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Abstract  

When   a   stroke   occurs,   physicians   can   use   positron   emission  

tomography  to  determine  the  extent  of  brain  damage;  however,  there  is  not  

currently  a  single  positron  emission  tomography  tracer  that  provides  precise  

information  regarding  the  size  and  location  of  the  ischemic  penumbra.  As  the  

erythropoietin   receptor   is   selectively   upregulated   in   the   penumbra,  

radioactively   labeled   erythropoietin  may   provide  more   specific   information  

about  this  area  than  current  penumbra  tracers.  We  hypothesize  that  the  new  

positron   emission   tomography   tracer   [18F]-Erythropoietin   will   reveal   the  

penumbra   better   than   established   positron   emission   tomography   tracers,  

thereby  providing  physicians  with  an  alternative  option  for  stroke  diagnosis.  

To   test   this,  we   injected  endothelin-1   in   the  motor   cortex  of   rats   to   induce  

stroke.  Within  three  hours  of  stroke  onset,  rats  first  received  an  intravenous  

injection   of   the   cerebral   blood   flow   tracer   [15O]-Water,   followed   by   an  

injection  of  either   [18F]-Fluoromisonidazole,  a  possible  penumbra   tracer,  or  

[18F]-Erythropoietin,   our   experimental   tracer.   Then,   the   animals   were  

scanned   using   positron   emission   tomography.   In   contrast   to   what   was  

expected   from   immunohistological   studies,   we   found   that   [18F]-

Erythropoietin   did   not   bind   to   ischemic   tissue   in   the   brain   to   effectively  

distinguish   the   penumbra   from   the   core   of   a   stroke.   In   fact,   [18F]-

Erythropoietin  did  not  even  enter  the  brain,  at  least  not  in  sufficient  amounts  

to   be   quantified   with   positron   emission   tomography.  Taken   together,   our  

results   demonstrate   that   [18F]-Erythropoietin   is   not   an   effective   penumbra  

tracer   in   our   animal   model.  More   work   is   needed   to   optimize   the   in   vivo  

properties  of   [18F]-Erythropoietin   in  order   for   it   to  be  a   valuable   tracer   for  

neuroimaging.  Establishing  a  new  penumbra  tracer  would  enable  physicians  

to  easily  determine  whether  living  tissue  exists  in  patients  following  an  acute  



 x 

ischemic  stroke,   thereby  facilitating  the  decision  to  proceed  with  potentially  

beneficial  therapies.  
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Résumé  

Lors  d’un  accident  vasculaire  cérébral,  les  médecins  peuvent  utiliser  la  

tomographie   par   émission   de   positrons   pour   déterminer   l'étendue   des  

dommages   au   cerveau.   Maintenant,   il   n'y   a   pas   de   traceurs   actuellement  

utilisés   en      tomographie   par   émission   de   positrons   qui   fournissent  

l'informations   précises,   comme   la   taille   et   la   location   de   la   pénombre  

ischémique.  Puisque   le  récepteur  de   l'érythropoïétine  est   régulé  à   la  hausse  

dans  la  pénombre,  l’utilisation  de  l'érythropoïétine  marquée  radioactivement  

pourrait   fournir   des   informations   plus   précises   sur   cette   région   que   les  

traceurs   de   pénombre   actuels.   Nous   avons   donc   émis   l'hypothèse   que   le  

nouveau      traceur   [18F]-Érythropoïétine   révélera   la  pénombre  mieux  que   les  

traceurs   déjà   établis,   fournissant   ainsi   aux  médecins   une   option   alternative  

pour  le  diagnostic  d'accident  vasculaire  cérébral.  Pour  tenter  de  vérifier  cette  

hypothèse,  nous  avons   injecté   l'endothéline-1  dans   le   cortex  moteur  de   rats  

pour   induire   un   accident   vasculaire   cérébral.  Dans   les   trois   heures   suivant  

l'apparition   des   symptômes,   des   rats   ont   reçu   le   traceur   débit   sanguin  

cérébral   [15O]-Eau,   suivie   par   une   injection   intraveineuse   soit   de      [18F]-

Fluoromisonidazole,   un   traceur   de   pénombre   possible,   ou   de   [18F]-

Érythropoïétine,   notre   traceur   expérimental.   Ensuite,   les   animaux   ont   été  

scannés  à  l’aide  de  la  tomographie  par  émission  de  positrons.  Contrairement  

à   ce   qui   était   attendu   à   partir   d'études   immunohistologiques,   nous   avons  

constaté  que  la  [18F]-Érythropoïétine  ne  s’est  liée  au  tissu  ischémique  dans  le  

cerveau   pour   distinguer   efficacement   la   pénombre   du   coeur   d'un   accident  

vasculaire   cérébral.   En   fait,   la   [18F]-Érythropoïétine   n'a  même   pas   pénétré  

dans  le  cerveau,  du  moins  pas  en  quantité  suffisante  pour  être  quantifiée  avec  

la   tomographie   par   émission   de   positrons.   Pris   dans   leur   ensemble,   nos  

résultats   démontrent   que   la   [18F]-Érythropoïétine   n'est   pas   un   traceur   de  
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pénombre   efficace   dans   notre  modèl   animal.   Plus   de   travail   est   nécessaire  

pour  optimiser   les  propriétés   in  vivo  de   la   [18F]-Érythropoïétine  afin  qu'elle  

devienne   un   traceur   utile   et   efficace   pour   la   neuro-imagerie.   L’objectif  

principal   du   développement   d'un   nouveau   traceur   de   pénombre   serait   de  

permettre  aux  cliniciens  de  déterminer  facilement  si  le  tissu  vivant  existe  chez  

les  patients  qui  subissent  un  accident  vasculaire  cérébral  ischémique  aigu,  ce  

qui   faciliterait   la   prise   décision   afin   de   procéder   à   des   thérapies  

potentiellement  bénéfiques.  
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Background  

1.1  Introduction  

A  stroke  occurs  when  blood  flow  to  the  brain  is  disrupted,  preventing  

the  delivery  of  vital  oxygen  to  dependent  brain  cells.  Of  the  roughly  795,000  

annual   cases,   a   small   portion   are   due   to   hemorrhaging,   while   an  

overwhelming   87%   are   the   result   of   ischemic   attacks   (Roger   et   al.,   2012).  

Stroke   symptoms  widely   vary   depending   on   the   areas   of   the   brain   that   are  

affected,   but   common   signs   range   from   numbness   to   speech   and   motor  

impairment.   If   symptoms   are   recognized   early,   medical   interventions   are  

better  able  to  prevent  a  stroke  from  damaging  even  more  of  the  brain  than  it  

already  does.  

The  present  study  investigates  a  potential  new  tool  to  identify  the  area  

of   a   stroke   that   can   benefit   from   interventions.   Both   researchers   and  

physicians  are  greatly  in  need  of  a  simple  method  to  identify  this  at-risk  area,  

as  current  imaging  methods  are  ambiguous  and  dauntingly  time-consuming.  

1.1.1  Ischemic  Stroke  

The  most  prevalent  strokes  are  ischemic  in  nature.  These  occur  when  

there   is   a   sudden   disruption   of   blood   flow   that   precludes   the   delivery   of  

oxygen   and   glucose   to   the   brain,   usually   resulting   from   a   blood   clot   or   an  

embolus  (Hinkle  and  Guanci,  2007).  A  major  contributor  to  ischemic  stroke  
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is   plaque   buildup   within   the   blood   vessels,   which   narrows   the   opening   for  

blood  to  flow  through  the  arteries   leading  to  the  brain.  Once  plaque  forms,  

platelets  adhere  to  it  and  rapidly  build  up;  this  aggregation  eventually  causes  

a   clot   to   develop   (Hinkle   and   Guanci,   2007),   as   illustrated   in   Figure   1.  

Alternately,  an  artery  can  be  blocked  by  an  embolus,  such  as  fat,  air,  or  blood  

clots,   that  originates  from  somewhere  else   in  the  body  (Hinkle  and  Guanci,  

2007).  When  blood  flow  is   interrupted,  the  brain  does  not  receive  sufficient  

energy   to  properly   function,  as  energy   is  derived   from  oxygen   in   the  blood.  

Since  the  brain  requires  a  great  deal  of  energy  to  operate  at  a  normal  level,  it  

is  highly  susceptible  to  ischemic  damage.  As  blood  and  oxygen  levels  fall,  the  

brain   can   no   longer   produce   adenosine   triphosphate,   its   most   common  

source  of  energy.  Without  adequate  blood   flow,  neurons  quickly   run  out  of  

energy   reserves,   lose   function,   and   ultimately   die   if   blood   flow   is   not  

reinstated   within   a   relatively   brief   period   of   time   (Heiss,   2011).   This  

hypoperfused,  vulnerable  area  is  known  as  the  ischemic  penumbra.  

  

Figure  1  (from  (Center,  2012).  

A  blood  clot  resulting  from  plaque  buildup  in  an  artery  leading  to  the  brain.  
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1.1.2  The  "Penumbra"  Concept  

The   immediate   tissue   that   is   affected   by   a   stroke,   labeled   the   core,  

becomes  necrotic  within  a  few  hours.  Surrounding  the  core  is  an  ischemic,  yet  

viable,   area  known  as   the  penumbra,  which   is   at  high   risk   for  evolving   into  

necrotic  tissue  (Astrup  et  al.,  1981).  As  time  progresses,  the  core  spreads  into  

this   initially   salvageable   tissue   by   means   of   apoptosis,   neuroinflammation,  

and   excitotoxicity   (van   der  Kooij   et   al.,   2008).   To   prevent   the   infarct   from  

spreading,   blood   circulation   must   be   reinstated   as   quickly   as   possible.  

Otherwise,  these  mechanisms  of  delayed  cell  death  can  be  responsible  for  as  

much   as   20%   of   the   final   infarct   size   (Heiss   et   al.,   2004).   In   order   to  

determine  if  medical  intervention  can  prevent  this  process  from  occurring,  it  

is  necessary  to  establish  whether  penumbra  tissue  exists  in  a  stroke  patient.    

Tissue   viability   after   a   stroke   can   be   determined   by   cerebral   blood  

flow.   For   instance,   cerebral   blood   flow   is   typically   60-100   milliliters/100  

grams·minute   under   normal   conditions   (Heiss,   2000).   Within   the   brain,  

neuronal  maintenance  and  transmission  require  different  amounts  of  energy,  

thereby  establishing  two  oxygen-dependent  limits:  the  functional  and  viability  

thresholds  (Heiss,  2011).  Neurotransmission  stops  when  cerebral  blood  flow  

reaches   the   functional   threshold   (20   milliliters/100   grams·minute),   with  

cellular  damage  and  death  occuring   if   cerebral   blood   flow  drops  below   the  

viability   threshold   (6-15   milliliters/100   grams·minute)   (Heiss,   2000).   If  

cerebral  blood  flow  falls  below  the  functional  threshold,  reperfusion  enables  

neurons   to   regain   function.   However,   if   cerebral   blood   flow   further   slows,  

neurons   eventually   reach   the   time-dependent   viability   threshold,   at   which  

point  vascular  perfusion  is  too  low  for  cells  to  survive  (Heiss,  2000).  In  other  

words,   neuronal   fate   depends   on   both   the   severity   at  which   cerebral   blood  

flow   slows  and   the   length  of   time   that   cells   are  exposed   to   toxic   conditions  
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(Furlan   et   al.,   1996).   For   example,   if   tissue   perfusion   falls   below   this  

threshold   for   a   brief   period,   then   regains   perfusion,   it   may   likely   survive;  

however,   if   perfusion   further   decreases   below   the   viability   threshold   and  

remains  there,  tissue  quickly  becomes  necrotic.  Thus,  the  lower  the  cerebral  

blood  flow,  the  higher  the  risk  of  necrosis.  

