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Abstract 
The  pathogenesis  of  Alzheimer’s  disease  (AD)  is  a  critical  unsolved  question,  and  

while   recent   studies   have   demonstrated   a   strong   association   between   altered   brain  

immune   responses   and   disease   progression,   the   mechanistic   cause   of   neuronal  

dysfunction  and  death  is  unknown.  We  have  previously  described  the  unique  CVN-­‐‑AD  

mouse   model   of   AD,   in   which   immune-­‐‑mediated   nitric   oxide   is   lowered   to   mimic  

human  levels,  resulting  in  a  mouse  model  that  demonstrates  the  cardinal  features  of  AD,  

including   amyloid   deposition,   hyperphosphorylated   and   aggregated   tau,   behavioral  

changes   and   age-­‐‑dependent   hippocampal   neuronal   loss.   Using   this  mouse  model,  we  

studied   longitudinal   changes   in   brain   immunity   in   relation   to   neuronal   loss   and,  

contrary   to   the   predominant   view   that   AD   pathology   is   driven   by   pro-­‐‑inflammatory  

factors,   we   find   that   the   pathology   in   CVN-­‐‑AD   mice   is   driven   by   local   immune  

suppression.  Areas  of  hippocampal  neuronal  death  are  associated  with  the  presence  of  

immunosuppressive  CD11c+  microglia   and   extracellular   arginase,   resulting   in   arginine  

catabolism  and   reduced   levels  of   total  brain  arginine.  Pharmacologic  disruption  of   the  

arginine   utilization   pathway   by   an   inhibitor   of   arginase   and   ornithine   decarboxylase  

protected   the   mice   from   AD-­‐‑like   pathology   and   significantly   decreased   CD11c  

expression.      Our   findings   strongly   implicate   local   immune-­‐‑mediated   amino   acid  
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catabolism  as  a  novel  and  potentially  critical  mechanism  mediating   the  age-­‐‑dependent  

and  regional  loss  of  neurons  in  humans  with  AD.  

There   is   a   large   interest   in   identifying,   lineage   tracing,   and   determining   the  

physiologic   roles   of   monophagocytes   in   Alzheimer’s   disease.   While   Cx3cr1   knock-­‐‑in  

fluorescent   reporting   and   Cre   expressing   mice   have   been   critical   for   studying  

neuroimmunology,   mice   that   are   homozygous   null   or   hemizygous   for   CX3CR1   have  

perturbed   neural   development   and   immune   responses.   There   is,   therefore,   a   need   for  

similar   tools   in   which   mice   are   CX3CR1+/+.   Here,   we   describe   a   mouse   where   Cre   is  

driven   by   the  Cx3cr1   promoter   on   a   bacterial   artificial   chromosome   (BAC)   transgene  

(Cx3cr1-­‐‑CreBT)   and   the  Cx3cr1   locus   is   unperturbed.   Similarly   to  Cx3cr1-­‐‑Cre   knock-­‐‑in  

mice,   these   mice   express   Cre   in   Ly6C-­‐‑,   but   not   Ly6C+,   monocytes   and   tissue  

macrophages,  including  microglia.  These  mice  represent  a  novel  tool  that  maintains  the  

Cx3cr1   locus   while   allowing   for   selective   gene   targeting   in   monocytes   and   tissue  

macrophages.  

The   study   of   immunity   in   Alzheimer’s   requires   the   ability   to   identify   and  

quantify  specific  immune  cell  subsets  by  flow  cytometry.  While  it  is  possible  to  identify  

lymphocyte  subsets  based  on  cell   lineage-­‐‑specific  markers,   the   lack  of  such  markers   in  

brain   myeloid   cell   subsets   has   prevented   the   study   of   monocytes,   macrophages   and  

dendritic   cells.   By   improving   on   tissue   homogenization,   we   present   a   comprehensive  

protocol   for   flow   cytometric   analysis   that   allows   for   the   identification   of   several   cell  
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types   that   have   not   been   previously   identified   by   flow   cytometry.   These   cell   types  

include   F4/80hi   macrophages,   which   may   be   meningeal   macrophages,   IA/IE+  

macrophages,  which  may  represent  perivascular  macrophages,  and  dendritic  cells.  The  

identification   of   these   cell   types   now   allows   for   their   study   by   flow   cytometry   in  

homeostasis  and  disease.  
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1  

1. Introduction  
I  have  not  had  any  family  members  or  loved  ones  with  Alzheimer’s  disease  (AD),  

but  AD  has  been  a   fixture  of  my  medical   and  graduate   school   career.  During  my   first  

year   of   medical   school,   a   small   group   of   classmates   and   I   were   on   call   to   attend   an  

autopsy.   I   remember   that   our   autopsy   was   atypical   in   that   it   was   scheduled   by   an  

outside  hospital,  so  unlike  other  groups  that  did  not  know  the  cause  of  death  for   their  

patient,   we   knew   from   the   chart   that   this   elderly   woman   had   passed   away   from  

pneumonia   secondary   to  Alzheimer’s   disease.   I   read   through  her   records,   discovering  

that  she  had  lived  a  very  healthy  lifestyle,  eating  healthy  foods,  and  even  ran  regularly  

with   friends  until  her  seventies.  Yet,  despite   these   interventions,  her  memory  began  to  

decline   and   she  died   from  aspiration  pneumonia.  We  observed  her   autopsy,   and   later  

went  to  neuropathology  rounds  to  see  Dr.  Christine  Hulette  perform  a  gross  dissection  

of   her   atrophied   brain.   Upon   histologic   analysis   of   brain   sections,   we   observed  

prominent  beta  amyloid  plaques  and  she  was   found   to  have  Alzheimer’s  disease  with  

Lewy   bodies.   As   we   presented   to   our   colleagues   about   her   case   and   what   little  

knowledge  a  medical  student  should  know  about  Alzheimer’s  disease,  I  felt  intellectual  

and  emotional  dissatisfaction.  How  could  it  be  that  she  lived  such  an  ideal  lifestyle,  yet  

still  succumbed  to  this  disease?  How  could  there  be  no  disease  modifying  treatments?  

On   my   first   day   of   core   clinical   rotations,   I   worked   at   an   outpatient   clinic   in  

Roxboro,  North   Carolina.   I  met   a  woman  who   had   been   brought   to   the   clinic   from   a  
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nursing  facility  for  an  annual  exam.  As  I  interviewed  her,  she  appeared  in  distress.  She  

said   that  she  could  no   longer  remember  events  of   the   last  day  or  week.  She  knew  that  

her  son  had  come  to  visit  her  recently,  but  when?  She  could  not  remember  the  last  time  

she  ate.  However,   the  woman  could  recall   that   she  used   to  be  prized   for  her  memory.  

She  ran  away  from  an  abusive  home  at  the  age  of  18,  joined  the  military  in  World  War  II,  

and  eventually  became  an  aide  to  General  Dwight  Eisenhower.  The  dichotomy  between  

who  she  once  was  and  who  she  had  become  was  so  upsetting  to  her  that  she  admitted  to  

me  that  if  not  for  her  Catholic  faith,  she  would  end  her  life.  The  visit  ended  on  a  slightly  

happier  note  as  she  cried,  telling  me  that  recalling  her  youth  reminded  her  of  life’s  worth  

and   helped   her   reconsider   her   feelings.   Yet,   I   knew   that   these   she  would   carry   these  

conflicting  emotions  for  the  rest  of  her  life.  

At   the  end  of  my  clinical   rotations,   I   took  an  elective   in  palliative  care,  where   I  

learned  the  burdens  of  the  caretaker.  I  was  working  at  a  skilled  nursing  facility,  where  a  

husband  was  visiting  his  wife  with  severe  memory  loss  from  AD.  At  first  he  had  tried  to  

take  care  of  her  on  his  own,  hoping  that  familiar  environments  with  loved  ones  would  

aid   her   memory.   However,   he   was   also   elderly   with   his   own   medical   ailments,   and  

when  her  memory  regressed,  he  admitted  her   to  a  nursing   facility.  As   is   typical   in   the  

course   of   AD,   her   memory   improved   and   he   felt   like   she   could   live   at   home   again.  

Unfortunately,  after  bringing  her  home,  she  rapidly  declined,  and  unable  to  care  for  her  

himself,  he  returned  her  to  the  facility.  That  day,  I  saw  that  she  knew  her  husband  loved  
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her  and  that  he  was  a  safe  person.  But,  she  could  not  recall  many  details  about  him  or  

their  children.  When  I  asked  him  how  he  felt,  he  took  a  photo  out  of  his  wallet.  It  was  a  

picture  of  his  wife   that  he  had  been   carrying   for  over   sixty  years.   Six  decades   ago,  he  

lived  in  Durham,  and  one  evening  he  walked  for  four  hours  to  a  dance  in  Hillsborough.  

Four  hours!  At  that  dance,  he  met  his  future  wife  and  she  gave  him  photo  of  herself  so  

that  he  would  remember  her.  He  told  me,  “How  she  is  today  is  the  only  version  that  you  

see  and  know.  But  when  I  look  at  her,  even  though  she  does  not  remember  everything,  I  

see  her  as  the  beautiful  woman  that  I  met  over  60  years  ago.”  

When  I  began  graduate  school,  I  was  not  interested  in  AD.  However,  when  my  

advisor,  Dr.  Gunn  asked  me  what   I  wanted   to  study  during  my  PhD,   for  some  reason  

the   first   thing   that   came   to   mind   was   that   during   my   first   year   of   medical   school   I  

learned  about   immune  cells  of  unknown   tissue  origin   that   could  eat   large  holes   in   the  

brain   during   inflammation.   He   showed   me   some   preliminary   data   from   an  

uncharacterized   line   of  mice   that   suggested   that  maybe  we   had   a   tool   to   study   those  

cells.  Later,  in  my  quest  to  better  understand  the  different  immune  cells  of  the  brain,  Dr.  

Gunn   introduced  me   to  Dr.  Colton,  who  had  been  working   for   some   time  on   a   novel  

mechanism   to   explain   the   pathogenesis   of   AD,   but   lacked   the   tools   to   identify   the  

pathologic   cells   that   she   had   found.   Perhaps   due   to  my   lack   of   preconception   in   AD  

pathogenesis,   I   found  her  arguments   compelling.  The  work  presented  here  on  a  novel  
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theory  of  disease  pathogenesis  in  AD  and  new  tools  to  study  neuroimmunology  are  the  

result  of  that  collaboration.    

  

1.1 Clinical Features of Alzheimer’s Disease 

Alzheimer’s   is   a   disease   of   aging   characterized   by   a   progressive   decline   in  

memory  and  behavior  changes  that  eventually  lead  to  death.  There  are  two  major  forms  

of  AD.  Familial,  or   early  onset,  AD  represents  a   small   subset  of   the  disease   (<5%)  and  

presents  around  the  fifth  and  sixth  decade  of  life.  The  majority  of  patients  with  familial  

AD   have   a   mutation   in   the   genes   encoding   amyloid   precursor   protein   (APP)   or  

presenilin   (PSEN)   1   or   2.   Late   onset  AD   (LOAD),  which   encompasses   the  majority   of  

cases,  typically  does  not  develop  before  the  age  of  65,  and  the  majority  of  cases  in  LOAD  

are   sporadic   or   idiopathic   (Morris   et   al.,   2014).  While   variations   in  many   genes   have  

been   found   to   increase   susceptibility   to   AD,   they   have   incomplete   penetrance.   For  

example,  the  APOE4  allele  (~2%  of  U.S.  population)  confers  the  highest  single  gene  risk  

for  LOAD,  yet  only  30-­‐‑50%  of  individuals  who  are  homozygous  for  APOE4  develop  AD  

by   age   85   (Genin   et   al.,   2011).   Instead,   it   appears   that   a   host   of   genetic   and  

environmental   factors   contribute   to   disease   development.   The   symptoms   exhibited   in  

AD   are   very   heterogeneous,   and   although   features   of   familial   and   late   onset   AD   are  

similar,  there  is  some  debate  as  to  whether  these  are  diseases  with  the  same  etiology.  
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The   clinical   diagnosis   of   Alzheimer’s   disease   is   based   on   symptoms   and   the  

ruling  out  other  etiologies  of  dementia,  such  as  vascular,  Lewy  body,  or  fronto-­‐‑temporal  

dementia.   Gradual   decline   of   memory   loss   is   the   earliest   symptom   and   the   central  

feature  of  Alzheimer’s  disease.  However,  a  wide  range  of  other  behavioral  changes  may  

manifest,   including   language  dysfunction  and  sleep  disturbances,  and   in   late   stages  of  

disease,   symptoms   may   include   loss   of   executive   function,   loss   of   judgment,   and  

personality   changes   (Webster   et   al.,   2014).   A   short   form   of   memory   assessment   is  

typically   done   with   the   Mini-­‐‑Mental   State   Examination   or   Montreal   Cognitive  

Assessment   (MoCA)   tests   (Nasreddine   et   al.,   2005).   Eventually,   cognitive   decline   in  

results   in   inability   to   perform   tasks   associated   with   daily   living,   including   feeding,  

cleaning,  and  dressing,  and  most  AD  patients  succumb  to  malnutrition  or  infection.  

Final  diagnosis  of  the  disease  is  made  on  autopsy  based  on  the  presence  of  beta  

amyloid  (Aβ)  protein,  Braak  staging  of  tau  neurofibrillary  tangles  (NFT),  and  pathologic  

score  of  neuritic  plaques.  Braak  staging  is  broken  into  Stage  I-­‐‑II,  where  NFT  are  limited  

to  the  entorhinal  cortex,    Stage  III-­‐‑IV,  where  NFT  have  spread  into  the  limbic  system  and  

medial  temporal  lobe,  and  Stage  V-­‐‑VI,  where  NFT  have  spread  into  other  cortical  areas  

(Braak   et   al.,   2011).   This   histologic   staging   system   loosely   correlates   with   clinical  

symptoms  of  pre-­‐‑clinical,  early,  and   late  stage  AD.  As  discussed   later,   the  use  of   these  

histologic   findings,   which   have   no   proven   causative   roles   in   AD,   may   confound   our  

understanding  the  etiology  of  AD.  
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There  are  no  disease  modifying   treatments   that  alter   the  progression  or  reverse  

clinical   outcome   for   AD.   However,   there   are   five   FDA   approved   drugs   for   the  

management   of   symptoms:   donepezil,   galantamine,   memantine,   rivastigimine   and  

tacrine.  These  drugs  are  all  anti-­‐‑cholinesterases  and  work  to  increase  acetylcholine  in  the  

brain,  although  they  have  limited  clinical  effects  (Wang  et  al.,  2015).  In  addition  to  lack  

of   treatment,   the   societal   burdens   of   AD   are   profound.   As   alluded   to   above,   the  

emotional   impact   of   being   a   caregiver   cannot   be   understated.   As   human   lifespan  

increases   and   societies   shift   towards   aging   populations,   particular   in   the   developing  

world,   the   prevalence   of   AD   is   expected   to   grow   dramatically.   In   the   United   States  

alone,   there   are   an   estimated   5.3  million   individuals  with  AD   in   2015,   and  AD   is   the  

sixth   leading  cause  of  death  (Hebert  et  al.,  2013).  There   is   therefore  an  urgent  need  for  

better  understanding  of  AD  to  develop  therapies  that  reverse  or  halt  progression  of  AD.  

