the	  

highest	   enzymatic	   aciivity	   at	   pH	   4.5~5.0,	   consistent	   with	   the	   acidic	   lysosomal	  
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environment25.	   GALC	   is	   encoded	   by	   the	   GALC	   gene,	   which	   is	   highly	   conserved	  

among	   humans,	   rhesus	   monkeys,	   dogs,	   and	   mice,	   26,27.	   The	   human	   GALC	   gene	   is	  

located	   at	   14q31	   and	   contains	   17	   exons,	   spanning	   nearly	   60kb	   genomic	  DNA28,29.	  

The	   GALC	   protein	   has	   a	  molecular	  mass	   of	   about	   73	   kD	   and	   contains	   669	   amino	  

acids10,12.	  Once	  translated,	  GALC	  trafficks	  through	  the	  ER	  and	  Golgi	  complex	  before	  

being	  processed	   into	   a	  ~30	  kD	  and	   a	  ~50	  kD	   fragment	  within	   lysosomes30.	   	   Both	  

fragments	   are	   required	   for	   GALC	   enzymatic	   activities30.	   GALC	   is	   also	   a	   secretory	  

protein	  which	   is	   taken	  up	  via	  an	  endocytosis	  process	  mediated	  by	  the	  mannose	  6-‐

phosphate	  receptors	  (MPRs)30.	  The	  crystal	  structure	  of	  murine	  GALC	  protein,	  which	  

has	   83%	   identity	   with	   human	   GALC,	   was	   reported	   and	   further	   characterized	   in	  

different	  mutant	  forms	  by	  Randy	  J.	  Read’s	  and	  Janet	  E.	  Deane’s	  groups	  in	  2011	  and	  

2013,	  respectively25,31.	  These	  results	  indicate	  that	  the	  first	  24	  amino	  acids	  of	  the	  N-‐

terminus	   of	   GALC,	   which	   encodes	   the	   ER	   targeting	   signal,	   are	   cleaved	   during	  

secretion.	  The	  mature	  GALC	  without	  the	  first	  24	  amino	  acids	  consists	  of	  three	  parts:	  

A	   β-‐sandwich	   domain	   (residues	   25-‐40,	   338-‐452),	   a	   central	   triosephosphate	  

isomerase	  (TIM)	  barrel	  (residuals	  41-‐337),	  and	  a	  lectin	  domain	  (residuals	  472-‐668).	  

All	   three	   domains	   contribute	   to	   form	   the	   substrate-‐binding	   pocket.	   The	   crystal	  

structure	   also	   suggests	   that	   the	   very	   large	   buried	   surface	   area	   between	   the	   two	  

GALC	  fragments	  makes	  them	  tightly	  associated	  and	  function	  as	  a	  whole.	  	  
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Fig	  1.1	  GALC	  structures	  
	  

Deane	  et	  al.,	  2011,	  PNAS	  

	  

So	   far,	   138	  mutations	   of	   GALC	   have	   been	   reported	   in	   the	   Human	   Gene	  Mutation	  

Database	   (HGMD),	   including	   nonsense	   mutations,	   missense	   mutations,	   deletions,	  

and	   insertions.	  Mutations	   in	   the	  GALC	  gene	  often	  cause	   reduced	  GALC	  expression,	  

decreased	   enzymatic	   activity,	   misfolding,	   and	   mistrafficking.	   For	   example,	   two	  

common	  mutations,	  T513M	  (alternative	  numbering	  T529M)	  and	  Y551S	  (alternative	  

numbering	  Y567S),	  trap	  GALC	  in	  the	  ER,	  preventing	  the	  enzyme	  from	  reaching	  the	  

lysosome	   and,	   therefore,	   reducing	   its	   enzymatic	   activity32,33.	   GALC’s	   metabolic	  

function	  also	  requires	  a	  co-‐enzyme,	  saposin	  A34-‐36.	  Saposin	  A	  belongs	  to	  a	  family	  of	  

The	   structure	   of	   GALC	   is	   shown	   in	   two	  
orthogonal	  views.	  The	  C-‐	  and	  N-‐	  terminals	  
are	  marked	  by	  labeled	  circles	  in	  green	  and	  
red,	  respectively.	  	  The	  first	  24	  amino	  acids	  
of	  the	  N-‐terminus	  of	  GALC,	  which	  encodes	  
the	  targeting	  signal	   to	   the	  ER,	  are	  cleaved	  
during	   secretion.	   The	   mature	   GALC	  
without	  the	  first	  24	  amino	  acids	  consists	  of	  
three	   parts:	   A	   β-‐sandwich	   domain	  
(residues	  25-‐40,	  338-‐452)	  shown	  in	  red,	  a	  
central	   triosephosphate	   isomerase	   (TIM)	  
barrel	   (residuals	   41-‐337)	   shown	   in	   blue,	  
and	  a	  lectin	  domain	  (residuals	  472-‐668)	  in	  
green.	  
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sphingolipid	  activator	  proteins	  that	  are	  often	  required	  for	  lysosomal	  degradation	  of	  

hydrophobic	  sphingolipids	  with	  short	  carbohydrate	  chains37.	  Saponsin	  A	  mutations	  

have	   also	   been	   found	   in	   human	   patients	   with	   the	   infantile	   onset	   Krabbe	   disease	  

phenotype38.	   Saposin	   A	   knockout	   mice	   mimic	   the	   late-‐onset	   Krabbe	   disease	  

characteristics,	  indicating	  the	  importance	  of	  Saposin	  A	  in	  GALC	  activity38.	  	  

	  

Fig	  1.2	  GALC	  genetic	  mutations	  

D.	  Wenger	  et	  al.,	  2000,	  Molecular	  Genetics	  and	  Metabolism,	  review	  

	  

	  

The	  untranslated	  regions	  at	  both	  sides	  are	  shown	  in	  black.	  Once	  transported	  to	  
the	   lysosomes,	   GLAC	   is	   processed	   into	   two	   fragments	   that	   tightly	   bind	   to	   each	  
other	  and	  function	  as	  a	  whole.	   	  One	  of	  the	  two	  fragments,	  the	  ~50	  kDa	  piece,	   is	  
coded	  by	  the	  regions	  marked	  by	  the	  open	  boxes.	  The	  other	  fragments,	  the	  30	  kDa	  
piece,	  is	  coded	  by	  the	  regions	  marked	  by	  the	  cross-‐hatched	  boxes.	  Representative	  
mutations	  are	  labeled	  in	  the	  exons.	  Missense	  mutations	  are	  shown	  on	  the	  top	  and	  
deletions	  and	  insertions	  are	  shown	  at	  the	  bottom.	  The	  numbers	  of	  the	  mutations	  
indicate	   the	   locations	   in	   the	   cDNA	   sequence	   that	   counts	   from	   the	   A	   of	   the	  
initiation	  codon.	  	  
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Roles	  of	  GALC	  in	  the	  sphingolipid	  pathway	  and	  myelin	  formation	  	  
	  

GALC	  is	  ubiquitously	  expressed	  in	  all	  cells,	  but	  the	  main	  substrate	  of	  GALC,	  GalCer,	  is	  

the	  most	  abundant	  lipid	  component	  of	  myelin,	  making	  up	  for	  2%	  of	  the	  dry	  weight	  

of	   gray	  matter	   and	   12%	   of	   the	   dry	   weight	   of	   white	  matter17.	   In	   the	   sphingolipid	  

pathway,	  GalCer	  is	  the	  intermediate	  product	  between	  sulphatide	  (SO3H-‐GalCer)	  and	  

ceramide	  (Fig.	  1.3).	  Four	  different	  enzymes	  catalyze	  these	  bi-‐directional	  reactions39.	  

Mutations	  in	  one	  of	  these	  enzymes,	  arylsulfatase	  A	  (ASA),	  which	  catalyzes	  the	  SO3H-‐

GalCer	   to	   GalCer	   reaction,	   results	   in	   an	   accumulation	   of	   SO3H-‐GalCer,	   a	   toxin	   that	  

leads	   to	   a	   demyelinating	   disorder	   called	   metachromatic	   leukodystrophy40.	   In	  

contrast	   to	   metachromatic	   leukodystrophy,	   Krabbe	   disease	   does	   not	   include	   a	  

significant	   accumulation	   of	   GalCer7,41.	   The	   original	  work	   that	   addressed	   this	   issue	  

was	  publish	  in	  1975	  by	  Vanier	  MT,	  Svennerholm	  L,	  and	  was	  further	  characterized	  by	  

Jan-‐Eric	   Mansson’s	   group7,41.	   The	   latter	   study	   measured	   the	   quantitative	  

distribution	  of	  the	  neutral	  glycospingolipids	  in	  the	  cerebral	  white	  matter	  of	  Krabbe	  

disease	   patients	   and	   found	   that	  GalCer	  was	   actually	   reduced	   to	   about	   20%	  of	   the	  

control	   level	   in	   cerebral	   white	   matter.	   Because	   they	   also	   found	   the	   reduction	   of	  

other	   white	   matter	   lipids,	   including	   sulfatide,	   glucosylceramide,	   and	  

lactosylceramide	   ,	   they	   suggested	   that	   the	  decrease	   of	  GalCer	   likely	   resulted	   from	  

the	   death	   of	   oligodendrocytes	   and	   loss	   of	   myelin.	   In	   1985,	   Yoshigoro	   Ku’s	   group	  

provided	  a	  different	  explanation	  for	  the	  decrease	  in	  GalCer.	  	  They	  reported	  that	  GM1	  

ganglioside	  beta-‐galactosidase,	  another	  β-‐galactosidase	  that	  was	  genetically	  distinct	  

from	  GALC,	  was	   also	   capable	   of	   hydrolyzing	   GalCer42.	  Moreover,	   GM1	   ganglioside	  



	   22	  

beta-‐galactosidase	   had	   very	   low	   enzymatic	   affinity	   for	   psychosine,	  which	   explains	  

why	   psychosine	   accumulated	   whereas	   GalCer	   did	   not	   in	   GALC-‐deficient	   white	  

matter42.	   These	   two	   theories	   are	   not	   mutually	   exclusive	   and	   both	   are	   commonly	  

accepted	  today.	  	  

	  

Fig	  1.3	  Sphingolipid	  pathway	  and	  Krabbe	  disease	  

	  

	  	  

	  

In	   the	   sphingolipid	   pathway,	   GALC	   catalyzes	   GalCer,	   the	   most	   abundant	   lipid	  
component	  in	  myelin.	  Besides	  GALC,	  GM1	  ganglioside	  beta-‐galatosidase	  can	  also	  
catalyze	   GalCer.	   Unlike	   metachromatic	   leukodystrophy	   by	   which	   sulfatide	   is	  
accumulated	   due	   to	   the	   ASA	   deficiency,	   Krabbe	   disease	   doesn’t	   lead	   to	   GalCer	  
accumulation.	  Instead,	  psychosine,	  a	  toxin	  to	  the	  nervous	  system,	  is	  accumulated	  
about	   100-‐fold.	   Psychosine	   is	   a	   byproduct	   of	   myelin	   generation.	   The	   same	  
enzyme,	   CGT	   that	   catalyzes	   ceramide	   to	   GalCer,	   also	   catalyzes	   sphingosine	   to	  
psychosine.	   In	   Krabbe	   disease,	   ceramide	   is	   also	   reduced.	   But	   the	   level	   of	   the	  
reduction	   of	   ceramide	   is	   not	   as	   robust	   as	   the	   level	   of	   the	   accumulation	   of	  
psychosine.	   Ceramide	   is	   an	   intermediate	   product	   in	   the	   sphingolipid	   pathway	  
and	  can	  be	  generated	   from	  many	  molecules,	  e.g.	  sphingomyelin	  and	  GluCer,	  etc,	  
which	  explains	  why	  the	  ceramide	  level	  is	  less	  affected	  than	  the	  psychosine	  level	  
as	  a	  result	  of	  GALC	  deficiency.	  	  
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Krabbe	  disease	  pathogenesis	  and	  the	  psychosine	  hypothesis	  
	  

Psychosine	   accumulation,	   which	   is	   undetectable	   in	   control	   white	   matter	   and	  

increases	   to	   6-‐10	   nmol/g	   in	   affected	   patients,	   has	   been	   considered	   the	   primary	  

cause	  of	  Krabbe	  disease	  pathology17.	  Psychosine	   is	   theorized	   to	  be	  a	  byproduct	  of	  

myelin	   generation17,19.	   The	   same	   enzyme,	   that	   generates	   GalCer	   from	   ceramide,	  

ceramide	   galactosyltransferase	   (CGT),	   can	   concurrently	   generate	   psychosine	   from	  

sphingosine43.	   In	   1976,	   Kunihiko	   Suzuki’s	   group	   demonstrated	   the	   toxicity	   of	  

psychosine	   in	   vivo	   and	   hypothesized	   that	   among	   the	   four	   substrates	   of	   GALC,	  

psychosine	   was	   the	   cause	   of	   non-‐selective	   tissue	   damage8.	   These	   authors	  

administrated	  psychosine	  into	  rat	  brains	  in	  two	  ways,	  either	  by	  implanting	  a	  1	  mg	  

psychosine	   pellet	   or	   injecting	   0.1	   to	   0.2	  mg	   psychosine	   dissolved	   in	   physiological	  

saline.	  Fifteen	  days	  later,	  they	  found	  that	  both	  psychosine	  implantation	  and	  injection	  

resulted	   in	   severe	   tissue	   degeneration,	   diffuse	   cellular	   necrosis	   and	   hemorrhage.	  

When	  they	  administered	  the	  other	  three	  GALC	  substrates,	  GalCer,	  lactosylceramide,	  

and	   monogalatosyl	   diglyceride,	   they	   observed	   activation	   of	   globoid	   cells,	   a	   loose	  

aggregation	   of	   electron	   dense	   materials,	   and	   an	   appearance	   of	   lamellae,	  

respectively,	  but	  without	  the	  destructive	  effects	  observed	  with	  psychosine.	  There	  is	  

also	   a	   correlation	   between	   the	   level	   of	   brain	   psychosine	   accumulation	   and	   the	  

severity	  of	  the	  disease19.	  And	  several	  molecular	  studies24,44-‐50,	  particularly	  over	  the	  

last	  20	  years,	  support	  the	  psychosine	  hypothesis.	  
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Due	   to	   the	   technical	   difficulties	   in	   manipulating	   endogenous	   psychosine,	   the	  

psychosine	   hypothesis	   has	   often	   been	   tested	   by	   exogenous	   application	   of	  

psychosine	  in	  vitro.	  Exogenous	  psychosine	  has	  been	  reported	  to	  induce	  cell	  death	  in	  

cultured	   Schwann	   cells,	   MO3.13	   human	   oligodendrocyte-‐like	   cell	   lines,	   mouse-‐

derived	  oligodendrocyte	  progenitor	  cell	  lines	  (OLP-‐II),	  G6	  glial	  cells,	  human	  natural	  

killer	   cells,	   and	   immune	   peripheral	   cells	   of	   Krabbe	   patients45,46,48-‐51.	   Exogenous	  

psychosine-‐induced	  cell	  death	  in	  vitro	  is	  often	  via	  caspase-‐dependent	  apoptosis46,50.	  

In	   MO3.13	   human	   oligodendrocyte-‐like	   cell	   lines,	   exogenous	   psychosine	   up	  

regulates	  the	  JNK/c-‐jun	  pathway	  and	  AP-‐1	  induction,	  a	  pro-‐apoptotic	  signal	  cascade,	  

and	  down	  regulates	  the	  NF-‐κB	  transactivation,	  a	  likely	  anti-‐apoptotic	  pathway50.	  In	  

addition,	   exogenous	   psychosine	   activates	   secretory	   phospholipase	   A2	   (sPLA2),	  

inducing	   the	   generation	   of	   arachidonic	   acid	   (AA)	   and	   lysophosphatidylcholine	  

(LPC).	  The	  later	  is	  a	  toxin	  that	  induces	  demyelination	  52,53.	  Psychosine	  is	  also	  linked	  

to	  inflammation	  responses.	  For	  example,	  in	  G6	  glial	  cells	  and	  rat	  primary	  astrocytes,	  

exogenous	   psychosine	   induces	   iNOS	   expression	   and	   NO	   production,	   seemingly	  

consistent	   with	   the	   increased	   iNOS	   expression	   in	   Krabbe	   brain	   tissue49.	  	  

Furthermore,	   exogenous	   psychosine	   can	   induce	   peroxisomal	   dysfunction,	   e.g.	  

reduced	   expression	   of	   alkyl-‐DHAP-‐synthase	   and	   inhibit	   peroxisomal	   β-‐oxidation	  

activity,	   suggesting	   a	   possible	   explanation	   for	   the	   dysfunction	   of	   peroxisomes	   in	  

GALC	  deficient	  mouse	  brains54,55.	  In	  addition,	  exogenous	  psychsoine	  also	  inhibit	  fast	  

axonal	  transport	  in	  cultured	  cortical	  neurons	  through	  deactivating	  GSK3β56.	  Last	  but	  

not	   least,	   exogenous	   psychosine	   accumulates	   in	   the	   plasma	  membrane	   lipid	   rafts	  

and	   alters	  membrane	   architecture	   through	   a	   lipid-‐lipid	   interaction,	   thus	   affecting	  
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cholesterol	  distribution,	  membrane	  dynamics,	  and	  PKC	  activity44,47,57.	  	  In	  Summary,	  

psychosine	   that	   accumulates	   in	   the	   Krabbe	   disease	   patients	   has	   been	   reported	   to	  

cause	   to	   cell	   death,	   neuroinflammation,	   peroxisomal	   dysfunction,	   and	   disrupted	  

membrane	  architecture,	  etc.	  	  

	  

	  

Accessing	  Krabbe	  disease:	  animal	  models	  are	  the	  key	  
	  

Our	  understanding	  of	  Krabbe	  disease	  has	  benefitted	   from	  the	  discovery	  of	  Krabbe	  

disease	  animal	  models.	  The	  first	  animal	  model,	  the	  twitcher	  mouse,	  is	  a	  pontaneous	  

mutations	   discovered	   at	   Jackson	   Laboratory9,58.	   Twitcher	   mice	   were	   discovered	  

prior	  to	  the	  cloning	  of	  full	  length	  GALC	  cDNA,	  so	  the	  identification	  was	  based	  on	  the	  

behavioral	   phenotype,	   histopathology	   and	   the	   deficiency	   of	   GALC	   enzymatic	  

activity9,58.	   The	   original	   twitcher	   mice	   were	   on	   a	   mixed	   C57BL/6J	   and	   CE/J	  

background	  and	  showed	   initial	  clinical	  signs	  of	   the	  disease	  around	  30	  days	  of	  age,	  

including	  weight	  loss	  and	  tremor.	  Affected	  mice	  then	  developed	  muscular	  weakness,	  

especially	   in	   the	   hindlimbs,	   and	   lived	   no	   longer	   than	   three	   months9,58.	   Later,	   the	  

original	   twitcher	   mice	   were	   backcrossed	   to	   a	   C57BL/6J	   background.	   	   This	   full	  

congenic	  stain	  shows	  the	  onset	  of	  the	  symptom	  at	  about	  3	  weeks	  and	  lives	  no	  longer	  

than	  6	  weeks59.	  After	  the	  murine	  GALC	  cDNA	  was	  cloned	  in	  1996,	  it	  was	  discovered	  

that	  the	  genetic	  deficiency	  in	  twitcher	  mice	  was	  a	  nonsense	  mutation	  that	  resulted	  in	  

degradation	   of	   mRNA	   and	   lack	   of	   GALC	   protein	   expression60.	   Histopathology	   of	  

twitcher	  mice	  revealed	  a	  lack	  of	  myelin,	  astrocytic	  gliosis,	  microglia	  recruitment,	  and	  
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globoid	  cell	  appearances	  in	  both	  CNS	  and	  PNS9,58,61.	  However,	  myelin	  generation	  in	  

twitcher	   mice	   is	   normal	   in	   early	   stages	   of	   oligodendrocyte	   development62,63.	  

Axonopathy	  of	  sciatic	  nerves	  and	  spinal	  cords,	  e.g.	  swelling	  and	  varicosities,	  occurs	  

at	   the	   first	   week	   or	   two	   of	   age	   prior	   to	   myelin	   degeneration62,64.	   Myelin	  

degeneration	  in	  peripheral	  nerve	  and	  spinal	  cord	  becomes	  apparent	  at	  around	  2	  and	  

3	  weeks	  of	  age,	  respectively62,63,65.	  Myelin	  degeneration	  in	  brains	  first	  appears	  in	  the	  

brain	   stems	   of	   twitcher	   mice	   at	   about	   3	   weeks	   of	   age	   and	   occurs	   in	   cerebellar	  

cortexes	  at	  about	  4	  weeks	  of	  age,	  corresponding	  to	  the	  time	  course	  of	  myelination	  

during	  development	  from	  posterior	  to	  anterior66,67.	  Astrocyte	  activation,	  as	  well	  as	  

microglia	   and	   microphage	   recruitment,	   is	   generally	   concomitant	   with	   myelin	  

degeneration,	  but	  does	  not	  necessarily	  require	  apparent	  myelin	  pathology66,67.	  Both	  

the	  PNS	  and	  CNS	  of	  twitcher	  mice	  accumulate	  significant	  amounts	  of	  psychosine67-‐69.	  	  