The   core   of   a   stroke   becomes   necrotic   because   cerebral   blood   flow  

drops   below   the   viability   threshold   for   too   long.   Within   the   penumbra,  

perfusion  remains  above  the  viability  threshold  because  the  tissue  is  supplied  

with  blood  from  collateral  arteries.  However,   this   supply   is  not  sufficient   to  

maintain   the   energy   demands   of   the   ischemic   region,   which   places   the  

penumbra   at   very   high   risk   for   evolving   into   necrotic   tissue.  Although   this  

region  is  functionally  impaired,  it  is  capable  of  surviving  since  cerebral  blood  

flow   is   maintained   between   the   viability   and   functional   thresholds   for  

somewhat   extended   periods   of   time   (Heiss,   2000).   There   are   conflicting  

reports   regarding   the   exact   threshold   at   which   tissue   becomes   "at   risk"   in  

humans  (Dani  et  al.,  2011),  and  it  is  currently  not  possible  to  determine  the  

amount   of   time   that   tissue   is   critically   hypoperfused   (Heiss,   2011).  

Consequently,   physicians   cannot   reliably   use   these   criteria   to   operationally  

define   the   penumbra.   Still,   these   characteristics   render   the   penumbra   a  

unique  area  where  metabolic  activity  continues   for  a  period  of   time  despite  

the  stoppage  of  blood  flow.  Not  so  surprisingly,  this  time-dependent  area  of  a  

stroke  is  the  target  for  both  approved  and  experimental  therapeutics.  

1.1.3  Thrombolytic  Therapy  

Presently,   the   only   curative   stroke   intervention   is   the   administration  

of  thrombolytic  drugs,  such  as  recombinant  tissue  plasminogen  activator,  that  

restore  blood  flow  to  the  affected  area  of  the  brain  by  trying  to  dissolve  the  

blood  clot   (Suwanwela  and  Koroshetz,  2007).  There   is   some  risk   for   severe  
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bleeding   to   occur   during   the   administration   of   recombinant   tissue  

plasminogen   activator,   which   is   given   intravenously   over   the   course   of   an  

hour.   In  addition   to  continuous  monitoring   throughout   the  duration  of   this  

treatment,   a   patient   undergoes   a   neurological   assessment   every   fifteen  

minutes.  

First   approved   by   the   Food   and   Drug   Administration   in   1996,  

intravenous  recombinant  tissue  plasminogen  activator  must  be  administered  

within  three  hours  of  stroke  onset,  when  current  practice  maintains  that  the  

ischemic   penumbra   still   exists.   Assuming   that   penumbral   tissue   is   only  

present  for  up  to  three  hours  in  all  individuals  is  incorrect,  as  the  existence  of  

penumbra   tissue   is   extremely   variable   across   patients.   In   fact,   some  

individuals   have   viable   tissue   in   the   penumbra   for   up   to   eight   hours   after  

stroke  onset  (Baron  et  al.,  1995).  Since  some  patients  may  still  benefit  from  

therapeutic   interventions   well   after   the   strict   three-hour   time   frame,   it   is  

necessary   to   develop   a   method   that   clearly   determines   the   amount   of  

penumbra  tissue  that  can  be  saved.  

1.1.4  Diagnostic  Imaging  Methods  

When  imaging  stroke,  physicians  aim  to  determine:  1)  the  presence  of  

a  hemorrhage;  2)   the  presence  of  a  blood  clot;   3)   the  extent  of   irreversibly  

damaged   tissue;   and  4)  possibly   salvageable  but  hypoperfused  at-risk   tissue  

(Latchaw   et   al.,   2009).   These   functional   imaging   parameters   are   vital   to  

accurate  stroke  diagnosis  and  treatment;  however,  current  imaging  methods  

lack  refinement,  requiring  a  battery  of  tests  in  order  to  assess  an  individual's  

prognosis   (Hinkle   and   Guanci,   2007).   Depending   on   the   amount   of   time  

between   stroke   onset   and   treatment,   different   imaging   methods   are  

employed.   Typically,   a   computed   tomography   scan   is   first   conducted   to  

confirm   the   type   of   stroke   and   the   affected   area,   although   magnetic  
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resonance   imaging   can   also   determine   whether   a   stroke   is   ischemic   or  

hemorrhagic  in  nature  (Muir  et  al.,  2006).  This  information  helps  physicians  

determine   how   to   appropriately   proceed   with   treatment.   Computed  

tomography   or   magnetic   resonance   angiography   can   be   used   to   ascertain  

even  more   specific   information  about   the   cerebral   vasculature   (Muir   et   al.,  

2006),   which   can   further   facilitate   treatment   options.   Another   common  

practice   combines   either   magnetic   resonance   imaging   or   computed  

tomography   with   positron   emission   tomography   in   order   to   localize  

metabolic   activity   to   specific   structures   in   the   brain   (Muir   et   al.,   2006).  

Although  this  method  undoubtedly  provides  the  most   information,   it   is  also  

the  most  time  consuming.  Since  time  is  the  utmost  factor  in  stroke  treatment,  

it   is   somewhat   impractical   to   obtain   all   of   this   information   through   this  

technique.  

These   different   imaging   modalities   can   moreover   define   the  

penumbra   of   a   stroke.  With  magnetic   resonance   imaging,   the   penumbra   is  

defined  by  mismatching   scans  of  diffusion-  and  perfusion-weighted   imaging  

(Muir  et  al.,  2006).  Diffusion-weighted   imaging  shows  tissue   integrity,  while  

perfusion-weighted   imaging   reveals   cerebral   perfusion.   Yet   perfusion-

weighted   imaging  does  not  directly  measure  cerebral  blood   flow;   instead,   it  

measures  the  time  needed  to  the  minimum  perfusion  signal,  or  time-to-peak.  

Additionally,   this   method   does   not   reliably   measure   the   oxygen   extraction  

fraction,   which   is   characteristically   heightened   in   the   penumbra,   and   it  

overestimates   at-risk   tissue   compared   to   positron   emission   tomography  

(Sobesky  et  al.,  2005).  This  is  problematic  because  it  mistakenly  reveals  more  

salvageable  tissue  than  there  actually  exists.  

Positron  emission  tomography  is  the  gold  standard  in  stroke  imaging  

(Heiss,   2000).   Still,  multiple   positron   emission   tomography   parameters   are  
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necessary   in   order   to   operationally   define   the   penumbra   (Baron,   2001).   In  

fact,  the  foremost  issue  with  all  of  these  imaging  methods  is  that  a  single  test  

is  not  definitive   in   itself.  A  patient  must  undergo  multiple   tests   in  order   to  

evaluate   the   ischemic   penumbra.   There   is   a   need   for   a   sounder   way   of  

identifying   neuronal   integrity   within   penumbra   so   that   precious   time   and  

resources  are  saved,  thereby  allocating  more  time  to  treating  a  patient  rather  

than  submitting  him  or  her  to  an  array  of  tests.  

1.1.5  Positron  Emission  Tomography  

Positron   emission   tomography   is   a   noninvasive   neuroimaging  

technique  that  measures   the  distribution  of  radioactively   labeled  molecules,  

known   as   radiotracers,   in   a   living   organism.   A   radiotracer   consists   of   a  

radioactive  nuclide,  such  as  carbon-11  or  fluorine-18,  attached  to  a  biological  

molecule.  When  very  small  concentrations  of  a  radiotracer  are  injected  into  a  

living   organism,   the   biological   distribution   of   these   radioactively   labeled  

molecules  can  be  ascertained.  

As   a   radionuclide   decays,   positrons   are   emitted.   These   travel   away  

from  the  radionuclide,  losing  energy  as  they  do  so.  Once  a  positron  exhausts  

a   certain  maximal   energy,   it   collides   with   an   electron,   its   antiparticle.   This  

collision  results  in  an  annihilation  event  that  produces  two  511  kilo-electron  

volt  gamma  rays   traveling   in  directions  approximately  180  degrees  opposite  

to  one  another  (Wahl  and  Buchanan,  2002).  A  positron  emission  tomography  

scanner   detects   pairs   of   gamma   rays   with   a   ring   of   scintillation   detectors.  

These   coincidence   events   are   then   grouped   into   signograms   and  

reconstructed  to  form  a  three-dimensional  image  of  the  radiotracer's  in  vivo  

distribution  (Wahl  and  Buchanan,  2002).  

When   selecting   a   radionuclide   for   positron   emission   tomography  

imaging,  one  must  consider  the  maximal  energy  and  half-life.  Radionuclides  
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with  lower  maximal  energy  emit  positrons  that  travel  shorter  distances  from  

the   parent   isotope,   thus   producing   images   with   better   spatial   resolution  

(Wahl   and   Buchanan,   2002).   Additionally,   a   longer   half-life   allows   for  

imaging  to  occur  over  a  longer  amount  of  time,  which  improves  image  quality  

and   enables   researchers   to   learn   more   about   a   radiotracer's   biological  

distribution   over   time.   Still,   a   longer   half-life   also   increases   a   subject's  

exposure  to  radiation  (Wahl  and  Buchanan,  2002).  

Compared   to   other   imaging   techniques,   positron   emission  

tomography  is  not  widely  used  because  it  requires  either   large  cyclotrons  to  

produce   radionuclides   or   the   timely   delivery   of   radionuclides   produced   in  

other  facilities.  Still,  its  ability  to  directly  measure  cerebral  blood  flow  makes  

positron   emission   tomography   the   gold   standard   in   stroke   imaging   (Heiss,  

2000),   especially   since   it   quantifies   the   amount   of   radioactivity   in   a   target  

region  of  interest,  as  measured  by  standard  uptake  values.  Positron  emission  

tomography  also  directly  images  biochemical  processes  like  neurotransmitter  

binding,   a   phenomenon   that   cannot   be   measured   with   other   imaging  

modalities.  Taken   together,   the   absolute   quantification   of   radioactivity   and  

ability   to   image   both   biological   and   biochemical   processes   provide   specific  

information   about   the   quantity   and   location   of   a   radiotracer's   uptake   at   a  

given   point   in   time,   which   is   extremely   beneficial   to   researchers   and  

physicians  alike.  

1.1.6  Imaging  the  Penumbra  with  Positron  Emission  Tomography  

When   imaging   a   stroke   with   positron   emission   tomography,   it   is  

necessary  to  establish  cerebral  blood  flow  to  determine  the  extent  of  damage  

caused  by  the  infarct.  The  core  can  be  easily  ascertained,  as  there  is  no  flow  

in   this   area   of   the   infarct,   where   the   blood-brain   barrier   is   entirely  

compromised.  One  technique  utilizes  the  radiotracer  [15O]-Water,  a  common  
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marker   of   cerebral   blood   flow   in   humans   (Ito   et   al.,   2004).   Alternatively,  

cerebral   blood   flow   may   be   determined   with   single-photon   emission  

computed   tomography,   computed   tomography,   and   magnetic   resonance  

(Taber  et  al.,  2005),  as  well  as  various  optical  approaches  (Wang  et  al.,  2003).  

In   addition   to   establishing   a   map   of   cerebral   blood   flow,   other  

parameters   are   necessary   in   order   to   obtain   a   rough   approximation   of   the  

penumbra.  Most   commonly,   cerebral   blood   flow   images   are   superimposed  

with   images  of   the  cerebral  metabolic   rate  of  oxygen,  a  measure  of  cellular  

metabolism  (Heiss,  2011).  The  penumbra  is  the  area  where  there  is   little  or  

no   cerebral   blood   flow,   but   the   cerebral   metabolic   rate   of   oxygen   is  

preserved,   as   shown   in   Figure   2.   Several   radiotracers   may   reveal   the  

penumbra,  such  as  [18F]-Fluoromisonidazole  ([18F]-FMISO),  which  produces  

a   positive   image   of   hypoxic,   at-risk   tissue   in   the   brain.   Nonetheless,   this  

radiotracer  is  not  completely  validated  as  a  reliable  penumbra  marker  (Muir  

et   al.,   2006),   as   it   does   not   differentiate   tissue   that   is   below   the   functional  

threshold  from  tissue  that   is  beyond  the  viability   threshold.  There   is  a  need  

for   a   radiotracer   that   specifically   targets   the  penumbra,   thereby   simplifying  

the  process  of  identifying  this  area  with  neuroimaging.  