  

1.2 Amyloid Cascade Hypothesis 

The   mechanism   of   brain   atrophy   and   neuronal   cell   loss   in   AD   has   not   been  

clearly   determined.   The  major   hypothesis   in   the   field,   known   as   the   amyloid   cascade  

hypothesis,   is   that   the   accumulation   of   beta   amyloid   (Aβ)   peptides   within   the   brain  

parenchyma  or  at   cerebral  blood  vessels   is   toxic  and   leads   to   the  other  key   features  of  

AD:   neurofibrillary   tangles   composed   of   hyperphosphorylated   tau,   synaptic  

dysfunction,   cognitive   loss   and   neuronal   death   (Glenner   and   Wong,   1984;   Masters,  
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1984).  This  theory  was  born  out  of  observations  from  early  onset  AD,  which  is  associated  

with  mutations  in  APP  and  PSEN1  and  PSEN2.  APP  is  cleaved  into  smaller  fragments  by  

three  secretases  (α,  β,  and  γ),  of  which  Aβ  is  one  of  these  fragments.  Mutations  in  PSEN1  

and  PSEN2   result   in   changes   to   the   catalytic   core   of   γ-­‐‑secretase.  Amyloid  plaques   are  

composed   largely   of  Aβ   peptides   (Levy-­‐‑Lahad   et   al.,   1995a;   Levy-­‐‑Lahad   et   al.,   1995b;  

Sherrington   et   al.,   1995).   These   observations   suggested   that   AD   might   be   caused   by  

improper  processing  of  APP.  This  was  supported  by  the  findings  in  Down’s  syndrome,  

which  results  from  triplication  of  chromosome  21.  The  APP  locus  is  on  chromosome  21  

and   a   large   proportion   of   patients   with   Down’s   syndrome   go   on   to   develop   AD-­‐‑like  

symptoms  starting  in  their  40s,  although  the  formation  of  plaques  may  begin  as  early  as  

8  years  of  age  (Zigman  et  al.,  2008).  

The  majority  of  findings  that  Aβ  induces  neurotoxicity  are  derived  from  in  vitro  

experiments.  However,   the  direct   relationship  of  Aβ   to  neuronal  death   in  humans  AD  

and   animal   models,   has   been   elusive.   As   described   below,   mouse   models   with  

transgenic   expression   of   human   APP   or   PSEN1   do   not   typically   develop   NFT   or  

neuronal  death.  Moreover,   the  mutations   found   in  early  onset  AD  are  rare  and  do  not  

occur   in   late   onset  AD,   suggesting   that   other   factors  may   play   a   role   in   LOAD.  As   a  

result  of  the  focus  of  the  field  on  this  major  hypothesis,  a  number  of  therapies  have  been  

designed   to   co-­‐‑opt   the   immune   system   to   clear  Aβ   and   have   reached   phase   2   or   3   of  

clinical   trials   (Morris   et   al.,   2014).   These   strategies   include   active   and   passive  
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immunization  resulting  in  anti-­‐‑Aβ  antibodies.  While  some  of  these  treatments  have  been  

effective   in  decreasing  brain   levels  of  Aβ  as  measured  by  MRI,   these  compounds  have  

not  been  successful   in  changing  clinical  outcome.   Indeed,  some  of   these  attempts  have  

resulted  in  unintended  side  effects,  such  as  encephalitis  (AN1792,  active  immunization)  

(Boche  et  al.,  2010),  focal  inflammation  (gantenerumab)  (Ostrowitzki  et  al.,  2012),  or  even  

increased  cognitive  decline  (solamezumab)  (Doody  et  al.,  2014).  

As   discussed   above,   the   use   of   histologic   criteria   for   diagnosis   of   Alzheimer’s  

disease   is   potentially   confusing  when   the   functions   of   these  proteins   are  unknown.   In  

fact,   ~40%  of   the  non-­‐‑demented  elderly  have   some   form  of  pathology   that  meet  Braak  

staging   for   AD   at   death   (Price   et   al.,   2009).   Some   non-­‐‑demented   individuals   have  

equivalent  levels  of  Aβ,  as  measured  by  MRI,  as  individuals  with  AD  (Rentz  et  al.,  2010).  

Moreover,  the  amyloid  cascade  hypothesis  does  not  offer  a  sufficient  explanation  of  the  

spatial  and  temporal  progression  of  AD.  Amyloid  deposition  has  been  shown  to  plateau  

in  AD  (Engler  et  al.,  2006),  whereas  other  findings,  such  as  NFT  and  the  accumulation  of  

microglia,   continue   to   increase   with   worse   cognitive   decline   (Ingelsson   et   al.,   2004).  

Together,  these  findings,  along  with  the  observations  from  clinical  trials  to  remove  Aβ,  

suggest  that  the  role  of  Aβ  in  LOAD  may  not  be  as  direct  as  previously  thought.  
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1.3 The Role of Immunity in AD 

There   is  overwhelming  evidence   that  brain   immunity   is  profoundly  affected   in  

AD.  It  has  long  been  observed  in  AD  histology  that  there  are  reactive  immune  cells  with  

the  morphology  of  microglia  with  high  expression  of  MHC-­‐‑II  and  CD11c  (McGeer  et  al.,  

1987).   Multiple   genome   wide   association   studies   (GWAS)   have   linked   sequence  

variations   in   specific   immune   genes   to   increased   risk   for   AD,   including  HLA-­‐‑DRB5–

HLA-­‐‑DRB1,  CR1,  CLU,   INPP5D,  BIN1,      IL10,  CD33,  and  TREM2   (Guerreiro  et  al.,  2013;  

Jonsson  et  al.,  2013a;  Kamboh  et  al.,  2012a;  Lambert  et  al.,  2013;  Lio  et  al.,  2003).    Allelic  

differences  in  APOE,  which  encodes  alipoprotein  E,  have  the  highest  predictive  value  for  

development  of  AD  (Strittmatter  et  al.,  1993).  There  are  three  alleles  for  APOE  (2,  3,  and  

4),  of  which  homozygosity  for  APOE4  confers  the  highest  risk.  Despite  this  association,  

the   role   of   APOE   in   AD   pathogenesis   is   unclear.  While   there   is   evidence   that   it  may  

participate  in  the  clearance  of  beta  amyloid  as  an  Aβ  binding  partner,  APOE  also  plays  a  

role   in  suppressing  TNF  production   (Laskowitz  et  al.,   1997).  Specific  ApoE  alleles  also  

confer   risk   for   outcome   in  murine  models   of   sepsis   (Wang   et   al.,   2009)   and   alter   the  

innate  immune  response  (Vitek  et  al.,  2009).    An  APOE  mimetic  that  suppresses  TNF  has  

been  used  to  successfully  reverse  damage  in  models  of   traumatic  brain   injury,  cerebral  

ischemia,  and  AD  (Hoane  et  al.,  2009;  Hoane  et  al.,  2007;  Kaufman  et  al.,  2010;  Laskowitz  

et  al.,  2012;  Laskowitz  et  al.,  2007;  Tukhovskaya  et  al.,  2009;  Vitek  et  al.,  2012),  suggesting  

that  ApoE  may  exert  its  effects  on  AD  pathogenesis  through  modulating  immunity.  
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Recently,   an   integrated   analysis   comparing   gene   expression   in   various   brain  

regions   between   376   LOAD   and   173   non-­‐‑demented   brain   samples   demonstrated   that  

immune   and   microglial   gene   networks   have   the   strongest   association   with   AD  

neuropathology.   Additionally,   it   was   found   that   the   most   central   node   in   immune  

pathways   involves   the   inhibitory   signaling   molecule   TREM2   and   its   intracellular  

adaptor  DAP12  (Zhang  et  al.,  2013a).  This  study  also  highlighted  the  complexity  of  the  

immune  response   in   the  end  stage  of  AD,  where   there  are   increased   levels  of  multiple  

pro-­‐‑   and   anti-­‐‑inflammatory   cytokines,   chemokines,   and   members   of   the   complement  

cascade.  These  findings  support  by  the  most  compelling  evidence  that  immunity  plays  a  

causative  role   in  AD,  as  rare  sequence  variations   in  TREM2  have  been  found  to  confer  

increased   risk   for   AD   (Guerreiro   et   al.,   2013;   Jonsson   et   al.,   2013a).   The   functional  

outcomes  of  these  variations  have  yet  to  be  determined,  but  the  study  highly  implicates  

a  contributory  role  for  immunity  in  AD  pathogenesis.  

Despite  these  findings,  we  still  lack  a  clear  understanding  of  the  precise  role  that  

immunity  plays  in  AD  pathogenesis  (Wyss-­‐‑Coray,  2006).    There  is  substantial  debate  as  

to  whether   inflammatory  cells  play  a  pathologic  or  protective  role   in  AD,  and  whether  

these  immune  cells  are  brain  resident  or  recruited.    Studies  have  demonstrated  increased  

expression   of   classical   pro-­‐‑inflammatory   mediators   in   patients   diagnosed   with   AD,  

suggesting   that   Aβ   activates   immune   cells   to   produce   inflammatory   mediators   that  

initiate   neuronal   death.      However,   as   we   and   others   have   previously   shown,   the  
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immune   response   in  AD   is   complex.     mRNA   levels   for   factors   that   typically   suppress  

immunity,   such   as   arginase,   are   increased   in   human   AD   (Colton   et   al.,   2006;  

Hansmannel   et   al.,   2010).   In   addition,   a   significant   fraction   of   the   genes   identified   by  

GWAS,   including   Bin1,   ApoE,   Cr1,   Il10   and   CD33,   have   anti-­‐‑inflammatory   functions  

(Kamboh   et   al.,   2012a).   How   these   changes   in   immunity   affect   neuronal   cell   loss   and  

pathology  in  human  AD  remains  unclear.  

  

1.4 Mouse Models of Alzheimer’s Disease 

There  has  been  extensive  work  in  the  field  to  generate  mouse  models  of  AD.    The  

constructs,  methods  of  assessment,  behavior,  and  pathologies  of  these  models  have  been  

previously  reviewed  in  great  detail  (Colton  et  al.,  2006;  Webster  et  al.,  2014;  Wilcock  and  

Colton,   2008;   Wilcock   et   al.,   2011b).   These   models   largely   rely   on   the   transgenic  

expression  of  mutated  human  APP,  derived  from  patients  with  early  onset  AD,  under  a  

variety  of  promoters  expressed  in  the  brain,  such  as  PrP,  PDGF,  and  Thy1.  Differences  in  

the  selection  of  promoters  and  mutation  result  in  varied  levels  of  relative  expression  of  

hAPP,  ranging  from  0.5-­‐‑18  fold  change  (Wilcock  and  Colton,  2008)  compared  to  normal  

mouse  App.  As   a   result,   these  mice   exhibit   different   kinetics   and  properties   in   soluble  

and  insoluble  amyloid  deposition.    

In  mice,  transgenic  expression  of  mutated  hAPP,  by  itself,  leads  to  substantial  Aβ  

deposition  and  behavioral  deficits,  but  does  not  commonly  lead  to  neuronal  cell  loss  or  
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tau   pathology   that   are   characteristics   of   humans  with  AD.      As   a   result,  many  mouse  

models   of   AD   have   been   called   “incomplete”   models   of   human   AD   (Irizarry   et   al.,  

1997b;  Radde  et  al.,  2008b).  Assessment  of  AD-­‐‑like  symptoms  in  most  disease  models  is  

therefore   limited  to   the  presence  of  Aβ  or  behavior   tests,  such  as  assessment  of  spatial  

memory,   episodic   memory,   attention,   and   depression.   In   an   effort   to   improve   upon  

these  phenotypes,  mice  have  been  generated  with  mutations  in  other  proteins  that  cause  

early   onset   AD   or   fronto-­‐‑temporal   dementia,   such   as   presenilin   and   tau.   These   mice  

include  the  commonly  used  APP/PS1,  3xTgAD,  and  5xFAD  strains  (Webster  et  al.,  2014).  

However,  these  mice  with  multiple  mutations  also  exhibit  limited  expression  of  tau  and  

no   significant   neuronal  death   (Wilcock   and  Colton,   2008).  Additionally,   the  mutations  

used   to   create   these   mice,   which   do   not   co-­‐‑occur   in   human   disease,   have   effects  

independent   of   beta   amyloid   processing,   which   may   confound   the   interpretation   of  

findings   in   these   mice.   Mouse   models   are   typically   used   as   pre-­‐‑clinical   models   of  

therapy,  but  as  most  of  these  models  do  not  exhibit  neuronal  loss,  the  endpoints  of  these  

studies  are  typically  limited  to  beta  amyloid  levels  and  behavior  changes.  There  are  few  

mouse  models  of  AD  that  do  not   incorporate  a  mutation  derived  from  human  familial  

(early  onset)  AD,  and  this  creates  further  complications  for  the  assessment  of  therapies  

intended  for  use  in  late  onset  AD.  
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1.5 CVN-AD Mice 

We  have   recently  described  a  mouse  model   that  exploits  a   critical  difference   in  

mouse  and  human   immunity,  which   results   in  a  more   clinically   faithful  model  of  AD.  

Immunity   in   mice   and   humans   varies   in   many   respects   (Mestas   and   Hughes,   2004b;  

Seok  et  al.,  2013),  particularly  in  macrophage  biology.  In  response  to  pro-­‐‑inflammatory  

stimuli,   such   as   IFN-­‐‑γ   and   LPS,   mouse   macrophages   readily   express   inducible   nitric  

oxide  synthase  (iNOS;  NOS2)  and  nitric  oxide  (NO);  however,   in  response  to   the  same  

mediators,  human  monocytes  and  macrophages  produce  very  little  iNOS  and  NO.  Due  

to  pre-­‐‑  and  post-­‐‑transcriptional  modifications,  iNOS  protein  is  repressed  in  humans,  but  

not   in  mice,  resulting  in  altered  immune  responses  and  lower  NO  levels   (Colton  et  al.,  

2008;  Geller   and  Billiar,   1998;  Weinberg,   1998;  Wink  et   al.,   2011).  Additionally,  human  

NOS2  mRNA   is   actively   repressed   by   miR-­‐‑939,   which   is   present   in   both   mouse   and  

humans  but  is  only  able  to  bind  the  3’  untranslated  region  of  human  NOS2  (Guo  et  al.,  

2012).  

These   observations   in   peripheral   macrophages   are   also   true   for   brain-­‐‑resident  

microglia   (Colton   et   al.,   1996)   and   we,   and   others,   have   reported   no   significant  

expression  of  Nos2  mRNA  in  human  LOAD  (Colton  et  al.,  2006;  Zhang  et  al.,  2013a).  We  

have   phenocopied   human   expression   of   NO   by   creating   mice   that   express   a   single  

transgene  for  human  amyloid  precursor  protein  (APP)  on  a  Nos2-­‐‑deficient  background.  

Specifically,   the   mice   express   the   human   Swedish   K670N/M671L   vasculotropic  
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Dutch/Iowa  E693Q/D694N  mutations  in  human  APP  under  control  of  the  Thy1  promoter  

(APPSwDI).   These   APPSwDI-­‐‑Nos2-­‐‑/-­‐‑   (CVN-­‐‑AD)   mice   develop   age-­‐‑related   AD-­‐‑like  

pathology,   including   Aβ   plaques,   phosphorylated   tau   protein,   spatial   memory  

impairments,  and  significant  hippocampal  neuronal  death  (Colton  et  al.,  2006;  Colton  et  

al.,  2008;  Wilcock  et  al.,  2008).  CVN-­‐‑AD  mice  also  exhibit  decreased  cortical  volume  and  

increased   ventricular   volume   compared   to   Nos2-­‐‑/-­‐‑   controls   as   measured   by   MRI  

(unpublished  data).  As  CVN-­‐‑AD  mice  exhibit  the  major  features  of  AD,  we  believe  that  

they   represent   an   improved   mouse   model   for   investigating   the   etiology   of  

neurodegeneration.  