	  

Another	  murine	  model	  of	  Krabbe	  disease,	  twitcher-‐5J,	  appeared	  in	  recent	  years	  and	  

was	  systematically	  characterized	  in	  201361.	  These	  mice	  carry	  a	  missense	  mutation,	  

E130K,	   and	   express	   a	  mutant	   version	   of	   the	   GalC	   enzyme	   known	   as	   GALCE130K	  61.	  

GALCE130K	  lacks	  enzymatic	  activity	  and	  is	  predicted	  to	  be	  misfolded25,61.	  The	  original	  

twitcher-‐5J	   mice	   on	   the	   BXD32/TyJ	   background	   live	   for	   about	   25	   days	   and	   show	  

clinical	  signs	  of	  the	  disease,	  e.g.	  tremor	  and	  weight	   loss,	  at	  about	  2	  weeks	  of	  age61.	  

Robust	  astrocyte	  and	  microglia	  activation	  of	  twitcher-‐5J	  mice	  occur	  prior	  to	  axonal	  

degeneration	  and	  demyelination,	  both	  of	  which	  are	  more	  severe	  in	  the	  PNS	  than	  in	  

the	   CNS61.	   Psychosine	   also	   accumulates	   in	   both	   the	   CNS	   and	   PNS	   of	   twitcher-‐5J	  

mice61.	  Besides	  these	  murine	  models	  of	  Krabbe	  disease,	  there	  are	  also	  other	  species	  
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carrying	  mutations	  of	  GALC	  gene	  used	   for	   studying	  Krabbe	  disease,	   including	  dog	  

and	  rhesus	  monkey,	  etc70,71.	  Canine	  and	  non-‐human	  primate	  models,	  given	  the	  cost,	  

are	  difficult	  to	  maintain,	  but	  can	  be	  useful	  for	  testing	  clinical	  treatments	  in	  addition	  

to	  murine	  models.	  	  

	  

Fig	  1.4	  WT	  (top)	  and	  Twitcher	  mice	  (bottom)	  at	  6	  weeks	  of	  age	  
	  

De	  Gasperi	  et	  al.,	  2004,	  Gene	  Therapy	  

	  

	  

Clinical	  treatments	  	  
	  

The	   clinical	   treatments	   of	   Krabbe	   disease	   have	   been	   advanced	   but	   still	   lack	  

efficiency	   and	   certainty.	   Because	   Krabbe	   disease	   is	   caused	   by	   a	   lack	   of	   GALC	  

enzymatic	   activity,	   transplantation	   of	   hematopoietic	   stem	   cells	   (HSCT)	   or	   bone	  

marrow	  cells	  (BMT)	  has	  been	  used	  to	  enhance	  GALC	  secretion	  17.	  The	  idea	  of	  both	  

HSCT	   and	  BMT	   is	   that	   the	   donor	   cells,	   e.g.	   bone-‐marrow	   derived	  macrophages	   in	  

BMT	   treatment,	   will	   secrete	   GALC	   that	   is	   then	   taken	   up	   by	   the	   neighboring	  

Twitcher	   mice	   in	   C57/Bl6	   background	  
(bottom)	   show	   initial	   clinical	   signs	   of	   the	  
disease	   at	   about	   3	   weeks	   of	   age,	   including	  
weight	   loss	   and	   tremor.	   Affected	   mice	   then	  
developed	   muscular	   weakness,	   especially	   in	  
the	   hindlimbs,	   and	   lived	   no	   longer	   than	   6	  
weeks.	  
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oligodendrocytes	   where	   it	   can	   rescue	   physiological	   function17,72.	   Cell	  

transplantation	  therapies	  have	  resulted	  in	  some	  improvement	  of	  clinical	  symptoms	  

in	  twitcher	  murine	  model,	  canine	  model	  and	  patients,	  specifically	  slightly	  prolonged	  

life,	   elevated	  GALC	  activities,	   and	  reduced	  psychosine	  accumulation	   ,	  but	  have	  not	  

resulted	   in	   full	   restoration	   of	   myelin	   and	   complete	   recovery	   of	   cognitive	  

symptoms17,20,73-‐77.	   Furthermore,	   cell	   transplantation	   therapies	   have	   been	   more	  

efficient	   on	   pre-‐symptomatic	   patients17,19,	   perhaps	   indicating	   a	   need	   for	   early	  

intervention.	   The	   delivery	   of	   the	   GALC	   enzyme	   by	   direct	   intracerebroventricular	  

administration	  and	  by	  injection	  of	  retrovirus,	  AAV	  and	  lentivirus	  has	  been	  shown	  to	  

enhance	   performances	   of	   twitcher	   mice	   to	   a	   limited	   degree17,78-‐87.	   In	   other	  

approaches,	   substrate	   reduction	   using	   L-‐cycloserine,	   an	   inhibitor	   of	   sphingolipid	  

production,	   as	   well	   as	   neuroinflammation	   inhibition	   therapy	   using	   HQL-‐79,	   an	  

inhibitor	   of	   HPGDS/PGD2/DP	   signaling	   pathway,	   have	   also	   been	   investigated	   in	  

twitcher	   mice,	   reducing	   psychosine	   level	   by	   45%	   and	   suppressed	   gliosis	   and	  

demyelination,	  respectively88-‐91.	  Finally,	  chemical	  chaperone	  therapies	  have	  drawn	  

more	   attention	   in	   recent	   years	   as	   several	   research	   groups	  have	  made	  progress	   in	  

identifying	  molecules	  that	  could	  correct	  misfolding	  of	  GALC	  and	  thus	  improve	  GALC	  

trafficking	   to	   lysosomes92-‐94.	   Overall,	   Krabbe	   disease	   therapies	   are	   broadly	   under	  

investigation	   using	   GALC-‐deficient	   animal	   models	   and	   are	   exploring	   a	   variety	   of	  

methods	  to	  enhance	  GALC	  enzymatic	  activitiy.	  	  
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Early	  screening	  and	  intervention	  	  
	  

As	   cell	   transplantation	   therapies	   must	   be	   performed	   when	   a	   patient	   is	   pre-‐

symptomatic	  to	  achieve	  clinical	  efficiency,	  early	  diagnosis	  through	  genetic	  strategies	  

is	  the	  ideal17-‐19,95,96.	  However,	  because	  of	  the	  complicated	  genetics	  of	  the	  disease	  and	  

our	   limited	   knowledge	   of	   the	   natural	   history	   of	   the	   disorder,	   current	   newborn	  

screening	   (NBS)	   activities	   are	   very	   costly	   and	   have	   very	   low	   positive	   predictive	  

value	  (less	  than	  1.5%)95-‐98.	  New	  York	  State	  implemented	  NBS	  for	  Krabbe	  disease	  in	  

2006.	  In	  2016,	  two	  research	  papers	  were	  published	  and	  provided	  a	  full	  evaluation	  of	  

the	   outcome	   of	   the	   screening	   during	   the	   eight	   years	   between	   2006	   and	   201497,98.	  

Based	   on	   those	   results,	   over	   1.9	  million	   newborn	   babies	   in	   New	   York	   State	  were	  

screened	  using	  mass	  spectrometry	  to	  test	  blood	  GALC	  protein	  levels95,97,98.	   If	  GALC	  

protein	  levels	  were	  low,	  DNA	  testing	  and	  enzymatic	  activity	  assays	  were	  performed	  

to	  predict	  the	  risks	  of	  developing	  symptoms	  later	  on95,97,98.	   	  High	  risk	  infants	  were	  

referred	  to	  follow-‐up	  diagnostic	  testing	  and	  neurological	  examination	  to	  determine	  

the	   need	   of	   the	   cell	   transplantation	   therapies95,97,98.	   By	   2014,	   five	   infants	   were	  

diagnosed	   for	   Krabbe	   disease	   by	   their	   deficient	   enzymatic	   activity,	   genetic	  

mutations,	   and	   neurological	   abnormities97.	   Four	   of	   five	   received	   HSCT	   therapies.	  

Two	  died	  from	  transplantation-‐related	  complications	  and	  two	  survived	  but	  suffered	  

from	   moderate	   to	   severe	   developmental	   delay97,98.	   There	   were	   also	   46	  

asymptomatic	   infants	   who	   were	   suggested	   to	   have	   moderate	   to	   high	   risks	   of	  

developing	  late-‐onset	  Krabbe	  disease97.	  	  
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The	   clinical	   outcome	   of	   the	   NBS	   for	   Krabbe	   disease	   in	   New	   York	   State	   was	  

undesirable	  because	  of	  the	  low	  cost-‐effectiveness95.	  This	  outcome	  led	  to	  debate	  on	  

whether	   the	  screening	  should	  continue.	  The	  major	   issues	  raised	   in	   this	  debate	  are	  

summarized	  here.	  First,	  the	  incidence	  of	  infantile	  Krabbe	  disease	  was	  1	  in	  394,000	  

in	   the	  NY	   study,	  which	  was	   lower	   than	   1	   in	   100,000	   as	   expected95,97.	   Second,	   the	  

screening	   and	   all	   the	   follow-‐up	   diagnostic	   testing	   for	   Krabbe	   disease	  were	   costly	  

compared	   to	   other	   disease	   screening	   programs95.	   Third,	   even	   though	   Krabbe	  

disease	  could	  be	  predicted	  by	  using	  genetic	  approaches	  combined	  with	  neurological	  

testing,	  the	  current	  clinical	  therapies	  were	  unable	  to	  achieve	  a	  satisfactory	  outcome	  

of	   rescuing	   patients’	   lives	   and	   disabilities95,96,98.	   Lastly,	   but	  most	   importantly,	   the	  

prediction	  value	  of	  NBS	  for	  Krabbe	  disease	  was	  low.	  In	  New	  York	  State,	  there	  were	  

620	  infants	  subjected	  to	  the	  genetic	  and	  enzymatic	  analysis	  and	  348	  of	  them	  were	  

referred	   for	   the	   neurological	   testing.	   Only	   five	   of	   them	   were	   diagnosed	   to	   have	  

infantile-‐onset	   Krabbe	   disease	   after	   the	   neurological	   examination,	   which	   brought	  

the	  positive	  predictive	  value	  as	  low	  as	  1.4%	  (5/436)97.	  Such	  a	  low	  ratio	  results	  from	  

the	  genetic	  complication	  of	  Krabbe	  disease17,95,97,98.	  More	  than	  a	  hundred	  of	  genetic	  

mutations	   have	   been	   identified	   in	   previous	   studies,	   but	   no	   genotype-‐phenotype	  

correlation	  was	  found	  in	  Krabbe	  disease17,95,99.	  Few	  mutations	  have	  been	  shown	  to	  

be	   strongly	   associated	   with	   infantile-‐onset	   Krabbe	   disease.	   For	   example,	   a	   large	  

deletion	   of	   exons	   11-‐17	   combined	  with	   a	   polymorphism	   at	   position	   502	   of	   cDNA	  

was	   a	   common	   cause	   for	   patients	   of	   European	   ancestry100.	   However,	  most	   of	   the	  

mutations	  do	  not	  consistently	  correlate	  with	  the	  disease	  development	  and	  many	  of	  

them	   relied	   on	   a	   founder	   effect17,95.	   Therefore,	   the	   positive	   results	   from	   the	  
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molecular	  test	  currently	   leaves	  a	  clinician	  uncertain	  about	  the	   final	  diagnosis	  until	  

significant	  neurological	  examination	  is	  performed95.	  In	  summary,	  whether	  NBS	  is	  an	  

effective	   way	   for	   Krabbe	   disease	   prevention	   is	   under	   discussion,	   more	   advanced	  

knowledge	   and	   techniques	   are	   needed	   to	   improve	   prediction	   and	   develop	   robust	  

clinically	  relevant	  tests.	  	  

	  

	  

Oligodendrocytes	  used	  for	  studying	  Krabbe	  disease	  
	  

Oligodendrocyte	   is	   the	  most	   vulnerable	   cell	   type	   in	   the	   central	   nervous	   system	   to	  

Krabbe	   disease	   pathology	   due	   to	   the	   accumulation	   of	   psychosine,	   a	   byproduct	   of	  

myelin	   generation.	   Oligodendrocytes	   form	   myelin	   sheaths,	   which	   wrap	   around	  

axons	  and	   serve	  essential	   roles	   in	  enhancing	  axonal	   electrical	   signal	   transmission,	  

supporting	   neuronal	   metabolism,	   and	   regulating	   neuronal	   plasticity	   101-‐104.	  

Oligodendrocytes	   in	   the	   mouse	   telencephalon	   are	   derived	   from	   oligodendrocyte	  

precursor	  cells	  (OPCs)	  104-‐106.	  OPCs	  originate	  at	  around	  embryonic	  day	  12.5	  (E12.5)	  

in	  the	  medial	  ganglionic	  eminence	  (MGE)	  and	  anterior	  entopeduncular	  area	  (AEP),	  

then	  migrate	   laterally	   and	  dorsally	   throughout	   cerebral	   cortex104-‐106.	  At	  E15.5,	   the	  

second	   wave	   of	   OPC	   generation	   occurs	   in	   the	   lateral	   ganglionic	   eminence	   (LGE)	  

area104-‐106.	  OPCs	  express	  Olig2,	  Sox10,	  PDGFα,	  and	  NG2,	  and	  later	  differentiate	  into	  

mature	  oligodendrocytes,	  which	  express	  Olig2,	  Sox10,	  and	  myelin-‐specific	  proteins,	  

including	  APC/CC-‐1,	  CNPase,	  PLP,	  MAG,	  and	  MBP104-‐108.	  Myelin	  formation	  is	  ongoing	  

at	   birth	   and	   reaches	   a	   peak	   at	   around	   P20	   in	   rodents109.	   MBP	   labeling	   of	   mouse	  
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whole	  brain	  sagittal	  sections	  has	  been	  used	  to	  examine	  the	  chronological	  course	  of	  

myelin	  generation,	  which	  initiates	  in	  the	  brain	  stem	  and	  later	  occurs	  in	  the	  cerebral	  

cortex110.	   The	   chronology	   of	   myelin	   generation	   is	   important	   in	   the	   pathology	   of	  

twitcher	  mice.	   Because	   demyelination	   in	   twitcher	  mice	   occurs	   subsequent	   to	   the	  

normal	  myelination	   at	   early	   stages,	   the	   chronological	   course	  of	  myelin	   generation	  

also	  represents	  the	  order	  of	  demyelination66,67.	  Studies	  of	  oligodendrocytes	  in	  vivo	  is	  

appropriate	  for	  studying	  Krabbe	  disease	  progression,	  but	  it	  is	  difficult	  to	  access	  the	  

subcellular	   structures	   or	   molecular	   and	   cellular	   mechanisms.	   Therefore,	   cultured	  

oligodendrocyte	   have	   been	   developed	   and	   used	   for	   investigating	   signal	   pathways	  

and	   for	   drug	   screening.	   There	   are	   a	   few	   oligodendrocyte-‐like	   immortal	   cell	   lines,	  

including	   Oli-‐neu	   and	   N20.1	   cells	   lines,	   both	   of	   which	   were	   generated	   by	  

immortalizing	   mouse	   primary	   oligodendrocytes	   with	   oncogenes111.	   However,	   the	  

most	  commonly	  used	  oligodendrocyte-‐like	  cell	  line	  in	  Krabbe	  disease	  research	  is	  the	  

MO3.13	  cell	  line,	  which	  was	  generated	  by	  fusing	  adult	  human	  oligodendrocytes	  with	  

human	   rhabdomyosarcoma	   RD,	   skeletal	   muscle	   cancer	   cells112.	   MO3.13	   cells	   are	  

polygonal	   with	   few	   short	   membrane	   extensions	   that	   express	   MBP,	   PLP,	   MAG,	  

CNPase,	  GFAP	  and	  GalCer112,113.	  MO3.13	  cells	  are	  easy	  to	  maintain,	  this	  cell	  line	  has	  

been	  used	   to	  study	  molecular	  cascades	   triggered	  by	  exogenous	  psychosine50,71.	  To	  

better	  mimic	  endogenous	  psychosine	  accumulation,	  GALC	  knockdown	  MO3.13	  cells	  

and	   GALC	   knockdown	   primary	   rat	   oligodendrocytes	   have	   been	   generated	   using	  

lentivirus-‐delivered	   GALC	  RNA	   interference114.	   Knockdown	   of	   GALC	   expression	   in	  

MO3.13	  and	  primary	  rat	  oligodendrocytes	  blocks	  cell	  differentiation	  as	  determined	  

by	  MBP	  and	  PLP	  expression,	  results	  that	  oppose	  the	  in	  vivo	  studies	  in	  which	  GALC-‐
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deficient	  oligodendrocytes	  normally	  generate	  myelin	  at	  early	  stages62,63,114.	  Thus	  the	  

cellular	  pathologies	  resulting	  from	  endogenous	  psychosine	  accumulation	  and	  GALC	  

deficiency	  may	  be	  better	  studied	  using	  primary	  oligodendrocytes	  from	  GALC	  mutant	  

murine	   models,	   e.g.	   twitcher	   and	   twitcher-‐5J	   mice.	   One	   recent	   study	   obtained	  

primary	  OPC	  cultures	  from	  twitcher	  mice	  using	  a	  “shaking”	  method,	  which	  assumes	  

that	  OPCs	  are	  less	  tightly	  attached	  to	  the	  bottom	  of	  the	  culture	  dish	  than	  astrocytes,	  

and	  can	  therefore	  be	   isolated	  by	  shaking	  them	  off	   from	  a	  mixed	  glial	  culture115,116.	  

However,	  the	  twitcher	  primary	  OPCs	  in	  this	  study	  were	  not	  induced	  to	  differentiate	  

and	   retained	   their	   precursor	   status115.	   An	   immunopanning	   method	   published	   by	  

Ben	  Emery	  and	  Jason	  C.	  Dugas	   in	  2013	  provides	  another	  tool	   to	   isolate	  and	  purify	  

oligodendrocytes	   in	   a	   specific	   differentiating	   status117.	   In	   this	   protocol,	   OPCs	   are	  

positively	   selected	   by	   expression	   of	   the	   PDGFα	   receptor	   and	   differentiated	  

synchronously	   by	   replacement	   of	   PDGFα	   and	   NT3	   with	   T3.	   Oligodendrocytes	  

generated	  by	  this	  method	  have	  been	  used	  to	  study	  oligodendrocyte	  differentiation	  

during	   development,	   but	   have	   not	   yet	   been	   applied	   to	   twitcher	   and	   twitcher-‐5J	  

murine	  models	  to	  investigate	  Krabbe	  disease	  molecular	  and	  cellular	  pathologies118.	  	  

	  

	  

Lysosomes	  in	  Krabbe	  disease	  	  
	  

Since	   the	   first	   reported	   case	   of	   Krabbe	   disease,	   our	   knowledge	   of	   the	   genetic	  

pathology	   and	   psychosine-‐induced	   molecular	   cascades	   has	   become	   remarkably	  

advanced.	  However,	  the	  pathophysiology	  of	  lysosomes	  has	  received	  little	  attention.	  
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Steven	  M.	  LeVine	  and	  Maria	  V.	  Torres,	   in	  describing	   the	  morphological	   changes	   in	  

degenerating	   oligodendrocytes	   in	   twitcher	   mice,	   wrote:	   In	   addition	   to	   having	  

abnormal	  cellular	  processes	  oligodecndrocytes	  in	  twitcher	  mice	  also	  contained	  darkly	  

stained,	  oval	   structures	  within	   their	   cytoplasm,	   these	  oval	   structures	  appeared	  more	  

numerous	  and	  often	  larger	  in	  oligodendrocytes	  from	  twitcher	  mice	  than	  normal	  mice,	  

this	   finding	   suggests	   that	   the	   iron-‐rich	   structures	   arc	   iysosomes	   since	   the	   twitcher	  

mutation	  affects	  a	  lysosomal	  enzyme,	  and	  lysosomes	  appear	  to	  accumulate	  in	  twitcher	  

mice119.	   A	   few	   years	   later,	   Kinuko	   Suzuki’s	   group,	   in	   describing	   the	   apoptotic	  

depletion	  of	  oliogodendrocytes	  in	  twitcher	  mice,	  noted:	  The	  varicose	  swelling	  of	  the	  

processes	   was	   attributable	   to	   the	   multiple	   membrane-‐bound	   vacuoles	   frequently	  

containing	   fine	   tubular	   inclusions	   of	   GLD,	   these	   vacuoles	   most	   likely	   correspond	   to	  

“iron-‐rich,	   oval	   structures”	   indicating	   possible	   lysosomes	   as	   previously	   described120.	  

There	   was	   no	   follow-‐up,	   most	   likely	   because	   the	   overwhelming	   focus	   on	   the	  

psychosine	  hypothesis	  pushed	  the	  question	  of	  lysosome	  pathology	  to	  the	  side.	  

	  

Lysosomes,	   as	   vesicular	   organelles,	   serve	   important	   roles	   in	   many	   cellular	  

processes,	   including	   degrading	   macromolecules	   and	   pathogens,	   recycling	   and	  

repairing	   membrane	   structures,	   apoptosis	   and	   authophagy121-‐123.	   Lysosomes	   are	  

highly	  regulated	  and	  dynamic	  systems.	  More	  than	  60	  lysosomal	  hydrolases	  actively	  

degrade	   substrates	   within	   the	   acidic,	   (pH	   4.5~5.0)	   lumens,	   whereas	   highly	  

glycosylated	   lysosomal	   membrane	   proteins,	   LAMP1	   and	   LAMP2,	   form	   a	  

glycoprotein	  wall	  at	  the	  luminal	  side	  of	  protect	  lysosomes	  from	  self-‐digestion124-‐126.	  