1.2  Current  Study  

1.2.1  Aim  

This   study  aims   to  develop  a  novel   radiotracer   for  positron  emission  

tomography   imaging   that   exclusively   reveals   the   ischemic   penumbra.   To  

accomplish  this,  we  must  first  successfully  label  a  molecule  of  interest  with  a  

radionuclide.   To   this   end,   we   chose   the   neuroprotective   protein  

erythropoietin,   as   its   receptor   is   selectively   upregulated   in   the   ischemic  

penumbra  of  a  stroke  (Siren  et  al.,  2001).  In  order  to  effectively  evaluate  the  

in  vivo  properties  of  erythropoietin,  we  attempted  to  label  it  with  fluorine-18,  
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Figure  2  (from  (Heiss,  2000).  

Positron  emission  tomography  scans  of  a  patient  with  ischemic  stroke  in  the  

left   middle   cerebral   artery.   A)   Overlying   maps   of   cerebral   blood   flow,  

cerebral  metabolic  rate  of  oxygen,  and  oxygen  extraction  fraction  predict  the  

area  of  the  brain  that  is  irreversibly  damaged,  which  is  outlined  in  red  on  the  

magnetic   resonance   image.   The   penumbra   is   the   area   where   the   cerebral  

metabolic   rate   of   oxygen   and   oxygen   extraction   fractions   are   high   despite  

little  or  no  cerebral  blood  flow.  B)  If  too  much  time  elapses  between  stroke  

onset  and  treatment,  reperfusion  is  futile.  This  is  clearly  depicted  in  the  final  

magnetic  resonance  image,  which  shows  vast  necrosis  in  the  left  hemisphere.  

C)  If  penumbra  tissue  exists  when  treatment  begins,  reperfusion  is  effective.  

In   this   case,   the  magnetic   resonance   image   shows   living   tissue   in   the   area  

where  the  stroke  occurred.  
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a  radionuclide  with  a  reasonably  long  half-life  of  110  minutes.  If  radioactively  

labeling   erythropoietin   with   fluorine-18   is   successful,   we   can   then   evaluate  

the  new  radiotracer's  distribution  in  the  brain.  

At   present,   no   studies   have   attempted   to   determine   whether  

radioactively-labeled   erythropoietin   is   an   effective   clinical   marker   of   the  

ischemic   penumbra   in   a   stroke.   If   selective   penumbra   imaging   can   be  

accomplished,  this  technique  may  be  used  to  identify  the  progress  of  damage  

after   acute   ischemic   stroke.  Establishing   a   novel   penumbra   radiotracer  will  

enable  physicians  to  determine  whether  damaged,  yet  viable,  tissue  still  exists  

in  patients,  thereby  arming  them  with  knowledge  of  the  areas  that  need  to  be  

targeted   in   subsequent   therapeutic   interventions.  Furthermore,   imaging   the  

penumbra   through   the   erythropoietin   receptor   will   facilitate   future   studies  

that  explore  potential  stroke  treatments  by  targeting  this  receptor  system.  

1.2.2  Objectives  

1.2.2.1  Radioactively  Labeling  Erythropoietin  with  Fluorine-18  

Our  purpose  is  to  develop  a  procedure  to  label  erythropoietin  with  the  

radionuclide   fluorine-18   in  order   to  establish   [18F]-Erythropoietin  with  high  

specific  activity.  Since  fluorine-18  is  highly  electron  negative,  it  must  first  be  

introduced  into  a  prosthetic  group  before  attempting  to  label  proteins.  To  do  

this,  we  must  first  synthesize  a  standard  protein-labeling  precursor,  fluorine-

18-labeled  N-succinimidyl  4-[18F]fluorobenzoate  ([18F]-SFB).  Then,  a  solution  

of  erythropoietin  is  added  to  this  precursor.  Afterward,  the  labeled  protein  is  

purified  by  means  of  high  performance  liquid  chromatography  (HPLC).  

1.2.2.2   Establishing   a   Penumbra   in   the   Endothelin-1   Stroke  

Model  

Prior  to  testing  the  in  vivo  properties  of  [18F]-Erythropoietin,  we  must  

define   the   approximate   size   and   location   of   the   infarct,   including   the  
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penumbra,   in   a  model   of   ischemic   stroke.   First,   we   evaluated   the   ischemic  

penumbra  in  the  endothelin-1  stroke  model  by  performing  positron  emission  

tomography   scans   with   the   established   radiotracers   [15O]-Water   and   [18F]-

FMISO.  These  radiotracers  reveal  maps  of  cerebral  blood  flow  and  hypoxia,  

respectively.  The  penumbra   is   operationally   defined   as   the   hypoxic   area   or  

areas  with  little  or  no  cerebral  blood  flow  (Heiss,  2000).  

1.2.2.3   Exploring   [18F]-Erythropoietin   as   a   Penumbra  

Radiotracer  

If  the  endothelin-1  stroke  model  has  a  measurable  penumbra,  we  can  

then  study  [18F]-Erythropoietin   in  vivo  to  see  if  this  novel  radiotracer  enters  

the  brain  and  binds  to   its  selectively  upregulated  receptor   in  the  penumbra.  

Through   dynamic   positron   emission   tomography   imaging,   we   aim   to  

determine   the   optimal   post-injection   peak   binding   time   for   [18F]-

Erythropoietin,  ultimately  assessing  its  effectiveness  in  revealing  hypoxic,  yet  

viable,  brain  tissue  after  a  stroke.  



 13 

  

  

  

-  Chapter  2  -  

  

  

  

Radioactively  Labeling  Erythropoietin  with  Fluorine-18  

2.1  Introduction  

Radioactive   protein   labeling   is   a   non-specific   synthesis,   as   proteins  

contain   many   unprotected   active   groups   to   which   a   radioactive   labeling  

synthon   may   bind.   Therefore,   radiochemists   have   little   control   over   the  

specific   location   where   a   radionuclide   is   incorporated   into   a   protein's  

chemical   structure,   which   could   potentially   alter   its   biological   properties  

(Schirrmacher   et   al.,   2010).   In   this   procedure,   we   first   introduce   the  

radionuclide  fluorine-18  to  the  standard  protein  labeling  precursor  [18F]-SFB  

by  nucleophilic   substitution  (Vaidyanathan  and  Zalutsky,  1992).  This  multi-

step   synthesis   consists   of   radiofluorination,   hydrolysis,   and   coupling.  

Afterwards,   we   add   the   protein   of   interest,   erythropoietin,   to   the   protein-

labeling   precursor   and   allow   the   reaction   to   proceed   for   a   short   period  

before  purifying  the  final  radioactively  labeled  protein  with  HPLC.  

2.1.1  Erythropoietin  

Erythropoietin   is   an  endogenous,   thirty-four  kiloDalton  glycoprotein  

that   is   neuroprotective   in   mammals   (Arcasoy,   2008).   This   promising  

characteristic  within   the   central  nervous   system  makes  erythropoietin  a  key  

contender   in   contemporary   approaches   to   stroke   treatment.   When  

administered  after   a   stroke,   erythropoietin   reduces   the   final   infarct   volume  
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by   as   much   as   30%   (Jerndal   et   al.,   2010),   with   higher   doses   resulting   in  

smaller   infarcts   (Minnerup   et   al.,   2009).   Initial   clinical   trials   indicated   that  

erythropoietin   is   an   effective   treatment   for   ischemic   stroke   in   humans  

(Ehrenreich   et   al.,   2002);   however,   subsequent   trials   revealed   that   its  

administration  should  not  be  combined  with  recombinant  tissue  plasminogen  

activator   (Ehrenreich   et   al.,   2009).   A   follow   up   study   showed   that   the  

combination  of  these  therapies  not  only  abolishes  erythropoietin's  beneficial  

effects,  but  also  promotes  brain  edema,  blood-brain  barrier  permeability,  and  

extracellular  matrix  breakdown  (Zechariah  et  al.,  2010).  Clearly,  much  more  

research   is   needed   before   erythropoietin   can   be   successfully   translated   to  

clinical  use.  

Both   neurons   and   astrocytes   express   the   erythropoietin   gene  

(Bernaudin   et   al.,   2000).   Genes   for   erythropoietin   and   its   receptor   are  

present  in  the  brain  under  normal  conditions,  but  upon  the  onset  of  hypoxia,  

the  typical  concentrations  are  drastically  increased  (Marti  et  al.,  1996).  This  is  

the   result   of   a  molecular   signaling   cascade   (Brines   and  Cerami,   2005)   that  

begins  with  hypoxia-inducible  factor  1,  a  transcription  factor  that  binds  to  the  

erythropoietin  gene  to  increase  its  expression  (Semenza  et  al.,  1991).  In  turn,  

astrocytes  produce  and  release  erythropoietin  (Juul,  2002),  which  then  binds  

to   its   receptor   on   neurons   (Ruscher   et   al.,   2002).   This   binding   initiates  

signaling  by   the  protein  Janus  kinase  2,   thereby  activating  phosphoinositide  

3-kinase   enzymes.   Ultimately,   these   enzymes   deactivate   Bcl-2-associated  

death  promoter  proteins  in  order  to  reduce  apoptosis  resulting  from  hypoxia  

(Ruscher   et   al.,   2002).   In   addition   to   decreasing   the   extent   of   apoptosis,  

erythropoietin   binding   inhibits   calcium-induced   glutamate   release  

(Kawakami  et  al.,  2001),  which  somewhat  explains  its  neuroprotective  role  in  

stroke.   Furthermore,   erythropoietin   reduces   inflammation   (Juul,   2002)   and  
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causes  cerebral  vascular  endothelial  cells  to  increase  their  production  of  the  

vasodilator  nitric  oxide  (Beleslin-Cokic  et  al.,  2004),   thereby  allowing  blood  

to  flow  through  blood  vessels  with  greater  ease.  

Erythropoietin   exerts   its   neuroprotective   effects   through   a  

heteroceptor  complex,  which  is  made  up  of  both  erythropoietin  and  common  

beta  subunit  receptors  (Brines  et  al.,  2004).  Since  the  erythropoietin-common  

beta-heteroceptor   is  upregulated  specifically   in   ischemic   tissue  (Siren  et  al.,  

2001),  there  is  a  greater  concentration  of  this  receptor  in  the  penumbra  of  a  

stroke  compared  to  other  areas  of  the  brain.  Given  this,  extraneously  applied  

erythropoietin   is  most   likely   to  bind   to  a   receptor   located  within   this  dense  

cluster.   Therefore,   by   administering   radioactively   labeled   erythropoietin   to  

an   individual   who   has   suffered   a   stroke,   a   single   positron   emission  

tomography  scan  could  potentially  reveal  the  penumbra.  

2.1.2  Fluorine-18  

Of   the   radionuclides   commonly   used   in   positron   emission  

tomography,   fluorine-18   is   a   good  option   for   labeling  proteins.  Fluorine-18  

decays  by  97%  positron  emission,  so  it  is  possible  to  reconstruct  artifact-free  

positron  emission  tomography  images.  These  images  have  exceptional  spatial  

resolution   due   to   the   radionuclide's   comparatively   low   energy   of   649   kilo-

electron   volts.   Moreover,   fluorine-18   has   a   relatively   long   half-life   of   110  

minutes,   which   enables   researchers   to   perform   complex,   time-consuming  

syntheses  without  worrying  about  the  amount  of  radioactivity  assimilated  into  

the  final  product  (Schirrmacher  et  al.,  2010).  This  is  especially  advantageous  

for   protein   labeling,   as   multi-step   syntheses   are   required   to   incorporate  

fluorine-18   into   organic   compounds   (Schirrmacher   et   al.,   2010);   since  

fluorine-18   is   the   most   electron   negative   radionuclide,   it   is   difficult   to  

introduce  into  biological  molecules.  For  these  syntheses,  a  labeling  precursor  
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must first be produced and then added to a solution of the protein to be 

labeled. 