Here,   I   present   a   detailed   time-­‐‑course   analysis   of   the   changes   in   immune  

responsiveness   in  CVN-­‐‑AD  mice  and  describe  how  this   leads   to  a  novel  hypothesis  of  

AD   pathophysiology.   CVN-­‐‑AD   mice   develop   neuropathology   in   an   age-­‐‑dependent  

fashion   that  mimics   the  progression  of  human  AD.     This  neuropathology   includes   the  

accumulation   of   a   population   of   CD11c+   microglia   in   the   cortex   and   hippocampus,  

predominant   expression   of   immunosuppressive   genes,   and   local   production   of  

extracellular  arginase.  Arginase  results  in  decreased  arginine  bioavailability  in  the  brain,  

and  inhibition  of  arginine  utilization  enzymes  reverses  AD-­‐‑like  pathology  and  memory  

impairments  in  these  mice.  Together,  these  findings  suggest  that  AD  may  be  a  disease  of  

local   immune  suppression,  rather  than  pro-­‐‑inflammatory  activation,  and  that  the  cause  

of  neuronal  death  in  AD  is  chronic  immune-­‐‑mediated  amino  acid  catabolism  resulting  in  
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nutrient   deprivation.  Additionally,   I   describe   novel   tools   for   the   genetic  manipulation  

and  identification  of  brain  immune  cells  that  will  potentially  allow  for  novel  studies  in  

Alzheimer’s  disease  and  neuroimmunology.  
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2. Arginine deprivation and immune suppression in a 
mouse model of Alzheimer’s disease 

 

2.1 Introduction 

Alzheimer’s  disease   (AD)   is  a  disease  of  aging  associated  with  accumulation  of  

beta  amyloid  (Aβ)  peptides  within  the  brain  parenchyma  and  cerebral  blood  vessels  and  

hyper-­‐‑phosphorylated   and   aggregated   tau   within   neurons.      While   the   mechanisms  

causing  brain  atrophy  and  neuronal  loss  are  unknown,  increasing  evidence  suggests  that  

immunity   plays   a   critical   role   in  AD   pathogenesis.      Genome  wide   association   studies  

(GWAS)   have   linked   immune   genes   to   increased   risk   for   AD   (Kamboh   et   al.,   2012b).    

Recently,   an   integrated   analysis   of   AD-­‐‑associated   genes   demonstrated   AD  

neuropathology   has   the   strongest   association  with   changes   in   immune   and  microglial  

gene   networks   (Zhang   et   al.,   2013a).      Despite   this,   the   specific  mechanisms   by  which  

immunity   contributes   to   AD   pathogenesis   have   not   yet   been   identified.     While   some  

studies   have   demonstrated   increased   expression   of   classical   pro-­‐‑inflammatory  

mediators   in   human   AD,   the   inflammatory   milieu   also   includes   immunosuppressive  

components  (Colton  et  al.,  2006).    These  immunosuppressive  factors  are  consistent  with  

the  brain’s   status  as  an   immune  privileged  site   (Carson  et  al.,   2006;  Mellor  and  Munn,  

2008;   Ransohoff   and   Cardona,   2010),   and   the   contribution   of   immunosuppression   to  

neuronal  cell  loss  and  other  AD  pathology  remains  largely  unexplored.  
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In  mice,   transgenic   expression   of  mutated   human   β-­‐‑amyloid   precursor   protein  

(APP),  by  itself,  leads  to  substantial  Aβ  deposition  and  behavioral  deficits,  but  does  not  

commonly  lead  to  tau  pathology  or  neuronal  death.     As  a  result,  mouse  models  of  AD  

have  been  called  “incomplete”  models  of  human  AD  (Irizarry  et  al.,  1997a;  Radde  et  al.,  

2008a).    In  contrast,  we  have  previously  reported  that  CVN-­‐‑AD  mice,  which  are  mNos2-­‐‑

deficient   and   transgenic   for   the   Swedish   K670N/M671L   vasculotropic   Dutch/Iowa  

E693Q/D694N   mutant   (APPSwDI)   APP,   display   the   cardinal   characteristics   of   AD  

progression,   including   Aβ   plaques,   phosphorylated   tau   protein,   spatial   memory  

impairments,  and  significant  hippocampal  neuronal  death  (Colton  et  al.,  2008;  Colton  et  

al.,  2014;  Wilcock  et  al.,  2008).  The  prevention  of  iNOS  protein  expression  in  this  model  

recapitulates   the  biology  of  human  myeloid  cells,  which  produce   relatively   little   iNOS  

and  nitric  oxide  (Colton  et  al.,  2008;  Geller  and  Billiar,  1998;  Guo  et  al.,  2012;  Weinberg  et  

al.,  1995;  Wink  et  al.,  2011).  

Here,  we  present  a  detailed   time-­‐‑course  analysis  of  brain   immune  responses   in  

CVN-­‐‑AD  mice  and  describe  a  novel  hypothesis  for  AD  pathophysiology.    We  find  that  

CVN-­‐‑AD  mice   develop   neuropathology   in   an   age-­‐‑dependent   fashion   that  mimics   the  

progression  of  human  AD.    This  neuropathology  includes  the  accumulation  of  a  specific  

population  of  activated  microglia  in  the  hippocampus  and  cortex  and  the  predominant  

expression   of   immunosuppressive   genes   that   alter   utilization   of   key   amino   acids.  

Specifically,  we  find  that  arginase-­‐‑1  is  highly  expressed  in  regions  of  Aβ  accumulation,  
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suggesting  that  arginine  depletion  and  nutrient  deprivation  are  responsible  for  neuronal  

cell   death.      In   support   of   this   hypothesis,  we   find   that  CVN-­‐‑AD  mice   have  decreased  

total   brain   arginine,   and   pharmacologic   inhibition   of   arginine   utilization   enzymes  

reverses   amyloid   production,   immunosuppression,   and   memory   impairments.    

Together,  these  findings  suggest  that  AD  may  be  a  disease  of  local  immune  suppression,  

rather  than  pro-­‐‑inflammatory  activation,  and  that  the  cause  of  neuronal  death  in  AD  is  

chronic  immune-­‐‑mediated  amino  acid  catabolism  resulting  in  nutrient  deprivation.  

  

2.2 Materials and Methods 

Animals:  All  animal  experiments  were  performed  in  accordance  with  protocols  

approved   by   the   Institutional   Animal   Care   and   Use   committee   at   Duke   University  

Medical  Center  under  the  NIH  Guide  for  the  Utilization  and  Care  of  Vertebrate  Animals  

Used  in  Testing,  Research  and  Training.    

CVN-­‐‑AD  mice:     Homozygous  APPSwDI/mNos2-­‐‑/-­‐‑      (CVN;  CVN-­‐‑AD)  mice  were  

produced   by   crossing  mice   expressing   the   Swedish   K760N/M671L,   Dutch   E693Q   and  

Iowa  D694N  human  APP  mutations  under  control  of   the  Thy-­‐‑1  promoter   (Davis  et  al.,  

2004)   with   mNos2-­‐‑/-­‐‑   (B6   129P2NOS2tau1Lau/J)   mice   (Laubach   et   al.,   1998)   (Jackson  

Laboratory,  Bar  Harbor,  ME).    APPSwDI  mice  were  generously  provided  by  Dr.  Bill  Van  

Nostrand   and   Judianne   Davis   at   Stony   Brook  University  Medical   Center.     Mice  were  

genotyped  using  standard  PCR  methods.  To  determine  if  mice  used  in  the  experiments  
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expressed   the   Rd1  mutation   in   the  Pde68   gene   that   causes   blindness   in  mice   (Carter-­‐‑

Dawson  and  LaVail,  1979),  CVN-­‐‑AD  mice  were  genotyped  and  found  to  be  negative  for  

Rd1.  All  mice  were   also   genotyped   for   the  Rd8  mutation   of   the  Crb1   gene   that,  when  

expressed,  causes  retinal  pathology,  but  is  not  associated  with  blindness  (Mattapallil  et  

al.,  2012).     CVN-­‐‑AD  mice  were   found  to  be  heterozygous  for   this  gene.     Animals  were  

fed  standard  mouse  chow  and  housed  under  12  hour  light/12  hour  dark  cycles  at  21±3°C  

in  an  IACUC  approved  barrier   facility  under  IACUC  approved  animal  protocols.  Mice  

were  aged  to  6,  12,  24,  36,  or  52  weeks  of  age  prior  to  behavioral  assays  and  harvest  of  

tissue.    Mixed  genders  were  used  in  the  experiments  and  gender  specific  effects  were  not  

examined   due   to   the   complexity   of   the   experimental   protocol   and   the   significantly  

increased   number   of   mice   required.      General   pathological   features   of   CVN-­‐‑AD  mice  

include   severe   cerebral   vascular   amyloid   deposition,   tau   pathology   and   neuronal   loss  

associated  with  a  decline   in   learning  and  memory  as  previously  described   (Wilcock  et  

al.,  2008).    

Immunohistochemistry:   After   injection   with   a   lethal   mixture   of  

ketamine/xylazine,   mice   were   intracardially   perfused   with   25   mLs   of   phosphate  

buffered   saline   (PBS)   to   remove   intravascular   circulating   blood   cells.      Perfused   brains  

were  then  rapidly  removed,  bisected  in  the  mid-­‐‑sagittal  plane.  The  left  hemisphere  was  

frozen   in   liquid  nitrogen   for  use   in  ELISA  and  gene   expression   analysis   and   the   right  

hemisphere  was  immersion  fixed  in  4%  paraformaldehyde.    For  immunohistochemistry,  
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brains  were  cryoprotected  by  sequential  passage  through  10%,  20%,  and  30%  sucrose  for  

24   hrs.   Frozen   sagittal   or   coronal   sections   (25   µμm)   were   then   cut.      Sections   equally  

spaced   at   600   µμm   apart   were   immunostained   with   standard   techniques   using   the  

following   antibodies:   anti-­‐‑beta   amyloid   (H31L21;   Life   Technology,   Grand   Island,  NY)  

anti-­‐‑phospho   tau   (AT8;   Thermo   Scientific,   Waltham,   MA),   anti-­‐‑CD45   (YW62.3,   AbD  

Serotec,  Raleigh,  NC),  anti-­‐‑CD11b  (5C6,  AbD  Serotec),  anti-­‐‑CD11c  (N418;  AbD  Serotec),  

anti-­‐‑Iba-­‐‑1   (polyclonal   01-­‐‑1941;   Wako   Pure   Chemicals,   Osaka,   Japan),   anti-­‐‑CD206  

(AF2535;  R&D  Systems,  Minneapolis,  MN),  anti-­‐‑Arginase-­‐‑1  (gift  from  Dr.  Sidney  Morris,  

University   of   Pittsburgh,   and   commercially   available   as   ABS535;   Millipore,   Billerica,  

MA).   Secondary   antibodies,   ABC   kit,   and   DAB   kit   were   purchased   from   Vector  

Laboratories  (Burlingame,  CA).  

Quantitative   RT-­‐‑PCR:   Frozen   cryo-­‐‑pulverized   brain   samples   from   CVN-­‐‑AD;  

mNos2-­‐‑/-­‐‑,   WT,   and   APPSwDI  mice   at   6,   12,   24,   36   and   52   weeks   of   age   were   used   to  

prepare   RNA   for   analysis   of   immune   gene   expression.      mRNA   was   extracted   from  

frozen   tissue   using   the   RNeasy   Tissue   Kit   (Qiagen,   Valencia,   CA)   according   to  

manufacturer’s  instructions.  RNA  was  quantified  using  a  NanoDrop  spectrophotometer  

and  cDNA  was  generated  using  the  cDNA  high  capacity  kit  (Applied  Biosystems,  Inc.,  

Foster  City,  CA).    Real-­‐‑time  PCR  was  carried  out  using  the  Taqman  Gene  Expression  kit  

(Applied   Biosystems),   according   to   the   manufacturers   instructions   and   as   previously  

described   (Wilcock   et   al.,   2011b).      All   PCR   probe   sets   were   purchased   from   Applied  
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Biosystems.   Beta-­‐‑actin   served   as   the   internal   standard   and   fold-­‐‑change   in   gene  

expression   levels   was   calculated   using   the   2(-­‐‑Delta   Delta   C(T))   method   (Livak   and  

Schmittgen,  2001).    WT  mice  at  the  same  age  were  used  as  the  comparator  except  where  

delineated.  

Flow  Cytometry:  Anesthetized  mice  were   intracardially  perfused  with  PBS  and  

brains  were   then   rapidly   harvested,  manually   dissociated,   and   digested   for   1   hour   at  

37°C  with  1.5  mg/mL  collagenase  A   (Roche  Applied  Science;  Penzberg,  Germany)  and  

0.4   mg/mL   DNase   I   (Roche   Applied   Science)   in   5%   fetal   bovine   serum   with   10   mM  

HEPES.     Cells   from   the  digested   tissue  were   then   strained   through  a   70  µμm   filter   and  

washed   with   PBS.      Cells   were   centrifuged   in   a   30%   over   70%   Percoll   (Invitrogen;  

Carlsbad,  CA,  USA)  in  PBS  density  gradient.    Cells  from  the  interface  were  isolated  and  

red  blood  cells  were  lysed  with  ammonium/chloride/potassium  (ACK)  lysis  buffer  (Life  

Technologies,  Grand  Island  NY).     Cells  were  counted  and  then  stained  with  Live/Dead  

Aqua   (Invitrogen/Life   Technologies,   Carlsbad,   CA)   and   the   following   antibodies   (all  

from  eBioscience,  San  Diego,  CA)  were  used:  CD11b  FITC;  CD11c  PE-­‐‑Cy5.5;  CD45  PE-­‐‑

Cy7;   CD3ε   APC;   Ly6G   AF700;   CD11b   APC-­‐‑Cy7;   Ly6C   V450   ;   IA-­‐‑IE   Qdot655.      Flow  

cytometry  was   run  on  a  BDTM  LSR-­‐‑II  Flow  Cytometer   (BD  Biosciences;  Franklin  Lakes,  

NJ)   in   the   Duke   Human   Vaccine   Institute   Flow   Research   Facility   and   analyzed   with  

FlowJo  (Treestar;  Ashland,  OR).    
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Cell   isolation   by   FACS   and   RNA   isolation   and   amplification:   CVN-­‐‑AD,    

mNos2-­‐‑/-­‐‑,   and   WT   (C57BL/6)   mice   (n=4   per   genotype)   all   at   48   weeks   of   age   were  

anesthetized   and   intracardially   perfused   with   PBS.   Cells   were   isolated   for   flow  

cytometry   and   described   above.      Cells   were   counted   and   stained   with   the   following  

antibodies  (all  from  eBioscience,  San  Diego,  CA):  CD11c  PE-­‐‑Cy5.5;  CD45  PE-­‐‑Cy7;  CD11b  

APC-­‐‑Cy7;   Ly6G  V450.      FACS   sorting  was   run   on   a   BDTM   FACS  Aria   II   Special  Order  

Research  Product   (SORP)   Flow  Cytometer   (BD  Biosciences;   Franklin   Lakes,  NJ)   in   the  

Duke   Human   Vaccine   Institute   Flow   Research   Facility.   Cells   were   gated   on   Ly6G-­‐‑  

CD11b+  CD45low  microglia  for  mNos2-­‐‑/-­‐‑,    C57BL/6,  and  CVN-­‐‑AD  samples  and  further  sub-­‐‑

gated  into  CD11chigh  and  CD11clow  populations  in  CVN-­‐‑AD  samples.  1000  microglia  were  

collected   from   each   mNos2-­‐‑/-­‐‑   and   C57BL/6   brain   and   1000   CD11chigh   and   CD11clow  

microglia  were  collected  per  CVN-­‐‑AD  brain  and  sorted   in  a  volume  of  1.0  µμL  directly  

into   6.4  µμL  of   SuperAmpTM  Lysis  Buffer   (Miltenyi  Biotec,  Auburn,  CA).   Samples  were  

then  incubated  at  45°C  for  10  minutes  and  frozen  at  -­‐‑20°C  before  shipment  to  Miltenyi  

Biotec  on  dry  ice.  

Microarray   Analysis:   SuperAmpTM   RNA   amplification   was   performed   by  

Miltenyi   Biotec   based   on   a   global   PCR   protocol   using   mRNA-­‐‑derived   cDNA.   cDNA  

integrity   was   checked   via   Agilent   2100   Bioanalyzer   platform   (Agilent   Technologies).  

cDNA  was  labeled  with  Cy3  and  hybridized  to  an  Agilent  Whole  Mouse  Genome  Oligo  

Microarray  8x60K.  After  washing  and  staining,  fluorescence  signals  were  detected  with  
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Agilent’s  Microarray  Scanner  System.  The  Agilent  Feature  Extraction  Software  was  used  

to  read  out  and  process  microarray  image  files  (Agilent  Technologies).  Partek  Genomics  

Suite  (Partek  Incorporated,  St.  Louis,  MO)  was  used  for  data  analysis,  where  we  ran  an  

analysis   of   variance   with   the   four   experimental   groups   to   identify   significantly  

differentially  expressed  genes.  Significance  threshold  for  the  effect  size  was  set  at  2-­‐‑fold  

change  and  false  discovery  rate  at  5%  (q=0.05).  