Lipid	   regulation	   of	   lysosomes	   involves	   the	   expression	   of	   phosphatidylinositol-‐3,5-‐
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bisphosphate	   (PtdIns(3,5)P2),	   which	   guarantees	   the	   accuracy	   of	   trafficking	   in	   the	  

endomembrane	  system127,128.	  Because	  of	  the	  essential	  role	  of	  lysosomes,	  mutations	  

of	   lysosomal	   genes	   often	   cause	   human	   disorders.	   Approximately	   50	   lysosomal	  

disorders	  including	  Krabbe	  disease	  have	  been	  discovered,	  and	  many	  are	  lethal122,129.	  

The	   genetic	   mechanisms	   of	   each	   lysosomal	   disorder	   are	   distinct,	   but	   the	  

pathological	  causes	   in	  many	  cases	  are	  comparable.	  For	  example,	   in	  metachromatic	  

leukodystrophy,	   caused	   by	   the	   deficiency	   of	   arylsulfatase	   A,	   SO3H-‐GalCer	  

accumulation	   in	   oligodendrocytes	   causes	   demyelination40.	   In	   Gaucher	   disease,	  

caused	   by	   the	   deficiency	   of	   β-‐glucocerebrosidase,	   GluCer	   accumulation	   results	   in	  

liver	   and	   spleen	   enlargement,	   neurodegeneration,	   and	   skeleton	   muscle	  

malfunction130,131.	   Therefore,	   understanding	   the	   lysosomal	   pathology	   associated	  

with	  GALC	  deficiency	  may	  not	  only	  extends	  our	  knowledge	  of	  Krabbe	  disease,	  but	  

also	   provide	   insights	   into	   the	   general	   cellular	   pathology	   and	   mechanisms	   of	  

lysosomal	  disorders.	  	  

	  

	  

Purpose	  of	  the	  thesis	  project	  
	  

This	   thesis	   project	   was	   designed	   to	   answer	   the	   question:	   what	   is	   the	   lysosomal	  

pathology	  in	  Krabbe	  disease?	  In	  the	  data	  chapters	  to	  follow,	  I	  used	  both	  in	  vitro	  and	  

in	  vivo	  approaches	   in	  Twitcher	   and	  Twitcher-‐5J	  murine	  models.	  The	   results	  offer	  a	  

characterization	   of	   the	   lysosomal	   changes	   directly	   caused	   by	   GALC	   genetic	  

deficiency.	   By	   applying	   two	   murine	   models	   of	   Krabbe	   disease	   carrying	   different	  
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mutations	   in	   the	   same	   gene,	   I	   was	   able	   to	   investigate	   the	   common	   mechanisms	  

resulting	   from	  GALC	   deficiency.	   Using	   both	   neurosphere	  mixed	   culture	   as	  well	   as	  

primary	  mouse	  oligodendrocytes	  generated	  by	  the	  immunopanning	  methods,	  I	  was	  

able	   to	   characterize	   lysosomes	   in	   individual	   cells	   and	   determine	   the	   cell	  

autonomous	   effects.	   Modern	   imaging	   approaches	   provided	   an	   important	   tool	   to	  

observe	  lysosomal	  at	  an	  improved	  level	  of	  resolution.	  	  	  	  
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ABSTRACT	  
	  

Krabbe	   disease,	   also	   known	   as	   globoid	   cell	   leukodystrophy,	   is	   caused	   by	   loss	   of	  

function	   of	   the	   lysosomal	   enzyme	   galactosylceramidase	   (GALC).	   	   The	   disorder	   is	  

characterized	  by	  neuroinflammation,	  demyelination,	  and	  axonal	  degeneration.	  	  The	  

mechanisms	   by	   which	   GALC	   causes	   disease	   pathology	   includes	   psychosine	  

accumulation	   and	   peroxisomal	   dysfunction.	   However,	   little	   is	   known	   about	   how	  

lysosomes	  are	  affected	  by	  GALC	  enzymatic	  deficiency.	  To	  investigate	  the	  lysosomal	  

defects	   of	   Krabbe	   disease,	   we	   performed	   experiments	   using	   two	   murine	   models,	  

twitcher	   (Twi)	  and	  twitcher-‐5J	   (Twi-‐5J).	   	  Both	  of	   these	  mice	   lack	  GALC	  activity,	  but	  

unlike	  Twi,	  Twi-‐5J	  expresses	  a	  mutant	  GALC	  (GALCE130K)	  that	  has	  been	  predicted	  to	  

be	   misfolded31.	   We	   find	   that	   Twi-‐5J	   primary	   oligodendrocytes	   differentiated	  

comparably	  to	  WT	  and	  accumulated	  significant	  amounts	  of	  psychosine.	  Both	  Twi-‐5J	  

and	   Twi	   primary	   oligodendrocytes	   developed	   enlarged	   and	   tubular	   lysosomes	  

determined	   by	   LAMP1	   and	   LAMP2	   immunostaining,	   indicating	   a	   common	  

phenotype	   of	   disrupted	   lysosomal	   dynamics.	   Enlarged	   lysosomes	   also	   occurred	   in	  

vivo	   in	  Twi-‐5J	   and	  Twi	  white	  matter	   as	   early	   as	   two	  weeks	  of	   age,	   suggesting	   that	  

lysosomal	   enlargement	   was	   an	   early-‐onset	   phenotype	   alongside	   the	   myelin	  

development.	   Abnormal	   lysosomes	   retained	   an	   acidic	   pH,	   electron-‐micrographic	  

heterogeneities,	   unchanged	   β-‐N-‐Acetylglucosaminidase	   (β-‐NAG)	   activities,	   and	   an	  

expression	  of	  Cathepsin	  D	  and	  GALCE130K,	  suggesting	  partially	  preserved	  lysosomal	  

functions.	   Finally,	   enlarged	   lysosomes	   primarily	   occurred	   in	   oligodendrocytes	   in	  

both	  white	  matter	  and	  neurosphere	  mixed	  culture,	  corresponding	  to	  the	  disruption	  
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of	   sphingolipid	  metabolism,	  e.g.	  psychosine	  accumulation,	   in	  myelin	  caused	  by	   the	  

GALC	  enzymatic	  deficiency.	  

	  

In	  conclusion,	  our	  results	  provide	  the	  first	  evidence	  for	  lysosomal	  pathophysiologies	  

of	  Krabbe	   disease.	   The	   lysosomal	   phenotype	   could	   be	   due	   to	   enhanced	   lysosomal	  

fusion	  or	  reduced	  lysosomal	  fission	  and	  resulted	  in	  cellular	  damage.	  Therefore,	  our	  

findings	  not	  only	  advanced	  our	  knowledge	  of	  the	  cellular	  mechanisms	  of	  the	  disease	  

progression,	  but	  also	  enabled	  the	  phenotype	  of	  early	  onset	  abnormality	  to	  become	  a	  

potential	  target	  for	  developing	  clinical	  treatments.	  	  
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INTRODUCTION	  
	  

Krabbe	   disease,	   also	   called	   globoid	   cell	   leukodystrophy,	   was	   first	   identified	   by	  

Danish	   neurologist	   Knud	   Haraldsen	   Krabbe	   in	   1916	   and	   is	   a	   lysosomal	   storage	  

disorder1.	  Though	  it	  is	  a	  rare	  disease,	  occurring	  in	  about	  1	  of	  100,000	  infants	  in	  USA,	  

it	  is	  often	  fatal,	  and	  currently	  lacks	  effective	  clinical	  therapies15,132.	  Except	  in	  about	  

5%	  of	  patients	  who	  show	  symptoms	  as	  juveniles	  or	  adults,	  affected	  infants	  generally	  

begin	  exhibiting	  symptoms	  during	  their	  first	  few	  months	  of	  life	  and	  die	  around	  two	  

years	  of	  age17,18.	  Typical	  symptoms	  of	  Krabbe	  disease	  include	  fever,	  seizures,	  decline	  

of	   alertness,	   impaired	   mental	   development,	   extreme	   irritability,	   limb	   stiffness,	  

progressive	   loss	   of	   hearing	   and	   sight,	   and	   life	   threatening	   dysphagia	   and	  

dyspnea19,20,133.	   The	   major	   histopathologies	   of	   human	   patients	   are	   extreme	  

demyelination,	  gliosis,	  and	  globoid	  cell	  infiltration19.	  	  

	  

Krabbe	  disease	  is	  caused	  by	  recessive	  mutations	  of	  the	  galactosylceramidase	  (GALC)	  

gene	   and	   over	   100	   mutations	   have	   been	   identified	   among	   human	   patients2,32,134.	  

GALC	   is	   a	   lysosomal	   hydrolase	   ubiquitously	   expressed	   in	   all	   cells,	   but	   its	   main	  

substrate,	   galatosylceramide	   (GalCer),	   is	   the	   most	   abundant	   lipid	   component	   of	  

myelin17.	  In	  the	  sphingolipid	  metabolic	  pathway	  of	  oligodendoryctes,	  GALC	  removes	  

the	   galactose	   from	   GalCer.	   Other	   substrates	   of	   GALC	   include	   lactosylceramide,	  

monogalatosyl	   diglyceride,	   and	   galactosylsphingosine	   (psychosine)	   5,6,8,135.	  

Psychosine	   is	   a	   known	   cytotoxin,	   and	   its	   accumulation	   has	   been	   proposed	   as	   a	  

possible	   cause	   of	   cell	   death	   in	   Krabbe	   disease8,24,45,46,48,50,114.	   Recent	   studies	   have	  
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focused	  on	  pathophysiologic	  cascades	   induced	  by	  psychosine,	  such	  as	   interruption	  

of	   lipid	   raft	   architectures44,47,	   activation	  of	   inducible	  nitric	  oxide	   synthases	   (iNOS)	  

and	   phospholipase	   A2	   (PLA2)49,71,	   and	   inhibition	   of	   fast	   axonal	   transport56.	  

However,	  less	  is	  known	  about	  lysosomal	  pathologies	  that	  may	  result	  from	  the	  GALC	  

deficiency.	  	  

	  

Lysosomes,	   first	  discovered	  by	  Dr.	  Christian	  De	  Duve	   in	  1955,	  are	  known	  to	  serve	  

important	  roles	  in	  many	  cellular	  processes	  including	  degrading	  macromolecules	  and	  

pathogens,	   recycling	   and	   repairing	   membrane	   structures,	   apoptosis,	   and	  

authophagy121-‐123.	  Due	  to	  the	  crucial	  functions	  of	  lysosomes,	  mutations	  of	  lysosomal	  

genes	  often	  result	   in	  human	  disorders39,122.	  Approximately	  50	   lysosomal	  disorders	  

have	  been	  discovered	  and	  many	  of	  them	  are	  lethal122,129.	  Current	  research	  has	  been	  

advancing	   our	   understanding	   of	   the	   pathophysiology	   of	   lysosomal	   disorders	   by	  

investigating	   perturbations	   of	   lysosomal	   morphology	   and	   physiology.	   Lysosomes	  

are	   a	   heterogeneous	   group	   of	   vesicles	   often	   having	   the	   size	   of	   0.1~1.2	   μm	   and	  

containing	   vacuoles	   or	   electron-‐light	   or	   -‐dense	   deposit	   under	   electron	  

microscopy125,136.	  Unlike	  cytosol	  which	  has	  a	  pH	  of	  7.2,	  lysosomes	  maintain	  an	  acidic	  

luminal	  pH	  of	  4.6~5.0125,137.	  This	  acidic	  environment	  is	  generated	  by	  H+-‐ATPase	  and	  

supports	   to	   their	   function	  as	   the	   terminal	  digestive	  compartment125,137.	  To	  protect	  

lysosomal	  membranes	   from	   digestion	   by	   their	   low	   pH,	   two	   lysosomal	  membrane	  

glycoproteins	   known	   as	   LAMP1	   and	   LAMP2,	   comprise	   50%	   of	   all	   lysosomal	  

membrane	   proteins	   to	   maintain	   integrity	   and	   metabolism124,138-‐140.	   Furthermore,	  

lipid	  components	  of	  lysosomal	  membrane,	  e.g.	  sphingolipids	  and	  glycosphingolipids,	  
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are	   crucial	   for	   regulating	   lysosome	   trafficking	   and	   biogenesis125,141,142.	   To	   better	  

understand	   the	   cellular	   pathophysiology	   of	   Krabbe	   disease,	   we	   investigated	   how	  

lysosomes	  in	  the	  murine	  central	  nervous	  system	  are	  affected	  by	  GALC	  mutations.	  	  

	  

Two	   different	   murine	   models	   were	   used	   in	   this	   study:	   Twitcher-‐5J	   (Twi-‐5J)	   and	  

Twitcher	  (Twi).	  Both	  Twi-‐5J	  and	  Twi	  animals	  have	  mutations	  in	  the	  GALC	  gene.	  Twi	  

animals	  contain	  a	  nonsense	  mutation	  that	  causes	  nonsense-‐mediated	  decay	  of	  GALC	  

mRNA,	   and	   therefore	   do	   not	   express	   GALC	   protein9,60,143.	  Twi-‐5J	   animals	   have	   an	  

G388A	  mutation	  in	  Galc	  gene,	  the	  same	  mutation	  that	  has	  been	  identified	  in	  human	  

patients,	  and	  express	  GALCE130K	  144.	  GALCE130K	  from	  Twi-‐5J	  lacks	  enzymatic	  activity61	  

and	  is	  thought	  to	  be	  misfolded31	  (Fig.	  2.1).	  Both	  Twi-‐5J	  and	  Twi	  mice	  showed	  similar	  

phenotypes	  including	  progressive	  loss	  of	  body	  weight,	  muscle	  weakness,	  twitching	  

phenotypes	  in	  the	  hindlimbs,	  and	  premature	  death58,59,61.	  Using	  both	  models	  gave	  us	  

the	   advantages	   of	   understanding	   the	   common	   mechanisms	   caused	   by	   the	   GALC	  

enzymatic	  deficiency.	  In	  this	  study,	  we	  applied	  primary	  oligodendrocytes	  generated	  

from	   Krabbe	   disease	  murine	  models	   using	   immunopaning	  methods,	   which	   better	  

mimicked	   the	   oligodendrocytes’	   behaviors	   than	   using	   oligodendrocyte-‐like	   cell	  

lines.	   Our	   findings	   identified	   that	   GALCmutant	   oligodendrocytes	   of	   Twi-‐5J	   and	   Twi	  

models	  develop	  enlarged	  lysosomes	  both	  in	  vitro	  and	  in	  vivo,	  thus	  providing	  insight	  

into	  the	  progression	  of	  Krabbe	  disease	  pathophysiology.	  
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MATERIALS	  AND	  METHODS	  
	  

Mice	  	  

All	   procedures	   at	   OHSU	  were	   approved	   by	   the	   Institutional	   Animal	   Care	   and	   Use	  

Committee	  (OHSU	  protocol	  number	  IS00003433).	  Two	  mutant	  strains	  BXD32/TyJ-‐

Galctwi-‐5J/J	  (referred	  as	  Twi-‐5J)	  and	  B6.CE-‐Galctwi/J	  (referred	  as	  Twi)	  are	  available	  at	  

the	   Jackson	   Laboratory	   (stock	   number	   are	   003613	   and	   000845,	   respectively).	   To	  

generate	  Twi-‐5J	  strain	  on	  B6	  background,	  we	  backcrossed	  the	  original	  Jackson	  Lab	  

Twi-‐5J	   females	   to	   C57BL/6J	   males	   (stock	   number	   000664)	   for	   at	   least	   six	  

generations.	  	  

	  

Genotyping	  

DNA	  was	  extracted	  from	  tail	  or	  toe	  samples	  of	  Twi	  and	  Twi-‐5J	  mice.	  Twi	  allele	  was	  

identified	   as	   following	   steps:	   (1)	   PCR	   reaction	   with	   primer	   pair:	  

ATGGCCCACTGTCTTCAGGTGATA	   (forward)	   and	   ATCAGACTGAAATTGGTAGACAGC	  

(reverse);	  (2)	  EcoRV-‐HF	  (NEB	  Cat#	  R3195)	  enzymatic	  digestion	  at	  37oC	  for	  2	  hours;	  

(3)	  DNA	  electrophoresis,	  expected	  WT	  band	  size	  a.a.	  133	  base	  pairs	  and	  Twi	  band	  

size	  a.a.	  110	  base	  pairs.	  Twi-‐5J	  allele	  was	   identified	  using	  TagMan	  SNP	  genotyping	  

methods	  described	  in	  the	  previous	  study61.	  	  	  
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Oligodendrocyte	  primary	  culture	  

Mice	   primary	   oligodendrocytes	  were	   generated	   following	   the	   CSHL	   protocol	   (Ben	  

Emery	  and	  Jason	  C.	  Dugas,	  2014)145	  but	  only	  oligodendrocyte	  precursor	  cells	  (OPCs)	  

were	   collected.	   For	   each	   geneotype,	   we	   combined	   the	   cortexes	   of	   3	   to	   6	   animals	  

together	   to	   generate	   one	   initial	   OPC	   plate.	   Once	   OPCs	   proliferated,	   we	   passaged	  

them	  2	  to	  3	  times.	  At	  the	  last	  passage,	  cells	  were	  placed	  in	  the	  24-‐well	  plates	  with	  

glass	  cover	  slices	  in	  wells	  for	  immunostaining,	  35	  mm	  glass	  bottom	  culture	  dish	  for	  

live	   cell	   imaging,	   or	   10	   cm	   dish	   for	   collecting	   cell	   pellets	   for	  WB	   and	   psychosine	  

measurements.	   At	   the	   last	   passage,	   growth	   factors	   were	   removed	   and	   thyroid	  

hormone	  added	  to	  trigger	  the	  differentiation.	  Primary	  olidendrocytes	  of	  Twi,	  Twi-‐5J	  

(BXD32)	  as	  well	  as	  Twi-‐5J	  (Bl6)	  were	  generated	  as	  separated	  batches.	  	  

	  

Neurosphere	  culture	  

Neurospheres	  were	  generated	  from	  mice	  at	  P3.	  One	  animal	  is	  enough	  for	  each	  batch,	  

and	   experiments	   were	   repeated	   in	   three	   independent	   batches.	   Areas	   around	   the	  

later	  ventricles	  were	  collected	  and	  trypsinized	  by	  0.05%	  Trpsin-‐EDTA	  at	  37	  oC	  for	  5	  

minutes.	  Neurospheres	  were	  proliferated	  in	  the	  6-‐well	  suspension	  plate	  in	  the	  NSC	  

medium	  containing	  βFGF	  20	  ng/ml,	  EGF	  20	  ng/ml	  and	  PDGF	  10	  ng/ml.	  Adding	  PDGF	  

was	  to	  boost	  up	  the	  proliferation	  of	  oligodendrocytes	  that	  generally	  were	  a	  very	  low	  

percentage	   among	   all	   cells.	   After	   the	   first	   passage,	   cells	   were	   placed	   in	   24-‐well	  

plates	  with	  glass	  cover	  slips	  in	  wells,	  and	  growth	  factors	  were	  replaced	  by	  1%	  FBS	  

to	  induce	  differentiation.	  	  
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Immunofluorescence	  

For	  cell	  cultures,	  glass	  cover	  slips	  were	  collected	  and	  fixed	  by	  4%	  paraformaldehyde	  

at	  RT	  for	  1	  hour	  and	  stored	  in	  PBS	  at	  4oC.	  For	  animals,	  mice	  at	  2,	  3,	  and	  6	  weeks	  of	  

age	  were	  perfused	  with	  4%	  paraformaldehyde	   followed	  by	  overnight	  post-‐fixation	  

at	   4oC	   in	   the	   same	   perfusion	   solution.	   Brains	   were	   sectioned	   on	   the	   vibrotome	  

(Leica	  VT1000S),	  and	  coronal	  sections	  of	  50	  μm	  thickness	  were	  collected	  and	  stored	  

in	   anti-‐frozen	   solution	   at	   -‐20	  oC.	   Sections	   were	   washed	   in	   PBS	   for	   5	   times	   and	   5	  

minutes	   at	   each	   time	   to	  wash	   off	   the	   anti-‐freeze	   solution	   before	   immunostaining.	  

For	   both	   culture	   slices	   and	   brain	   sections,	   immunostaining	   was	   applied	   with	   1st	  

antibody	  overnight	  at	  4	  oC	  and	  2nd	  antibody	   for	  2	  hours	  at	   room	  temperature,	  and	  

mounted	   in	   the	   ProLong®	   Gold	   Antifade	   Reagent	   with	   DAPI	   (ThermoFisher	  

P36931).	   Primary	   antibodies	   are	   shown	   in	   the	   table,	   and	   all	   2nd	   antibodies	   were	  

purchased	  from	  Molecular	  Probes.	  