Since non-radioactive fluorine-19 is extremely rare in nature, it is 

highly unlikely that a radiotracer based on fluorine-18 would be extensively 

contaminated with the stable fluorine-19 isotope. This way, it is possible to 

synthesize molecules with high specific activity, the ratio of radionuclide 

compared to the total amount of biological compound. This is an important 

feature for clinical radiopharmaceuticals for two main reasons. First, 

compounds with very high specific activity are less likely to cause 

potentially harmful side effects. Second, when interested in receptor 

concentrations, high specific activity indicates that more molecules are 

labeled with radioactive fluorine rather than non-radioactive compound 

(Schirrmacher et al., 2010). Therefore, there is less of a chance that non-

radioactive compounds occupy receptor-binding sites. 

2.1.3 Predictions 

Previous work shows that it is feasible to label erythropoietin with 

fluorine-18 (Lang and Eckelman, 1997). The protein labeling technique that 

uses [
18

F]-SFB as a precursor is well established, so this method should 

successfully label erythropoietin with radioactive fluorine-18. 

2.2 Methods 

2.2.1 Materials 

Highly enriched H2[
18

O] was purchased from Rotem Industries Ltd. 

(Arava, Israel). Ethyl 4-(trimethylammonium triflate)benzoate and non-

radioactive standard were purchased from ABX (Radeberg, Germany). 

Erythropoietin was purchased from Creative BioMart (Shirley, New York). 

orchowskik3
Typewritten Text
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All   solvents,   reagents,   and   cartridges   were   purchased   from   Sigma-Aldrich  

Canada  Ltd.  (Oakville,  Ontario).  

2.2.2  Synthesis  of  [18F]-SFB  and  [18F]-Erythropoietin  

An   IBA   cyclotron   (Cyclon   18/9)   generated   no-carrier-added   [18F]F-  

(11.1-16.6  GBq)   in   2.2  mL   [18O]-Water   via   the   18O(p,n)18F  nuclear   reaction  

with   a   [18O]-Water   target.   The   [18F]F-   was   subsequently   transferred   to   a  

Scintomics   Hotbox   III   module,   where   the   radiosynthesis   was   performed.  

First,   [18F]-SFB   was   synthesized   using   a   three-step   automated   procedure  

(Tang   et   al.,   2010).   To   summarize,   [18F]F-/H2[18O]   was   passed   through   a  

QMA   cartridge,   and   18F-   was   eluted   from   the   cartridge   with   a   solution   of  

Kryptofix2.2.2®   (10   mg,   27   µmol)   and   potassium   carbonate   (1.87   mg,   13.5  

µmol)   in   acetonitrile/water   (96:4,   1.5  mL).  Next,   two   identical   drying   steps  

evaporated   residual  water   by   adding   acetonitrile   (0.5  mL)   under   a   vacuum  

and   stream   of   argon   at   105°C.   Afterward,   the   SFB   precursor,   ethyl   4-

(trimethylammonium   triflate)benzoate   (5   mg)   dissolved   in   acetonitrile   (1  

mL),  was  added  to  the  dried  [18F]F-/Kryptofix2.2.2®/K+  complex  and  heated  at  

90°C   for   ten   minutes.   Then,   tetrapropylammonium   hydroxide   (20   µL   1M  

aqueous  solution  in  2  mL  acetonitrile)  was  added,  and  the  reaction  mixture  

was  heated  to  120°C  for  three  minutes.  After  the  acetonitrile  was  completely  

evaporated,   N,N,N’,N’-tetramethyl-O-(N-succinimidyl)uronium  

tetrafluoroborate   (12  mg,   39.86   µmol)   dissolved   in   acetonitrile   (1  mL)  was  

added,   and   the   reaction  mixture   was   heated   to   90°C   for   five  minutes.   The  

solution  of  crude  [18F]-SFB  was  cooled  to  room  temperature  by  a  stream  of  

air  and  diluted  with  HPLC  eluent  (1.5  mL).  

Afterward,  the  crude  [18F]-SFB  solution  was  injected  onto  an  Agilent  

Technologies   1200   system   (µBondapak   C-18   column,   acetonitrile/0.01M  

phosphoric   acid,   40:60;   flow   2  mL/min)   equipped  with   a  Gabi   radioactivity  
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detector   (Raytest).   The   radioactivity   peak   corresponding   to   the   [18F]-SFB  

(retention  time  =  11  minutes)  was  collected  in  a  50  mL  round  bottom  flask,  

after  which  the  eluent  was  carefully  evaporated  in  vacuo  under  gentle  heating  

at  70°C.  A  solution  of  erythropoietin  (1  mg/mL  dissolved  in  borate  buffer,  pH  

8-9)  was  then  added  to  the  [18F]-SFB  and  incubated  at  room  temperature  for  

twenty   minutes.   The   subsequent   labeled   compound   purification   was  

performed  on   a   second  Agilent  Technologies   1200   system   equipped  with   a  

Gabi  radioactivity  detector  (Raytest),  where  the  mixture  was  passed  through  

the  HPLC  system  (Phenomenex  Biosep-SEC-S4000,  0.1M  sodium  phosphate  

buffer   pH   7.2;   flow   0.7   mL/min)   to   obtain   an   injectable   solution   of   [18F]-

Erythropoietin  (retention  time  =  15  minutes,  48-52  MBq).  

2.2.3  Quality  Control  of  [18F]-Erythropoietin  

To   determine   whether   the   synthesis   successfully   labeled  

erythropoietin  with  fluorine-18,  we  compared  final  HPLC  readouts  to  those  

of  non-radioactive  erythropoietin.  

2.3  Quality  Control  Results  

As  demonstrated  by  the  HPLC  chromatogram  (Fig.  3),  erythropoietin  

was  effectively   labeled  with   fluorine-18.  The  obtained  readout  was   identical  

to   that   of   a   cold   standard.   Upon   injection,   it   took   approximately   fifteen  

minutes  for  the  product  to  elute  from  the  column.  The  first  peak  consisted  of  

the   fluorine-18-labeled   erythropoietin,   while   the   second   peak   was   non-

radioactive  erythropoietin  (retention  time  =  18  minutes)  and  the  third  peak  

contained   unreacted   by-products.   Note   that   typically,   the   second   peak's  

amplitude  would  be  similar   to  that  of   the  first  peak;  however,   its  amplitude  

appears   to   be   off   of   the   graph   because   the   HPLC   system   was  

overconcentrated  with  product.  
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Figure  3.  

Chromatogram  of  [18F]-Erythropoeitin,  illustrating  the  purified  protein  peak  

forming  at  fifteen  minutes.  

2.4  Discussion  

We   found   that   fluorine-18   labeled   erythropoietin   could   be   obtained  

through   the   standard   protein-labeling   precursor   [18F]-SFB.   This   allows  

researchers  to  noninvasively  study  erythropoietin  in  vivo,  which  is  particularly  

of   interest   to   those   attempting   to   develop   new   approaches   to   stroke  

treatment.   Even   though   we   have   succeeded   in   radioactively   labeling  

erythropoietin,   we   do   not   know   if   it   will   be   a   useful   positron   emission  

tomography  radiotracer   for  neuroimaging,  as   it  could  possibly  not  cross   the  

blood-brain   barrier.   Also,   since   we   succeeded   in   labeling   erythropoietin   in  

our   first   attempt   that   was   based   on   previous   successful   protein   labeling  

methods,  the  conditions  for  this  synthesis  can  be  refined.  Since  we  were  able  

to   label   the  protein   erythropoietin  with   the   radioactive   isotope   fluorine-18,  

we  can  proceed  with  experiments  to  determine  its  in  vivo  role  in  a  model  of  

ischemic  stroke.  
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Establishing  a  Penumbra  in  the  Endothelin-1  Stroke  Model  

3.1  Introduction  

Before   testing   the   properties   of   [18F]-Erythropoietin   in   a   living  

organism,   it   is   necessary   to   establish   a   model   with   a   reliably   measurable  

penumbra.  Of   the  many  available   in  vivo   stroke  models   (Sicard  and  Fisher,  

2009),   we   chose   to   study   the   effects   of   [18F]-Erythropoietin   with   the  

endothelin-1  model   of   focal   ischemic   stroke.   This  model  was   preferable   to  

more   common   methods   because   of   its   ability   to   control   for   the   size   and  

location  of  the  ischemic  infarct,  as  well  as  its  very  low  mortality  rate.  Once  a  

valid   penumbra   model   is   established,   further   experimentation   with   [18F]-

Erythropoietin  can  resume.  

3.1.1  Endothelin-1  Model  of  Focal  Ischemia  

Stroke   rehabilitation   studies   regularly   use   the   endothelin-1   stroke  

model,  which  has  a  very  high   success   rate  compared   to   the  commonly  used  

manipulation   that   occludes   the  middle   cerebral   artery   (Chen   et   al.,   1986).  

The  highly  invasive  middle  cerebral  artery  occlusion  model  was  not  an  ideal  

option   for   this   study,  as   it   is  more  difficult   to  obtain  replicable   infarct   sizes  

and  locations  across  groups.  Moreover,  recovery  from  this  surgery  is  variable,  

and   a   greater   percentage   of   attempts   fail   to   produce   the   intended   results  

compared  to  the  endothelin-1  model  (Howells  et  al.,  2010).  
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The  endothelin-1  model  allows   for   the  exact   volume  and   location  of  

the  infarct  to  be  defined,  which  enables  researchers  to  achieve  a  high  degree  

of   control   over   the   data   (Sharkey   and   Butcher,   1995).   By   maintaining  

consistent   features   such   as   the   type,   size,   and   location   of   the   stroke,   data  

from  different  animals  can  be  easily  compared.  Moreover,  endothelin-1  does  

not   modulate   the   production   of   erythropoietin   (Grenz   et   al.,   2006),   so   it  

should   not   compromise   the   experimental   outcomes   of   the   current   study.  

However,  it  is  possible  that  this  stroke  model  does  not  have  either  an  infarct  

that   is   large   enough   to   be   measured   with   traditional   positron   emission  

tomography  or  a  conventional  penumbra  (Fuxe  et  al.,  1997).  Therefore,  it  is  

absolutely  necessary   to   establish   the   existence  of   a  measureable   stroke  and  

penumbra   in   the   endothelin-1   model   before   proceeding   with   additional  

studies  using  [18F]-Erythropoietin.  

3.1.2  [18F]-Fluoromisonidazole  

A   candidate   positron   emission   tomography   radiotracer   for   the  

penumbra  is  fluoromisonidazole  labeled  with  fluorine-18  (Read  et  al.,  1998).  

In   a   clinical   trial   that   assessed   the   functional   outcome   of   hypoxic   tissue   in  

stroke  patients,  [18F]-FMISO  binding  within  forty-eight  hours  of  stroke  onset  

was  correlated  with  improved  neurological  outcome  measures  (Markus  et  al.,  

2004).  This  implies  that  [18F]-FMISO  is  trapped  in  a  portion  of  hypoxic  cells  

within   the   penumbra   that   later   recover   function.   Moreover,   positron  

emission   tomography   images  of   [18F]-FMISO  are  highly   correlated  between  

human  stroke  patients  and  animal  models  of  stroke  (Saita  et  al.,  2004),  which  

makes  this  radiotracer  ideal  for  translational  research.  