Measurement   of   Brain   amino   acids:   Amino   acids   were   extracted   from   cryo-­‐‑

pulverized   20-­‐‑24   week-­‐‑old   mouse   brain   tissue   (n=3   to   12   mice/strain)   using   4%  

CHAPS/50mM   EDTA   solution   with   probe   sonication.      Stable-­‐‑isotope   labeled   internal  

standards  for  L-­‐‑arginine,  L-­‐‑ornithine,  and  L-­‐‑citrulline  (Cambridge  Isotope  Laboratories;  

Andover,  MA)  were  added  to  the  extraction  mixture  following  sonication,  and  utilized  

for  MS-­‐‑based  quantitation.  Samples  were  clarified  with  centrifugation,  subjected  to  solid  

phase  extraction  purification  on  Strata-­‐‑X-­‐‑C  columns  (Phenomenex;  Torrance,  CA),  dried  

under   air,   and   re-­‐‑suspended   in   isopropanol/0.2%   formic   acid.      Analytes   and   their  

internal   standards   were   then   quantified   in   positive-­‐‑ion   LC-­‐‑MS/MS   mode,   using  

previously   described   methodology   (Brown   et   al.,   2011).   Briefly,   separations   were  

performed  on  an  Atlantic  HILIC  column  (Waters;  Milford,  MA)  with  mobile  phases  of  

75%  acetonitrile/25%  methanol/0.2%  formic  acid  (mobile  phase  A)  or  0.2%  formic  acid  in  

water   (mobile   phase   B)   at   0.2   ml/min   flow   rate.      Samples   were   introduced   to   a   4000  

QTrap   LC/MS/MS   (AB   SCIEX;   Framingham,   MA)   via   electrospray   ionization,   and  
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analytes  and   internal   standards  quantified  using  multiple-­‐‑reaction  monitoring   (MRM).  

Analyte  concentrations  were  calculated  from  the  slope  of  a  calibration  curve  generated  

by  serial  dilutions  of  internal  standards.  

DFMO   treatment:  CVN-­‐‑AD  mice   at   6   to   8  weeks   of   age  were   treated  with   10  

mg/kg   DFMO   plus   1   mg/kg   putrescine   in   saline   by   oral   gavage   3   times   a   week  

(Mon/Wed/Fri)  for  14  weeks  (n=8  mice/  group).    Control  CVN-­‐‑AD  mice  were  treated  on  

the   same   schedule   using   oral   gavage   with   1   mg/kg   putrescine   in   saline   alone   (n=7  

mice/group).  Difluoromethylornithine  (DFMO,  trade  name  Eflornithine;  pharmaceutical  

grade)  was   provided   by  Dr.   Patrick  M.  Woster,  Department   of   Pharmacology,  Wayne  

State  University  (Detroit  MI)  and  was  stored  at  -­‐‑80oC  and  aliquoted  at  time  of  use.    Co-­‐‑

treatment  with  putrescine  was  used  to  reduce  potential  DFMO-­‐‑mediated  damage  to  the  

epithelial  cells  in  the  gastrointestinal  tract.    All  mice  were  weighed  twice  per  week  and  

no   significant   differences   in  weight  were   observed   between  DFMO   treated   and   saline  

treated  mice.  After  14  weeks  of  treatment,  mice  were  tested  in  the  radial  arm  water  maze  

(RAWM)   for   learning   and  memory.  On   completion   of   behavioral   testing,   brains  were  

harvested  for  pathological  assessment  and  gene  analysis.    

Two-­‐‑day  radial  arm  water  maze  (RAWM)  test  for  learning  and  memory:  CVN-­‐‑

AD,  WT  (C57BL/6),  and  mNos2-­‐‑/-­‐‑  mice  were  tested  at  the  ages  indicated  using  the  2-­‐‑day  

radial-­‐‑arm  water  maze  described   in  detail   previously   (Alamed   et   al.,   2006).      Briefly,   a  

six-­‐‑arm  maze  is  submerged  in  a  black  plastic  pool  of  water,  and  a  platform  is  placed  at  
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the  end  of  one  arm  below  the  surface.  The  mouse  receives  15  trials  per  day  for  2  days  (30  

total)   and   is   started   in   a   different   arm   each   trial,   while   the   goal   arm   containing   the  

platform  remains  constant  for  each  mouse.  Using  static  visual  cues,  the  mouse  learns  the  

position  of  the  escape  platform.  On  the  first  day,  the  first  12  trials  are  considered  training  

and   alternate   between   a   visible   and   a   hidden   platform,   while   the   final   3   trials   use   a  

hidden   platform.   All   trials   on   day   2   use   a   hidden   platform.   The   number   of   errors  

(incorrect  arm  entries)   is  counted  over  a  1  min  period.  The  errors   for  each  consecutive  

three  trials  (1-­‐‑3,  4-­‐‑6,  7-­‐‑9,  10-­‐‑12,  13-­‐‑15)  are  averaged  as  one  block,  resulting  in  5  blocks  per  

day.    After  completion  of  all  hidden  maze  tasks,  mice  were  tested  for  sensory  or  motor  

deficits  using  the  open  pool  task  with  visible  platform  as  described  (Alamed  et  al.,  2006).    

Mice   that  did  not  perform  successfully   in   the  open  pool   task  were  excluded  from  data  

analysis.   All   behavioral   tests   were   performed   with   treatment   groups   blinded   to   the  

investigator.  

Statistical   analysis   and   comparisons   between   groups:   Average   values   ±   SEM  

was  determined  for  each  of  the  outcome  measures  at  6,  12,  24,  36,  and/or  52  weeks  of  age  

in  the  CVN-­‐‑AD  and  control  mice.    Mixed  genders  were  used  in  the  analyses  and  gender  

based-­‐‑differences  were  not  investigated.    Significant  differences  across  age  within  strain  

were  determined  using  1-­‐‑way  ANOVA,  while  statistical  significance  between  genotypes  

and   age   was   determined   by   2-­‐‑way   ANOVA   using   the   PRISM   statistical   program  
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(GraphPad   Software,   San  Diego   CA).   Significance  was   set   at   p≤0.05.  Number   of  mice  

analyzed  ranged  from  3-­‐‑14  mice  per  group  depending  on  the  outcome  assay.  

  

2.3 Results 

2.3.1 Immune suppression is an early feature of disease progression 

CVN-­‐‑AD  mice  display   characteristic  neuropathology   resembling  human  AD  as  

they  age,  which  include  the  accumulation  of  β-­‐‑amyloid  (Aβ)  deposits  starting  at  6  weeks  

of  age,  the  presence  of  hyperphosphorylated  and  aggregated  tau  beginning  at  12  weeks  

of  age,  spatial  memory  deficits  beginning  around  24  weeks  of  age,  and  neuronal  loss  at  

around  36  weeks  of  age  (Colton  et  al.,  2014).  We  thus  reasoned  that  these  mice  could  be  

used  to  identify  immune  abnormalities  that  arise  early  in  the  course  of  disease  as  well  as  

with   disease   progression   during   aging.   We   used   qRT-­‐‑PCR   of   total   brain   lysate   to  

measure  gene  expression  for  a  variety  of  pro-­‐‑inflammatory  and  anti-­‐‑inflammatory  genes  

implicated   in  AD   in  CVN-­‐‑AD,  mNos2-­‐‑/-­‐‑   and  WT   (C57Bl/6)  mice   at   6,   12,   24,   36   and   52  

weeks  of  age.    We  also  examined  mRNA  expression  levels  in  the  parent  APPSwDI  strain  

to  determine  if  Aβ  accumulation  alone  was  a  factor  in  the  immune  changes,  as  levels  of  

soluble   and   insoluble  Aβ   are   not   significantly   different   in  APPSwDI   versus   CVN-­‐‑AD  

mice  (Wilcock  et  al.,  2008).  Since  significant  neuronal  death  begins  around  36  weeks  in  

CVN-­‐‑AD   mice   (Colton   et   al.,   2014),   we   grouped   the   genes   into   2   major   patterns   of  

expression:  genes  that  were  up-­‐‑regulated  before  36  weeks  (Figure  1  A-­‐‑D)  and  genes  up-­‐‑
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regulated  at  or  after  36  weeks  (Figure  1  E-­‐‑I).  We  also  examined  gene  expression  levels  

for  chemokine  receptors  and  ligands  from  6  to  52  weeks  of  age  (Figure  1  J-­‐‑L).  

  

Figure  1: Expression  of  immune-­‐‑related  genes  from  whole  brain  lysates  

Average  values  and  standard  error  of  the  mean  for  the  relative  change  in  mRNA  
levels  are  shown  for  immune  related  genes  from  whole  brain  lysate  samples  from  CVN-­‐‑

AD,  mNos2-­‐‑/-­‐‑,  WT  (C57Bl/6)  and  APPSwDI  mice.  

A-­‐‑D)  Genes  that  were  up-­‐‑regulated  in  CVN-­‐‑AD  mice  before  36  weeks  of  age.  

E-­‐‑I)  Genes  that  were  up-­‐‑regulated  in  CVN-­‐‑AD  mice  at  or  after  36  weeks  of  age.  

J-­‐‑L)  Gene  expression  of  chemokine  receptors.  mRNA  expression  was  measured  
using  quantitative  RT-­‐‑PCR  and  represent  the  2(-­‐‑Delta  Delta  C(T))  compared  to  WT  mice.    
Samples  were  analyzed  by  2-­‐‑way  ANOVA  and  post-­‐‑hoc  multiple  comparison  test  with  
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Bonferonni’s  correction.  *  represent  comparisons  between  CVN-­‐‑AD  or  APPSwDI  and  
WT  ,  #  represent  comparisons  between  CVN-­‐‑AD  and  APPSwDI    mice.  *p<0.05,  **p<0.01,  
***p<0.001,  ****p<0.0001;  #p<0.05,  ##p<0.01,  ###p<0.001,  ####p<0.0001,  n>5  mice  per  group.  

  

Genes  that  were  up-­‐‑regulated  at   the  earliest   time  points   in  CVN-­‐‑AD  mice  were  

predominately   those   that   have   been   linked   to   immune   suppression   in   macrophages  

(Figure  1).    This  included  arginase-­‐‑1  (Arg1),  Found  in  Inflammatory  Zone  1  (Fizz1),  and  

interleukin   1   receptor   antagonist   (Il1rn).      These   genes   tended   to   display   the   highest  

expression   level   only   transiently,   returning   toward   WT   control   levels   by   24   weeks.    

Expression  of  these  anti-­‐‑inflammatory  genes  was  significantly  greater  in  CVN-­‐‑AD  mice  

compared   to   the   parent  APPSwDI   strain,  with   the   exception   of  Arg1   expression   at   12  

weeks  of  age,  where  a  small   increase   in  mRNA  level  was  observed   in  APPSwDI  brain  

lysates.   Interleukin-­‐‑1   beta      (Il1b),   the   classic   pro-­‐‑inflammatory   mediator,   was   also  

expressed  early  in  CVN-­‐‑AD  mice,  beginning  at  12  weeks  of  age.  After  this  initial  peak,  

IL-­‐‑1β  gene  expression  levels  remained  significantly  elevated  throughout  the  52  weeks  of  

the   study.     Compared   to  APPSwDI  mice,  which   exhibited  only   slight   increases   in   Il1b  

and  Il1rn  at  24  and  52  weeks,  CVN-­‐‑AD  mice  had  greater  expression  levels  for  Il1b  and  

Il1rn  at  all  time  points.  

Specific  genes   that  were   increased  in  CVN-­‐‑AD  mice  at  or  after  36  weeks  of  age  

included   the   canonical   pro-­‐‑inflammatory  gene  Tnfa,  which  was   significantly   increased  

only   at   the   latest   time   point   studied   (52  weeks),   and  Tgfb,   an   anti-­‐‑inflammatory   gene  
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which  was  increased  transiently  beginning  at  36  weeks  of  age.    Also  increased  was  Cd33  

(Siglec-­‐‑3),  an  inhibitory  lectin  that  has  been  implicated  in  GWAS  studies  of  AD  and  that  

is   believed   to   alter   microglial   phagocytosis   of   beta   amyloid   (Bradshaw   et   al.,   2013;  

Salminen   et   al.,   2009).     Other   immunosuppressive   genes   known   to   be   associated  with  

AD,  namely  Trem2  and  Tryobp  (DAP12),  were  also  increased  late  in  disease  progression  

in  CVN-­‐‑AD  mice.    Data  from  APPSwDI  mice  brain  showed  a  similar  age-­‐‑specific  pattern  

of  expression  for  these  late  genes  but  no  significant  changes  were  found  in  either  mNos2-­‐‑

/-­‐‑  or  wildtype  control  mice  at  any  age.  

Expression  of  mRNAs  for  the  chemokine  receptor,  Ccr2  (Figure  1J)  and  its  ligand  

Ccl2   (MCP1)   (data   not   shown)  were   unchanged   at   all   time   points   in  CVN-­‐‑AD  brains.    

Ccr2   is   expressed   on   inflammatory   monocytes   and   has   been   shown   to   mediate   the  

migration   of   these   cells   from   the  periphery   into   the   brain   in  mice   expressing  mutated  

human   APP   (El   Khoury   et   al.,   2007;   Naert   and   Rivest,   2011),   although   others   have  

observed   that   circulating   monocytes   from   humans   with   AD   have   depressed   CCR2  

expression   (Zhang   et   al.,   2013b).   Expression   of  Cxcl1   (KC,  GROa),  which   can  mediate  

neutrophil  recruitment  and  may  have  a  role  in  neuroprotection,  and  Ccl11  (eotaxin  1),  a  

chemoattractive   factor   for   eosinophils,   also   remained   unchanged   (data   not   shown).    

However,  Ccr1  and  Cx3cr1  expression  were  significantly  increased  in  CVN-­‐‑AD  mice,  but  

were  not  observed  in  any  of  the  control  mice,  including  APPSwDI  mice.    Increased  Ccr1  

expression   in   CVN-­‐‑AD  mice  was   observed   early   and   elevated   at   all   ages.      CCR1   has  
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been  shown  to  associate  with  plaques   in   the  entorhinal  cortex  and  hippocampus,   is  an  

early  marker  for  clinical  dementia  in  humans  with  AD,  and  has  been  shown  to  directly  

correlate  with  cognitive  decline  (Halks-­‐‑Miller  et  al.,  2003).    Expression  of  Cx3cr1,  which  

is   expressed   primarily   by  microglia   in   the   brain,   increased   progressively   in   CVN-­‐‑AD  

brains   (Figure   1L),   consistent   with   the   increasing   number   of   microglia   (Figure   3).    

However,   gene   expression   for   Cx3cr1   receptor   ligand,   Cx3cl1   (fractalkine),   was   not  

increased  at  any  time  (data  not  shown).    