Primary	  
Antibodies	  

Labeling	  
structures	  

Inc.	   Cat.	  #	   Applied	  on	  
Cells	  

Applied	  
on	  Tissues	  

Cathepsin	  D	   lysosome	   Abcam	   ab6313	   1:400	   1:400	  
LAMP1	  	  
(1D4B	  clone)	  

lysosome	   Abcam	   ab25245	   1:500	   1:500	  

LAMP2	   lysosome	   DSHB	   GL2A7	   1:200	   1:200	  
Calreticulin	   ER	   BD	   612137	   1:300	   -‐	  
GM130	   Golgi	   BD	   610822	   1:300	   -‐	  
GALC	   GALC	   Eckman's	  

lab	  
CL1021AP	   1:800	   -‐	  

APC/CC-‐1	   Oligo	  lineage	   Millipore	   OP80	   -‐	   1:100	  
MBP	   Oligo	  lineage	   Millipore	   MAB386	   1:250	   1:250	  
MAG	   Oligo	  lineage	   Abcam	   ab89780	   -‐	   1:400	  
Olig2	   Oligo	  lineage	   Millipore	   AB9610	   -‐	   1:250	  
PLP	   Oligo	  lineage	   Millipore	   AB15454	   1:100	   	  
Neurofilament-‐H	   Axon	   Biolegend	   837904	   -‐	   1:500	  
Tubulin	   belta	   3	  
(Tuj1	  clone)	  

Neuron	  
Axon	  

Covance	   MMS-‐435P	   1:2000	   -‐	  

GFAP	   Astrocyte	   Millipore	   AB5804	   1:5000	   1:5000	  
Iba1	   Microglia	   Wako	   019-‐19741	   -‐	   1:1000	  
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Image	  quantification	  	  

For	  MBP	  quantification	   of	   oligodendrocyte	   primary	   culture,	   images	  were	   taken	   at	  

10X.	  DAPI	  counting	  was	  done	  by	  Fiji	  automatically-‐detecting-‐particles	  function	  and	  

MBP	   counting	   was	   done	   manually.	   For	   LAMP1	   quantification	   of	   primary	  

oligodendrocytes,	  images	  were	  taken	  at	  60X,	  and	  LAMP1	  diameters	  were	  measured	  

manually.	   For	   LAMP1	   quantification	   of	   astrocytes	   in	   the	   neurosphere	   culture,	  

images	  were	  taken	  at	  60X,	  and	  lysosome	  diameters	  were	  measured	  by	  IMARIS	  spot	  

function.	  For	  LAMP1	  quantification	  of	  brain	  images,	  images	  were	  taken	  at	  60X	  along	  

the	   corpus	   callosum,	   and	   lysosomal	   areas	   were	   measured	   by	   IMARIS	   surface	  

function,	  then	  equivalent	  diameters	  were	  calculated	  from	  the	  areas	  of	  the	  spots.	  

	  

Lysosome	  pH	  detection	  

To	   detect	   the	   pH	   of	   lysosomes	   of	   primary	   oligodendrocytes,	   pH	   sensitive	   dye,	  

LysoTracker	  Red	  DND-‐99	  (ThermoFisher	  L7528)	  was	  applied	  to	  the	  live	  cells	  at	  50	  

nM	  concentration.	  Cells	  were	  incubated	  at	  37oC	  for	  30	  minutes	  then	  washed	  by	  PBS	  

twice.	  After	  the	  final	  wash,	  live	  cell	  imaging	  solution	  (ThermoFisher	  A14281DJ)	  was	  

added	  to	  the	  dish,	  and	  images	  were	  taken	  under	  confocal	  microscopy.	  	  

	  	  

β-‐NAG	  enzymatic	  activity	  assay	  

OPCs	   were	   cultured	   in	   10	   cm	   dishes	   and	   induced	   differentiation.	   Cells	   were	  

collected	  11	  days	  after	  differentiation	  using	  M-‐PER™	  Mammalian	  Protein	  Extraction	  

Reagent	  (ThermoFisher	  Cat#	  78501)	  for	  total	  750	  μl	  per	  dish.	  Ten	  μl	  of	  750	  μl	  cell	  
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lysate	   was	   used	   to	   measure	   β-‐NAG	   activity	   using	   β-‐NAG	   assay	   kit	   (Sigma	   Cat#	  

CS0780).	   The	   rest	   of	   the	   samples	   were	   added	   protease	   inhibitor	   (ThermoFisher	  

Cat#	   78425)	   and	   stored	   at	   -‐80oC.	   Later	   aliquots	   of	   frozen	   samples	   were	   used	   to	  

measure	  protein	  concentrations	  using	  Pierce	  BCA	  protein	  assay	  kit	  (Thermo	  Fisher	  

Cat#	   23227).	   β-‐NAG	   activity	   (U/ml)	   was	   normalized	   to	   protein	   concentration	  

(ng/μl)	  for	  statistical	  analysis.	  	  

	  

Microscopy	  	  

Confocal	   images	   of	   fixed	   cells	   and	   tissues	   were	   taken	   using	   NIKON	   eclipse	   Ti-‐E	  

system	   and	   Olympus	   FV1000	   system.	   Confocal	   and	   DIC	   images	   of	   live	   cells	   were	  

taken	  using	  Zeiss	  LSM780	  system.	  Whole	  brain	   images	  of	  LAMP1	   immunostaining	  

were	  taken	  using	  Zeiss	  ApoTome2	  on	  AxioImager	  system.	  Super-‐resolution	  images	  

of	   lysosomes	   were	   taken	   using	   Zeiss	   Elyra	   PS.1	   with	   LSM	   710	   laser-‐scanning	  

confocal	  and	  Airyscan	  system.	  	  

	  

Western	  blotting	  

Western	   blot	   of	   LAMP1	   were	   performed	   using	   forebrain	   samples.	   Thirty	   μg	   of	  

protein	  were	   loaded	  on	  NuPAGE	  4%-‐12%	  Tris-‐Bis	  gel	  (ThermoFisher)	  and	  ran	   for	  

90	  minutes	  at	  200V.	  Blot	  was	  transferred	  onto	  a	  BioTrace	  PVDF	  membrane	  (Pall	  life	  

Sciences)	  at	  25V	  for	  2	  hours.	  Blots	  were	  blocked	  in	  0.1	  TBST	  +	  3%	  non-‐fat	  milk	  for	  

30	   minutes.	   LAMP1	   (Abcam	   Cat#	   AB25245;	   1:1,000)	   and	   Actin	   (Millipore	   Cat#	  

AB1501R;	   1:5,000)	   primary	   antibodies	   were	   applied	   at	   4°C	   overnight.	   	   2nd	  
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antibodies	   conjugated	   with	   AlexaFluor®	   680	   (Life	   Technologies	   Cat#	   A-‐21096;	  

1:10,000)	  and	  DyLight™	  800	  (Rockland	  Cat#	  610-‐145-‐121;	  1:10,000)	  were	  applied	  

at	   room	   temperature	   for	   1	   hour.	   Blots	   were	   visualized	   using	   the	   Licor	   Odyssey	  

imaging	  system.	  	  

	  

Electron	  micrograph	  	  

Electron-‐micrographic	   images	   of	   LAMP1-‐immunolabeled	   corpus	   callosum	   were	  

obtained	  following	  the	  protocol	  published	  by	  Sue	  A.	  Aicher,	  Alla	  Goldberg,	  and	  Sarita	  

Sharma	   in	   2002	   in	   The	   Journal	   of	   Pain.	   Mice	   were	   perfused	   at	   3	   weeks	   of	   age.	  

Primary	  antibody	  was	  rat	  anti-‐LAMP1	  (Abcam	  Cat#	  ab25245).	  Secondary	  antibody	  

was	  Goat	  anti-‐Rat	  IgG	  (H&L)	  (Electron	  Microscopy	  Sciences	  Cat#	  25181).	   Sliver	  

Enhancer	  Kit	  was	  used	  for	  immunostaining	  (Abcam	  Cat#	  ab170733).	  

	  

Psychosine	  measurements	  

OPCs	  were	  cultured	   in	  10	  cm	  dishes	  and	   induced	  differentiation.	  Cell	  pellets	  were	  

collected	  at	  day	  0,	  2,	  5,	  8,	  11,	  14	  days	  after	  differentiation.	  Frozen	  cell	  samples	  were	  

sent	   to	   Dr.	   Ernesto	   Bongarzone’s	   lab	   at	   University	   of	   Illinois	   at	   Chicago	   for	  

psychosine	  analysis.	  The	  protocol	  of	  psychosine	  measurement	  was	  described	  by	  Dr.	  

Ernesto	  Bongarzone:	  Separations	  were	  done	  on	  methanol-‐acetic	  acid	  extracts	  using	  

a	  Shimadzu	  (Kyoto,	   Japan)	  Nexera	  UHPLC	  system	  equipped	  with	  a	  Waters	  Acquity	  

UPLC	  BEH	  amide	  column	  (2.1	  mm	  X	  50	  mm,	  1.7	  µm).	  Psychosine	  was	  eluted	  using	  a	  

30	  second	  isocratic	  flow	  of	  85%	  acetonitrile	  and	  15%	  5	  mM	  ammonium	  formate	  and	  
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0.2%	   formic	   acid	   in	   water	   at	   a	   flow	   rate	   of	   0.90	   mL/min.	   Data	   acquisition	   and	  

integration	  were	   carried	   out	   using	   Shimadzu	   Lab	   Solutions	   software.	   The	   UHPLC	  

system	   was	   interfaced	   to	   a	   Shimadzu	   LCMS-‐8050	   triple	   quadrupole	   mass	  

spectrometer	   equipped	   with	   positive	   ion	   electrospray.	   Nitrogen	   was	   used	   for	  

nebulization	  at	  a	  flow	  rate	  of	  3.0	  L/min,	  drying	  gas	  at	  10	  L/min	  and	  heating	  gas	  flow	  

at	   10	   L/min.	   Psychosine	   was	   measured	   using	   collision-‐induced	   dissociation	   and	  

selected	   reaction	   monitoring	   (SRM).	   The	   SRM	   transition	   for	   psychosine	   was	   m/z	  

462	  to	  282	  and	  the	  transition	  for	  the	  surrogate	  standard	  D-‐lactosyl-‐β1-‐1'-‐D-‐erythro-‐

sphingosine	  was	  m/z	  624	  to	  282.	  	  
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RESULTS	  
	  

We	   acquired	  Twi	   and	  Twi-‐5J	  mice	   from	   Jackson	   Laboratory	   on	   the	   C57BL/6J	   and	  

BXD32/TyJ	  backgrounds,	  respectively.	  To	  compare	  Twi	  and	  Twi-‐5J	  and	  eliminate	  the	  

strain	  variation,	  we	  backcrossed	  Twi-‐5J	  (BXD32)	  animals	  with	  C57BL/6J	  animals	  for	  

at	   least	   six	   generations	   to	   attain	   animals	  with	   the	  Twi-‐5J	  mutation	  on	  a	  C57BL/6J	  

background	  (Twi-‐5J	  (Bl6)).	  Unlike	  Twi-‐5J	  (BXD32),	  which	  has	  a	  life	  span	  of	  about	  25	  

days,	  Twi-‐5J	  (Bl6)	  homozygotes	  have	  a	  life	  span	  of	  about	  40-‐45	  days,	  similar	  to	  that	  

of	  the	  Twi	  homozygotes.	  At	  three	  weeks	  of	  age,	  Twi-‐5J	  (Bl6)	  mice	  became	  less	  active	  

than	   their	  WT	   and	   heterozygous	   littermates	   and	   presented	  muscle	  weakness	   and	  

hind	   limb	   twitching	   phenotype.	   The	   general	   health	   of	   the	   homozygotes	   declined	  

progressively	  until	  the	  end	  of	  life.	  	  

	  

	  

Primary	   Twi-‐5J	   oligodendrocytes	   differentiated	   comparably	   to	   WT	  

oligodendrocytes	  and	  accumulated	  psychosine	  during	  maturation.	  	  

	  

To	  investigate	  the	  subcellular	  structures	  in	  which	  GALC	  is	  disrupted,	  we	  generated	  

primary	  oligodendrocyte	  cultures	  from	  P5	  to	  P8	  cortices	  using	  an	  immunopanning	  

method.	   PDGFRα+	   cells	  were	   selected,	   allowed	   to	   proliferate,	   and	   passaged	   three	  

times.	   At	   the	   last	   passage,	   PDGF	   and	   NT3	  were	   replaced	   by	   T3	   in	   the	  medium	   to	  

induce	   differentiation.	   Once	   differentiating,	   primary	   oligodendrocytes	   survived	   in	  

the	  differentiation	  medium	  for	  two	  to	  three	  weeks.	  Differentiation	  of	  primary	  Twi-‐5J	  
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oligodendrocytes	   was	   comparable	   to	  WT	   (Fig.	   2.2	   A,	   B).	   MBP	   positive	   cells	   were	  

quantified	  as	  8.8%	  ±	  2.7%	  for	  WT	  and	  8.8%	  ±	  3.6%	  for	  Twi-‐5J	  (P	  =	  0.985)	  at	  day	  4	  in	  

the	  differentiation	  media	  (DIF	  4),	  41.0%	  ±	  8.5%	  for	  WT	  and	  46.9%	  ±	  7.3%	  for	  Twi-‐5J	  

at	  DIF	  8	  (P	  =	  0.410),	  and	  46.4%	  ±	  5.0%	  for	  WT	  and	  45.4%	  ±	  8.4%	  for	  Twi-‐5J	  at	  DIF	  

14	   (P	   =	   0.855).	   Few	   astrocytes	   were	   present	   in	   the	   culture.	   GFAP	   positive	   cells	  

represented	  5~10%	  and	  10~15%	  of	   total	  DAPI	   labeled	  nuclei	  after	   two	  and	  three	  

passages,	  respectively.	  Because	  GALCE130K	  lacks	  enzymatic	  activity,	  we	  measured	  the	  

concentration	   of	   psychosine,	   a	   toxic	   substrate	   of	   GALC	   (Fig.	   2.2	   C).	   Prior	   to	  

differentiation,	  both	  WT	  and	  Twi-‐5J	  had	  a	   low	  amount	  of	  psychosine:	  17.42±11.35	  

fmol/µg	   for	  WT	  and	  28.90	  ±	  19.76	   fmol/µg	   for	  Twi-‐5J	   (P	  =	  0.433).	  Two	  days	  after	  

differentiation,	   Twi-‐5J	   cultures	   exhibited	   a	   significant	   increase	   in	   psychosine	  

accumulation	  (64.14	  ±	  11.95	  fmol/µg)	  compared	  to	  WT	  (19.23	  ±	  2.90	  fmol/µg)	  (P	  =	  

0.03).	   Two	   weeks	   after	   differentiation,	   Twi-‐5J	   accumulated	   (345.31	   ±	   27.36	  

fmol/µg)	   over	   30	   times	   more	   psychosine	   than	   WT	   (10.53	   ±	   6.85	   fmol/µg).	   In	  

conclusion,	   primary	   Twi-‐5J	   oligodendrocytes	   differentiated	   with	   a	   timeline	   and	  

efficiency	   similar	   to	   WT	   and	   accumulated	   psychosine	   along	   the	   time	   course	   of	  

differentiation,	   thus	   providing	   a	   valid	   model	   to	   study	   the	   cellular	   pathologies	   of	  

Krabbe	   disease	   during	   differentiation.	   These	   data	   also	   indicate	   that	   intracellular	  

psychosine	   accumulation	   does	   not	   delay	   oligodendroyte	   differentiation,	   as	  

previously	  described	  for	  twitcher	  oligodenrdocyte	  cultures114.	  
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Primary	  GALCmutant	  oligodendrocytes	  developed	  LAMP1-‐labeled,	  enlarged,	  and	  

tubular	  lysosomes.	  

	  

Because	   GALC	   is	   a	   lysosomal	   hydrolase	   and	   its	   substrate	   GalCer	   is	   the	   most	  

abundant	  lipid	  component	  of	  myelin,	  we	  asked	  how	  the	  dysfunction	  of	  GALC	  would	  

affect	  the	  lysosomal	  compartment	  of	  oligodendrocytes.	  To	  answer	  this	  question,	  we	  

stained	  a	  lysosomal	  transmembrane	  glycoprotein,	  LAMP1,	  to	  visualize	  lysosomes	  in	  

primary	   oligodendrocytes.	   Representative	   images	   of	   LAMP1-‐labeled	   lysosomes	   of	  

oligodendrocytes	  were	  shown	  in	  the	  Fig.	  2.3	  A.	  WT	  oligodendrocytes	  generally	  had	  

their	   lysosome	  diameters	   of	   less	   than	   1.2	   µm	  but	   occasionally	   larger	   than	   1.2	   µm	  

(Fig.	   2.3	   A1,	   A2,	   A3).	   In	   contrast,	   GALCmutant	   oligodendrocytes	   often	   had	   their	  

lysosomes	  larger	  than	  1.2	  µm,	  and	  even	  reached	  2-‐3	  µm	  (Fig.	  2.3	  A4).	  We	  quantified	  

the	  size	  of	  lysosomes	  of	  Twi-‐5J	  (Bl6),	  Twi-‐5J	  (BXD)	  and	  Twi	  oligodendrocytes	  at	  DIF	  

11/12	  (Fig.	  2.3	  B).	  The	  median	  diameters	  of	  WT	  and	  Twi-‐5J	   (Bl6)	   lysosomes	  were	  

0.53	  µm	  and	  0.72	  µm,	  respectively.	  The	  median	  diameter	  of	  WT	  and	  Twi-‐5J	  (BXD32)	  

lysosomes	  were	  0.61	  µm	  and	  0.91	  µm,	  respectively.	  The	  median	  diameter	  of	  WT	  and	  

Twi	   lysosomes	  were	  0.57	  µm	  and	  0.78	  µm,	  respectively.	  The	  significant	  increase	  of	  

lysosome	  diameters	  across	  all	  GALCmutant	  oligodendrocytes	  indicates	  that	  lysosomal	  

enlargement	   is	   an	   autonomous	   and	   common	   phenotype	   among	   GALC	   deficient	  

oligodendrocytes.	   In	   addition,	   GALCmutant	   oligodendrocytes	   sometimes	   also	   had	  

lysosomes	   that	   appeared	   as	   short	   or	   long	   tubular	   structures,	   which	   were	   not	  

observed	  in	  WT	  (Fig.	  1	  A4,	  A5).	  As	  many	  as	  ~70%	  of	  oligodendrocytes	  could	  have	  

lysosomes	  with	  short	  or	  long	  tubular	  morphologies,	  and	  multiple	  factors	  could	  affect	  
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the	   development	   of	   these	   tubular	   lysosomes.	   Primary	   oligodendrocytes	   passaged	  

twice	   had	  more	   tubular	   lysosomes	   than	   those	   passaged	   three	   times.	   In	   the	   same	  

passage,	   primary	   oligodendrocytes	   differentiated	   longer,	   e.g.	   at	   DIF	   17	   had	  more	  

tubular	  lysosomes	  than	  those	  differentiated	  shorter,	  e.g.	  at	  DIF	  12,	  or	  no	  had	  tubular	  

lysosomes	  at	  all,	  e.g.	  at	  DIF	  9.	  The	  mechanisms	  by	  which	  these	  factors	  affected	  the	  

lysosomal	  tubule	  formation	  are	  unclear.	  To	  eliminate	  the	  possibility	  that	  the	  tubular	  

lysosomes	  were	  an	  artifact	  of	  limited	  imaging	  resolution	  of	  confocal	  microscopy	  and	  

were	  multiple	  vesicles	  aligning	  closely	   to	  each	  other,	  we	  used	   the	   superresolution	  

structured	  illumination	  (SIM)	  microscopy	  to	  further	  confirm	  that	  both	  enlarged	  and	  

tubular	   lysosomes	   occurred	   in	   the	   GALCmutant	   oligodendrocytes	   (Fig.	   2.3	   C).	   Both	  

enlarged	  and	  tubular	   lysosomes	  occurred	  in	  mature	  oligodendrocytes	  that	  express	  

myelin-‐specific	   proteins,	   e.g.	   PLP	   and	   MAG	   (Sup.	   Fig.	   2.1,	   2.2).	   In	   conclusion,	   we	  

found	  that	  the	  GALCmutant	  oligodendrocytes	  developed	  LAMP1-‐labeled	  enlarged	  and	  

tubular	  lysosomes.	  	  

	  

	  

Enlarged,	   tubular	   lysosomes	   of	   primary	   Twi-‐5J	   oligodendrocytes	   retained	  

lysosomal	   characteristics,	   including	   LAMP2	   expression,	   acidic	   pH,	   and	   NAG	  

enzymatic	  activities	  

	  

Because	   LAMP1	   is	   only	   one	   of	   the	   lysosomal	   membrane	   proteins,	   we	   also	  

investigated	  another	   lysosomal	  membrane	  protein,	  LAMP2,	  using	   immunostaining.	  