Upon   administration,   [18F]-FMISO   freely   diffuses   across   the   blood-

brain  barrier  into  living  but  hypoxic  cells,  where  the  low  oxygen  levels  cause  

the   radiotracer   to   accumulate   by   trapping   its   metabolites   (Lee   and   Scott,  
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2007).   [18F]-FMISO   does   not   reveal   the   infarct   core   because   the   necrotic  

tissue  does  not  have  the  ability  to  metabolically  trap  its  metabolites  and  the  

perfusion   levels   in   the   core   are   too   low.   If   hypoxic   cells   are   subsequently  

reperfused,   any   trapped   [18F]-FMISO   is   released   (Takasawa   et   al.,   2007).  

This   characteristic   is   especially   advantageous   when   imaging   the   ischemic  

penumbra,   as   physicians   can   verify   whether   reperfusion   attempts   are  

successful.  It  takes  one  hour  for  [18F]-FMISO  to  be  selectively  retained  within  

hypoxic   tissue,   and   this   remains   constant   for   the   following   ninety   minutes  

(Koh   et   al.,   1992).   Despite   these   advantages,   this   radiotracer   does   not  

distinguish   between   hypoxic   cells   that   can   be   saved   through   stroke  

interventions  and  those  whose  oxygen  levels  fall  below  the  viability  threshold;  

thus,  [18F]-FMISO  is  an  imperfect  penumbra  radiotracer.  

3.1.3  Predictions  

As   a   possible   positron   emission   tomography   radiotracer   of   the  

ischemic   penumbra   (Read   et   al.,   1998),   [18F]-FMISO   should   clearly  

distinguish  this  area  in  the  endothelin-1  model  of  stroke.  Selective  retention  

within   the   penumbra   should   occur   one   hour   after   administering   [18F]-

FMISO.  While   this   retention   should   be   limited   to   a   defined   area   in   close  

proximity   to   where   endothelin-1   is   applied,   healthy   controls   should   not  

exhibit  selective  [18F]-FMISO  uptake.  

3.2  Methods  

3.2.1  Materials  

Highly   enriched   [18O]-Water   was   purchased   from   Rotem   Industries  

Ltd.   (Arava,   Israel).   1-(2′-Nitro-1′-imidazolyl)-2-O-tetrahydropyranyl-3-O-

toluenesulfonyl-propanediol   and   non-radioactive   standard,   as   well   as   all  

solvents,   reagents,   and   cartridges,   were   purchased   from   Sigma-Aldrich  
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Canada   Ltd.   (Oakville,   Ontario).   Endothelin-1   was   purchased   from  

Calbiochem  (Hornby,  Ontario).  

3.2.2  Synthesis  of  [15O]-Water  and  [18F]-FMISO  

An  IBA  cyclotron  (Cyclon  18/9)  generated  approximately  2.2-mL  no-

carrier-added   aqueous   [18F]F-   (11.1-16.6   GBq)   via   the   18O(p,n)18F   nuclear  

reaction   with   a   [18O]-Water   target,   as   well   as   oxygen-15   water   via   the  
15N(p,n)15O   nuclear   reaction   with   a   15N2   target.  Once   produced,   the   [18F]F-

/H2[18O]  was  transferred  to  a  Scintomics  Hotbox  III  module.  The  procedure  

to   synthesize   [18F]-FMISO   was   slightly   modified   from   one   previously  

reported  (Oh  et  al.,  2005).  First,  [18F]F-/H2[18O]  was  passed  through  a  QMA  

cartridge.   The   18F-   was   eluted   from   the   cartridge   with   a   solution   of  

Kryptofix2.2.2®   (10   mg,   27   µmol)   and   potassium   carbonate   (1.87   mg,   13.5  

µmol)   in   acetonitrile/water   (96:4,   1.5   mL).   Then,   this   was   evaporated   at  

105°C  under   a   gentle   vacuum  and   a   stream  of   helium.  Residual  water  was  

removed  by  azeotropic  evaporation  with  a  second  portion  of  acetonitrile  (1.5  

mL).   The   FMISO   precursor,   1-(2′-Nitro-1′-imidazolyl)-2-O-

tetrahydropyranyl-3-O-toluenesulfonyl-propanediol   (5   mg,   11.8   µmol)  

dissolved   in   acetonitrile   (1   mL),   was   added   to   the   dried   [18F]F-

/Kryptofix2.2.2®/K+   complex   and   heated   at   105°C   for   seven  minutes,   then   at  

75°C   for   an  additional   four  minutes.  Following  evaporation  by   acetonitrile,  

hydrochloric  acid  (1  mL,  1N)  was  added  to  the  reaction  and  heated  at  105°C  

for   five   minutes.   Subsequently,   the   reaction   mixture   was   cooled   to   50°C  

under  a  stream  of  air,  and  sodium  hydroxide  (0.2  mL,  5N)  in  HPLC  solvent  

(1.2  mL)  was  added  to  neutralize  the  reaction  mixture.  

The   crude   [18F]-FMISO  was   transferred   to   an  Agilent   Technologies  

1200  HPLC  system  (Phenomonex  Luna  10  µm  C-18  250×10  mm  column,  20  

mM  ammonium   formate/methanol,   80:20;   flow   2  mL/min)   equipped  with   a  
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Gabi  radioactivity  detector  (Raytest).  The  radioactivity  peak  (retention  time  

=  15  minutes)  was  collected  with  a  50  mL  round  bottom  flask.  Afterwards,  

the  eluent  was  carefully  evaporated  in  vacuo  under  gentle  heating,  and  then  

ethanol   was   added   before   a   second   evaporation   step   to   ensure   complete  

dryness.  Lastly,   the  purified  [18F]-FMISO  was  dissolved   in  ethanol  (0.5  mL)  

and  sodium  phosphate  buffer  (4.5  mL,  pH  7)  to  obtain  an  injectable  solution  

of  48-52  MBq.  

3.2.3  Animals  

Sprague-Dawley   rats   (180   days   old,   350-500   grams)   were   acquired  

from  Charles  River  Laboratories   International   (St-Constant,  Quebec).  Rats  

were   individually   housed   under   a   twelve-hour   light/dark   cycle   with   free  

access   to   food   and   water.   Temperature   consistently   remained   between   20-

22°C.   Three   rats   underwent   surgical   manipulation   by   means   of   the  

endothelin-1   stroke   model,   and   three   additional   healthy   control   rats   were  

used.   See   Figure   4   for   a   timeline   of   the   experimental   procedure.   All  

experimentation   was   conducted   in   accordance   with   the   guidelines   of   the  

Canadian   Council   on   Animal   Care   and   McGill   University   Animal   Care  

Committee.  

3.2.4  Surgery  

Surgical   manipulations   were   performed   at   the   Université   de  

Montréal.  Twenty-four   hours   prior   to   surgery,   enrofloxacine   (5  mg/kg)  was  

administered   intramuscularly   in   a   preventative  manner.   On   the   day   of   the  

experiment,  rats  were  anesthetized  with  a  gas  mixture  of  2%  isoflurane  and  

oxygen.  Xylocaine  was  applied   to   the  ears,  eye  ointment  was  applied   to   the  

eyes,   and   the   head   was   positioned   in   a   stereotaxic   apparatus   with   non-

puncturing   ear   bars.   Body   temperature   was   maintained   at   37°C   with   a  

heating  rug.  A  lateral  incision  on  the  skull  exposed  bregma,  which  was  used  
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to  orient  the  stereotaxic  instrument  within  the  dimensions  of  the  brain  atlas  

(Paxinos   and  Watson,   1997).  A   0.7  millimeter   round  bit   drill   created   small  

holes   in   the   skull   above   the   left   motor   cortex,   and   six   injections   of  

endothelin-1  (0.3  µg/µL  each)  were  applied  via  a  32  gauge  Hamilton  syringe  

at  a  rate  of  three  nanoliters  per  second  to  the  coordinates  listed  in  Table  1.  

Each   injection   occurred   over   approximately   five  minutes;   the   entire   stroke  

onset   occurred  over   a   period  of   thirty  minutes.  Afterwards,   the   holes  were  

stopped  with  acrylic.  Then,  the  skin  around  the  wound  was  cleansed,  sutured,  

and   treated   with   Xylocaine.   Post-operation,   rats   were   monitored   until  

reflexes  were  recovered  and  mobility  was  regained.  

  

Injection   Anterior-Posterior   Medial-Lateral   Dorsal-Ventral  
1   1.5   2.5   -1.5  
2   1.5   3.5   -1.5  
3   0.5   3.5   -1.5  
4   0.5   2.5   -1.5  
5   -0.5   2.5   -1.5  
6   -0.5   3.5   -1.5  

  

Table   1.   Locations   of   endothelin-1   injections,   displayed   in   millimeters  

relative  to  bregma  (Paxinos  and  Watson,  1997)  

  

3.2.5  Data  Acquisition  

Positron  emission  tomography  scans  were  conducted  at  the  Montreal  

Neurological   Institute.   Between   two   to   three   hours   post-surgery,   rats   were  

anesthetized  with  isoflurane  (2%  concentration  in  oxygen)  delivered  through  

a  nose  cone  and  then  placed  into  a  micro-PET  scanner  (CTI  Concorde  R4)  

such   that   the  head  was   situated   in   the  center  of   the   scanner's   field  of  view.  

Throughout   the   duration   of   the   scan,   a   healthy   body   temperature   was  

maintained   (37°C),   and   physiological   parameters   like   heart   rate   and  
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respiration  were  monitored.  First,  a  bolus   injection  of   [15O]-Water  (130-204  

MBq  in  0.1-0.5  mL)  was  administered  via  a  catheter  inserted  in  the  tail  vein.  

A   five-minute   dynamic   scan   immediately   ensued,   during   which   data   were  

acquired   in   thirty   ten-second   frames.  Next,   a   ten-minute   transmission   scan  

with   an   external   cobalt-57   photon   source   was   obtained   to   later   correct   for  

attenuation  within  emission  scans.  Then,  a   two-hour  dynamic   scan  revealed  

the  extent  to  which  [18F]-FMISO  (19-37  MBq  in  0.1-0.5  mL)  was  trapped  in  

hypoxic  tissue  in  the  brain  before  it  was  eliminated  from  the  body.  These  data  

were   collected   in   twelve   ten-minute   frames.   Once   the   [18F]-FMISO   scan  

ended,   rats  were  euthanized  by  means  of  anaesthetic  overdose.  All   imaging  

procedures  were   approved  by   the  Small  Animal   Imaging  Laboratory   at   the  

Montreal  Neurological  Institute.  

  

Figure  4.  

Experimental  time  line  for  Objective  2.  
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3.2.6  Data  Analysis  

Sinograms  were  normalized  and  corrected  for  attenuation,  dead  time,  

and   decay.   By  means   of   filtered   back   projection  with   a  Hanning   filter   and  

cut-off   frequency  of  0.5  pixels  per  cycle,   the  data  were  reconstructed   into  a  

three-dimensional  128  ×  128  ×  63  matrix  with  a  voxel  size  of  0.06  centimeters.  

Images   were   analyzed   in   VINCI   (Version   2.57.0,  Max   Planck   Institute   for  

Neurological   Research,   Cologne,   Germany),   where   they   were   manually  

coregistered   to   a   modified   version   of   the   Laboratory   of   Neuro   Imaging  

magnetic   resonance   rat   atlas   (University   of   California   Los   Angeles,   Los  

Angeles,   California)   using   cerebral   blood   vessels   as   landmarks.   For   [15O]-

Water  scans,  an  averaged  image  of  the  entire  five-minute  scan  (frames  1-30)  

was   used   for   later   calculations;   for   [18F]-FMISO   scans,   calculations   were  

based  on  an   averaged   image  of   the   second  hour  of   the   scan   (frames   7-12).  