2.3.2 CVN-AD mice show progressive cellular inflammation with 
CD11c+ microglia in areas of beta-amyloid deposition 

To  better  understand  the  cellular  basis  of  the  altered  immune  responses  found  in  

whole   brain   lysates   of   CVN-­‐‑AD   mice   compared   to   control   mice,   we   examined   the  

presence   and   characteristics   of   typical   immune   cells   using   immunocytochemistry   on  

brain   sections   through   one   year   of   the   disease   process.   Age-­‐‑matched   mNos2-­‐‑/-­‐‑   and  

C57Bl/6  mice   were   used   as   controls.   Immune   markers   that   are   characteristically   up-­‐‑

regulated   in   tissue   sections   from   autopsied   human   AD   brain   include   CD45,   MHC-­‐‑II,  

CD11b,   and  CD11c   (Eikelenboom   et   al.,   2010);   (McGeer   et   al.,   1987;  Mrak   and  Griffin,  

2005;  Rogers  et  al.,  2002;  Rozemuller  et  al.,  1986).    Changes  in  these  markers  are  used  as  a  

pathological   indicator   of   the   immune   response   in   humans   with   AD   and   are   also  

observed  in  mouse  models  of  AD  (Butovsky  et  al.,  2006;  Mildner  et  al.,  2011;  Nichol  et  

al.,  2008;  Tambuyzer  et  al.,  2009;  Tan  et  al.,  2000).    In  CVN-­‐‑AD  mice,  tissue  expression  of  

CD45,   Iba-­‐‑1,  and  CD11c  are  correlated  with  amyloid  deposition  with  aging   (Figure  2).  
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Aβ   plaques   appeared   initially   in   the   subiculum   of   the   hippocampus   and   increased   in  

staining  density  throughout  the  cortex  and  hippocampus  with  age  (Figure  2  A-­‐‑D).     Aβ  

deposition  was  accompanied  in  time  and  spatial  location  by  increased  immunoreactivity  

for   CD45   (Figure   2   E-­‐‑H).   CD45+   cells   had   the   morphological   features   of   reactive  

microglia  with  bushy,  shortened  processes  (data  not  shown).    To  confirm  that  CD45  cells  

in   CVN-­‐‑AD   brains   represent   microglia,   sections   from   the   same   CVN-­‐‑AD   mice   were  

stained  with  Iba-­‐‑1,  a  calcium  binding  protein  that  is  expressed  specifically  on  microglia  

in  the  CNS  (Figure  2  I-­‐‑L).  Iba-­‐‑1  stained  microglia  throughout  the  brain,  as  well  as  cells  

within  the  hippocampus  and  cortex  that  correlated  with  the  pattern  of  CD45  staining  in  

these  mice.  

We   also   examined   the   expression   pattern   of   CD11c,   which   is   not   commonly  

found  on  either  resting  or  reactive  microglia  in  mouse  brain,  but  is  found  on  resting  and  

activated   human   microglia   (Akiyama   and   McGeer,   1990).      An   increasing   pattern   of  

expression  similar  to  that  of  CD45  was  observed  for  CD11c  (Figure  2  M-­‐‑P),  and  CD11c  

expression   found   to   overlap   with   Iba-­‐‑1+   microglia   using   double   labeling   techniques  

(Figure   2Q).      To   further   confirm   the   change   in   levels   of   CD11c   with   age,   we   also  

performed   qRT-­‐‑PCR   on  whole   brain   lysates.   Gene   expression   levels   for   Itgax   (CD11c)  

increased   dramatically   from   6   weeks   of   age,   leading   to   an   approximately   100-­‐‑fold  

increase  at  52  weeks  of  age  (Figure  2R).  In  contrast,  the  expression  levels  of  Itgax  mRNA  

in   the   APPSwDI   parent   mouse   strain   showed   a   relatively   delayed   increase   in   gene  
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expression   levels  and  were   significantly   less   than   the   fold  changes   in  mRNA  found   in  

CVN-­‐‑AD  mice  brain.     Similarly,  we  observed  less  and  delayed  CD11c  immunostaining  

at  all  ages  when  comparing  APPswDI  to  CVN-­‐‑AD  mice  (data  not  shown).    No  changes  

in   CD11c  mRNA   levels   were   found   for  mNos2-­‐‑/-­‐‑   or  WT  mice   brain   lysates   at   any   age  

studied.  
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Figure  2:  CVN-­‐‑AD  amyloid  deposition  is  associated  with  cells  expressing  
characteristic  markers  of  microglia.    

Representative  sagittal  sections  from  a  CVN-­‐‑AD  mouse  at  6,  12,  24,  and  52  weeks  
of  age  immunostained  for  beta-­‐‑amyloid  (A-­‐‑D)  CD45  (E-­‐‑H),  Iba-­‐‑1  (I-­‐‑L)  and  for  CD11c  
(M-­‐‑P).    For  each  age,  panels  represent  sister  sections  from  the  same  mouse  (for  example,  

Panels  A,  E,  I,  M  are  sections  from  the  same  6  week-­‐‑old  mouse).  Scale  bar,  500  µμm.  

Q)  Representative  micrographs  of  CD11c  and  Iba-­‐‑1  co-­‐‑staining  in  the  subiculum  
of  the  hippocampus  from  a  24  week-­‐‑old  CVN-­‐‑AD  mouse.  Scale  bar,  25  µμm.    
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R)  Increased  CD11c  immunostaining  is  associated  with  increased  gene  
expression  of  CD11c  (Itgax).    Gene  expression  levels  (mean  ±  SEM)  were  measured  using  

quantitative  RT-­‐‑PCR  and  represent  the  2(-­‐‑Delta  Delta  C(T))  compared  to  WT  mice.    
Samples  were  analyzed  by  2-­‐‑way  ANOVA  and  post-­‐‑hoc  multiple  comparison  test  with  
Bonferonni’s  correction.  *  represent  comparisons  between  CVN-­‐‑AD  or  APPSwDI  and  

WT  ,  #  represent  comparisons  between  CVN-­‐‑AD  and  APPSwDI    mice.  *p<0.05,  **p<0.01,  
***p<0.001,  ****p<0.0001;  #p<0.05,  ##p<0.01,  ###p<0.001,  ####p<0.0001,  n>5  mice  per  group.  

  

The   above   findings   suggest   that   cellular   inflammation   in   CVN-­‐‑AD   mice   is  

primarily  due  to  an  increased  number  of  reactive  microglial  cells   that  co-­‐‑express  CD45  

and  CD11c.      To   confirm   the   identity   of   the   CD11c+   cells,  we   performed   12-­‐‑color   flow  

cytometric  analysis  of  homogenized  whole  brains  from  42-­‐‑week  old  mNos2-­‐‑/-­‐‑,  which  lack  

CD11c+   microglia,   and   CVN-­‐‑AD   mice   (Figure   3).      Using   this   technique   we   found  

increased   total   cell   numbers   in   the   brains   of   CVN-­‐‑AD   mice   that   was   caused   by   a  

significant   increase   in   the  numbers  of  CD45low  CD11b+  microglia,  and  secondarily,  by  a  

trend   toward   increased   numbers   of   T   cells   (Fig.   3B).      The   total   numbers   of   B   cells,  

neutrophils,   eosinophils,   macrophages,   Ly6Clow   resident   monocytes,   and   Ly6Chigh  

inflammatory   monocytes,   however,   were   unchanged   in   CVN-­‐‑AD   brains   (Figure   3B).    

CD11c  was  predominantly  expressed  by  CD45low  microglia  (Figure  3C).    At  42  weeks  of  

age,   approximately   12.2±2.5%  of   all  microglia  were  CD11c+,   compared   to   2.24±0.3%   in  

mNos2-­‐‑/-­‐‑  controls,  and  there  was  a  significant  increase  in  the  mean  fluorescence  intensity  

of   microglial   expression   of   CD11c   (Figure   3D).   Thus,   both   immunocytochemical   and  

flow  cytometric  analysis  demonstrated   that  CVN-­‐‑AD  mice  develop  substantial  cellular  
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inflammation   that   is   caused   primarily   by   the   expansion   of   microglial   cells.      These  

microglial  cells  display  a  reactive  morphology,  accumulate  specifically  in  areas  of  beta-­‐‑

amyloid   deposition   and   can   be   distinguished   from  microglia   in   control  mice   by   their  

increased  expression  of  CD11c.    This  pattern  of  cellular  inflammation  is  consistent  with  

that  seen  in  humans  with  AD  (Akiyama  and  McGeer,  1990;  Dickson  et  al.,  1988).  
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Figure  3:  CD11c+  cells  from  CVN-­‐‑AD  brains  have  a  microglial  phenotype  

A)  Representative  flow  cytometry  plots  from  aged  48  week-­‐‑old  mNos2-­‐‑/-­‐‑  and  
CVN-­‐‑AD  brains  after  gating  on  CD45+  cells.  

B)  Quantification  of  total  CD45+  cells  and  individual  cell  types  distinguished  by  
FACS  in  48  week-­‐‑old  mNos2-­‐‑/-­‐‑  and  CVN-­‐‑AD  brains,  including  T  lymphocytes  (T),  B  
lymphocytes  (B),  neutrophils  (PMN),  monocytes/macrophages/DCs  (Mac/DC),  and  

microglia  (MG)  from  aged  48  week-­‐‑old  mNos2-­‐‑/-­‐‑  and  CVN-­‐‑AD  brains.  

C)  Representative  flow  plots  of  CD45  and  CD11c  expression  from  aged  48  week-­‐‑
old  mNos2-­‐‑/-­‐‑  and  CVN-­‐‑AD  brains  after  gating  on  all  CD11b+  cells.  
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D)  Representative  histogram  of  CD11c  expression  on  mNos2-­‐‑/-­‐‑  (closed  grey)  and  
CVN-­‐‑AD  (open  black)  CD11b+  CD45low  cells,  as  well  as  quantitative  summaries  of  the  
percentages  and  geometric  mean  fluorescence  intensities  (MFI)  of  CD11c  from  mNos2-­‐‑/-­‐‑  

and  CVN-­‐‑AD  CD11b+  CD45low  microglia.  *p<0.01;  n=4  mice  per  group.  

 

2.3.3 CD11c+ microglia show an immunosuppressive phenotype 

To   better   understand   the   potential   functional   capabilities   of   the   CD11c  

immunopositive   microglia   in   CVN-­‐‑AD   mice   we   used   flow   sorting   to   isolate   this  

population   from  whole   brain   lysates.     Mice  were  used   at   48  weeks   of   age   to   ensure   a  

large   population   of   cells   for   the   study.   Cells   were   gated   on   Ly6G-­‐‑   CD11b+   CD45low  

microglia   for   mNos2-­‐‑/-­‐‑,   WT,   and   CVN-­‐‑AD   brain   samples   and   further   sub-­‐‑gated   into  

CD11chigh   and   CD11clow   populations   in   CVN-­‐‑AD   mice.      Messenger   RNA   from   each  

collected  cell   sample   then  globally  amplified  using  SuperAmpTM   to  produce  cDNA  for  

use   in  an  Agilent  Whole  Mouse  Genome  Oligo  microarray.     Gene  expression   from  the  

CVN-­‐‑AD   CD11c+   cells   were   compared   that   of   the   Ly6G-­‐‑   CD11b+   CD45low   CD11c-­‐‑  

microglia   from   CVN-­‐‑AD,   C57Bl/6,   and  mNos2-­‐‑/-­‐‑   brains.   Analysis   of   variance   with   the  

four   experimental   groups   was   used   to   identify   significantly   differentially   expressed  

genes.     We   set   the   significance   threshold   for   the   effect   size   at   2-­‐‑fold   change   and   false  

discovery  rate  at  5%  (q=0.05).      

Approximately   375   genes   were   significantly   upregulated   and   85   genes   down-­‐‑

regulated  in  CVN-­‐‑AD  CD11c+  microglia  compared  to  CD11c-­‐‑  microglia  from  CVN-­‐‑AD,  

C57Bl/6,  and  mNos2-­‐‑/-­‐‑  brains  (Table  1).    Up-­‐‑regulated  genes  included  those  genes  that  are  
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used  to   identify  microglia   in  humans  with  AD,  such  as   Itgax   (Cd11c/LeuM5;  CR4)  and  

Cd200r   (Cell   surface   glycoprotein   CD200   receptor   2;   OX2R).   The   124-­‐‑fold   increase   in  

Itgax   gene   expression   verified   our   previous   observations   and   our   FACS   isolation  

process.      Strikingly,   many   of   the   genes   that   were   upregulated   in   CVN-­‐‑AD   CD11c+  

microglia,   such   as   Spp1,  Wfdc17,  Gp49a,  Apoe,   and   Pdcd1   were   genes   associated   with  

immune  suppression  and  increased  arginase  activity.  Similarly,  many  of  the  genes  that  

were   downregulated   were   from   pro-­‐‑inflammatory   pathways,   such   as  Apobec3,   Ifngr1,  

and  Siglech,  or  represent  negative  regulators  of  immune  suppression,  such  as  Klf6  (Table  

1).  Taken  together,  along  with  additional  genes  that  were  changed  significantly  (Table  1)  

we   observed   that   CD11c+   microglia   from   CVN-­‐‑AD   mice   had   a   predominantly  

immunosuppressive  phenotype.    

Table  1:  Gene  expression  in  CVN-­‐‑AD  CD11c+  microglia  compared  to  CVN-­‐‑AD  
CD11c-­‐‑  microglia,  C57Bl/6  microglia,  and  mNos2-­‐‑/-­‐‑  microglia.  

Gene Name Fold 
change 

p-value Reported actions References 

Mamdc MAM domain 
containing protein 2 

515 9.7 x 10-7 Glycosaminoglycan 
binding, linked to negative 
regulation of synapses 

(Pettem et al., 
2013)  

Spp1 Secreted 
phosphoprotein 1; 
osteopontin 

515 5.9 x 10-6 Increased in CSF of AD 
patients; enhances 
immunosuppression 

(Comi et al., 
2010; Sangaletti 
et al., 2014) 

Gpnmb Glycoprotein -
transmembrane 
nmb ; osteoactivin, 
Fe65-like1 

442 1.5 x 10-6 Tissue repair, M2 state; 
phagocytic vesicle 
processing 

(Duffield, 2010) 
 

Wfdc17 Whey acidic protein 
four disulfide core 
domain 17; AMWAP 

136 4.1 x 10-5 Overexpression increases 
Arg1, reduces IL6, IL-1β;  

(Karlstetter et 
al., 2010) 

Itgax Integrin alpha X 
(complement 
component 3 
receptor 4 subunit), 
CD11c 

124 5.8 x 10-6 Leucocyte specific integrin; 
Associated with dendritic 
cells; phagocytosis of 
complement-coated 
particles; found on 
microglia in AD. 

(Akiyama and 
McGeer, 1990; 
Becher and 
Antel, 1996; 
Butovsky et al., 
2007; Tooyama 
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et al., 1990),  
 

Gp49a Glycoprotein 49a; 
Lirb4 

107 2.8 x 10-4 Member of Inhibitory Ig 
superfamily (ITIMs); 
Increased IL4; Suppresses 
LPS; inhibits Fc-gamma-
mediated phagocytosis 

(Arm et al., 
1997; 
McCormick et 
al., 1999) 

 
Gng12 Guanine nucleotide 

binding protein 12 
64 1.7 x 10-4 Inhibits LPS-mediated pro-

inflammation 
(Larson et al., 
2010) 

Pdcd1 Programmed cell 
death 1; PD1, 
CD279 

51 4.1 x 10-6 Immunoglobin superfamily; 
Shifts microglia to M2 
phenotype; Regulates Arg1 
activity  

(Yao et al., 
2014) 

Apbb2 Amyloid precursor 
protein binding 
protein 2  

25.8 2.4 x 10-4 Adaptor protein binds to 
cytoplasmic  domain of 
APP; polymorphisms 
associated with dementia in 
aged population; involved 
in ECM synthesis by Macs. 

(Golanska et al., 
2013; Grupe et 
al., 2006; Wright 
et al., 2005) 

TIMP2 Tissue inhibitor of 
metallo protease-2 

20.7 3.2 x 10-4 Blocks metalloprotease 
activity; associated with M2 
phenotype. 