LAMP2-‐labeled	   Twi-‐5J	   lysosomes	   revealed	   similar	   lysosomal	   phenotypes,	   i.e.	  
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enlarged	  (Fig.	  2.4	  A	  left)	  and	  tubular	  (Fig.	  2.4	  A	  right)	  lysosomes.	  Normal	  lysosomes	  

should	  have	  a	  pH	  in	  the	  range	  of	  4.0~5.0.	  To	  investigate	  the	  pH	  of	  lysosomes	  of	  Twi-‐

5J	   oligodendrocytes,	   we	   applied	   the	   Lysotracker	   Red	   DND-‐99,	   a	   membrane	  

permeable	  pH	  sensitive	  dye,	  to	  the	  live	  oligodendrocytes	  and	  imaged	  under	  confocal	  

microscopy	   in	   the	   live	   cell	   imaging	   solution.	   Fluorescent	   positive	   signals	   of	  

Lysotracker	   Red	   DND-‐99	   indicated	   that	   Twi-‐5J	   lysosomes	   retained	   an	   acidic	   pH	  

(<6.0)	  (Fig.	  2.4	  B).	  NAG	  is	  a	  lysosomal	  enzyme	  that	  expresses	  in	  various	  tissues.	  To	  

investigate	   if	   the	   lysosomal	   enlargement	   and	   tubulation	   affected	   NAG	   enzymatic	  

activities	   in	   Twi-‐5J	   oligodendrocytes,	   we	   collected	   WT	   and	   Twi-‐5J	   primary	  

oligodendrocytes	   and	   measured	   NAG	   enzymatic	   activities	   using	   commercial	  

available	  kit	  (see	  method).	  Results	  showed	  that	  there	  was	  no	  significant	  difference	  

of	  NAG	  enzymatic	  activities	  between	  WT	  and	  Twi-‐5J	   (Fig.	  2.4	  C).	  The	   results	  were	  

(5.24	  ±	  0.35)	  x	  10-‐2	  Unit/ng	  for	  WT	  and	  (4.99	  ±	  0.72)	  x	  10-‐2	  Unit/ng	  for	  Twi-‐5J.	   In	  

conclusion,	   we	   found	   that	   enlarged	   and	   tubular	   lysosomes	   of	   Twi-‐5J	  

oligodendrocytes	   retained	   functional	   lysosomal	   characteristics,	   including	   LAMP2	  

expression,	  acidic	  pH,	  and	  unchanged	  NAG	  enzymatic	  activities.	  	  
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Some	  GALCE130K	  traffics	  through	  the	  ER	  and	  Golgi	  to	  lysosomes,	  indicating	  that	  

the	   abnormalities	   of	   Twi-‐5J	   lysosomes	   are	   less	   likely	   due	   to	   the	   misfolded	  

protein	  responses	  than	  to	  the	  lack	  of	  enzymatic	  activities	  

	  

Because	  GALCE130K	  is	  thought	  to	  be	  misfolded,	  we	  considered	  the	  possibility	  that	  the	  

mutant	  enzyme	  is	  retained	  in	  the	  ER	  and	  Golgi	  complex	  due	  to	  impaired	  trafficking	  

to	   the	   lysosomes.	   GALCE130K	   trafficking	   was	   investigated	   by	   immunolabeling	  

GALCE130K	  alongside	  calreticulin,	  GM130	  and	  LAMP1	  as	  makers	  of	  ER,	  Golgi	  complex	  

and	   lysosomes,	   respectively	   (Fig.	   2.5).	   Results	   showed	   that	   at	   least	   some	   of	   the	  

GALCE130K	  proteins	   trafficked	   through	  ER	  and	  Golgi	  compartments,	  and	  reached	   to	  

the	  lysosomes,	   indicating	  that	  the	  abnormalities	  described	  in	  Twi-‐5J	   lysosomes	  are	  

probably	   not	   attributable	   to	   a	   misfolded	   protein	   response.	   Because	   Twi	  

oligodendrocytes,	   which	   didn’t	   express	   GALC,	   also	   showed	   similar	   lysosomal	  

phenotypes	   to	   Twi-‐5J,	   we	   concluded	   that	   the	   lysosomal	   phenotype	   of	   GALCmutant	  

primary	  oligodendrocytes	  were	  due	  to	  the	  lack	  of	  enzymatic	  activities.	  

	  

	  

Enlarged	   lysosomes	   predominantly	   occurred	   in	   oligodendrocytes	   in	   Twi-‐5J	  

neurosphere	   cultures	   that	   contained	   oligodendrocytes,	   neurons	   and	  

astrocytes	  

	  

GALC	   is	   ubiquitously	   expressed	   among	   all	   cells,	   but	   the	   main	   substrate	   of	   GALC,	  

GalCer,	   is	   the	   most	   abundant	   lipid	   component	   of	   myelin.	   Enlarged	   lysosomes	   of	  
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oligodendrocytes	   could	  potentially	  be	  due	   to	   the	   interruption	  of	   lipid	  metabolism,	  

especially,	   sphingolipid	   regulation.	   To	   gain	   insight	   into	   potential	   mechanisms	   of	  

lysosomal	  enlargement,	  we	  examined	  other	  cell	  types	  in	  the	  central	  nervous	  system	  

that	  express	  lower	  levels	  of	  GALC	  substrates.	  To	  do	  so,	  Twi-‐5J	  neurosphere	  cultures	  

containing	   oligodendrocytes,	   neurons	   and	   astrocytes	  were	   generated	   (Fig.	   2.6	   A).	  

Cell	  types	  were	  identified	  on	  the	  basis	  of	  morphology	  and	  immunolabeling	  for	  cell-‐

type	  specific	  markers.	  We	  first	  examined	  oligodendrocytes	  labeled	  by	  MAG	  or	  PLP.	  

More	   than	   90%	   of	   Twi-‐5J	   oligodendrocytes	   showed	   increased	   LAMP1	   expression	  

and	  enlarged	  circular	  lysosomes,	  recapitulating	  the	  phenotype	  described	  in	  primary	  

oligodendrocyte	   cultures.	   Next,	   we	   assessed	   neurons	   labeled	   with	   Tuj1.	   Neurons	  

had	   small	   soma	   volume	   and	   contained	   few	   LAMP1-‐labled	   lysosomes	   around	   the	  

nuclei,	  and	  did	  not	  exhibit	  appreciable	  differences	  between	  Twi-‐5J	  and	  WT.	  Lastly,	  

we	   looked	  at	  astrocytes	  stained	   for	  GFAP.	  Astrocytes	  had	  vesicular	   lysosomes	  and	  

the	  majority	  of	  lysosomes	  were	  located	  in	  the	  perinuclear	  space,	  while	  the	  rest	  were	  

distributed	   in	   the	   cytoplasm.	  We	   quantified	   the	   lysosomal	   diameter	   of	   astrocytes	  

and	  found	  that	  Twi-‐5J	  lysosomes	  were	  comparable	  to	  WT	  using	  this	  metric	  (Fig.	  2.6	  

B).	  Data	  were	  analyzed	  as	  normal	  distribution,	  and	  statistical	  results	  were	  F(1,7051)	  

=	  1.64,	  P	  =	  0.2010,	  the	  median	  diameters	  of	  WT	  and	  Twi-‐5J	  were	  0.898	  µm	  and	  0.875	  

µm,	   respectively.	   In	   conclusion,	   we	   found	   that	   the	   significant	   enlargement	   of	  

lysosomes	  was	  a	   cell	   autonomous	  effect	   that	  occurred	  predominantly	   in	   the	  GALC	  

deficient	  oligodendrocytes.	  	  
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GALCmutant	  white	  matter	  showed	   increased	  expression	  of	  LAMP1	  and	  LAMP1-‐

labeled	  enlarged	  lysosomes	  

	  

To	   investigate	   the	   lysosomal	   phenotype	   in	   vivo,	   we	   first	   evaluated	   LAMP1	  

expression	   in	  coronal	   forebrain	  sections	  of	  WT	  and	  Twi-‐5J	   (Bl6)	  animals	  at	  2,	  3,	  6	  

weeks	  of	  age	  using	  standard	  immunostaining	  methods	  (Fig.	  2.7	  A).	  Along	  the	  corpus	  

callosum,	   which	   was	   abundant	   with	   oligodendrocytes	   and	   myelinated	   axons,	   WT	  

mice	  showed	  decreased	  expression	  of	  LAMP1	  during	  development.	  In	  contrast,	  Twi-‐

5J	   (Bl6)	  mice	  showed	   increased	  expression	  of	  LAMP1	  from	  3	   to	  6	  weeks	  of	  age	  (6	  

weeks	   =	   terminal	   age	   of	   Twi-‐5J	   (Bl6)).	   Other	   white	   matter	   tracts,	   such	   as	   the	  

anterior	   and	   posterior	   commissures,	   were	   also	   examined	   and	   showed	   a	   similarly	  

increased	  level	  of	  LAMP1	  expression	  at	  the	  terminal	  age	  in	  Twi-‐5J	  (Bl6)	  forebrains	  

(data	  not	  shown).	  We	  further	  applied	  protein	  immunoblotting	  to	  confirm	  this	  result	  

using	  forebrain	  samples	  of	  WT	  and	  Twi-‐5J	  (Bl6)	  at	  the	  terminal	  age	  (Fig.	  2.7	  B).	  The	  

quantification	   of	   LAMP1	   immunoblots	   showed	   that	   there	  was	   an	   increase	   of	   90	  ±	  

13%	   of	   LAMP1	   expression	   in	   the	  Twi-‐5J	   (Bl6)	   forebrains	   relative	   to	  WT	   controls	  

(Fig.	  2.7	  C).	  Because	  the	  proportion	  of	  oligodendrocytes	  in	  the	  entire	  forebrain	  was	  

lower	   than	   in	   the	   corpus	   callosum,	   we	   expect	   that	   the	   actual	   increase	   in	   LAMP1	  

expression	  within	  white	  matter	  tracts	  is	  greater	  than	  90%.	  	  

	  

High	   power	   examination	   of	   LAMP1-‐labled	   lysosomes,	   demonstrated	   the	  

enlargement	  of	  lysosomes	  in	  Twi-‐5J	  (Bl6)	  animals	  at	  2-‐week	  of	  age,	  i.e.	  we	  were	  able	  

to	   capture	   the	   lysosomal	   enlargement	   in	   one	   of	   three	   sites	   examined	   (Fig.	   2.7	  D).	  
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Following	   quantification	   of	   lysosome	   diameters	   within	   the	   corpus	   callosum,	   we	  

found	   the	  median	  diameter	  of	   lysosomes	   from	  WT	  and	  Twi-‐5J	  (Bl6)	   animals	  were	  

0.72	  µm	  and	  0.87	  µm,	  respectively	  (Fig.	  2.7	  E).	  There	  was	  a	  significant	   increase	   in	  

the	  diameter	  of	   lysosomes.	  At	  2-‐weeks	  of	  age	  2.7%	  of	  WT	  lysosomes	  and	  8.9	  %	  of	  

Twi-‐5J	   (Bl6)	   lysosomes	   were	   larger	   than	   2	   µm	   in	   diameter	   (χ²(1)	   =	   695.86,	   P	   =	  

0.000)	  (Fig.	  2.7	  F).	  At	  3-‐weeks	  of	  age,	  we	  were	  able	  to	  observe	  enlarged	  lysosomes	  

in	   every	   image	   evaluated.	   	   Quantification	   demonstrated	   that	  WT	   lysosomes	   had	   a	  

median	  diameter	  of	  0.73	  µm	  with	  1.9%	  of	  lysosomes	  being	  larger	  than	  2	  µm,	  while	  

Twi-‐5J	  (Bl6)	  had	  a	  median	  diameter	  of	  0.99	  µm	  with	  16.8%	  of	  lysosomes	  exhibiting	  a	  

diameter	  greater	   than	  2	  µm.	  At	   the	  6-‐week	   time	  point,	   the	   lysosomal	  enlargement	  

became	   pronounced	   in	   the	   Twi-‐5J	   (Bl6)	   and	   lysosomes	   began	   to	   form	   irregular	  

morphologies.	  Quantification	  showed	  that	  WT	  lysosomes	  had	  a	  median	  diameter	  of	  

0.80	  µm	  and	  4.4%	  of	   lysosomes	  were	  greater	   than	  2	  µm	  in	  diameter,	  while	  Twi-‐5J	  

(Bl6)	  had	  a	  median	  diameter	  of	  1.04	  µm	  and	  18.5%	  of	  lysosomes	  were	  greater	  than	  

2	  µm	  in	  diameter.	  	  

	  

Because	  Twi	  and	  Twi-‐5J	  (Bl6)	  animals	  had	  similar	  life	  spans	  and	  different	  mutations	  

in	   the	  GALC	  gene,	  we	  also	  examined	  Twi	  forebrains	  at	   the	   terminal	  age.	  Similar	   to	  

Twi-‐5J	   (Bl6)	   animals,	   Twi	   forebrains	   showed	   an	   apparent	   increase	   in	   LAMP1	  

expression	  along	  the	  major	  white	  matter	  tracts	  (Fig.	  2.7	  G).	  High-‐resolution	  images	  

were	   taken	   along	   the	   Twi	   corpus	   callosum	   and	   these	   illustrated	   the	   severe	  

lysosomal	  enlargement	  observed	  in	  these	  animals	  (Fig.	  2.7	  H).	  	  
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In	   conclusion,	   we	   found	   that	   GALCmutant	   white	   matter	   had	   increased	   LAMP1	  

expression	   and	   enlarged	   lysosomes.	   Particularly	   in	   Twi	   and	   Twi-‐5J	   (Bl6)	   animals	  

that	  had	   life	   spans	  of	  approximately	   six	  weeks,	   the	   lysosomal	  phenotype	  began	   to	  

appear	   at	   around	   two	   weeks	   of	   age,	   and	   developed	   increasing	   severity	   as	  

development	  progressed,	  reaching	  maximal	  severity	  around	  the	  time	  of	  death.	  	  	  

	  

	  

Enlarged	  lysosomes	  of	  Twi-‐5J	  (Bl6)	  white	  matter	  retained	  essential	  lysosomal	  

characteristics	   and	   developed	   non-‐selectively	   from	   all	   heterogeneous	  

lysosomes.	  	  

	  

In	   addition	   to	   LAMP1,	  we	   also	   examined	   the	   subcellular	   distribution	  of	   two	  other	  

lysosomal	  proteins,	  LAMP2	  and	  Cathepsin	  D	  within	  the	  Twi-‐5J	  (Bl6)	  corpus	  callosum	  

at	  the	  terminal	  age.	  LAMP2	  is	  a	  lysosomal	  membrane	  glycoprotein	  similar	  to	  LAMP1	  

and	   Cathepsin	   D	   is	   a	   soluble	   lysosomal	   hydrolase.	   Both	   LAMP2	   and	   Cathepsin	   D	  

were	   expressed	  at	   significantly	  higher	   levels	   in	   the	  Twi-‐5J	   (Bl6)	  white	  matter	   and	  

revealed	  enlarged	  lysosomes	  (Fig.	  2.8	  A,	  B).	  In	  addition,	  when	  we	  co-‐labeled	  LAMP1	  

and	  Cathepsin	  D,	  we	  found	  that	  LAMP1-‐labled	  lysosomes	  also	  contained	  Cathepsin	  D	  

(Fig.	   2.8	   B).	   In	   conclusion,	   the	   enlarged	   lysosomes	   of	   Twi-‐5J	   (Bl6)	   white	   matter	  

expressed	  LAMP2	  and	  contained	  Cathepsin	  D,	  indicating	  that	  at	  least	  these	  essential	  

lysosomal	   characteristics	   were	   preserved	   in	   the	   GALC	   deficient	   lysosomes	   even	  

until	  the	  severities	  of	  the	  phenotype	  in	  vivo.	  
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Normal	  lysosomes	  are	  heterogeneous	  vesicles.	  We	  asked	  the	  question	  whether	  the	  

enlarged	  lysosomes	  derived	  from	  lysosomes	  in	  a	  certain	  appearance,	  or	  not	  specific	  

to	   one	   subpopulation	   but	   from	   heterogeneous	   vesicles.	   To	   do	   so,	   we	   labeled	  

lysosomes	   by	   LAMP1-‐sliver	   and	   collected	   images	   under	   electronmicroscopy	   (EM)	  

(Fig.	   2.8	   C).	   EM	   images	   revealed	   that,	   at	   3	   weeks	   of	   age	   when	   the	   lysosomal	  

phenotype	  was	   apparent,	   both	  WT	   and	   enlarged	  Twi-‐5J	   (Bl6)	   lysosomes	   retained	  

their	  heterogeneous	  contents,	  such	  as	  vacuoles,	  electron-‐light	  deposit,	  or	  electron-‐

dense	  membrane-‐like	  structures.	  Therefore,	  the	  development	  of	  enlarged	  lysosomes	  

was	  not	  limited	  to	  a	  certain	  type	  of	  lysosomes,	  but	  more	  likely	  resulted	  from	  a	  non-‐

selective	  process	  among	  all	  lysosomes.	  	  	  

	  

	  

Enlarged	   lysosomes	   occurred	   primarily	   in	   the	   oligodendrocytes	   from	  Twi-‐5J	  

(Bl6)	  white	  matter	  and	  secondarily	  in	  microglia	  and	  astrocytes	  

	  

Because	   enlarged	   lysosomes	   primarily	   developed	   in	   the	   oligodendrocytes	   in	   the	  

neurosphere	  cultures	  (Fig.	  2.6),	  we	  hypothesized	  that	  oligodendrocytes	  are	  also	  the	  

main	   affected	   cell	   type	   in	   vivo.	   	   To	   test	   this,	   we	   co-‐labeled	  Twi-‐5J	   (Bl6)	   forebrain	  

sections	  with	  LAMP1	  and	  various	  cell-‐type	  specific	  markers.	  We	  determined	  that,	  at	  

3	  weeks	  of	  age,	  when	   the	   lysosomal	  phenotype	  was	  apparent,	  enlarged	   lysosomes	  

occurred	  predominantly	   in	  oligodendrocytes	  expressing	  Olig2	  and	  APC,	  but	  not	   in	  

other	   cell	   types,	   such	   as	   GFAP-‐positive	   astrocytes,	   Iba1-‐positive	   microglia,	   or	  

neurofilament-‐positive	   axons	   (Fig.	   2.9	   A).	   However,	   at	   6	   weeks	   of	   age,	   when	   the	  



	   62	  

lysosomal	   phenotype	   is	   the	  most	   severe,	   the	   enlarged	   lysosomes	  were	   found	   not	  

only	   in	   oligodendrocytes,	   but	   also	   in	   astrocytes	   and	   microglia,	   suggesting	   that	  

enlarged	   lysosomes	   eventually	   develop	   in	   astrocytes	   and	   microglia	   of	   the	   GALC	  

deficient	  white	  matter	  (Fig.	  2.9	  B).	  We	  believed	  that	  the	  in	  vivo	  data	  was	  consistent	  

with	   our	   in	   vitro	  data,	   in	   which	   the	   lysosomal	   phenotype	   predominantly	   affected	  

oligodendrocytes,	  most	   likely	   due	   to	   perturbations	   in	   sphingolipid	  metabolism	   to	  

which	   oligodendrocyte	   lineage	   cells	   were	   most	   susceptible.	   The	   in	   vivo	   data	   also	  

suggested	   that	  both	  astrocytes	  and	  microglia	  were	  activated	   in	   the	  GALC	  deficient	  

white	  matter,	  contributing	  to	  a	  gliotic	  environment	  early,	  and	  developing	  enlarged	  

lysosomes	  near	   the	   terminal	   stage	   of	   the	   pathophysiology.	   It	  would	   be	   our	   future	  

plan	  to	  address	  whether	  the	  lysosomal	  enlargement	  of	  astrocytes	  and	  microglia	  was	  

cell	   autonomous	   or	   resulted	   from	   engulfing	   the	   debris	   of	   unhealthy	  

oligodendrocytes.	  	  
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Fig.	  2.1	  
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Fig.	  2.1	  Cartoon	  showing	  murine	  models	  of	  Krabbe	  disease.	  	  
	  
Twitcher	   (Twi)	   mice	   didn’t	   express	   GALC	   while	   Twitcher-‐5J	   (Twi-‐5J)	   expressed	   a	  
mutant	  version	  of	  GALC,	  so	  called	  GALCE130K.	  GALCE130K	  had	  been	  shown	  to	  be	  lack	  of	  
enzymatic	  activities	  and	  predicted	  to	  be	  misfolded.	  	  
	   	  



	   64	  

Fig.	  2.2	  
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Fig.	   2.2	   Primary	   Twi-‐5J	   oligodendrocytes	   differentiated	   comparably	   to	   WT	  
oligodendrocytes	  and	  accumulated	  psychosine	  along	  differentiation.	  

	  
(A) Mouse	   primary	   oligodendrocytes	   were	   generated	   by	   immunopanning	  

methods145.	  Oligodendrocytes	  precursor	  cells	   (OPCs)	  were	   isolated	   from	  P5-‐P8	  
cortexes,	  proliferated	  and	  passaged	  two	  to	  three	  times.	  At	  the	  last	  passage,	  PDGF	  
and	  NT3	  were	  replaced	  by	  T3	  in	  media	  to	  induce	  differentiation.	  MBP	  staining	  of	  
both	   WT	   and	   Twi-‐5J	   primary	   oligodendrocytes	   showed	   the	   time	   course	   of	  
differentiation.	   Primary	   oligodendrocytes	   can	   survive	   for	   about	   two	   to	   three	  
weeks	  in	  the	  culture	  condition.	  300	  µm	  scale	  bar.	  	  

(B) The	  percentage	  of	  MBP-‐positive	  cells	  over	  DAPI	  were	  quantified	  as	  an	  indication	  
of	   oligodendrocyte	   differentiation.	   At	   DIF	   4,	   8.8%	   ±	   2.7%	   of	   WT	   cells	   and	  
8.8%±3.6%	   of	   Twi-‐5J	   cells	   were	  MBP	   positive	   (P	  =	   0.985).	   At	   DIF	   8,	   41.0%	   ±	  
8.5%	   of	   WT	   cells	   and	   46.9%	   ±	   7.3%	   of	   Twi-‐5J	   cells	   were	   MBP	   positive	   (P	   =	  
0.410).	   	  At	  DIF	  14,	  46.4%	  ±	  5.0%	  of	  WT	  cells	  and	  45.4%	  ±	  8.4%	  of	  Twi-‐5J	  cells	  
were	  MBP	  positive	  (P	  =	  0.855).	  Statistics	  were	  done	  using	  ANOVA	  and	  shown	  as	  
mean±SD.	  