Standardized  uptake  values  (SUV)  based  on  body  weight  and  radiation  dose  

were  calculated  for  each  rat  based  on  the  following  formula:  

  

An  elliptical   region  of   interest   (4.5  mm2)  was  delineated   in   the  area  

corresponding  to  the  motor  cortex  in  both  the  left  and  right  hemispheres  and  

across  transaxial,  coronal,  and  sagittal  planes  for  a  total  of  three  values  within  

each  hemisphere.  Subsequent  analyses  were  based  solely  on  the  standardized  

uptake   values   obtained   in   the   transaxial   dimension.   For   both   experimental  

and  controls  groups,  standardized  uptake  values  were  compared  between  the  

left  and  right  hemispheres  using  paired  t-tests  (ps  <  .05).  Lastly,  unpaired  t-

tests  (ps  <  .05)  assessed  standardized  uptake  value  ratios  (SUVR)  between  

experimental  and  control  groups,  as  calculated  with  the  formula:  
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3.3  Results  

3.3.1  Within-Group  Comparisons  

Descriptive  statistics  for  all  animals  are  summarized  in  Tables  2  and  3.    

Qualitative  image  analysis  revealed  that  [18F]-FMISO  was  retained  within  the  

left  motor  cortex  in  the  stroke  group  but  not  in  healthy  controls.  As  expected,  

[15O]-Water  scans  for  the  experimental  group  showed  a  lack  of  blood  flow  in  

the  left  motor  cortex,  and  [18F]-FMISO  was  also  selectively  retained  in  part  of  

this  region.  This  is  visualized  with  the  red  circles  in  Figure  5.  In  controls,  both  

[15O]-Water  and  [18F]-FMISO  were  evenly  distributed,  as  shown  in  Figure  6.  

However,   quantitative   statistics   did   not   reveal   significant   results   within  

groups,  as  summarized  in  Table  4.  

  

Figure  5.  

Positron  emission   tomography  standard  uptake  value   images  of  Objective  2  

stroke   group.   A)   [18F]-FMISO   averaged   over   second   hour   of   scan;   B)  

Averaged  [15O]-Water  scan.  
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Figure  6.  

Positron  emission   tomography  standard  uptake  value   images  of  Objective  2  

control   group.   A)   [18F]-FMISO   averaged   over   second   hour   of   scan;   B)  

Averaged  [15O]-Water  scan.  

  

Radiotracer   Source   df   t   p-value  
Stroke   2   2.335   0.1446  [15O]  -Water  
Control   2   1.278   0.3295  
Stroke   2   1.388   0.2995  [18F]-FMISO  
Control   2   0.2031   0.8579  

  

Table  4.  Summary  of  paired  t-tests  for  Objective  2  

  

3.3.2  Between-Group  Comparisons  

Qualitative  image  analysis    revealed  that  [15O]-Water  uptake  was  less  

in   the   left   hemisphere   of   the   experimental   group   compared   to   the   right  

hemisphere,  while  there  was  no  difference  between  hemispheres  in  controls.  
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Overall,  there  was  less  uptake  in  the  experimental  stroke  group  compared  to  

controls,   as   shown   in   Figure   7.   For   [18F]-FMISO   images,   uptake   was  

approximately   equal   in   both   hemispheres   for   controls,   although   there   was  

more   uptake   in   the   left   hemisphere   of   the   experimental   group   (Fig.   8).  

Quantitative  statistics  did  not   reveal   significant  differences  between  groups,  

although  [15O]-Water  results  approached  significance  (see  Table  5).  

 
Figure  7.  

Average   [15O]-Water   standard   uptake   values   (±   SD)   for   Objective   2,  

presented  by  experimental  condition  within  both  hemispheres.  

 

  

Figure  8.  

Average   [18F]-FMISO   standard   uptake   values   (±   SD),   presented   by  

experimental  condition  within  both  hemispheres.  
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Radiotracer   df   t   p-value  
[15O]-Water   4   2.642   0.0575  
[18F]  -FMISO   4   1.391   0.2366  

  

Table  5.  Summary  of  unpaired  t-tests  for  Objective  2  

  

3.3.3  Pooled  Analysis  of  Cerebral  Blood  Flow  Images  

Since   the   cerebral   blood   flow   results   approached   significance   and  

were  acquired  with  the  same  protocol  in  both  experiments,  we  pooled  these  

data   from  Objectives   2   and   3   to   compare   the   standard   uptake   value   ratios  

between   the   stroke   and   control   groups.   The   pooled   data   passed   both   a  

Shapiro-Wilk   normality   test   (p   =   0.205)   and   an   equal   variance   test   (p   =  

0.220).   An   unpaired   t-test   on   these   data   indicated   that   the   [15O]-Water  

standard  uptake  value  ratios  were  significantly  different   in  the  stroke  group  

relative   to   the   control   group,   t(9)   =   -4.038,   p   =   0.003.   Also,   the   95%  

confidence  interval  for  the  difference  of  means  was  -0.300 ≤ ρ ≤ -0.0846. The  

difference   in   the  mean  values  of   the   two  groups  was  greater   than  would  be  

expected   by   chance;   therefore,   there   is   a   statistically   significant   difference  

between   the   input   groups   (p  =  0.003).  A  post   hoc  power   analysis   revealed  

that  the  current  design  was  able  to  assess  differences  with  a  power  of  94.5%.  

  

Source   n   Missing   Mean   Standard  
Deviation  

Standard  Error  
of  the  Mean  

Stroke   5   0   0.817   0.0888   0.0397  
Control   6   0   1.010   0.0696   0.0284  
      difference  =  0.193        

  

Table  6.  Pooled  [15O]-Water  standard  uptake  value  ratio  descriptive  statistics  
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3.4  Discussion  

The   pooled   analysis   of   standard   uptake   value   ratios   from   all   [15O]-

Water   images   indicates   that   our   model   indeed   induces   a   reliable   focal  

ischemia  at  the  endothelin-1  injection  site.  Moreover,  this  ischemia  was  large  

enough   to   be   detected   with   [15O]-Water   in   the   rat   brain   during   a   positron  

emission   tomography   scan.  This  means   that  our  endothelin-1  model,   rather  

than  the  middle  cerebral  artery  occlusion  model,  may  be  used  in  the  future  to  

study  focal  ischemia  with  positron  emission  tomography.  

Within  the  experimental  stroke  group,  the  lack  of  [15O]-Water  uptake  

in   the   left   motor   cortex   confirms   that   a   stroke   occurred   in   this   region.  

Interestingly,   overall   [15O]-Water   uptake  was   less   in   stroke   animals   than   in  

control   animals.  We   expected   cerebral   blood   flow   in   the   right,   i.e.   normal,  

hemisphere  of  the  stroke  group  to  be  about  the  same  as  that  of   the  control  

group.  The   fact   that   it  was   not   suggests   that   the   vasoconstricting   effects   of  

endothelin-1  extended  beyond   the   immediate  area  of   the   left  motor  cortex,  

decreasing  blood   flow  within   the   entire   brain.   If   this  was   the   case,   perhaps  

the  entire  brain  experienced  hypoxia  to  some  degree,  although  none  so  much  

as   the   left  motor   cortex.  An   alternative   explanation  may  be   the   concept   of  

transcallosal   diaschisis,   where   lesions   in   one   cerebral   hemisphere   cause   a  

reduction   of   blood   flow   in   the   homologous   regions   of   the   opposite  

hemisphere   (Von  Monakow,   1914).  Then  again,   it   could  be   that   the   stroke  

animals  had  a  different  generalized  susceptibility  to  the  effects  of  anesthesia  

compared  to  the  control  animals.  

Although   a   positive   image   that  may   very  well   be   the   penumbra  was  

detected   with   positron   emission   tomography   imaging,   we   cannot   conclude  

that  the  endothelin-1  model  of  focal  stroke  has  a  penumbra.  The  quantitative  

results   were   not   significant,   which   may   be   due   to   insufficient   statistical  
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power.  Therefore,  we  cannot  confidently  conclude  that  this  model   is  a  valid  

tool  to  study  the  penumbra.  Moreover,  since  [18F]-FMISO  is  taken  up  into  all  

hypoxic   cells,   we   do   not   know   whether   the   area   identified   with   this  

radiotracer  consists  of  tissue  that  falls  within  the  functional  threshold  or  if  all  

tissue  within  this  region  was  beyond  the  viability  threshold.  Still,  there  was  a    

significant  difference  in  cerebral  blood  flow  in  the  stroke  group  compared  to  

the  control  group.  This  shows  that  the  endothelin-1  model  of  stroke  induces  a  

reliable  ischemia  that  can  be  detected  with  positron  emission  tomography,  a  

feature   that   has   not   previously   been   shown.   Since   the   endothelin-1   model  

induces  a  reliable  ischemic  area,  we  will  still  examine  [18F]-Erythropoietin  in  

this  stroke  model  to  see  if  it  binds  to  neurons  that  are  metabolically  active.  

Additionally,   within   the   experimental   group,   [18F]-FMISO   was  

selectively   retained   in   only   part   of   the   area  where   cerebral   blood   flow  was  

absent.  If  [18F]-FMISO  is  truly  a  penumbra  marker,  it  should  not  completely  

overlap  with  the  area  of  decreased  cerebral  blood  flow,  as  part  of  this  area,  

i.e.   the   core,   would   be   necrotic.   Conversely,   the   even   distribution   of   both  

[15O]-Water   and   [18F]-FMISO   in   the   control   group   indicated   continuous  

blood  flow  and  healthy  tissue  in  the  brain.  

Some  researchers  (Strong  et  al.,  2000,  Dreier  et  al.,  2002)  believe  that  

a  true  penumbra  does  not  exist  in  the  endothelin-1  model  of  stroke  because  

this   potent   vasoconstrictor   stops   blood   flow   throughout   a   specific   area.   So,  

theoretically,   this   area   should   not   be   supplied   with   blood   from   collateral  

arteries.   However,   our   results   showed   that   this   is   not   the   case.   Upon  

administering   [18F]-FMISO   to   rats   that   had   a   stroke,   positron   emission  

tomography  revealed  an  area  near  the  stroke's  core  where  living,  yet  hypoxic,  

tissue  was  present.  We  do  not  know  if  this  hypoxia  was  due  to  the  stroke  or  to  

the  surgical  manipulation,  so  this  must  be  determined  in  future  studies.  Still,  
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this   finding   allows   researchers   who   use   the   endothelin-1   model   to   expand  

their   research,   knowing   that   the   model   is   more   comparable   to   ischemic  

stroke  in  humans.  
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Exploring  [18F]-Erythropoietin  as  a  Penumbra  Radiotracer  

4.1  Introduction  

Since  erythropoietin  can  be  successfully  labeled  with  the  radionuclide  

fluorine-18  (see  Chapter  2)  and  the  endothelin-1  model  of  focal  ischemia  has  

a   probable   penumbra   that   can   be   measured   with   positron   emission  

tomography   (see   Chapter   3),   we   can   evaluate   fluorine-18-labeled  

erythropoietin   in   vivo   to   see   if   this   novel   radiotracer   reveals   the   ischemic  

penumbra  in  stroke.  

4.1.1  In  Vivo   Properties  of  Erythropoietin  

Exogenously   applied   erythropoietin   crosses   the   blood-brain   barrier  

through   extracellular   pathways   (Banks   et   al.,   2004).   Larger   molecules   can  

cross   the   blood-brain   barrier   through   one   of   two   extracellular   pathways,  

either  between  olfactory  epithelial  cells  or  through  circumventricular  organs  

(Balin  et  al.,  1986).  Since   [18F]-Erythropoietin   is  administered   intravenously  

in  our  experiment,  it  most  likely  crosses  the  blood-brain  barrier  by  means  of  

the  latter  option.  Once  in  the  brain,  erythropoietin  accumulates  at  0.05-0.1%  

of  the  injected  dose,  peaking  three  hours  after  intravenous  injection  (Banks  

et   al.,   2004).   Additionally,   upon   the   onset   of   hypoxia,   erythropoietin  

messenger  ribonucleic  acid  levels  in  the  brain  peak  at  four  hours  and  remain  

high  for  a  full  twenty-four  hours  (Juul,  2002).  Given  this,  [18F]-Erythropoietin  
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is  most  likely  to  bind  to  its  receptor  between  three  to  four  hours  after  being  

administered,  which  occurs   no  more   than   three   hours   after   stroke  onset   in  

this  study.  