(Ridnour et al., 
2007; Wilcock et 
al., 2011a) 

Igf 
 
Igf2 

Insulin like growth 
factor 1; 2; 
somatomedin c 

27.4 
 
8.0 

2.0 x 10-5 
 

2.1 x 10-3 
 

Found in human microglia, 
Protects from IL-1 and  
IFNγ mediated damage; 
promotes Aβ clearance 

(Trueba-Saiz et 
al., 2013) 

Apoe Apolipoprotein E 20.1 3.6 x 10-4 Strongest single gene risk 
factor for Alzheimer’s 
disease, suppresses pro-
inflammatory cytokines  

(Saunders et al., 
1996) 

CD200r Cell surface 
glycoprotein CD200 
receptor 2, OX2R 

13.8 3.3 x 10-3 Inhibitory immune receptor 
found on microglia, Marker 
for M2 activation in human 
MG, less so in mice 

(Denieffe et al., 
2013; Walker 
and Lue, 2013)  

Klf6 Kruppel like factor 6 0.12 4.9 x 10-6 Suppression is linked to M2 
phenotype 

(Date et al., 
2014) 

Apobec3 Apolipoprotein B 
mRNA editing 
enzyme, catalytic 
polypeptide 3 

0.18 4.1 x 10-4 Promotes anti-viral 
immunity through 
production of neutralizing 
antibody 

(Santiago et al., 
2008) 

Ifngr1 Interferon gamma 
receptor 1; CD119 

0.19 9.1 x 10-6 Encodes ligand binding 
domain for IFN-γ; down-
regulated by TLR2; IFN-β 

(Curry et al., 
2004; Kearney 
et al., 2013) 

Siglech Siglec-H 0.42 2.6 x 10-4 DAP12 signaling molecule, 
microglial “sensome,” 
decreased with aging 

(Hickman et al., 
2013)  
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2.3.4 CVN-AD pathology is associated with increased arginine 
utilization and decreased brain arginine bioavailability 

The  immunosuppressive  phenotype  observed  in  CVN-­‐‑AD  mice  brain  suggested  

a  potential  causative  role  for  this  immune  process  in  disease  progression.    In  particular,  

Arg1,   a   critical   anti-­‐‑inflammatory   gene   that   codes   for   the   enzyme   arginase-­‐‑1,   was  

expressed  predominantly  in  young  mice  in  brain  areas  associated  with  Aβ  deposits  but  

prior   to   neuronal   loss   in   this   model   of   AD.      Arginase-­‐‑1   regulates   the   micro-­‐‑

environmental   level   of   arginine,   a   semi-­‐‑essential   amino   acid,   by   altering   arginine  

catabolism   (Bronte   and   Zanovello,   2005;   Gabrilovich   and   Nagaraj,   2009;   Pesce   et   al.,  

2009;  Tang  et  al.,  2009).    Increased  usage  of  arginine  results  in  a  drop  in  tissue  levels  of  

arginine  (Reeds,  2000),  which  if  not  replaced,  initiates  amino  acid  deprivation  responses  

in   susceptible   cells.      Sustained   arginine   deprivation   leads   to   cell   death   (Kuma   and  

Mizushima,   2010).      To   determine   if   induction   of   Arg1   may   play   a   role   in   AD-­‐‑like  

pathology  in  CVN-­‐‑AD  mice,  we  examined  arginase-­‐‑1  protein  expression  and  its  spatial  

and   temporal   relationship  with  Aβ  deposition   and  CD11c+  microglial   at  different   ages  

using   immunocytochemistry.   Arginase-­‐‑1   protein   accumulated   in   the   subiculum   and  

CA1  regions  of  the  hippocampus,  areas  of  primary  neuronal  loss,  starting  between  6  to  

12  weeks  and  peaked  at  24  weeks   (Figure  4A),   consistent  with   the  onset  of  behavioral  

deficits  at  24  weeks.  In  contrast,  no  arginase-­‐‑1  staining  was  observed  at  any  time  point  in  

Nos2-­‐‑/-­‐‑  brains  (Figure  4B  and  data  not  shown).  Of  note,  arginase-­‐‑1  staining  in  CVN-­‐‑AD  



  

     

40  

brains  did  not  primarily  localize  to  cells  but  instead  diffusely  stained  the  hippocampus  

and   subiculum,   suggesting   that   arginase   was   distributed   in   the   extracellular   space  

surrounding  the  cells  (Figure  4B).  Additionally,  arginase-­‐‑1  staining  in  the  hippocampus  

displayed   a   spatial   correlation  with   that   of   Aβ,   Iba-­‐‑1,   and   CD11c   (Figure   4C),   highly  

suggesting   that  CD11c+  microglia  are  a   likely  source  of  arginase-­‐‑1  production  and   that  

expression  is  associated  with  Aβ.      

  

Figure  4:  CVN-­‐‑AD  pathology  is  associated  with  arginase-­‐‑1  

A)  Representative  sagittal  sections  from  CVN-­‐‑AD  mice  at  6,  12,  24,  and  52  weeks  
of  age  stained  for  arginase-­‐‑1  in  sister  sections  from  the  same  mice  as  in  Figure  1.  Scale  

bar,  500  µμm.  

B)  Magnified  view  of  arginase  immuno-­‐‑reactivity  in  the  subiculum.    
Representative  sagittal  sections  from  24-­‐‑week  old  mNos2-­‐‑/-­‐‑  and  CVN-­‐‑AD  stained  for  

arginase-­‐‑1.  Upper  panel  scale  bar,  500  µμm;  lower  panel  scale  bar,  50  µμm.  
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C)  Sister  coronal  sections  from  the  same  52-­‐‑week  old  CVN-­‐‑AD  brain  stained  for  
Aβ,  CD11c,  Iba-­‐‑1  and  arginase-­‐‑1  to  show  regional  associations.  

  

To   determine   if   arginase-­‐‑1   expression   alters   brain   arginine   levels   in   CVN-­‐‑AD  

mice,  we  examined  brain  amino  acid  levels  and  the  compensatory  expression  of  amino  

acid   transporters   in   these   animals.      Total   brain   arginine   and   arginine   metabolites,  

including   ornithine   and   citrulline,   were   measured   using   hydrophilic-­‐‑interaction  

chromatography   (HILIC)   and   liquid   chromatography-­‐‑tandem  mass   spectrometry   (LC-­‐‑

MS/MS)   (Brown   et   al.,   2011;   Morris,   2012).   In   disease   contexts,   the   global   arginine  

bioavailability   ratio   (GABR),  which   is   the   ratio   of   arginine   to   its  metabolites   ornithine  

and   citrulline   (arginine/(ornithine   +   citrulline)),   is   often   a   better   indicator   of  

dysregulated  arginine  metabolism  than  arginine  concentration  alone  (Tang  et  al.,  2009).  

Calculating   the   GABR   revealed   that,   compared   to  WT,  mNos2-­‐‑/-­‐‑,   and   APPSwDI   mice,  

CVN-­‐‑AD  mice   had   significantly   reduced  GABR   (Figure   5A),   indicating   that  CVN-­‐‑AD  

brains  exhibited  increased  arginine  catabolism.  
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Figure  5:  CVN-­‐‑AD  brains  have  decreased  total  L-­‐‑arginine  bioavailability  and  
increased  expression  of  arginine  transporters  

A)  Global  arginine  bioavailability  (arginine/(ornithine  +  citrulline))  for  CVN-­‐‑AD,  
mNos2-­‐‑/-­‐‑,  WT  and  APPSwDI  mice  at  24  weeks  of  age.  Average  values  (±  SEM)  per  
genotype  were  calculated  for  individual  mice  (n=3-­‐‑12  mice  per  group).  Amino  acid  

levels  were  measured  using  HILIC  LC-­‐‑MS/MS.    **p<0.01  by  1-­‐‑way  ANOVA.  

B-­‐‑E)    Relative  gene  expression  (mean  ±  SEM)  was  measured  in  total  brain  
homogenates  from  CVN-­‐‑AD,  mNos2-­‐‑/-­‐‑,  WT  and  APPSwDI  mice  for  the  neutral  arginine  
transporters  Slc7a5  (LAT1)  and  Slc7a8  (LAT2)  (B  and  C)  and  for  the  cationic  amino  acid  
transporters  Slc7a1  (CAT1)  and  Slc7a2  (CAT2)  (D  and  E).  Samples  were  analyzed  by  2-­‐‑
way  ANOVA  and  post-­‐‑hoc  multiple  comparison  test  with  Bonferonni’s  correction.  *  

represent  comparisons  between  CVN-­‐‑AD  or  APPSwDI  and  WT  ,  #  represent  
comparisons  between  CVN-­‐‑AD  and  APPSwDI    mice.  *p<0.05,  **p<0.01,  ***p<0.001,  

****p<0.0001;  #p<0.05,  ##p<0.01,  ###p<0.001,  ####p<0.0001,  n=4-­‐‑8  mice  per  group.  

  

Cells   deprived   of   arginine   attempt   to   compensate   by   increasing   expression   of  

amino   acid   transporters   that   regulate   the   cellular   uptake   of   arginine   from   the   local  

environment   (Broer,   2002;   Closs   et   al.,   2006;   Hyatt   et   al.,   1997).   To   determine   if   such  

mechanisms  were   active   in   CVN-­‐‑AD   brains,  we  measured  whole   brain   lysate  mRNA  
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levels   of   cell   membrane-­‐‑bound   amino   acid   transporters   that   mediate   arginine   uptake  

(Figure  5B-­‐‑E).    These  included  cationic  amino  acid  transporter  1  (CAT1;  Slc7A1),  cationic  

amino   acid   transporter   2   (CAT2;   Slc7A2),   cationic   amino   acid   transporter   3   (CAT3;  

Scl7A3)  and  the  large  neutral  amino  acid  transporters  LAT1  (Slc7A5)  and  LAT2  (Slc7A8).    

We   observed   no   significant   changes   for   all   of   these   genes   in   Nos2-­‐‑/-­‐‑,   C57BL/6,   and  

APPSwDI   mice   (Figure   5B-­‐‑E).   In   contrast,   in   CVN-­‐‑AD   brain,   we   found   that   LAT1  

mRNA  was  consistently  increased  from  12  weeks  through  52  weeks  (Figure  5B).  We  also  

observed  transient  increased  gene  expression  for  LAT2,  CAT1,  and  CAT2  at  12  weeks  of  

age   and   returning   to   baseline   expression   levels   by   24   weeks   (Figure   5   C,   D,   and   E).    

CAT3   showed   no   significant   change   at   any   age   (data   not   shown),   consistent   with   its  

restricted   expression   on   a   small   number   of   neuronal   populations   (Hosokawa   et   al.,  

1999).  These  changes  in  GABR  and  arginine  transporters  indicate  that,  in  comparison  to  

control  strains,  CVN-­‐‑AD  mice  have  dysregulated  arginine  metabolism.  

2.3.5 Blockade of arginine utilization reverses memory loss 

Our  data  on  arginase  expression  and  arginine  depletion  in  the  brains  of  CVN-­‐‑AD  

mice   raised   the   possibility   that   chronic   brain   arginine   deprivation   promotes  

neurodegeneration.      To   determine   if   there   is   a   causal   relationship   between   arginine  

depletion  and  the  development  of  pathology  and  cognitive  defects  in  CVN-­‐‑AD  mice,  we  

reduced   the   biological   effects   of   arginine   catabolism   by   blocking   key   enzymes   in   the  

arginine   utilization   pathway   (Figure   6).      We   chose   to   use   eflornithine  
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(difluoromethylornithine,   DFMO),   an   irreversible   inhibitor   of   ornithine   decarboxylase  

(ODC)   (Abeloff   et   al.,   1984;   Pepin   et   al.,   1987;   Seiler,   2003)   and   a   partial   inhibitor   of  

arginase  that  has  been  previously  used  to  block  arginine  utilization  in  vivo  (Selamnia  et  

al.,  1998).    Because  the  polyamine  pathway,  which  is  downstream  of  ODC,  is  important  

for   cell   proliferation   particularly   in   the   gastrointestinal   system   (Buts   et   al.,   1993),   we  

supplemented  CVN-­‐‑AD  mice  with  putrescine  to  reduce  gastrointestinal  damage  created  

by  decreased  polyamine  levels  (Kameji  et  al.,  1979;  Loser  et  al.,  1999).    

Two  treatment  groups  were  established:  CVN-­‐‑AD  mice  treated  with  oral  gavage  

of   putrescine   alone   and   CVN-­‐‑AD   mice   treated   with   oral   gavage   of   putrescine   plus  

DFMO.      Because   increased   arginase-­‐‑1  mRNA  and  protein   levels  were   observed   at   the  

earliest  time  points  in  the  disease  process,  treatment  was  started  at  6-­‐‑8  weeks  of  age  with  

oral  gavage  3  times  a  week  for  14  weeks.      Immediately  on  conclusion  of  treatment,  we  

tested   learning   and  memory   behavior   in   the   putrescine   only-­‐‑treated   and   DFMO   plus  

putrescine-­‐‑treated   mice.   We   have   previously   demonstrated   that   CVN-­‐‑AD   mice   have  

deficits  in  spatial  memory  as  measured  by  radial  arm  water  maze  and  make  significantly  

more   errors   than   either  mNos2-­‐‑/-­‐‑   or  C57Bl/6   controls   at   24   weeks   of   age   (Colton   et   al.  

2014).      CVN-­‐‑AD  mice   treated  with  DFMO  plus   putrescine   demonstrated   significantly  

improved  acquisition  and  recall  compared  to  vehicle  (putrescine  only)-­‐‑treated  CVN-­‐‑AD  

mice   (Figure   6A),   suggesting   that   blockade   of   arginine   catabolism   reverses   the  

behavioral  phenotype  of  memory  loss  found  in  CVN-­‐‑AD  mice.  
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Figure  6:  CVN-­‐‑AD  memory  deficits  and  pathology  are  reversed  by  an  inhibitor  
of  arginine  utilization.  

A)  Radial  arm  water  maze  assessment  of  spatial  memory  acquisition  and  recall  in  
CVN-­‐‑AD  mice  treated  with  putrescine  (put.)  alone  or  putrescine  and  DFMO  (10  mg/kg)  

by  oral  gavage  for  3  days/week  for  14  weeks.  All  mice  were  naïve  to  the  behavioral  
procedure  and  tested  on  the  final  2  days  of  treatment.  Day  1  depicts  5  trial  groups  for  the  
acquisition  phase  (learning)  and  day  2  depicts  successive  trials  for  memory  recall.  Data  
represent  the  average  number  of  errors  (±  SEM)  made  finding  the  escape  platform  for  
each  group  of  trials.    Open  circles:  CVN-­‐‑AD  mice  treated  with  putrescine  and  vehicle;  
closed  circles:  CVN-­‐‑AD  mice  treated  with  DFMO  and  putrescine.    Data  were  analyzed  
by  2-­‐‑way  ANOVA  and  post-­‐‑hoc  multiple  comparison  test  with  Bonferonni’s  correction.  

***p  <  0.001;  n=7-­‐‑8  mice  per  group.  

B)  Soluble  and  insoluble  Aβ40  and  Aβ42  peptides  in  total  brain  homogenates  
from  CVN-­‐‑AD  mice  treated  with  vehicle  containing  putrescine  only  or  putrescine  plus  
DFMO  as  measured  by  ELISA.  Data  represent  average  levels    (±  SEM)  of  Aβ40  or  Aβ42  
peptides.  ***p  <  0.001  for  DFMO-­‐‑treated  compared  to    putrescine/vehicle-­‐‑treated  using  

an  unpaired  student’s  t  test.  n=7-­‐‑8  mice/group.    
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C)  DFMO-­‐‑treatment  alters  mRNA  levels  of  immune  genes.    Average  mRNA  
expression  levels  (±  SEM)  for  Itgax,  Pdcd1  (programmed  death  receptor  1),  Arg1,  and  Ssat  

were  measured  in  total  brain  lysates  from  CVN-­‐‑AD  mice  treated  with  putrescine  in  
vehicle  or  putrescine  and  DFMO.  Gene  expression  levels  were  measured  using  

quantitative  RT-­‐‑PCR  and  represent  the  2(-­‐‑Delta  Delta  C(T))  with  untreated  mice  as  the  
comparator.  Significance  between  untreated  and  treated  was  determined  using  the  

unpaired  students  t  test.  *p  <  0.05;  **p<  0.01;    n=7-­‐‑8  mice  per  group.  

D)  Representative  sagittal  sections  from  CVN-­‐‑AD  mice  treated  with  either  
putrescine  alone  or  putrescine  and  DFMO  stained  for  Aβ  or  CD11c.  For  each  treatment  

group,  panels  represent  sister  sections  from  the  same  mouse.  Scale  bar,  500  µμm.  