(C) Because	   GALCE130K	   had	   been	   shown	   to	   be	   lack	   of	   enzymatic	   activities,	   the	  
concentrations	   of	   psychosine,	   a	   toxic	   substrate	   of	   GALC,	  were	  measured	   along	  
differentiation.	  	  Prior	  to	  the	  differentiation,	  there	  was	  no	  significant	  difference	  of	  
psychosine	   concentration	   between	   WT	   (17.42	   ±	   11.35	   fmol/µg)	   and	   Twi-‐5J	  
(28.90	  ±	  19.76	  fmol/µg)	  (P	  =	  0.433).	  Two	  days	  after	  differentiation,	  Twi-‐5J	  had	  
significant	   increase	   of	   psychosine	   concentration	   (64.14	   ±	   11.95	   fmol/µg)	  
comparing	   to	   WT	   (19.23	   ±	   2.90	   fmol/µg)	   (P	   =	   0.03).	   Two	   weeks	   after	  
differentiation,	  Twi-‐5J	   accumulated	   psychosine	   (345.31	   ±	   27.36	   fmol/µg)	   over	  
30	   times	   more	   than	   WT	   (10.53	   ±	   6.85	   fmol/µg).	   Statistics	   were	   done	   using	  
ANOVA	  and	  shown	  as	  mean	  ±	  SD.	  
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Fig.	  2.3	  
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Fig.	  2.3	  GALCmutant	  primary	  oligodendrocytes	  developed	  LAMP1-‐labeled,	  
enlarged,	  and	  tubular	  lysosomes.	  	  
	  
(A) Representative	   pictures	   showed	   normal,	   enlarged	   and	   tubular	   LAMP1-‐labeled	  

lysosomes	   in	   WT	   and	   GALCmutant	   primary	   oligodendrocytes.	   (A1)	  
Oligodendrocytes	   had	   lysosomes	   of	   diameter	   less	   than	   0.6	   µm;	   (A2)	  
Oligodendrocytes	   had	   lysosomes	   of	   diameter	   between	   0.6	   µm	   to	   1.2	   µm;	   (A3)	  
Oligodendrocytes	   occasionally	   had	   lysosomes	   of	   diameter	   over	   1.2	   µm;	  
Oligodendrocytes	   like	   (A1),	   (A2)	   and	   (A3)	   were	   found	   among	   both	   WT	   and	  
GALCmutant	   primary	   oligodendrocytes.	   (A4)	  Oligodendrocytes	   had	   a	  majority	   of	  
lysosomes	   that	   were	   enlarged	   and	   of	   diameter	   over	   1.2	   µm;	   (A5)	  
Oligodendrocytes	  had	  lysosomes	  of	  short	  tubular	  shapes;	  (A6)	  Oligodendrocytes	  
had	   lysosomes	   of	   long	   tubular	   shapes	   extended	   from	   the	   perinuclear	   space	   to	  
the	  edge	  of	  the	  proximal	  plasma.	  Oligodendrocytes	  like	  (A4),	  (A5)	  and	  (A6)	  were	  
dominant	  among	  GALCmutant	  primary	  oligodendrocytes.	  Tubular	  lysosomes	  were	  
only	  found	  in	  GALCmutant	  primary	  oligodendrocytes.	  25	  um	  scale	  bar.	  

(B) Diameters	  of	  LAMP1-‐labled	   lysosomes	  were	  measured.	  Oligodendrocytes	  were	  
generated	  from	  Twi-‐5J	  (Bl6)	  mice	  (B1),	  Twi-‐5J	  (BXD32)	  mice	  (B2)	  as	  well	  as	  Twi	  
mice	   (B3).	   GALCmutant	   primary	   oligodendrocytes	   across	   all	   three	   strains	  
developed	   enlarged	   lysosomes.	   The	  median	  diameters	   of	  WT	  and	  Twi-‐5J	   (Bl6)	  
lysosomes	  were	  0.53	  µm	  and	  0.72	  µm,	  respectively.	  The	  median	  diameter	  of	  WT	  
and	   Twi-‐5J	   (BXD32)	   lysosomes	   were	   0.61	   µm	   and	   0.91	   µm,	   respectively.	   The	  
median	   diameter	   of	   WT	   and	   Twi	   lysosomes	   were	   0.57	   µm	   and	   0.78	   µm,	  
respectively.	   Kolmogorov–Smirnov	   tests	   between	   genotypes	  were	   done	   for	   all	  
three	  groups	  and	  all	  the	  P	  values	  are	  less	  than	  0.01.	  	  

(C) To	   eliminate	   the	   possibility	   that	   the	   observation	   of	   tubular	   lysosomes	   of	  
GALCmutant	   primary	   oligodendrocytes	   was	   an	   artifact	   and	   due	   to	   the	   limited	  
resolutions	   of	   laser-‐scan	   confocal	   microscopy,	   superresolution	   structured	  
illumination	   (SIM)	   microscopy	   was	   applied	   and	   confirmed	   that	   the	   both	  
enlarged	   and	   tubular	   lysosomes	   occurred	   in	   GALCmutant	   primary	  
oligodendrocytes.	  2	  µm	  scale	  bar.	  
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Fig.	  2.4	  
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Fig.	  2.4	  Enlarged,	  tubular	  lysosomes	  of	  Twi-‐5J	  oligodendrocytes	  retained	  
lysosomal	  characteristics	  including	  LAMP2	  expression,	  acidic	  pH	  and	  NAG	  
enzymatic	  activities.	  	  
	  
(A) The	   lysosomal	   phenotype	   of	   Twi-‐5J	   oligodendrocytes	   was	   investigated	   by	  

staining	   of	   another	   lysosomal	   membrane	   protein,	   LAMP2.	   LAMP2-‐labeled	  
lysosomes	   revealed	   similar	   lysosomal	   phenotypes	   as	   labeled	   by	   LAMP1.	   Both	  
enlarged	   lysosomes	   (left)	   and	   tubular	   lysosomes	   (right)	   occurred	   in	   Twi-‐5J	  
oligodendrocytes.	  25	  µm	  scale	  bar.	  	  

(B) The	  pH	  of	   lysosomes	   of	  Twi-‐5J	   oligodendrocytes	  was	   investigated	   by	   applying	  
Lysotracker	   Red	   DND-‐99,	   a	   membrane	   permeable	   pH	   sensitive	   dye,	   to	   live	  
oligodendrocytes	  and	  imaging	  under	  confocal	  microscopy	  in	  the	  live	  cell	  imaging	  
solution.	  Fluorescent	  positive	  signals	  of	  Lysotracker	  Red	  DND-‐99	  indicated	  that	  
Twi-‐5J	  lysosomes	  retained	  the	  acidic	  pH	  (<	  6.0).	  25	  µm	  scale	  bar.	  

(C) The	  enzymatic	  activity	  of	  NAG,	  a	   lysosomal	  enzyme,	  was	  measured	   in	  WT	  and	  
Twi-‐5J	   oligodendrocytes.	   There	  was	   no	   significant	   difference	   of	   NAG	   activities	  
between	  Twi-‐5J	   and	  WT.	  The	  results	  were	  (5.24	  ±	  0.35)	  x	  10-‐2	  Unit/ng	   for	  WT	  
and	   (4.99	   ±	   0.72)	   x	   10-‐2	   Unit/ng	   for	   Twi-‐5J.	   Data	   was	   analyzed	   by	   ANOVA	  
method	  and	  shown	  as	  mean	  ±	  SD.	  
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Fig.	  2.5	  	  

	  
	  
	  
	  
Fig.	  2.5	  Some	  GALCE130K	  traffics	  through	  the	  ER	  and	  Golgi	  to	  lysosomes,	  
indicating	  that	  the	  abnormalities	  of	  Twi-‐5J	  lysosomes	  are	  less	  likely	  due	  to	  the	  
misfolded	  protein	  responses	  than	  to	  the	  lack	  of	  enzymatic	  activities.	  
	  
Because	  GALCE130k	  was	  predicted	  to	  be	  misfolded	  and	  could	  potentially	  be	  stuck	  in	  
ER	   and	   Golgi	   complex	   and	   failed	   to	   be	   transported	   to	   lysosomes.	   GALCE130k	  
trafficking	  was	  investigated	  by	  staining	  GALCE130k	  alongside	  calreticulin,	  GM130	  and	  
LAMP1	  as	  makers	  of	  ER,	  Golgi	  complex	  and	  lysosomes	  respectively.	  Results	  showed	  
that	   at	   least	   some	   of	   the	   GALCE130k	   proteins	   trafficked	   through	   ER	   and	   Golgi	   and	  
reached	   to	   the	   lysosomes	   (arrows),	   indicating	   that	   the	   abnormalities	   of	   Twi-‐5J	  
lysosomes	   were	   less	   likely	   due	   to	   the	   misfolded	   protein	   responses.	   Because	   Twi	  
oligodendrocytes	   which	   didn’t	   express	   GALC	   also	   showed	   similar	   lysosomal	  
phenotypes	   as	   Twi-‐5J,	   we	   concluded	   that	   the	   lysosomal	   phenotypes	   of	   GALCmutant	  
primary	  oligodendrocytes	  were	  due	  to	  the	  lack	  of	  enzymatic	  activities.	  10	  µm	  scale	  
bar.	  
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Fig.	  2.6	  
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Fig.	  2.6	  Enlarged	  lysosomes	  predominantly	  occurred	  in	  oligodendrocytes	  in	  
Twi-‐5J	  neurosphere	  culture	  that	  contained	  oligodendrocytes,	  neurons	  and	  
astrocytes.	  
	  
(A) Neurosphere	   cultures	  were	   generated	   from	  P3	   or	   P4	   forebrains.	   Different	   cell	  

types	  were	  identified	  by	  their	  morphologies	  and	  cell	  type-‐specific	  markers:	  MAG	  
for	   oligodendrocytes,	   Tuj1	   for	   neurons,	   and	   GFAP	   for	   astrocytes.	   Enlarged	  
lysosomes	   were	   found	   in	   >90%	   of	   Twi-‐5J	   oligodendrocytes	   shown	   in	   the	  
representative	   images	   (left	  panel).	  Neurons	   contained	   small	   volume	  of	  plasma	  
and	  very	   few	  LAMP1-‐labeled	   spots	   in	   the	   soma,	   and	   there	  was	  no	  appreciable	  
difference	   between	   Twi-‐5J	   and	   WT	   (middle	   panel).	   Astrocytes	   had	   vesicular	  
lysosomes,	  and	  the	  majority	  of	   lysosomes	   located	   in	   the	  perinuclear	  space	  and	  
the	  rest	  of	  them	  diffusively	  distributed	  in	  the	  plasmas	  (right	  panel).	  There	  was	  
no	   significant	   difference	   between	   Twi-‐5J	   and	   WT,	   and	   the	   quantification	   was	  
shown	  in	  (B).	  50	  µm	  scale	  bar.	  

(B) 	  The	   diameters	   of	   lysosomes	   of	   astrocytes	   were	   quantified	   and	   analyzed	   by	  
ANOVA	  method.	  There	  was	  no	  significant	  difference	  between	  Twi-‐5J	  and	  WT	  (P	  
=	  0.2010).	  The	  median	  diameters	  of	  WT	  and	  Twi-‐5J	  were	  0.898	  µm	  and	  0.875	  
µm,	  respectively.	  
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Fig.	  2.7	  
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Fig.	  2.7	  GALCmutant	  white	  matters	  had	  increased	  expression	  of	  LAMP1	  and	  
LAMP1-‐labeled	  enlarged	  lysosomes.	  
	  
(A) Lysosomal	  phenotypes	  were	  investigated	  in	  vivo.	  WT	  and	  Twi-‐5J	  (Bl6)	  forebrain	  

coronal	   sections	   were	   labeled	   by	   LAMP1	   at	   2,	   3	   and	   6	   weeks	   of	   age.	   During	  
development,	   LAMP1	   expression	   along	   corpus	   callosum	  was	   decreased	   in	  WT	  
but	   increased	   in	   Twi-‐5J	   (Bl6).	   At	   6	   weeks	   of	   age	   (terminal	   age),	   LAMP1	  
expression	  of	  Twi-‐5J	  (Bl6)	  corpus	  callosum	  was	  obviously	  higher	  than	  WT.	  	  

(B) 	  To	   compare	   LAMP1	   expression	   in	   WT	   and	   Twi-‐5J	   (Bl6)	   at	   the	   terminal	   age,	  
LAMP1	  western	   blots	  were	   applied	   on	   forebrains	   samples.	   LAMP1	   expression	  
was	  significantly	  higher	  in	  the	  Twi-‐5J	  (Bl6)	  forebrain.	  	  

(C) Quantification	  of	   LAMP1	  western	  blots.	  There	  was	   an	   increase	  of	  90	  ±	  13%	  of	  
LAMP1	  expression	  in	  Twi-‐5J	  (Bl6)	  forebrains	  comparing	  to	  WT	  (T-‐Test,	  P	  <	  0.01,	  
statistics	  was	  shown	  as	  mean	  ±	  SD).	  Because	  the	  portion	  of	  oligodendrocytes	  in	  
forebrains	   was	   lower	   than	   in	   corpus	   callosum,	   the	   actual	   increase	   of	   LAMP1	  
expression	  in	  the	  white	  matter	  tracks	  should	  be	  more	  than	  90%.	  	  

(D) High-‐resolution	   images	  were	   taken	   in	   corpus	   callosum	   (location	   shown	   as	   the	  
white	   square	   in	   (A)).	   Twi-‐5J	   (Bl6)	   corpus	   callosum	   developed	   LAMP1-‐labeled	  
enlarged	   lysosomes	   that	   occasionally	   appeared	   at	   2	   weeks	   of	   age,	   became	  
apparent	  at	  3-‐week	  of	  age,	  and	  were	  severe	  at	  6	  weeks	  of	  age.	  30	  µm	  scale	  bar.	  

(E) Lysosome	  diameters	  were	  quantified	  at	  WT	  and	  Twi-‐5J	  (Bl6)	  corpus	  callosum	  at	  
2	  (E1),	  3	  (E2)	  and	  6	  (E3)	  weeks	  of	  age.	  The	  median	  diameters	  of	  WT	  lysosomes	  
at	  2,	  3,	  and	  6	  weeks	  of	  age	  were	  0.72	  µm,	  0.73	  µm	  and	  0.80	  µm,	  respectively.	  Twi-‐
5J	   (Bl6)	   corpus	   callosum	   developed	   significant	   amount	   of	   enlarged	   lysosomes	  
along	  development.	  The	  median	  diameters	  of	  Twi-‐5J	  (Bl6)	  lysosomes	  at	  2,	  3	  and	  
6	  weeks	  of	  age	  were	  0.80	  µm,	  0.99	  µm	  and	  1.04	  µm,	  respectively.	  	  

(F) To	  better	  characterize	  the	  enlargement	  of	  Twi-‐5J	  (Bl6)	  lysosomes,	  the	  portion	  of	  
lysosomes	  of	  diameter	  over	  2	  µm	  was	  quantified.	  As	  shown	  in	  the	  table,	  there	  is	  
a	  significant	  increase	  of	  lysosomes	  of	  diameter	  over	  2	  µm	  in	  Twi-‐5J	  (Bl6)	  corpus	  
callosum.	  Statistics	  were	  done	  by	  χ²	  analysis.	  P	  values	  indicated	  the	  significance	  
between	  genotypes	  at	  each	  time	  points.	  	  

(G) Twi	   corpus	   callosum	   that	   didn’t	   express	   GALC	   was	   also	   investigated	   for	   the	  
LAMP1	  expression.	  Comparable	   to	  Twi-‐5J	   (Bl6),	  Twi	  white	  matter	   also	   showed	  
robust	  increase	  of	  LAMP1	  expression	  at	  6	  weeks	  of	  age	  (terminal	  age).	  	  

(H) High-‐resolution	   images	  were	   taken	   at	  Twi	  corpus	   callosums.	   Similar	   to	  Twi-‐5J	  
(Bl6),	   Twi	   developed	   a	   severe	   lysosomal	   enlargement	   at	   the	   terminal	   age,	  
indicating	   that	   the	   lysosomal	   enlargement	   was	   a	   common	   phenotype	   across	  
GALC	  deficient	  white	  matter.	  30	  µm	  scale	  bar.	  	  
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Fig.	  2.8	  
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Fig.	  2.8	  Enlarged	  lysosomes	  of	  Twi-‐5J	  (Bl6)	  white	  matter	  retained	  essential	  
lysosomal	  characteristics	  and	  developed	  non-‐selectively	  from	  all	  
heterogeneous	  lysosomes.	  	  
	  
(A) The	   lysosomes	   of	  Twi-‐5J	   (Bl6)	  white	  matters	  were	   investigated	   by	   staining	   of	  

another	   lysosomal	   membrane	   protein,	   LAMP2.	   LAMP2-‐labeled	   lysosomes	  
revealed	   similar	   lysosomal	   phenotypes,	   i.e.	   increased	   LAMP2	   expression	   and	  
enlarged	  lysosomes	  as	  labeled	  by	  LAMP1.	  25	  µm	  scale	  bar.	  	  

(B) The	  lysosomes	  of	  Twi-‐5J	  (Bl6)	  white	  matters	  were	  investigated	  by	  staining	  of	  a	  
soluble	   lysosomal	  protease,	  Cathepsin	  D.	  Results	  showed	  that	  Twi-‐5J	   (Bl6)	  had	  
an	   increased	   expression	   of	   Cathepsin	   D	   and	   the	   enlarged	   LAMP1-‐labeled	  
lysosomes	  retained	  the	  content	  of	  Cathepsin	  D.	  25	  µm	  scale	  bar.	  	  

(C) LAMP1-‐silver	   immunolabeled	   lysosomes	   from	   corpus	   callosum	   were	  
investigated	   under	   electronmicroscopy	   (EM).	   Both	   WT	   and	   enlarged	   Twi-‐5J	  
(Bl6)	   lysosomes	   retained	   the	  heterogeneities	  of	   electron	  densities	   and	  deposit	  
contents,	   e.g.	   containing	   vacuoles,	   electron-‐light	   deposit,	   or	   electron-‐dense	  
membrane-‐like	   structures,	   indicating	   that	   the	   development	   of	   enlarged	  
lysosomes	   was	   not	   limited	   to	   a	   certain	   type	   of	   lysosomes,	   but	   more	   likely	  
resulted	  from	  a	  non-‐selective	  process	  among	  all	  lysosomes.	  500	  nm	  scale	  bar.	  	  
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Fig.	  2.9	  
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Fig.	  2.9	  Enlarged	  lysosomes	  occurred	  primarily	  in	  the	  oligodendrocytes	  from	  
Twi-‐5J	  (Bl6)	  white	  matter	  and	  occurred	  secondarily	  in	  microglia	  and	  
astrocytes.	  
	  
(A) LAMP1	   was	   co-‐labeled	   with	   cell-‐specific	   markers	   at	   3-‐week	   of	   age	   when	  

lysosomal	  enlargement	  started	  to	  become	  apparent.	  Makers	  used	  for	  identifying	  
oligodendrocytes	  were	  Olig2	  and	  APC,	   for	   identifying	  astrocytes	  was	  GFAP,	   for	  
identifying	   microglia	   was	   Iba1,	   and	   for	   identifying	   axons	   was	   NF.	   Results	  
showed	   that	   enlarged	   lysosomes	   primarily	   occurred	   in	   the	   oligodendrocytes	  
from	   Twi-‐5J	   (Bl6)	   corpus	   callosum	   at	   the	   early	   onset	   of	   the	   lysosomal	  
phenotypes.	  50	  µm	  scale	  bar.	  

(B) LAMP1	  was	  co-‐labeled	  with	  cell-‐specific	  markers	  at	   the	  terminal	  age	  when	  the	  
lysosomal	   phenotype	   became	   severe.	   Results	   showed	   that	   oligodendrocytes,	  
astrocytes	   and	   microglia	   from	   Twi-‐5J	   (Bl6)	   corpus	   callosum	   all	   contained	  
enlarged	   lysosomes,	   indicating	   that	   the	   enlarged	   lysosomes	   secondarily	  
occurred	  in	  astrocytes	  and	  microglia.	  50	  µm	  scale	  bar.	  
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Sup.	  Fig.	  2.1	  

SUPPLEMENTAL	  FIGURES	  

	  
	  
	  
	  
	  

	  
	  
	  
	  
	  
Sup.	  Fig.	  2.1	  Twi	  primary	  oligodendrocyte	  developed	  enlarged,	  tubular	  
lysosomes	  	  
	  
Representative	   images	   showing	  WT	   (left)	   and	  Twi	   (right)	   lysosomes.	  Twi	   primary	  
oligodendroctyes	  developed	  tubular	  (left	  cell)	  and	  enlarged	  (right	  cell)	  lysososomes.	  
50	  µm	  scale	  bar	  
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Sup.	  Fig.	  2.2	  
	  
	  
	  
	  

	  

	  
	  
	  
Sup.	  Fig.	  2.2	  Twi-‐5J	  primary	  oligodendrocyte	  developed	  enlarged,	  tubular	  
lysosomes	  	  
	  
(A) Representative	   images	   showing	   vesicular	   lysosomes	   in	   WT	   primary	  

oligodendroctyes.	  50	  µm	  scale	  bar.	  	  
(B) Representative	   images	   showing	   enlarged	   (left	   panel)	   and	   tubular	   (middle	   and	  

right	  panels)	  lysosomes	  in	  Twi-‐5J	  primary	  oligodendroctyes.	  50	  µm	  scale	  bar.	  	  
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DISCUSSION	  	  
	  

Sphingolipids	   are	   highly	   regulated	   in	   cells,	   and	   mutations	   of	   enzymes	   of	   the	  

sphingolipid	  pathway	  often	  result	  in	  human	  diseases39.	  Krabbe	  disease	  is	  a	  lysosome	  

storage	  disorder	  caused	  by	  the	  mutation	  of	  GALC	  gene,	  which	  subsequently	  results	  

in	   the	   perturbation	   of	   the	   sphingolipid	   pathway,	   e.g.	   psychosine	   accumulation.	  