The   erythropoietin-beta   common-heteroceptor   complex,   which   is  

located   on   neurons   and   astrocytes   (Brines   et   al.,   2000),   is   upregulated   in  

ischemic  tissue  in  stroke  (Siren  et  al.,  2001).  Furthermore,  the  erythropoietin  

receptor  is  expressed  in  both  authentic  and  soluble  forms  with  relatively  low  

affinity  (Kd  =  860  pM)  and  approximately  10,000  binding  sites  per  cell,  and  

maximum   specific   binding   occurs   within   four   hours   of   administration  

(Yamaji  et  al.,  1996).  Recently,  the  existence  of  erythropoietin  receptors  on  

non-hematopoietic   cells,   such   as   neurons,   was   challenged   in   a   study   that  

found   little   to   no   erythropoietin   receptors   despite   detecting   its   messenger  

ribonucleic  acid  (Sinclair  et  al.,  2010).  If  radioactively  labeled  erythropoietin  

crosses  the  blood-brain  barrier,  its  presence  in  targeted  areas  of  the  brain,  i.e.  

the  penumbra,  should  determine  whether  or  not  the  erythropoietin  receptor  

is  present  on  neurons.  

4.1.2  Predictions  

We  hypothesize  that  [18F]-Erythropoietin  will  successfully  bind  to  the  

erythropoietin-beta   common-heteroceptor   complex   that   is   expressed   in   the  

ischemic  penumbra,   thus   leading   to  a  novel  method   to  noninvasively   image  

this  region  via  positron  emission  tomography.  Moreover,  we  expect  the  peak  

binding  to  occur  within  four  hours  after  [18F]-Erythropoietin  is   injected  into  

the  blood  stream,  as  it  will  take  some  time  for  the  molecule  to  penetrate  the  

blood-brain  barrier  to  enter  the  brain.  

4.2  Methods  

4.2.1  Materials  



 39 

Highly   enriched   [18O]-Water   was   purchased   from   Rotem   Industries  

Ltd.  (Arava,  Israel).  Ethyl  4-(trimethylammonium  triflate)benzoate  and  non-

radioactive   standard  were  purchased   from  ABX   (Radeberg,  Germany).  All  

solvents,   reagents,   and   cartridges   were   purchased   from   Sigma-Aldrich  

Canada   Ltd.   (Oakville,   Ontario).   Erythropoietin   was   purchased   from  

Creative  BioMart  (Shirley,  New  York),  and  endothelin-1  was  purchased  from  

Calbiochem  (Hornby,  Ontario).  

4.2.2  Synthesis  of  [15O]-Water  and  [18F]-Erythropoietin  

An  IBA  cyclotron  (Cyclon  18/9)  generated  approximately  2.2  mL  no-

carrier-added   aqueous   [18F]F-   (11.1-16.6   GBq)   via   the   18O(p,n)18F   nuclear  

reaction   with   a   [18O]-Water   target   and   [15O]-Water   via   the   15N(p,n)15O  

nuclear   reaction   with   a   15N2   target.   The   [18F]F-/H2[18O]   was   subsequently  

transferred  to  a  Scintomics  Hotbox  III  module,  where  the  radiosynthesis  was  

performed.  First,  [18F]-SFB  (1369-2146  MBq)  was  synthesized  using  a  three-

step   automated   procedure   (Tang   et   al.,   2010).   Next,   a   solution   of  

erythropoietin  (1  mg/mL  dissolved  in  borate  buffer,  pH  8-9)  was  added  to  the  

[18F]-SFB   and   incubated   at   room   temperature   for   twenty   minutes.  

Afterwards,  the  labeled  compound  purification  was  performed  on  an  Agilent  

Technologies   1200   system   (Phenomenex   Biosep-SEC-S4000,   0.1M   sodium  

phosphate   buffer   pH   7.2;   flow   0.7   mL/min)   equipped   with   a   Gabi  

radioactivity   detector   (Raytest)   to   obtain   an   injectable   solution   of   [18F]-

Erythropoietin   (retention   time   =   15   minutes,   48-52  MBq).   At   the   end   of  

synthesis,   the   radiochemical   yield  was  30%.  Refer   to  Chapter  2   for  a  more  

thorough  summary.  

4.2.3  Animals  

Sprague-Dawley   rats   (180   days   old,   350-500   grams)   were   acquired  

from  Charles  River  Laboratories   International   (St-Constant,  Quebec).  Rats  
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were   individually   housed   under   a   twelve-hour   light/dark   cycle   with   free  

access   to   food   and   water.   Temperature   consistently   remained   between   20-

22°C.  Two  rats  underwent  surgical  manipulation  by  means  of  the  endothelin-

1  stroke  model,  and  three  additional  healthy  control  rats  were  used.  Refer  to  

Figure  9   for  a   timeline  of   the  experimental  procedure.  All  experimentation  

was  conducted  in  accordance  with  the  guidelines  of  the  Canadian  Council  on  

Animal  Care  and  McGill  University  Animal  Care  Committee.  

4.2.4  Surgery  

Surgical   manipulations   were   performed   at   the   Université   de  

Montréal.  Briefly,  rats  were  anesthetized  with  a  gas  mixture  of  2%  isoflurane  

and  oxygen.  Six   injections  of  endothelin-1  (0.3  µg/µL  each)  were  applied   to  

the  left  motor  cortex.  Each  injection  occurred  over  a  five-minute  duration,  so  

the   entire   stroke   onset   occurred   over   a   period   of   thirty   minutes.   Post-

operation,   rats   were   monitored   until   reflexes   were   recovered   and  mobility  

was  regained.  Refer  to  Chapter  3  for  a  more  detailed  explanation.  

4.2.5  Data  Acquisition  

Positron  emission  tomography  scans  were  conducted  at  the  Montreal  

Neurological   Institute.   Between   two   to   three   hours   post-surgery,   rats   were  

anesthetized  with  isoflurane  (2%  concentration  in  oxygen)  delivered  through  

a  nose  cone  and  placed  into  a  micro-PET  scanner  (CTI  Concorde  R4)  such  

that   the   head   was   situated   in   the   center   of   the   scanner's   field   of   view.  

Throughout   the   duration   of   the   scan,   a   healthy   body   temperature   was  

maintained   (37°C),   and   physiological   parameters   like   heart   rate   and  

respiration  were  monitored.  First,  a  bolus   injection  of   [15O]-Water  (130-204  

MBq  in  0.1-0.5  mL)  was  administered  via  a  catheter  inserted  in  the  tail  vein.  

A   five-minute   dynamic   scan   immediately   ensued,   during   which   data   were  

acquired   in   thirty   ten-second   frames.  Next,   a   ten-minute   transmission   scan  
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with   an   external   cobalt-57   photon   source   was   obtained   to   later   correct   for  

attenuation  within  emission  scans.  Then,  [18F]-Erythropoietin  (19-37  MBq  in  

0.1-0.5   mL)   was   intravenously   injected,   and   the   rat   was   taken   off   of  

anesthesia   and   returned   to   its   cage   for   one   hour.   Following   this   brief  

interlude,   a   three-hour   dynamic   scan   collected   [18F]-Erythropoietin   data   in  

eighteen   ten-minute   frames.  Once   this   scan  ended,   rats  were  euthanized  by  

means  of  anesthetic  overdose.  All  imaging  procedures  were  approved  by  the  

Small  Animal  Imaging  Laboratory  at  the  Montreal  Neurological  Institute.  

  

Figure  9.  

Experimental  time  line  for  Objective  3.  

4.2.6  Data  Analysis  

Sinograms  were  normalized  and  corrected  for  attenuation,  dead  time,  

and   decay.   By  means   of   filtered   back   projection  with   a  Hanning   filter   and  

cut-off   frequency  of  0.5  pixels  per  cycle,   the  data  were  reconstructed   into  a  

three-dimensional  128  ×  128  ×  63  matrix  with  a  voxel  size  of  0.06  centimeters.  

Images   were   analyzed   in   VINCI   (Version   2.57.0,  Max   Planck   Institute   for  
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Neurological   Research,   Cologne,   Germany),   where   they   were   manually  

coregistered   to   a   modified   version   of   the   Laboratory   of   Neuro   Imaging  

magnetic   resonance   rat   atlas   (University   of   California   Los   Angeles,   Los  

Angeles,   California)   using   cerebral   blood   vessels   as   landmarks.   For   [15O]-

Water  scans,  an  average   image  of   the  entire   five-minute  scan  (frames  1-30)  

was   used   for   later   calculations.   For   [18F]-Erythropoietin   scans,   calculations  

were  based  on  averaged  images  for  each  of  the  three  scanning  hours  (frames  

1-6,   7-12,   and  13-18).  Standardized  uptake   values  based  on   individual  body  

weights  and  radiation  doses  were  calculated  for  each  rat:  

  

An   elliptical   region   of   interest   (4.5mm2)   was   delineated   in   the   area  

corresponding  to  the  motor  cortex  in  both  the  left  and  right  hemispheres  and  

across  transaxial,  coronal,  and  sagittal  planes  for  a  total  of  three  values  within  

each   hemisphere.   Subsequent   statistical   analyses   were   based   solely   on   the  

standardized   uptake   values   obtained   in   the   transaxial   dimension.   For   both  

experimental   and   controls   groups,   standardized   uptake   values   were  

compared  between  the  left  and  right  hemispheres  using  paired  t-tests  (ps  <  

.05).  Furthermore,  unpaired   t-tests   (ps  <   .05)  assessed  standardized  uptake  

value  ratios  between  experimental  and  control  groups,  as  calculated  with  the  

formula:  

  

Lastly,   to   evaluate   the   radioactivity   concentrations  of   both   the   [18F]-

FMISO   and   [18F]-Erythropoietin   stroke   groups   at   the   same   time   point,   an  

unpaired  t-test  (p  <  .05)  compared  the  standardized  uptake  value  ratios  for  

[18F]-FMISO  (see  Chapter  3)  to  those  of  the  second  scanning  hour  (frames  7-

12)  for  [18F]-Erythropoietin.  
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4.3  Results  

4.3.1  Within-Group  Comparisons  

Descriptive  statistics  for  all  animals  are  summarized  in  Tables  6,  7,  8,  

and   9.   Qualitative   analysis   of   the   images   revealed   that   within   the  

experimental  group,  [15O]-Water  uptake  was  less  in  the  left  motor  cortex  than  

the  rest  of  the  brain,  while  this  uptake  was  consistent  throughout  the  brain  in  

healthy   controls.   For   both   experimental   and   control   groups,   [18F]-

Erythropoietin   did   not   cross   the   blood-brain   barrier,   as   seen   in   Figures   10  

and   11.   This   result   was   consistent   throughout   the   first,   second,   and   third  

hours   of   the   positron   emission   tomography   scan.   Table   10   summarizes  

quantitative  statistics  for  this  study,  none  of  which  were  significant.  

  

Radioracer   Frames   Source   df   t   p-value  
Stroke   1   3.073   0.2003  

[15O]-Water   1-30  
Control   2   0.6431   0.5860  
Stroke   1   0.8163   0.5642  

1-6  
Control   2   0.1069   0.9246  
Stroke   1   0.2127   0.8666  

7-12   Control   2   0.3855   0.7370  
Stroke   1   0.1146   0.9273  

[18F]-Erythropoietin  

13-18  
Control   2   0.2978   0.7940  

  

Table  11.  Summary  of  paired  t-tests  for  Objective  3  
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Figure  10.  