  

To   determine   whether   this   reversal   was   associated   with   previously   identified  

AD-­‐‑like  pathologies,  we  measured  levels  of  both  soluble  and  insoluble  Aβ40  and  Aβ42  in  

whole   brain   lysates.   We   found   that   soluble   and   insoluble   Aβ40   and   Aβ42   were  

significantly  reduced  by  DFMO  plus  putrescine  treatment  (Figure  6B).    To  determine  if  

neuronal   numbers   were   altered,   the   number   of   neurons   in   the   CA3   region   of   the  

hippocampus  was   counted  using  unbiased   stereology.     As  we   expected,  we   found  no  

difference   in   the   number   of   hippocampal   neurons   between   treatment   groups   of   20-­‐‑24  

week  old  mice,  as  CVN-­‐‑AD  mice  do  not  develop  significant  neuronal  loss  until  around  

36   weeks   of   age   (data   not   shown).     We  measured  mRNA   levels   for   Itgax   (CD11c)   in  

whole  brain   lysates   from   these  mice   and   found   that   Itgax  expression  was   significantly  

reduced   in   the  DFMO-­‐‑treated  group  (Figure  6C).  We  also  measured  Pdcd1,  a  principal  

immunosuppressive  gene   that  regulates  arginase  activity  and  T-­‐‑cell  activity   (Krempski  

et   al.,   2011b;   Liu   et   al.,   2009)   and   was   highly   increased   in   our   gene   screen.   DFMO  

treatment   significantly   reduced  Pdcd1   expression   (Figure   6C).      Genes   associated  with  
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arginine   utilization   were   also   measured.   As   expected,   Arg1   mRNA   levels   did   not  

change,   whereas   gene   expression   for   spermine   synthase   s-­‐‑acetyltransferase   (SSAT),  

which  is  induced  by  polyamine  activity  (Colton  et  al.,  2004)  (Krempski  et  al.,  2011a),  was  

significantly  decreased  by  DFMO  treatment   (Figure  6C).   IHC  staining   for  Aβ  revealed  

that  DFMO  treatment   in  CVN-­‐‑AD  mice  resulted  in   less  Aβ  plaques,  particularly   in  the  

cortex   and   thalamus,   and   to   a   lesser   extent,   in   the   hippocampus.   Similarly,  we   found  

that   DFMO-­‐‑treated   CVN-­‐‑AD  mice   had   less   CD11c+   cells   in   the   cortex,   thalamus,   and  

hippocampus.  Interestingly,  treatment  with  DFMO  was  less  efficacious  for  reducing  Aβ  

and  CD11c   in   the   subiculum   of   the   hippocampus   (Figure   6D).      Taken   together,   these  

observations   indicate   that   treatment   with   DFMO   reversed   arginine   utilization   and  

prevented  AD  pathology.  

2.4 Discussion 

Our  studies  using  CVN-­‐‑AD  mice  show  that  CD11c+  microglia  accumulate  at  sites  

of   Ab  deposition,   that   these   microglia   show   an   immunosuppressive   phenotype,   that  

extracellular   arginase   accumulates   in   these   same   regions,   that   global   arginine  

bioavailability   significantly   decreases,   and   that   inhibition   of   abnormal   arginine  

utilization   results   in   a   marked   improvement   in   pathology   and   cognitive   function.  

Importantly,   CD11c+   microglial   and   arginase   accumulation   in   the   hippocampus   and  

subiculum   in   CVN-­‐‑AD   mice   correspond   to   brain   areas   previously   associated   with  

neuronal  damage  and  loss  (Colton  et  al.,  2014;  Wilcock  et  al.,  2008).      
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The  role  of   immunity   in  AD  pathogenesis   is  a  critical  and  unresolved  question.    

One   current   view  proposes   that   extracellular  Aβ  peptide   activates  CNS   immune   cells,  

including  microglia  and  perivascular  macrophages,  to  produce  inflammatory  cytokines  

such   as   TNFa,   IL-­‐‑1β,   and   reactive   nitrogen   or   oxygen   species   that   initiate   neuronal  

death.     While   this   type  of   response   is   clearly  observed   in  acute  brain  diseases,   such  as  

bacterial  or  viral  infection  and  trauma,  our  data  suggest  that  pro-­‐‑inflammatory  toxicity  

is   not   a   primary   factor   in   AD   pathogenesis   and   associated   neuronal   cell   loss.     While  

increased   pro-­‐‑inflammatory   genes   are   observed   in   the   CVN-­‐‑AD  mice  with   increasing  

age,   these   changes   are   late   in   the   course  of   the  disease   and   counteracted  by   increased  

expression  of  immunosuppressive  genes  (IL-­‐‑1Ra,  TGFβ,  CD33,  TREM2,  and  DAP12).  We  

propose,   instead,   that   a   different   type   of   immune   pathology   that   involves   immune  

suppression   leads   to   neuronal   death.   In   association   with   Aβ   deposition,   a   subset   of  

resident  brain  microglia  assume  a  specific  immunosuppressive  phenotype  that  includes  

expression   of   CD11c   and   production   of   extracellular   arginase,   which   acts   to   deplete  

brain  extracellular  arginine  levels.  

In   contrast   with   other   tissues,   the   brain   is   particularly   susceptible   to   arginine  

deprivation  as  arginine  is  actively  transported  into  the  brain  via  rate-­‐‑limiting  amino  acid  

transporters  (Boado  et  al.,  2004;  Closs  et  al.,  2006;  Hawkins  et  al.,  2005;  Hawkins  et  al.,  

2006).      While   baseline   blood   arginine   levels   are   approximately   115   mM,   whole   brain  

arginine   is   around   50   µμM   and   even   lower   in   the   hippocampus   (Dawson   et   al.,   2004   ;  
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Erdely  et  al.,  2010).  Furthermore,  under  inflammatory  conditions,  endogenous  arginine  

synthesis   and   transport   at   the  blood  brain  barrier   are  decreased.  Thus,  prolonged  and  

abnormal   immune-­‐‑mediated   activation   of   arginine   utilization   pathways   in   susceptible  

brain  regions,  such  as  the  hippocampus,  may  further  reduce  already  low  arginine  levels,  

facilitating  neuronal  damage.  When  arginine  utilization  is  interrupted  by  treatment  with  

the  arginase  and  ODC  inhibitor  DFMO,  we  show  that  AD-­‐‑like  pathology  is  prevented.  

Further  studies  will  be  required  to  confirm  that  DFMO  improves  arginine  bioavailability  

and   to   determine   whether   arginase   blockade   can   protect   against   neuronal   death   and  

memory  deficit  in  a  therapeutic  fashion.  

Our   findings   strikingly   reflect  previous  observations   from  human  AD.     CD11c+  

microglia  are  a  well-­‐‑known  feature  of  human  AD  pathology,  although  their   functional  

role   has   not   been   explicitly   defined   (Akiyama   and   McGeer,   1990;   Dick   et   al.,   1997;  

Tooyama   et   al.,   1990;   Walker   and   Lue,   2005).   Direct   evidence   also   supports   that  

dysregulated  arginine  utilization  may  contribute   to  human  AD.     We,  and  others,  have  

demonstrated   that   arginase   mRNA   expression   and   enzymatic   activity   is   increased   in  

human  AD  brain  samples  (Colton  et  al.,  2006;  Hansmannel  et  al.,  2010;  Liu  et  al.,  2014).    

Consistent   with   increased   arginase   activity,   the   frontal   cortex   of   AD   patients   has  

significantly   decreased   levels   of   L-­‐‑arginine   and   L-­‐‑ornithine   (Gueli   and   Taibi,   2013).  

Furthermore,   others   have   found   increased   polyamines   (putresecine,   spermidine   and  

spermine),  the  downstream  products  of  arginase  activity,  in  human  AD  brain  (Inoue  et  
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al.,   2013).   Amino   acid   starvation   leads   to   GCN2   kinase-­‐‑mediated   phosphorylation   of  

eIF2α,  leading  to  cell  autophagy  or  apoptosis  (Altman  and  Rathmell,  2012;  Young  et  al.,  

2009).      Indeed,  increased  phosphorylation  of  GCN2  kinase  has  been  observed  in  human  

AD  brain   (Ma   et   al.,   2013a),   suggesting   that   the   integrated   stress   response  pathway   is  

activated   as   a   result   of   amino   acid   deprivation.   Collectively,   these   data   support   that  

arginine  utilization,  which  is  immune  regulated,  can  be  dysfunctional  in  AD  and  impact  

neurodegeneration.  

Arginine   is   the   sole   substrate   of   two   opposing   enzyme   systems:   the   NOS2  

pathway   and   the   arginase   pathway   (Figure   7).      Both  NOS2   and   arginase   are   immune  

regulated   and,   in   general,  NOS2   is   associated  with   the   pro-­‐‑inflammatory   phase   of   an  

immune   response   and   arginase   is   associated  with   the   anti-­‐‑inflammatory   phase.  NOS2  

and   arginase   are   often   co-­‐‑expressed,   but   competition   between   these   two   opposing  

enzymes   favors   arginase  due   to   its  higher   expression   level   and  greater  Vmax   (Morris,  

2007;   Wu   et   al.,   2009).      In   humans,   in   contrast   to   C57BL/6   mice,   the   competitive  

advantage  is  further  skewed  in  favor  of  arginase.  hNOS2  expression  is  tightly  regulated  

through   promoter   differences   and   post-­‐‑transcriptional   repressors,   resulting   in   less  

NOS2-­‐‑mediated   NO   production   in   humans   compared   to   mice   (Colton   et   al.,   1996;  

Ganster   et   al.,   2001;   Guo   et   al.,   2012;   Mestas   and   Hughes,   2004a).   NOS2   transcript,  

protein,  and  protein  activity  are  unchanged  or  even  decreased  in  human  AD  (Colton  et  

al.,  2006;  Liu  et  al.,  2014).  Low  NOS2  enzymatic  activity  also  increases  arginase  enzyme  
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activity  due   to   the   loss   of  N-­‐‑(omega)-­‐‑hydroxy-­‐‑L-­‐‑arginine   (NOHA),   an   intermediate   in  

the  L-­‐‑arginine  to  NO  metabolic  pathway  and  inhibitor  of  arginase  (Boucher  et  al.,  1999;  

Tenu  et  al.,  1999).  

  

Figure  7:  Simplified  schematic  of  arginine  catabolism  and  the  actions  of  
difluoromethylornithine  (DFMO)  to  block  arginine  utilization.  

Abbreviations:  Ornithine  decarboxylase  (ODC),  nitric  oxide  (NO);  inducible  
nitric  oxide  synthase  (iNOS);  N-­‐‑hydroxyarginine  (NOHA).  Letters  in  gray  represent  a  

reduction  of  this  protein/product  in  CVN-­‐‑AD  mice.  

  

Our   findings   offer   one   explanation   for   why  most   mouse   models   of   AD   show  

abundant  Aβ  deposition  but,  despite  large  increases  in  pro-­‐‑inflammatory  cytokines,  do  

not   show   significant   neuronal   cell   loss   (Irizarry   et   al.,   1997a;  Radde   et   al.,   2008b).      By  

crossing  mutant  AppSwDI  mice  onto  an  mNos2–deficient  background,  we  developed  a  

mouse   model   of   AD   that   more   closely   mimics   the   reduced   iNOS   activity   found   in  

humans  (Vitek  et  al.,  1997).    In  contrast  to  CVN-­‐‑AD  mice,  the  parent  APPSwDI  mice  had  

much   reduced   expression   of   arginase   at   all   ages   and   showed   no   changes   in   arginine  

transporter   mRNA   or   global   arginine   bioavailability.   Furthermore,   reconstituting   the  
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human   NOS2   gene   into   the   CVN-­‐‑AD   mouse   strain   resulted   in   equivalent   AD-­‐‑like  

pathology  as  found  in  CVN-­‐‑AD  mice  (Colton  et  al.,  2014),  demonstrating  that  reducing  

NOS2   expression   to   more   human-­‐‑like   levels   favors   arginase   in   the   competition   for  

arginine  and  highlights  the  species  difference  in  NOS2  regulation  of  arginine  utilization.  

Interestingly,   this   shift   in   immune-­‐‑mediated   redox   conditions   likely   accounts   for   the  

accelerated   and   more   prominent   expression   of   CD11c,   although   the   mechanisms  

governing  this  difference  are  unknown.    

The   exact   cell   type   associated   with   increased   arginine   consumption   remains  

unclear.      Neurons,   astrocytes,  microglia,   and   circulating  monocytes   are   all   capable   of  

expressing  arginase,  and  thus  each  (or  all)  may  participate  in  depletion  of  extracellular  

arginine.      However,   few   neurons   demonstrate   arginase   immunoreactivity   and   the  

neuronal   expression   of   arginase   appears   to   be   limited   to   specific   tracts   in   the   visual  

cortex  and  cerebellum  (Yu  et  al.,  2001).     Astrocytes  express  a  similar  profile  of  arginine  

transporters   to   microglia   and   may   actively   reduce   environmental   arginine   levels   via  

robust  uptake.  Future  studies  are  required  to  understand  the  kinetics  and  cellular  origin  

of  arginase  expression,  particularly  in  human  AD  pathology.  However,  we  hypothesize  

that  microglia   are   the   primary   source   for   arginine   consumption.      First,   Aβ   itself  may  

initiate  induction  of  immunosuppression  in  microglia  (Kurnellas  et  al.,  2013).    Secondly,  

similarly   to   our   observations,   human   myeloid   cells   commonly   release   extracellular  

arginase  under  pathologic   conditions,   as  has  been  observed   in  glioblastoma  and  other  
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tumors   (Raychaudhuri  et  al.,  2011).     The  appearance  of  CD11c+  microglia  very  early   in  

pathology   and   their   tight   correlation   with   AD   pathology   and   extracellular   arginase  

supports   a   role   for   this   sub-­‐‑type   of   microglia   in   immune-­‐‑mediated   arginase   release.    

Importantly,   when   we   blocked   arginase   utilization   in   CVN-­‐‑AD   mice   we   found  

significantly  decreased  expression  of  CD11c.    

Although  it  cannot  be  firmly  established  with  the  present  data,  we  anticipate  that  

the  CD11c+  cells  arise  from  the  brain’s  endogenous  microglial  population  and  not  from  

infiltrating  monocytes.      Influx  of  Ly6C+   inflammatory  monocytes   into   the  mouse  brain  

depends  largely  on  expression  of  CCR2  and  its  ligands  (El  Khoury  et  al.,  2007;  Mildner  

et  al.,  2007)  and  no  change  was  observed  in  total  brain  expression  of  CCR2  or  CCL2  in  

CVN-­‐‑AD  mice  at  any  age.  While  infiltrating  Ly6C+  monocytes  could  comprise  a  rare  cell  

population,  and  thus  total  brain  Ccr2  would  be  unchanged,  we  also  did  not  observe  any  

significant  increase  in  brain  monocytes  at  multiple  ages  by  flow  cytometry.    Supporting  

these  findings,  Zhang  et  al.  previously  demonstrated  that  monocytes  from  humans  with  

AD   have   decreased   expression   of   CCR2   (Zhang   et   al.,   2013b),   suggesting   decreased  

capacity  for  chemotaxis.    In  concordance  with  data  from  human  AD,  we  found  increased  

CCR1   expression   in  CVN-­‐‑AD  brain,   although   how  CCR1   regulates   chemotaxis   in  AD  

remains   unknown   (Halks-­‐‑Miller   et   al.,   2003).   Thus,   while   our   data   highly   implicate  

endogenous   hippocampal   microglia   and   not   peripheral   cells,   further   studies   are  

required  to  prove  this  point.  
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In  summary,  based  on  our  analysis  of  CNS   immunity  during  aging   in  a  mouse  

model   of   AD,   we   conclude   that,   contrary   to   the   predominant   paradigm   that   AD  

pathology   is   driven   by   pro-­‐‑inflammatory   factors,   our   data   support   a   alternative  

mechanism   for   neuronal   death   in   AD.         We   suggest   that   immune   suppression   and  

arginine   catabolism   lead   to   a   loss  of   arginine,   a   critical   semi-­‐‑essential   amino  acid,   and  

this  nutrient  deprivation  is  followed  by  cell  death.  This  is  a  novel  and  potentially  critical  

mechanism   that   may   explain   the   temporal   and   spatial   induction   of   the   slow   and  

persistent  loss  of  neurons  in  humans  with  AD.  
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3. Gene targeting of monocytes, microglia, and tissue 
macrophages with Cx3cr1-BAC-Cre mice 

  

One   of   our   future   goals   is   to   definitively   demonstrate   that   neuronal   death   in  

CVN-­‐‑AD  mice   is   caused   by  microglial-­‐‑derived   arginase-­‐‑1   by   selectively  deleting  Arg1  

from  microglia.  This  has  required  the  development  of  a  mouse  model  allowing  for   the  

deletion   of   Arg1   in   microglia,   but   not   neurons,   astrocytes,   or   oligodendrocytes,   and  

where   CNS   immunity   is   not   perturbed.  Here,  we   describe   a   novel  mouse  model   that  

when   mated   onto   the   CVN-­‐‑AD   background   will   allow   us   to   conduct   these   critical  

experiments.  