Previous	   studies	   have	   largely	   focused	   on	   the	   molecular	   cascades	   induced	   by	  

psychosine,	   and	   there	   is	   a	   lack	  knowledge	  of	   lysosomal	  pathologies	   caused	  by	   the	  

GALC	   enzymatic	   deficiency.	   Our	   studies	   are	   the	   first	   to	   identify	   a	   common	  

phenotype	   of	   lysosomal	   abnormalities	   in	   GALCmutant	   oligodendrocytes	   both	   in	  vivo	  

and	  in	  vitro.	  The	  enlarged	  and	  tubular	  lysosomes	  of	  Twi-‐5J	  and	  Twi	  oligodendrocytes	  

suggested	   disrupted	   lysosomal	   dynamics,	   which	   has	   been	   reported	   in	   other	  

lysosome	   disorders146.	   Because	   the	   enlarged	   lysosomes	   primarily	   occurred	   in	  

oligodendrocytes	   both	   in	   white	   matter	   and	   in	   neurosphere	   mixed	   culture,	   the	  

lysosomal	   phenotype	   was	   suspected	   to	   result	   from	   sphingolipid	   perturbation	   in	  

myelin,	   therefore	   leading	   us	   to	   investigate	   the	   relationship	   between	   lysosomal	  

abnormalities	  and	  psychosine	  accumulation.	  In	  addition,	  the	  lysosomal	  enlargement	  

initiated	  at	  around	  two	  weeks	  of	  age,	  prior	  to	  the	  peak	  of	  myelin	  generation	  in	  WT,	  

occurring	  at	  around	  three	  weeks	  of	  age,	  therefore	  indicating	  an	  important	  role	  of	  the	  

lysosomal	   pathophysiology	   in	   the	   early	   disease	   progression.	   Last	   but	   not	   least,	  

understanding	  the	  pathological	  changes	  of	  GALCmutant	   lysosomes	  will	  be	  crucial	   for	  

developing	   clinical	   treatments	   by	  which	   over-‐expressed	  GALC	   delivered	   by	   cross-‐
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correction	   or	   viral	   transfection	  methods	   will	   fulfill	   its	   enzymatic	   functions	   in	   the	  

recipient	  lysosomes.	  	  

	  

Enlarged	  lysosomes	  as	  a	  result	  of	  disrupted	  lysosomal	  dynamics	  

Given	   the	   role	   of	   lysosomes	   in	   the	   endomembrane	   systems,	   there	   are	   multiple	  

explanations	   for	   the	   enlarged	   lysosomes	   of	   GALC	   deficient	   oligodendrocytes,	  

including	   enhanced	   homotypic	   lysosome	   fusion,	   reduced	   lysosome	   fission,	   and	  

enhanced	   heterotypic	   lysosome	   fusion	   with	   late	   endosomes	   or	   autophagosomes,.	  

Enhanced	   homotypic	   lysosome	   fusion,	   for	   example,	   has	   been	   reported	   to	   be	  

triggered	  by	   elevated	   intracellular	   free	  Ca2+	   concentration	   in	  NRK	   cells147.	   In	  NRK	  

cells,	   microinjection	   of	   antibodies	   binding	   to	   cytosolic	   domain	   of	   lgp120,	   the	  

homologue	  of	  LAMP1	  in	  rat,	  induces	  the	  clustering	  of	  lysosomes147.	  Microinjection	  of	  

lgp120	  antibodies,	  as	  well	  as	  treating	  the	  cells	  with	  Ca2+	  ionophore	  ionomycin	  that	  

increased	  the	   intracellular	   free	  Ca2+	  concentration,	   triggers	   the	   fusion	  of	  up	   to	  15	  

lysosomes147.	  Furthermore,	  NRK	  cells	  that	  are	  permeabilized	  by	  streptolysim	  O	  and	  

exposed	   to	   extracellular	   buffer	   containing	   1	   μM	   extracellular	   Ca2+	   form	   large	  

lysosomes,	  indicating	  that	  1	  μM	  Ca2+	  is	  sufficient	  to	  enhance	  lysosome	  fusion147.	  	  

	  

Contrary	  to	  the	  enhanced	  lysosome	  fusion,	  reduced	  lysosome	  fission	  is	  found	  in	  the	  

beigej	   bone	  marrow-‐derived	  macrophages	  of	   the	  Chediak-‐Higashi	  disorder	  murine	  

model146.	   The	   beigej	   bone	   marrow-‐derived	   macrophages	   are	   absent	   of	   Chs/Lyst	  

proteins	   and	   form	  enlarged	   lysosomes146.	   By	   applying	  Acetate	  Ringer’s	   treatment,	  

which	   results	   in	   lysosome	   fragmentation,	   the	   rate	   of	   lysosome	   recovery	   through	  
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lysosome	  fusion	  is	  measured	  and	  no	  significant	  difference	  is	  found	  between	  WT	  and	  

beigej	   cells146.	   However,	   by	   applying	   vacuolin-‐1,	   which	   results	   in	   lysosome	  

enlargement,	  beigej	  cells	  show	  delayed	  lysosome	  recovery,	  indicating	  a	  deficiency	  of	  

lysosome	  fission146.	  Interestingly,	  the	  beigej	   lysosomes	  also	  show	  increased	  tubular	  

morphology,	   likely	   due	   to	   reduced	   lysosome	   fission146.	   In	   addition	   to	   homotypic	  

lysosome	   fusion	   and	   fission,	   increased	   lysosome	   fusion	   with	   late	   endosome	   or	  

autophagosomes	   could	   also	   explain	   enlarged	   lysosomes,	   despite	   that	   they	   are	  

separate	  cellular	  processes.	  	  

	  

Lysosome	   fusion	  with	   late-‐endosomes	   is	  a	  well-‐known	  process	   for	  exchanging	   the	  

contents	  of	  endosomes	  and	  lysosomes,	  e.g.	  delivering	  endocytosed	  macromolecules	  

to	   lysosomes	   for	   degradation.	   Two	   types	   of	   late-‐endosome-‐lysosome	   fusion,	   kiss-‐

and-‐run	   and	   direct	   fusion,	   have	   observed	   by	   live-‐cell	   imaging	   and	   electron	  

microscopy125,148-‐150.	   Both	   types	   require	   trans-‐SNARE	   complexes	   and	   Ca2+	   release	  

from	   lysosomal	   and	   endosomal	   lumens	   for	   efficient	   fusion125,150-‐153.	   One	   way	   to	  

distinguish	  late	  endosome-‐lysosome	  fusion	  from	  homotypic	  lysosome	  fusion	  is	  that	  

late	   endosome-‐lysosome-‐fused	   structures	   retain	   the	  mannose-‐6-‐phosphate	   (MPR)	  

expression	   that	   is	   absent	   from	   the	   homotypic	   lysosome-‐fused	   structures154,155.	  

Unlike	  how	  lysosome	  fuse	  with	  late	  endosomes	  to	  mix	  their	  endocytosed	  contents,	  

lysosomes	  fuse	  with	  autophagosomes	  to	  degrade	  bulky	  cellular	  components,	  such	  as	  

mitochondria	   and	   peroxisomes,	   and	   recycle	   nutrients	   via	   autophagy	   triggered	   by	  

stress	   signals	   including	   several	   different	   nutrient	   starvation	   conditions	   156-‐159.	  

Lysosome-‐autophagosome	   fusion	   to	   form	   autolysosomes	   requires	   autophagy-‐
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related	  (Atg)	  proteins	   for	   the	  complete	   fusion157.	  One	  of	   the	  Atg	  proteins,	  Atg8,	  or	  

LC3	   in	   mammalian	   cells,	   can	   be	   used	   to	   distinguish	   autophagosomes	   from	  

lysosomes	   fused	   to	   late-‐endosomes157,160.	   After	   autolysosomes	   are	   formed,	  

lysosomes	   are	   regenerated	   via	   autophagic	   lysosome	   reformation	   (ALR),	   a	   process	  

highly	  regulated	  by	  phosphatidylinositol-‐4,5-‐bisphosphate	  (Ptdlns(4,5)P2)	  and	  that	  

requires	   clathrin-‐mediated	   membrane	   budding161,162.	   During	   ALR,	   autolysosomes	  

extrude	  tubes	  that	  pitched	  off	  later	  to	  form	  regenerated	  lysosomes161.	  Dysregulation	  

of	   Ptdlns(4,5)P2	   by	   knockdown	   of	   PIP5K1A	   causes	   LAMP1-‐positive	   elongated	  

tubular	  structures162.	  In	  our	  study,	  we	  were	  unclear	  about	  the	  causes	  of	  the	  enlarged	  

lysosomes,	   but	   by	   investigating	   the	   late-‐endosome	   marker	   MPR	   or	   the	  

autophagosome	  marker	   LC3,	   one	   should	   be	   able	   to	   distinguish	   heterotypic	   fusion	  

from	  homotypic	   fusion.	   If	   homotypic	   fusion	   is	   thought	   to	  be	  most	   likely,	   then	   live	  

cell	   imaging	   of	   labeled	   lysosomes	   can	   assess	   lysosome	   dynamics.	   Furthermore,	  

lysosome	   in	  vitro	  assays	  also	  offer	  additional	   tools	   to	   look	  at	   the	   fusion	  process	  of	  

isolated	  lysosomes163.	  	  

	  

Possible	  mechanisms	  of	  tubular	  lysosome	  formation	  

Besides	   the	   enlarged	   lysosomes,	   the	   tubular	   structures	   we	   observed	   in	   the	  

GALCmutant	   primary	   oligodendrocytes	  were	   also	   interesting	   phenotypes	   along	  with	  

the	  lysosomal	  enlargement.	  	  Tubular	  lysosomes	  can	  result	  from	  a	  variety	  of	  factors,	  

including	   reduced	   lysosome	   fission,	   incomplete	   ALR.146,161,162,164.	   During	   ALR,	   the	  

Ptdlns(4,5)P2-‐TRPML1-‐ALG2-‐dynein	  signaling	  drives	  lysosomes	  towards	  the	  (-‐)-‐end	  

of	   microtubules	   while	   kinesin-‐1	   binds	   to	   the	   extruded	   lysosome	   membrane	  
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buddings	   and	   pulls	   out	   the	   tubular	   lysosomes	   towards	   the	   (+)-‐end	   of	  

microtubules164.	  Future	  experiments	  would	  address	  whether	   tubular	   lysosomes	  of	  

GALCmutant	   primary	  oligodendrocytes	   is	   caused	  by	   reduced	   lysosome	   fission	  or	   via	  

ALR.	  	  

	  

Potential	  molecular	  mechanisms	  of	  lysosomal	  phenotype	  of	  Krabbe	  disease	  	  

The	   molecular	   mechanisms	   of	   lysosome	   enlargement	   in	   GALC-‐deficient	  

oligodendrocytes	   are	   unclear,	   though	   an	   accumulation	   of	   psychosine	   could	   be	   the	  

cause.	   This	   study	   showed	   that	   psychosine	   accumulates	   in	   Twi-‐5J	   primary	  

oligodendrocytes,	   consistent	   with	   previous	   studies	   in	   which	   psychosine	   was	  

observed	   to	   accumulate	   in	   Krabbe	   disease	   patients’	   brains,	   Twi	   mice	   and	   Twi-‐5J	  

mice	   brains,	   GALC	   knock-‐down	   MO3.13	   human	   OPC	   like	   cells,	   and	   GALC	   knock-‐

down	  rat	  primary	  oligodendrocytes7,61,68,114,165.	  Psychosine	  accumulation	  is	  found	  to	  

be	   toxic	  and	   is	  considered	  to	  be	  one	  of	   the	  main	  causes	  of	  Krabbe	  disease	  cellular	  

pathologies8,32.	  Exogenous	  and	  endogenous	  psychosine	  accumulation	  results	  in	  cell	  

death,	   activation	   of	   sPLA2	   and	   release	   of	   AA	   and	   PLC,	   etc.	   in	   oligodendrocyte-‐like	  

cells	  and	  primary	  oligodendrocytes46,50,54,71,114,166.	  Interestingly,	  psychosine	  is	  found	  

to	   highly	   accumulate	   in	   the	  membrane	   lipid	   rafts	   of	  Twi	   brain	   and	   sciatic	   nerves	  

along	   with	   an	   increase	   of	   cholesterol	   concentration	   of	   the	   lipid	   rafts	   as	   well	   as	  

inhibition	   of	   PKC	   activities44.	   Psychosine	   accumulation	   in	   lipid	   rafts	   is	   ultimately	  

shown	  to	  be	  an	  inhibitory	  factor	  of	  the	  raft-‐mediated	  endocytosis	  of	  Twi	  neural	  cells	  

and	  is	  responsible	  for	  the	  perturbation	  of	  the	  membrane	  architectures	  by	  lipid-‐lipid	  

interaction	   between	   psychosine	   and	   other	  membrane	   lipid	   components47,57.	   Lipid	  
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rafts	  serve	  important	  roles	  in	  membrane	  trafficking	  and	  fusion	  by	  regulating	  SNARE	  

activities	  and	  attachment167.	  SNARE	  complexes	  are	  required	  for	  both	  homotypic	  and	  

heterotypic	  lysosome	  fusions125.	  It	  is	  reasonable	  to	  speculate	  that	  the	  accumulation	  

of	  psychosine	  would	  affect	  lysosome	  fusion	  and	  dynamics	  by	  interrupting	  lipid	  rafts	  

and	   SNARE	   complexes,	   thereby	   resulting	   in	   enlarged	   lysosomes.	   Of	   course,	   we	  

cannot	   exclude	   other	   possible	   mechanisms	   that	   cause	   lysosome	   enlargement	  

through	  either	  psychosine-‐mediated	  signals	  or	  psychosine-‐independent	  signals.	  For	  

example,	   lysosome	   swelling	   has	   been	   reported	   in	   Hela	   cells	   when	   the	   cation-‐

independent	  mannose	  6-‐phosphate	  receptors	  (CI-‐MPR)	  failed	  to	  return	  back	  to	  the	  

trans-‐Golgi	   networks	   (TGN)	   from	   endosomes	   by	   RNA	   interference	   of	   the	   subunit	  

hVps26	  of	  the	  retromer168.	  	  

	  

Another	   example	   of	   lysosome	   enlargement	   is	   caused	   by	   the	   depletion	   of	   LYST	  

protein	  in	  mice	  fibroblasts	  and	  Hela	  cells	  with	  unchanged	  lysosome	  pH,	  autophagy,	  

and	   endocytic	   degradation169.	   Besides	   the	   accumulation	   of	   psychosine,	   other	  

perturbations	  of	  the	  sphingolipid	  pathway	  caused	  by	  GALC	  deficiency	  should	  also	  be	  

considered.	   For	   example,	   ceramide,	   the	   product	   of	   GALC	   hydrolyzation	   of	  

galactosylceramide,	  is	  reduced	  in	  the	  Twi	  brains54.	  Ceramide	  serves	  important	  roles	  

in	  triggering	  the	  raft-‐dependent	  vesicle	  trafficking	  from	  exosomes	  to	  endosomes170.	  

Whether	   the	   lack	   of	   ceramide	   affects	   lysosome	   trafficking	   is	   unclear.	   Future	  

experiments	   will	   probe	   the	   link	   between	   GALC	   deficiency	   and	   lysosome	  

enlargement.	  	  
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CONCLUSIONS	  
	  

Summary	  of	  the	  thesis	  project	  

Krabbe	   disease,	   also	   called	   globoid	   cell	   leukodystrophy,	   is	   a	   lysosomal	   disorder.	  

Affected	   infants	   show	  both	  motor	   and	   cognitive	   degenerations	   and	   live	   no	   longer	  

than	   2	   years17.	   Unfortunately,	   there	   is	   a	   lack	   of	   effective	   clinical	   therapies.	   The	  

histopathology	  of	  Krabbe	  disease	  includes	  demyelination,	  axonal	  degeneration	  and	  

neuroinflammation17,19.	   Krabbe	   disease	   is	   caused	   by	   recessive	   mutations	   of	   the	  

GALC	   gene.	   GALC	   is	   a	   lysosomal	   hydrolase,	   and	   its	   deficiency	   induces	   an	  

accumulation	  of	  the	  neurotoxin	  psychosine17,19,39.	  Recent	  studies	  of	  Krabbe	  disease	  

pathophysiology	   have	   mainly	   focused	   on	   the	   molecular	   cascades	   triggered	   by	  

psychosine	   accumulation.	   However,	   little	   is	   known	   about	   the	   effect	   of	   GALC-‐

deficiency	  on	  lysosomes.	  

	  

The	   motivation	   of	   my	   thesis	   was	   to	   answer	   the	   question:	   what	   is	   the	   lysosomal	  

pathology	   in	  Krabbe	  disease?	  To	  do	   so,	   I	  used	   the	  Krabbe	  disease	  murine	  models,	  

Twi	  and	  Twi-‐5J	  mice.	  Both	  mice	  represent	  the	  genetic	  deficiencies	   found	  in	  human	  

patients.	  Twi	   mice	   have	   a	   nonsense	  mutation	   and	   do	   not	   express	   GALC,	   whereas	  

Twi-‐5J	  mice	   have	   a	   missense	   mutation	   and	   express	   a	   mutant	   version,	   GALCE130K.	  

Both	   models	   provide	   the	   advantage	   of	   looking	   at	   common	   mechanisms	   across	  

different	  genotypes.	  	  

	  



	   91	  

I	   discovered	   an	   abnormal	   enlargement	   of	   lysosomes	   in	   Twi	   and	   Twi-‐5J	  

oligodendrocytes	  both	   in	  vitro	  and	   in	  vivo,	  which	  may	  suggest	  enhanced	   lysosomal	  

fusion	   or	   reduced	   lysosomal	   fission	   caused	   by	   GALC	   deficiency.	   In	   primary	  

oligodendrocytes,	   tubular	   lysosomes	   also	   occurred	   as	   well	   as	   lysosomal	  

enlargement,	   supporting	   the	   idea	   of	   disrupted	   lysosomal	   dynamics.	   Further	  

experiments	   showed	   that	   the	   abnormal	   lysosomes	   retained	   an	   acid	   pH,	   electron	  

micrographic	   heterogeneities,	   unchanged	   β-‐NAG	   activities,	   and	   an	   expression	   of	  

lysosomal	   proteins	   (e.g.	   LAMP1,	   LAMP2,	   cathepsinD,	   and	  GALCE130K),	   indicating	   at	  

least	   partially	   retained	   lysosomal	   functions.	   In	   GALC	   deficient	   white	   matter,	   the	  

lysosomal	   enlargement	   was	   an	   early-‐onset	   phenotype	   apparent	   by	   two	   weeks	   of	  

age,	  prior	  to	  the	  peak	  of	  myelin	  generation	  that	  occurs	  in	  WT	  mice	  at	  approximately	  

three	  weeks	  of	  age.	  Enlarged	   lysosomes	  primarily	  occurred	   in	  oligodendrocytes	   in	  

both	  white	  matter	  and	  neurosphere	  mixed	  culture,	  corresponding	  to	  the	  disruption	  

of	   sphingolipid	  metabolism,	  e.g.	  psychosine	  accumulation,	   in	  myelin	  caused	  by	   the	  

GALC	   enzymatic	   deficiency.	   Therefore,	   our	   results	   provided	   the	   first	   evidence	   for	  

lysosomal	   pathophysiology	   in	   Krabbe	   disease,	   which	   not	   only	   advances	   our	  

knowledge	  of	  the	  cellular	  mechanisms	  of	  the	  disease	  progression,	  but	  also	  enables	  

the	  phenotype	  of	  early	  onset	  abnormality	  as	  a	  potential	  target	  for	  developing	  clinical	  

treatments.	  	  

	  

Due	   to	   a	   limited	   time	   frame,	   this	   thesis	   work	   hasn’t	   yet	   fully	   characterized	   the	  

lysosomal	   functions	   of	   GALC	  deficient	   oligodendrocytes.	   Lysosomal	   enzymes	   have	  

their	   highest	   activities	   in	   an	   acidic	   environment,	   i.e.	   pH	   4.5~5.0.	   By	   applying	  



	   92	  

LysoTracker,	   a	   pH	   sensitive	   dye,	   the	   lysosomes	   of	   Twi-‐5J	   oligodendrocytes	   were	  

found	   to	   retain	   the	   acidity.	   However,	   these	   experiments	   were	   qualitative,	   not	  

quantitative.	   LysoTracker	   has	   a	   fluorescent	   signal	  when	   the	   pH	   is	   lower	   than	  6.0.	  

Therefore,	   the	   exact	   pH	   of	   -‐5J	   lysosomes	   can	   not	   be	   measured	   by	   LysoTracker.	  