Positron   emission   tomography   standard   uptake   value   images   of   [18F]-

Erythropoietin   in   stroke   group,   shown   in   transaxial,   coronal,   and   sagittal  

planes,   respectively.  A)  Averaged   [15O]-Water   scan;  B)   [18F]-Erythropoietin  

averaged  over  first  hour;  C)  [18F]-Erythropoietin  averaged  over  second  hour;  

D)  [18F]-Erythropoietin  averaged  over  third  hour.  
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Figure  11.  

Positron   emission   tomography   standard   uptake   value   images   of   [18F]-

Erythropoietin   in   control   group,   shown   in   transaxial,   coronal,   and   sagittal  

planes,   respectively.  A)  Averaged   [15O]-Water   scan;  B)   [18F]-Erythropoietin  

averaged  over  first  hour;  C)  [18F]-Erythropoietin  averaged  over  second  hour;  

D)  [18F]-Erythropoietin  averaged  over  third  hour.  
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4.3.2  Between-Group  Comparisons  

Qualitative   image   analysis   revealed   that   overall   [15O]-Water   uptake  

was   less   in   the   experimental   group   compared   to   healthy   controls   (Fig.   12).  

Also,  [18F]-Erythropoietin  standard  uptake  values  were  low  across  all  groups,  

and  these  further  decreased  over  time  (Fig.  13).  Again,  quantitative  statistics  

did  not  reveal  significant  results  between  groups,  as  summarized  in  Table  11.  

 
Figure  12.  

Average   [15O]-Water   standard   uptake   values   (±   SD)   for   Objective   3,  

presented  by  experimental  condition  within  both  hemispheres.  

 
Figure  13.  

Average  [18F]-Erythropoietin  standard  uptake  values  (±  SD)  at  one,  two,  and  

three  hours,  presented  by  experimental  condition  within  both  hemispheres.  
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Radiotracer   Frames   df   t   p-value  
[15O]-Water   1-30   3   2.6628   0.0762  

1-6   3   0.9039   0.4327  
7-12   3   0.1660   0.8787  [18F]-Erythropoietin  
13-18   3   0.1238   0.9093  

  

Table  12.  Summary  of  unpaired  t-tests  for  Objective  3  

  

A   quantitative   comparision   of   [18F]-Erythropoietin   and   [18F]-FMISO  

images  within   the  experimental  group  did  not   reveal   significant  differences,  

as  summarized  in  Table  12.  Qualitatively,  the  hypoxic  area  revealed  in  [18F]-

FMISO  images  cannot  be  seen  in  [18F]-Erythropoietin  images  (Fig.  14).  

  

Tracer   df   t   p-value  
[18F]-FMISO  vs.  [18F]-Erythropoietin   3   0.6314   0.5726  
  

Table  13.  Summary  of  between-group  comparisons  for  standard  uptake  value  

ratios  of  [18F]-FMISO  and  [18F]-Erythropoietin  

  

4.4  Discussion  

Positron   emission   tomography   images   revealed   that   [18F]-

Erythropoietin   did   not   enter   the   brain   let   alone   bind   to   the   erythropoietin  

receptor   within   the   penumbra.   This   finding   could   be   due   to   a   number   of  

possibilities,  such  as  1)  the  erythropoietin  receptor  is  not  actually  upregulated  

in   the   penumbra;   2)   any   form   of   [18F]-Erythropoietin   does   not   cross   the  

blood-brain   barrier;   or   3)   [18F]-Erythropoietin   crosses   the   blood-brain  

barrier,   just   not   in   sufficient   quantities   to   visualize   with   positron   emission  

tomography.  
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Figure  14.  

Transaxial,   coronal,   and   sagittal   sections   of   positron   emission   tomography  

standard   uptake   values   for   A)   [18F]-FMISO,   showing   uptake   in   area   of  

stroke,  and  B)  [18F]-Erythropoietin,  showing  no  uptake  in  the  same  area.  

  

Previous  work  demonstrated  that  the  erythropoietin  receptor  exists  in  

the   brain   (Yamaji   et   al.,   1996);   however,   a   recent   study   challenged   the  

existence   of   erythropoietin   receptors   on   non-hematopoietic   cells,   such   as  

neurons  (Sinclair  et  al.,  2010).  Perhaps  the  erythropoietin  receptor  does  not  

exist   on   neurons,   despite   the   presence   of   its   messenger   ribonucleic   acid.  

Regarding  the  ability  of  [18F]-Erythropoietin  to  cross  the  blood-brain  barrier,  

the   labeling   position   of   fluorine-18   can   change   a   biological   molecule's  

properties   (Schirrmacher   et   al.,   2010).   Therefore,   it   is   possible   that  

radioactively   labeling   erythropoietin   changed   the   protein's   properties,  

thereby  inabling  it  from  successfully  binding  to  its  receptor  in  the  penumbra.  

A   different  method   of   labeling   erythropoietin   could   potentially   alter   these  
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findings.  Additionally,   it   is  possible  that  the  endothelin-1  used  in  the  stroke  

model   somehow   compromised   the   effects   of   [18F]-Erythropoietin,   although  

Grenz   et   al.   (2006)   found   that   endothelin-1   does   not   modulate  

erythropoietin's   production.   Most   likely,   the   radioactively   labeled  

erythropoietin  did  not  successfully  cross  the  blood-brain  barrier  to  enter  the  

brain   in   sufficient   quantities   to   be   revealed   with   positron   emission  

tomography.
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General  Discussion  

5.1  Summary  of  Results  

This  study  served  as  a  preliminary  examination  of  [18F]-Erythropoietin  

as   a   novel   positron   emission   tomography   radiotracer   for   the   ischemic  

penumbra.  Although  we  successfully  labeled  erythropoietin  with  fluorine-18,  

and  although  we  established  a  reliable  ischemic  stroke  in  the  animal  model,  

we  were  unsuccessful   in  establishing   [18F]-Erythropoietin  as  a  novel  marker  

of   the   ischemic   penumbra.   A   penumbra-specific   radiotracer   could   provide  

invaluable  contributions   to   the  current  knowledge  of   stroke,   specifically   the  

extent   to   which   neuroprotection   plays   a   role   in   the   hours   following   stroke  

onset,  which  has  not  been  documented   in  vivo.  Armed  with  this  knowledge,  

physicians   could   be   better   equipped   to   treat   individuals   who   suffer   from  

ischemic  damage,  particularly  regarding  the  timeframe  in  which  recombinant  

tissue   plasminogen   activator   can   be   administered.  Ultimately,   these   results  

could   contribute   to   the   development   of   enhanced   imaging   techniques   and  

clinical   treatments   for   human   stroke   victims.   Unfortunately,   radioactively  

labeled   erythropoietin   crossed   the   blood-brain   barrier   in   neither   stroke  

models  nor  healthy  controls;  more  work   is  necessary  before  this  radiotracer  

can  be  properly  evaluated  as  a  penumbra  marker.  
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5.2  Limitations  

If  [18F]-Erythropoietin  had  entered  the  brain  to  image  the  penumbra,  

it  most   likely  would  have   been  used   to   study   stroke   in   a   research   capacity.  

Since   positron   emission   tomography   imaging   is   not   available   at   every  

emergency  room  facility,  [18F]-Erythropoietin  could  not  be  used  as  a  routine  

method   to   identify   the   penumbra.   Even   if   this   imaging   modality     was  

available,   it   takes   lots   of   time   and   manual   resources   to   synthesize  

radiotracers   and  operate   scanners.  Moreover,   erythropoietin  would  have   to  

be   on   demand   at   every   location   that   accommodates   positron   emission  

tomography.   Since   time   is   of   essence   in   stroke   treatment,   these   limitations  

would   make   it   somewhat   challenging   to   use   [18F]-Erythropoietin   as   a  

diagnostic  tool.  

A   major   confound   within   this   study   is   the   lack   of   a   sham   surgery  

comparison   group.  Within   the   experimental   group,   stroke   was   induced   via  

stereotaxic  surgery.  Consequently,  we  cannot  confidently  conclude  that  [18F]-

FMISO  images  were  due  to  hypoxia  from  stroke,  as  this  could  be  due  to  the  

surgical   manipulation.   Further   experimentation   should   include   a   sham  

surgery   comparison   group   instead  of   healthy   controls   in   order   to   eliminate  

confounding   variables   associated   with   stereotaxic   surgery.   Comparing   the  

experimental  stroke  group  to  a  sham  surgery  group  would  effectively  enable  

us   to   conclude   that   the   hypoxic   area   revealed   by   the   [18F]-FMISO   scan  

actually  resulted  from  a  stroke.  

5.3  Future  Directions  

Future  studies  could  develop  ways  to  label  this  protein  with  a  different  

radionuclide,   like  iodine-124  or  gallium-68,  to  see  if  this  would  work  better.  

In  addition  to  potentially  modifying  the  in  vivo  properties  of  erythropoietin,  

this   method   would   also   allow   for   longer   scanning   sessions   using   positron  
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emission  tomography.  This  way,  researchers  could  evaluate  the  in  vivo  effects  

of   [18F]-Erythropoietin  within  a   greater   interval   to   see   if   it   enters   the  brain  

outside  of  the  time  frame  captured  with  the  current  study.  

Also,  modifying   the   conditions   for   the   [18F]-Erythropoietin   synthesis  

could  change   its   in  vivo  properties,   thereby  enabling   [18F]-Erythropoietin   to  

enter   the   brain.   Another   option   consists   of   attaching   erythropoietin   to   a  

transport   molecule   that   enables   it   to   cross   the   blood-brain   barrier   with  

greater   ease.   For   instance,   Zhang   et   al.   (2010)   found   that   erythropoietin  

attached   to   a   protein   transduction   domain  more   readily   crosses   the   blood-

brain  barrier  while  retaining  its  neuroprotective  properties.  Regardless  of  the  

methodology   used,   there   are   still   several   options   for   how   to   increase  

erythropoietin's  ability  to  cross  the  blood-brain  barrier.  

In   addition,   radioactively   labeling   erythropoietin   derivatives,   like  

carbamylated   erythropoietin,   could   result   in   successful   positron   emission  

tomography  imaging  of  the  penumbra.  Like  erythropoietin,  its  derivatives  are  

also  neuroprotective   in   stroke   (Villa   et   al.,   2007),   and   in   some  cases,   these  

derivatives  provide  more  protection  than  erythropoietin  (Brines  et  al.,  2004).  

These  compounds  have  different  biological  properties  than  erythropoietin,  so  

they  could  be  better  equipped  at  crossing  the  blood-brain  barrier  to  bind  to  

the   erythropoietin   receptor   in   the   penumbra.   Unfortunately,   we   could   not  

explore   our   research   question   using   a   derivative   of   erythropoietin.   These  

compounds   are   highly   controlled   by   the   pharmaceutical   industry,   which  

makes  them  all  but  unattainable  for  research  purposes.  Still,  they  are  the  best  

alternatives  to  erythropoietin.  

5.4  Conclusions  

Developing  novel   radiotracers,   specifically   to   image  processes  within  

the  brain,  requires  considerable  time  and  resources.  It  is  not  sufficient  to  just  
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successfully   radioactively   label   these   molecules,   as   new   radiotracers   must  

cross  the  blood-brain  barrier  within  a  relatively  short  period  of  time  in  order  

to  be  of  use  to  neurologists.  Erythropoietin  remains  a  viable  candidate  for  a  

penumbra   radiopharmaceutical;   however,  more  work   is   needed   in   order   to  

optimize  its  utility  for  neuroimaging.  
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