Another	   way	   to	   evaluate	   lysosomal	   functions	   is	   to	   measure	   the	   activities	   of	  

lysosomal	  enzymes.	  In	  my	  thesis	  project,	  the	  activity	  of	  NAG	  was	  β-‐NAG	  measured	  in	  

primary	   WT	   and	   Twi-‐5J	   oligodendrocytes.	   No	   significant	   difference	   was	   found	  

between	  WT	  and	  Twi-‐5J	  lysosomes.	  Other	  lysosomal	  enzymes,	  e.g.	  cathepsin	  D,	  L,	  S	  

and	   β-‐hexosaminidase,	   have	   not	   been	   analyzed.	   These	   lysosomal	   enzymes	   can	   be	  

measured	  using	   commercial	   available	   kits,	   and	   the	   analysis	   of	   these	   enzymes	  will	  

shed	   light	   on	   how	   the	   abnormal	   lysosomes	   affect	   the	   cellular	   functions	   of	  Twi-‐5J	  

oligodendrocytes.	   Another	   important	   question	   about	   the	   lysosome	   function	   is	  

whether	  the	  delivery	  of	  macromolecules	  from	  endosomes	  to	  lysosomes	  is	  affected	  in	  

Twi-‐5J	   oligodendrocytes.	   Lysosomes	   receive	   and	   digest	   the	   endocytosed	  

macromolecules	   from	  endosomes.	  One	  way	  to	  observe	  the	   trafficking	  and	  delivery	  

process	  is	  to	  use	  live	  cell	  imaging	  methods.	  By	  applying	  pHrodo	  Green	  Dextran	  (Life	  

Tech,	  Cat#	  P35368),	  molecules	   that	  only	  have	   their	   fluorescent	  signals	  after	  being	  

endocytosed,	  combined	  with	  LysoTracker	  Red,	  the	  time	  course	  and	  efficiency	  of	  the	  

trafficking	   from	   matrix	   to	   lysosomes	   can	   be	   analyzed.	   Pioneer	   experiments	   have	  

been	  done	   to	  show	  that	  after	  12	  hours,	   the	  majority	  of	   the	  pHrodo	  Green	  Dextran	  

have	  been	  trafficked	  into	  lysosomes	  in	  WT	  oligodendrocytes,	  as	  measured	  by	  the	  co-‐

localization	  of	  pHrodo	  Green	  Dextran	  and	  LysoTracker	  Red	  (data	  not	  shown).	  More	  

experiments	  need	  to	  be	  done	  to	  quantitatively	  compare	  the	  cargo	  trafficking	  in	  WT	  
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and	  Twi-‐5J	   lysosomes.	   In	   summary,	  my	   thesis	  project	  offered	  strong	  evidences	   for	  

and	   detailed	   characterization	   of	   the	   morphological	   changes	   of	   GALC	   deficient	  

lysosomes.	  Future	  functional	  studies	  of	  the	  enlarged,	  tubular	  lysosomes	  will	  greatly	  

expand	  our	  knowledge	  of	  the	  lysopathophysiology	  of	  Krabbe	  disease.	  

	  

Summary	  of	  additional	  experiments	  in	  Krabbe	  disease	  

Besides	   the	   thesis	  project,	   I	   also	   conducted	  experiments	   that	   contributed	   to	  other	  

projects	  to	  better	  understand	  Krabbe	  disease	  pathology.	  In	  brief,	  for	  the	  purpose	  of	  

generating	   HeLa	   cell	   lines	   that	   express	   either	   human	   GALC	   (h-‐GALC)	   or	   human	  

GALCE130K	   (h-‐GALCE130K),	   I	   cloned	   the	  construct	   carrying	  h-‐GALC	  or	  h-‐GALCE130K	   in	  

the	  pTRE3G	  vector.	  To	  genotype	  mouse	  lines	  that	  carried	  uncertain	  copies	  of	  target	  

genes,	  I	  performed	  quantitative	  PCR	  and	  the	  2-‐ΔΔCT	  analysis	  methods	  and	  measured	  

the	  copy	  numbers	  of	  Cre	  in	  the	  Sox10	  Cre;	  RFP	  mouse	  –	  that	  analysis	  revealed	  that	  

the	  homozygous	  mouse	  carried	  about	  20	  copies	  of	  Cre.	  To	  investigate	  the	  effects	  of	  

exogenous	  psychosine	  in	  neonatal	  brain	  development,	  I	  injected	  the	  white	  matter	  of	  

P1	  WT	  mice	  with	  psychosine	  at	  0.15	  μM,	  1.5	  μM	  and	  15	  μM.	  	  At	  3	  weeks	  of	  age,	  the	  

injection	  tracks	  were	  visible,	  but	  there	  were	  no	  significant	  differences	  in	  the	  number	  

of	   astrocytes	   and	  microglia	   activation	   labeled	   by	   GFAP	   and	   Iba,	   respectively.	   The	  

lack	   of	   neuroinflammation	   might	   reflect	   that	   either	   (a)	   that	   the	   exogenous	  

psychosine	   at	   this	   concentration	   did	   not	   evoke	   inflammation	   or	   (b)	   that	   the	  

exogenous	   psychosine	  was	   degraded	   by	  GALC	   enzyme	   expressed	   in	  WT	  brain.	   To	  

investigate	   the	   roles	   of	   Twi	   primary	   mouse	   oligodendrocytes	   in	   the	  

neuroinflammation	   effects,	   I	   transplanted	  WT	   and	  Twi	   oligodendrocyte	   precursor	  
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cells	   (OPCs)	   into	  recipient	  WT	  white	  matter	   (data	  shown	   in	  Thesis	  Appendix)	  and	  

found	   that	   transplanted	   OPCs	   survived,	   developed	   the	   oligodendrocyte-‐like	  

morphology,	  and	  did	  not	  induce	  local	  neuroinflammation.	  	  
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FUTURE	  DIRECTIONS	  
	  

The	   discovery	   of	   the	   lysosomal	   abnormalities	   in	   Krabbe	   disease	   leads	   to	   the	  

question:	  what	  are	   the	  cellular	  structures	   that	  derive	  the	  enlarged	   lysosomes	  with	  

apparently	   normal	   acidic	   pH?	   Answering	   this	   question	  may	   provide	   a	   clue	   to	   the	  

underlying	   molecular	   mechanisms.	   The	   lysosomal	   enlargement	   could	   result	   from	  

several	  changes:	  (a)	  lysosome	  swelling,	  (b)	  enhanced	  lysosomal	  fusion,	  (c)	  reduced	  

lysosomal	   fission,	   (d)	   enhanced	   lysosomal	   fusion	   with	   late	   endosomes,	   or	   (e)	  

enhanced	  lysosomal	  fusion	  with	  autolysosomes	  during	  autophagy.	  To	  examine	  each	  

possibility,	   a	   first	   step	   could	   be	   to	   distinguish	   whether	   lysosomal	   enlargement	   is	  

homotypic	   or	   heterotypic	   by	   co-‐labeling	   with	   lysosomal	   markers	   and	   late	  

endosomes-‐	  or	  autolysosomes-‐specific	  markers,	  e.g.	  MPR	  or	  LC3,	  respectively.	  If	  the	  

enlarged	   lysosomes	   express	   neither	   late-‐endosomal	   markers	   nor	   autolysosomal	  

markers,	   then	  the	  underlying	  mechanisms	  are	   likely	  due	  to	  the	   lysosomal	  swelling	  

or	   an	   imbalance	   between	   lysosomal	   fusion	   and	   fission.	   Hence,	   the	   homotypic	  

lysosomal	  dynamics	  can	  be	  accessed	  using	  live	  cell	  imaging	  methods,	  e.g.	  by	  labeling	  

lysosomes	   by	   LAMP1-‐GFP	   (Addgene,	   Cat#	   16290)	   via	   transfection.	   Anther	  way	   to	  

track	   down	   the	   homotypic	   lysosomal	   fusion	   is	   an	   in	   vitro	   assay	   developed	   by	   J.	  

Kaplan’s	   group,	   in	  which	   the	   purified	   lysosomes	  were	   labeled	   by	   either	   b-‐HRP	   or	  

avidin,	  and	  the	  fusion	  of	  the	  lysosomes	  were	  examined	  by	  measuring	  the	  formation	  

of	   avidin-‐HRP	   complexes163.	   On	   the	   other	   hand,	   if	   the	   enlarged	   lysosomes	   are	  

positive	   for	   the	   late-‐endosomal	   markers,	   then	  mistrafficking	   between	   endosomes	  

and	   lysosomes	   should	   be	   further	   investigated.	   Similar	   to	   this	   idea,	   if	   the	   enlarged	  
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lysosomes	  are	  positive	  for	  the	  autolysosomal	  markers,	  then	  autophagy	  is	  likely	  the	  

mechanism	  underlying	  lysosomal	  enlargement.	  	  

	  

Another	   interesting	   question	   is	   what	   molecular	   mechanisms	   cause	   the	   large	   and	  

tubular	   lysosomes?	  Understanding	   the	  molecular	   cascades	  will	   guide	   us	   to	   rescue	  

the	   phenotype	   and	   determine	   how	   it	   impacts	   the	   disease.	   It	   is	   reasonable	   to	  

speculate	  that	  psychosine	  accumulation,	  which	  has	  been	  shown	  in	  previous	  studies	  

to	  disrupt	  membrane	  architectures	  via	  lipid-‐lipid	  interaction,	   is	  a	  possible	  cause	  of	  

the	   lysosomal	   enlargement	   through	   changing	   the	   properties	   and	   the	   dynamics	   of	  

lysosomal	   membranes44,47,57.	   One	   way	   to	   investigate	   this	   hypothesis	   would	   be	   to	  

apply	   exogenous	   psychosine	   to	   primary	   oligodendrocytes	   and	   examine	   lysosome	  

development.	   However,	   this	   method,	   as	   with	   all	   Krabbe	   disease	   studies	   using	  

exogenous	  psychosine,	  has	  the	  caveat	  that	  exogenous	  psychosine	  might	  not	  function	  

in	  the	  same	  manner	  as	  endogenous	  psychosine.	  But	  given	  the	  technical	  difficulties	  to	  

manipulate	  endogenous	  psychosine,	  applying	  exogenous	  psychosine	  may	  be	  useful	  

for	   preliminary	   experiments.	   It	   is	   also	   possible	   that	   changes	   in	   lysosomal	  

morphology	   are	   independent	   of	   psychosine-‐induced	   cascades,	   e.g.	   the	  

phosphatidylinositide-‐dependent	   pathway	   that	   serves	   important	   roles	   in	   the	  

autophagic	   lysosome	   reformation161,162.	   Knowing	   what	   cellular	   structures	  

contribute	   to	   the	   enlarged	   lysosomes	   should	   provide	   insights	   into	   candidate	  

pathways.	  	  
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The	   ultimate	   goal	   for	   any	   lysosomal	   disorder	   is	   a	   cure.	   Developing	   clinical	  

treatments	  progresses	  alongside	  our	  understanding	  of	  the	  pathological	  mechanisms.	  

Therefore,	  investigating	  methods	  to	  rescue	  or	  prevent	  the	  lysosomal	  abnormalities,	  

an	  early-‐onset	  phenotype	  in	  vivo,	  is	  an	  important	  goal	  for	  the	  future.	  Delivering	  WT	  

GALC	   into	   GALC	   deficient	   oligodendrocytes	   by	   either	   viral	   transfection	   or	   cross	  

correction	  is	  one	  strategy17,20.	  However,	   it	   is	  unclear	  whether	  WT	  GALC	  will	  retain	  

enzymatic	   activity	   in	   abnormally	   enlarged	   lysosomes.	   Hence,	   the	   timing	   of	   GALC	  

delivering	  may	   be	   crucial.	   For	   example,	   delivery	   of	   GALC	   at	   the	   pre-‐symptomatic	  

status	  might	  produce	  higher	  efficiencies.	  The	  development	  of	  clinical	  treatments	  will	  

also	   benefit	   from	   our	   knowledge	   of	   the	  molecular	  mechanisms	   of	   the	   phenotype.	  

The	  more	  we	  know	  about	  the	  mechanism,	  the	  more	  targets	  we	  have	  to	  investigate	  to	  

develop	  correcting	  methods.	  

Fig	  3.1	  Future	  Directions	  	  	  
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Rationale:	  

The	   pathology	   of	   Krabbe	   disease	   in	   human	   patients	   and	  murine	  models	   includes	  

demyelination,	   axonal	   degeneration,	   and	   neuroinflammation.	   Neuroinflammation,	  

e.g.	   astrocytes	   activation	   and	  microglia	   recruitment,	   occurs	   generally	   concomitant	  

with	  myelin	  degeneration.	  However,	  the	  molecular	  mechanisms	  of	  the	  induction	  of	  

neuroinflammation	   remain	   unclear.	   One	   possibility	   is	   that	   GALC	   deficient	  

oligodendrocytes	  are	  sufficient	  to	  induce	  gliosis	  responses.	  To	  test	  this	  hypothesis,	  

we	  plan	  to	  transplant	  Twi	  primary	  oligodendrocytes	  precursor	  cells	  (OPCs)	  into	  WT	  

forebrains	   and	   compare	   the	   neuroinflammationary	   effects	   to	   the	   control.	   This	  

experiment	   can	   be	   technical	   demanding.	   Therefore,	   I	   conducted	   the	   following	  

experiments	  to	  build	  up	  a	  platform	  for	  transplanting	  primary	  mouse	  OPCs.	  	  	  	  	  	  

	  

Aims:	  

These	  experiments	  aim	  to	  investigate	  the	  following	  questions:	  (a)	  Can	  primary	  OPCs	  

generated	  from	  WT	  and	  Twi	  mice	  be	  transplanted	  into	  WT	  mouse	  white	  matter?	  (b)	  

Can	   transplanted	  OPCs	  survive	  and	  be	  detected	   in	   the	  recipient	  mouse	  brains?	   (c)	  

Can	  transplanted	  OPCs	  trigger	  local	  neuroinflammation	  responses?	  

	  

Procedures:	  	  

WT	  and	  Twi	  OPCs	  generated	  by	  the	  immunopanning	  protocol	  (Ben	  Emery	  and	  Jason	  

C.	  Dugas,	  CSHL,	  2013)	  were	  maintained	  in	  the	  proliferation	  media	  containing	  PDGFα	  

and	   NT3.	   At	   the	   night	   before	   transplantation,	   BacMam	   2.0	   baculovirus	   system	  
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nuclear-‐GFP	  (Life	  Tech.)	  was	  added	  into	  OPC	  cultures	  and	  incubated	  over	  night.	  On	  

the	  day	  of	  transplantation,	  transfected	  OPCs	  were	  harvested	  and	  resuspended	  in	  the	  

Leibovitz's	   L-‐15	   medium	   (ThermoFisher	   Cat#	   11415114)	   containing	   DNAse	   at	  

90,000~100,000	   cells/μl	   concentration.	   Recipient	   animals	   were	   postnatal	   day	   1	  

(P1)	  WT	  mice	   in	   the	  C57BL/6J	   background,	   the	   same	  background	   as	   the	  mice	   for	  

generating	  OPCs.	  WT	  mice	  were	  anesthetized	  by	  putting	  the	  animals	  on	  an	  icy	  pad	  

throughout	  the	  surgery.	  Approximately	  3.4	  x	  104	  to	  3.7	  x	  104	  cells	  were	  injected	  at	  

both	   sides	   of	   the	   cortexes	   using	   pulled	   and	   tip-‐grinded	   calibrated	   glass	  

micropipettes	   (Drummond	   Scientific	   Cat#	   2-‐000-‐001,	   1-‐5	   μl).	   Injection	   was	  

operated	  by	  using	  a	  micromanipulator	  and	  targeted	  at	  the	  corpus	  callosum.	  Five	  WT	  

mice	  and	  eight	  Twi	  mice	  were	  injected	  and	  all	  survived	  after	  the	  surgery.	  Mice	  were	  

lived	  in	  their	  original	  cages	  until	  being	  perfused.	  Both	  WT	  and	  twticher	  mice	  were	  

perfused	  at	  P22,	  P24,	  and	  P30	  using	  4%	  paraformaldehyde.	  Brains	  were	  sectioned	  

at	  50	  μm	  thickness	  on	  the	  vibrotome	  (Leica	  VT1000S).	  To	  visualize	  the	  transplanted	  

OPCs,	   immunohistochemistry	   (IHC)	   and	   immunofluorescence	   (IF)	   were	   applied	  

using	   anti-‐GFP	   antibodies.	   GFP	   primary	   antibodies	   were:	   (i)	   chicken	   anti-‐GFP	  

(Abcam	  Cat#	  ab13970),	  used	  for	  IHC,	  and	  (ii)	  rabbit	  anti-‐GFP	  (LifeTech	  Cat#11122),	  

used	   for	   IF.	   Other	   primary	   antibodies	   used	   for	   labeling	   myelin,	   microglia	   and	  

astrocytes	  were	  rat	  anti-‐MBP	  (Millipore	  Cat#	  MAB386),	  rabbit	  anti-‐Iba1	  (Wako	  Cat#	  

019-‐19741)	  and	  rabbit	  anti-‐GFAP	  (Millipore	  Cat#	  AB5804),	  respectively.	  	  
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Results:	  	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Fig.	  4.1	  Transplanted	  WT	  OPCs	  survived	  in	  the	  recipient	  white	  matter.	  
	  
WT	  primary	  mouse	  OPCs	   labeled	  by	  BacMam	  nuclear-‐GFP	  were	   transplanted	   into	  
WT	   mouse	   forebrains.	   Recipient	   mice	   were	   perfused	   at	   P22.	   Transplanted	   OPCs	  
were	  detected	  by	  IHC	  using	  anti-‐GFP	  primary	  antibody.	  50	  μm	  scale	  bar.	  
	  
	   	  

	  



	   102	  

	  

	  

	  

	  

	  

	  

	  

	  

	  
	  
Fig.	  4.2	  Transplanted	  Twi	  OPCs	  survived	  in	  the	  recipient	  white	  matter.	  
	  
(A)-‐(D)	   Twi	   primary	   mouse	   OPCs	   labeled	   by	   BacMam	   nuclear-‐GFP	   were	  
transplanted	   into	  WT	  mouse	   forebrains.	   Recipient	   mice	   were	   perfused	   at	   P22	   or	  
P24.	  Transplanted	  OPCs	  were	  detected	  by	  IHC	  using	  anti-‐GFP	  primary	  antibody.	  50	  
μm	  scale	  bar.	  
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Fig.	  4.3	  Transplanted	  WT	  OPCs	  developed	  oligodendrocyte-‐like	  morphologies.	  
	  
(A)-‐(D)	  Z-‐stack	   series	   images	  of	   one	   transplanted	   cell	   in	   the	   corpus	   callosum.	  WT	  
primary	  mouse	  OPCs	   labeled	  by	  BacMam	  nuclear-‐GFP	  were	   transplanted	   into	  WT	  
mouse	   forebrains.	   Recipient	  mice	  were	   perfused	   at	   P30.	   Transplanted	  OPCs	  were	  
detected	  by	   IF	  using	  anti-‐GFP	  primary	  antibody.	  Myelin	  was	  co-‐labeled	  using	  anti-‐
MBP	   primary	   antibody.	   (E)	   Z-‐stack	   maximum	   projection	   of	   the	   GFP-‐labeled	   WT	  
oligodendrocytes.	  50	  μm	  scale	  bar.	  	  
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Fig.	  4.4	  Single	  transplanted	  WT	  or	  Twi	  OPC	  did	  not	  trigger	  local	  
neuroinflammation	  responses.	  
	  
WT	  or	  Twi	  primary	  mouse	  OPCs	  labeled	  by	  BacMam	  nuclear-‐GFP	  were	  transplanted	  
into	   WT	   mouse	   forebrains.	   Recipient	   mice	   were	   perfused	   at	   P22,	   P24	   or	   P30.	  
Transplanted	  OPCs	  were	  detected	  by	  IF	  using	  anti-‐GFP	  primary	  antibody.	  Microglia	  
or	   astrocytes	   were	   co-‐labeled	   using	   anti-‐GFAP	   or	   anit-‐Iba	   primary	   antibody,	  
respectively.	  50	  μm	  scale	  bar.	  	  
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Conclusion:	  

Primary	   OPCs	   generated	   from	   WT	   and	   Twi	   mice	   were	   successfully	   labeled	   by	  

BacMam	   nuclear-‐GFP	   in	   vitro,	   transplanted	   into	   neonatal	   WT	   white	   matter,	   and	  

detected	  by	  IHC	  and	  IF	  methods.	  Transplanted	  WT	  and	  Twi	  OPCs	  survived	  at	  least	  4-‐

weeks	   in	   vivo	   and	   developed	   oligodendrocyte-‐like	   morphologies.	   Single	  

transplanted	   WT	   or	   Twi	   OPC	   didn’t	   trigger	   local	   neuroinflammation	   responses.	  

However,	  the	  yield	  of	  transplanted	  OPCs	  was	  very	  low.	  One	  possible	  explanation	  of	  

this	   is	   due	   to	   the	   induction	   of	   cell	   differentiation	   by	   the	   BacMam	  2.0	   baculovirus	  

system.	   In	   another	   set	   of	   experiment,	   BacMam	   nuclear-‐GFP	   induced	   the	  

differentiation	  of	  OPCs	  3	  days	  after	  transfection	  (data	  not	  shown).	  Therefore,	  OPCs	  

differentiation	   induced	   by	   the	   BacMam	   system	   could	   possibly	   reduce	   the	   cell	  

proliferation	  in	  vivo	  after	  the	  transplantation,	  thus	  lowing	  the	  yield	  of	  GFP-‐positive	  

oligodendrocytes.	  One-‐way	  to	  resolve	  this	  problem	  is	  to	  generate	  GFP-‐positive	  OPCs	  

using	  a	  transgenic	  approach,	  i.e.	  by	  crossing	  Twi	  mice	  and	  GFP-‐carriers.	  	  	  
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