  

3.1 Introduction 

There  has  been  a  recent  intense  focus  on  the  function  and  origin  of  mononuclear  

phagocytes,  which   includes  blood  monocytes,   tissue  macrophages,   and  dendritic   cells.  

The  use  of  mice  expressing   tissue-­‐‑specific  Cre  recombinase  has  been   invaluable   in   this  

effort  by  enabling  the   lineage  tracing  of  myeloid  cells  and  the  ability   to  delete  or   force  

expression  of  genes.  Many  of   these  mice  have  employed   the  Cx3cr1   locus   to  drive  Cre  

expression   as   the   chemokine   receptor   CX3CR1   is   differentially   expressed   on   many  

myeloid   cell   populations.   These   mice   have   allowed   for   the   manipulation   of   tissue  
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macrophage  populations,  such  as  brain  microglia  and  blood  monocytes  (Parkhurst  et  al.,  

2013;  Yona  et  al.,  2013).  

Currently,  all  available  Cx3cr1  Cre  and/or  fluorescent  reporter  mice  are  knock-­‐‑in  

mice  (Ellmeier  et  al.,  2000;  Parkhurst  et  al.,  2013;  Yona  et  al.,  2013),  meaning  that   these  

mice   are   haploinsufficent   in   the   Cx3cr1   gene.   While   it   had   long   been   thought   that  

deficiency  or  heterozygocity  of  Cx3cr1  had  a  negligible  phenotype,  both  Cx3cr1-­‐‑deficient  

and   heterozygote   mice   have   been   demonstrated   to   have   a   variety   of   functional  

differences   from   wild-­‐‑type   mice,   including   differences   in   neural   development   and  

spatial  memory,  development  of  experimental  atherosclerosis,  and  the  induction  of  oral  

tolerance  (Combadiere  et  al.,  2003;  Mazzini  et  al.,  2014;  Moatti  et  al.,  2001;  Rogers  et  al.,  

2011).  These  observations  suggest  that  in  certain  contexts,  Cx3cr1  gene  dosage  can  have  

important  effects  on  biological  outcomes  and  that  caution  should  be  taken  when  Cx3cr1  

knock-­‐‑in  reporter  or  Cre  mice  are  used.  

We  have  characterized  a  line  of  Cx3cr1-­‐‑Cre  mice  developed  by  the  GENSAT  BAC  

Transgenic  Project  (Gong  et  al.,  2003),  in  which  Cre  is  driven  by  the  Cx3cr1  promoter  in  a  

bacterial   artificial   chromosome   (BAC)   transgene.   This   transgene  was   not   targeted   to   a  

particular  gene  locus.  These  Tg(Cx3cr1-­‐‑cre)MW123Gsat  (Cx3cr1-­‐‑CreBT)  mice  thus  carry  

two  copies  of  the  endogenous  Cx3cr1  gene  while  demonstrating  a  Cre  expression  pattern  

that   is  very  similar   to   that  of  previously  described  Cx3cr1-­‐‑Cre  knock-­‐‑in   (Cx3cr1-­‐‑CreKI)  

mice.   Similar   to   Cx3cr1-­‐‑CreKI   mice,   Cx3cr1-­‐‑CreBT  mice   preferentially   express   Cre   in  



  

     

57  

Ly6Clow  resident  monocytes,  but  not  Ly6Chigh  inflammatory  monocytes.  Cre  is  expressed  

in  a  variety  of   tissue  macrophages,   including  kidney  macrophages,   liver  Kupffer   cells,  

skin   Langerhans’   cells,   and   brain  microglia.  We   find   that  Cre   is   also   expressed   in   the  

vast  majority  of  dendritic  cells.  Lastly,  we  demonstrated  that  these  mice  can  be  used  for  

preferential   gene   targeting   with   fluorescent   reporters   and   inducible   diphtheria   toxin  

receptor  cell  ablation.  The  Cx3cr1-­‐‑CreBT  mouse  line  is  thus  a  novel  tool  for  constitutive  

Cre  targeting  of  myeloid  cell  populations  without  perturbing  the  Cx3cr1  locus.  

  

  

3.2 Methods and Materials 

Mice   and   diphtheria   toxin   treatments.   C57BL/6   mice   were   purchased   from  

Charles   River   Laboratories   (Wilmington,   MA).   Tg(Cx3cr1-­‐‑Cre)MW123GSat   mice   were  

generated   and  provided   by   the   L.  Kus   (GENSAT  BAC  Transgenic   Project,   Rockefeller  

University,   New   York,   NY)   and   backcrossed   over   12   generations   on   a   C57BL/6  

background.   Cx3cr1GFP/GFP   mice   were   provided   by   D.   Littman   (New   York   University,  

New  York,  NY)  or  purchased   from   Jackson  Laboratories   (Bar  Habor,  ME)  and  crossed  

with  C57BL/6  mice   to  produce  Cx3cr1+/GFP  mice.  Rosa26-­‐‑GFP  mice  were  provided  by  F.  

Wang   (Duke  University),   and  Rosa26-­‐‑tdTomato  and  Rosa26-­‐‑DTR  mice  were  purchased  

from  Jackson  Laboratories.  All  mice  used  for  experiments  were  between  8  and  12  weeks  

old.   Diphtheria   toxin   (DT)   (List   Biological   Laboratories,   Inc.,   Campbell,   CA)   was  
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resuspended  in  PBS  and  mice  were  injected  i.p.  with  10  ng/g  or  150  ng/g  DT  in  100  µμL  of  

PBS  every  24  hours  for  3  days.  Body  weight  of  DT-­‐‑treated  mice  was  monitored  daily.  All  

animal   experiments   were   conducted   in   accordance  with  National   Institutes   of   Health  

guidelines   and   protocols   approved   by   the   Animal   Care   and   Use   Committee   at   Duke  

University.  

Flow   Cytometric   Analysis.   Blood   was   collected   from   isoflurane-­‐‑anesthetized  

mice  with  a  27G  insulin  syringe  and  immediately  resuspended  in  5%  fetal  bovine  serum  

with  10  mM  HEPES.  Mice  were  intracardially  perfused  with  PBS  and  tissues  were  then  

rapidly   harvested,   manually   dissociated,   and   digested   for   1   hour   at   37°C   with   1.5  

mg/mL   collagenase   A   (Roche   Applied   Science;   Penzberg,   Germany)   and   0.40   mg/mL  

DNase   I   (Roche   Applied   Science).      Cells   from   the   digested   tissue   were   then   strained  

through   a   70   µμm   filter   and   washed   with   PBS.      Red   blood   cells   were   lysed   with  

ammonium/chloride/potassium   (ACK)   lysis   buffer   and   then   cells   were   counted   and  

stained   with   LIVE/DEAD   Aqua   (Invitrogen/Life   Technologies,   Carlsbad,   CA)   in   PBS.  

Samples  were  blocked  in  5%  rat  serum,  5%  mouse  serum,  1%  Fc  Block  (eBioscience,  San  

Diego,  CA)  and  stained  for  30  minutes  at  4°C  with  the  following  antibodies  (eBioscience,  

San  Diego,  CA):  CD11c  PE-­‐‑Cy5.5;  F4/80  PE-­‐‑Cy7;  CD3e  APC;  Ly6G  AF700;  CD11b  APC-­‐‑

Cy7;  Ly6C  V450;  CD45  Qdot605;   IA-­‐‑IE  Qdot655.  Cells  were  analyzed  on  a  BDTM  LSR-­‐‑II  

Flow   Cytometer   (BD   Biosciences;   Franklin   Lakes,   NJ)   in   the   Duke   Human   Vaccine  
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Institute  Flow  Research  Facility  and  data  was  analyzed  with  FlowJo  (Treestar;  Ashland,  

OR).    

Immunohistochemistry.   Mice   were   anesthetized   with   isoflurane   and   then  

intracardially  perfused  with  phosphate  buffered  saline  (PBS).    Perfused  brains  were  then  

rapidly   removed,   bisected   in   the   mid-­‐‑sagittal   plane   and   cryoprotected   by   sequential  

passage  through  10%,  20%,  and  30%  sucrose  for  24  hrs.  Frozen  sagittal  sections  (25  µμm)  

were   then   prepared   by   microtome.      Sections   equally   spaced   at   600   um   apart   were  

immunostained   with   anti-­‐‑Iba-­‐‑1   (Wako   Pure   Chemical   Industries,   Osaka,   Japan)   and  

AlexaFlour-­‐‑488  donkey  anti-­‐‑rabbit  secondary  antibody  (Invitrogen,  Carlsbad,  CA).  

Statistics.  All  numerical  data  are  presented  as  mean  ±  standard  error  of  the  mean  

(SEM).  All  data  are  analyzed  by   two-­‐‑way  ANOVA  or  unpaired  Student’s   t   tests  using  

GraphPad  Prism  (La  Jolla,  CA)  software,  as  indicated  in  the  figure  legends.  

  

3.3 Results 

3.3.1 Cre is preferentially expressed in Ly6Clow monocytes in Cx3cr1-
CreBT mice 

We   characterized   three   lines   of   Cx3cr1-­‐‑CreBT   mice   from   the   GENSAT   BAC  

Transgenic   Program,   and   the   line   presented   here   (Tg(Cx3cr1-­‐‑Cre)MW123GSat)   was  

selected  as   it   exhibited   the   least   off-­‐‑target   expression   in  CX3CR1-­‐‑   cell  populations   and  

the  highest  efficiency  of  expression   in  CX3CR1+  cell  populations   (data   for  other  strains  

not  shown).  Of  note,  this  strain  is  distinct  from  a  previously  described  GENSAT  Cx3cr1-­‐‑
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CreBT  line  (Abram  et  al.,  2014).  We  first  assessed  Cre  expression  in  various  immune  cell  

subsets   in   the  peripheral  blood  (see  Figure  8   for   flow  gating)  of  Cx3cr1-­‐‑CreBT  mice  by  

mating   them   to  Cre-­‐‑inducible  Rosa-­‐‑GFPflox/flox   reporter  mice   (F.  Wang,  unpublished),   in  

which  GFP  is  produced  only  by  Cre-­‐‑expressing  cells,  to  generate  Cx3cr1-­‐‑CreBT:GFPflox/wt  

mice.   We   found   that   in   Cx3cr1-­‐‑CreBT:GFPflox/wt   mice,   GFP   was   expressed   in   the   vast  

majority  of  Ly6Clow  resident  monocytes,  but  GFP  was  expressed  in  only  ~30%  of  Ly6Chigh  

inflammatory  monocytes  (Figure  9A  and  9B).  Approximately  25%  of  natural  killer  (NK)  

cells   expressed   GFP,   and   there   was   minimal   (<10%)   GFP   expression   in   eosinophils,  

neutrophils,  T  cells,  and  B  cells,  which  was  similar  to  GFP  expression  in  Cx3cr1GFP/wt  mice  

(Figure  9).  
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Figure  8:  Flow  cytometry  gating  on  peripheral  blood  cell  populations.  

Gating  strategy  for  flow  cytometric  identification  of  peripheral  blood  
populations,  including  neutrophils,  eosinophils,  natural  killer  (NK)  cells,  T  and  B  
lymphocytes,  and  Ly6Chi  inflammatory  monocytes  and  Ly6Clo  resident  monocytes.  

  

As  a  comparator,  we  analyzed  GFP  expression   in  Cx3cr1GFP/wt  mice,  which  have  

GFP   knocked   in   to   the  Cx3cr1   locus   (Jung   et   al.,   2000).   In  Cx3cr1GFP/wt  mice,   almost   all  

monocytes,   including   Ly6Clow   and   Ly6Chigh   monocytes,   express   GFP.   Only   20%   of  

natural   killer   (NK)   cells   express   GFP,   and   there   is   minimal   GFP   expression   in  

eosinophils,  neutrophils,  T  cells,  and  B  cells  (Figure  9B).  In  sum,  unlike  the  Cx3cr1GFP/wt  
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non-­‐‑Cre   expressing  GFPflox/wt   negative   controls   (Figure   10).      In   adult  Cx3cr1GFP/wt  mice,  

GFP   expression   was   limited   to   CD11b+   CD45low   brain   microglia   and   CD11b+   F4/80high  

kidney  macrophages,  with  little  or  no  GFP  expression  detected  in  Kupffer  cells,  splenic  

macrophages  or  lung  alveolar  macrophages.     In  contrast,  GFP  expression  was  found  in  

almost  all   tissue  macrophage  populations  of  Cx3cr1-­‐‑CreBT:GFPflox/wt  mice,  although  this  

expression   was   limited   to   60%   of   alveolar   macrophages.      GFP   was   expressed   in   the  

majority   of   E10.5   yolk   sac   macrophages   (DeFalco   et   al.,   2014)   and   negligible   GFP  

expression  was   observed   in   non-­‐‑myeloid   populations   or   CD45-­‐‑   populations   (data   not  

shown).  



!

! !

_a!

Cx3cr1 Cx3cr1-CreBT

Brain
Microglia

Small intestine
macrophages

CD
45

CD
64

Kidney
macrophages

Liver
Kupffer cells

Splenic
macrophages

Lung
aveolar
macrophages

F4
/8

0

CD11b GFP

Live CD45+ GFP/wt

!

=$K26/!L`0!!-./012!03$45X=<!$(!/PB6/((/A!$#!5$((2/!%&.63B4&K/(!?7!C'3>!
.753%/567!

L"7(2.-*%7!2>!I`P!/Y1-/77"2'!"'!("77&/!%*H-215*./!121&3*("2'7!*>(/-!.*("'.!2'!
3"#/!K0aFZ!H/337<!Q"77&/!%*H-215*./7!:/-/!"+/'(">"/+!*7!+/1"H(/+!"'!(5/!3/>(!1*'/37C!*'+!



  

     

65  

GFP  expression  in  those  macrophages  in  Cx3cr1GFP/wt  and  Cx3cr1-­‐‑CreBT:GFPflox/wt  mice  
are  shown.  Closed  grey  histogram:  Rosa26-­‐‑GFPflox/wt  control;  open  black  histogram:  
Cx3cr1GFP/wt  or  Cx3cr1-­‐‑CreBT:GFPflox/wt  mouse.  Representative  of  over  15  animals  and  4  

experiments.  

  

In   some   tissues   of   Cx3cr1-­‐‑CreBT:GFPflox/wt   mice,   such   as   the   brain,   liver,   and  

spleen,   GFP   expression   displayed   considerable   overlap   with   the   GFPflox/wt   negative  

control   despite   a   total   shift   in   the   curve   (Figure   10).      To   determine   if   this   limited  

expression  of  GFP  was  due   to  poor  Cre  expression  or   to  characteristics  of   the   reporter  

strain  used,  we  mated  Cx3cr1-­‐‑CreBT  mice  to  Rosa26-­‐‑tdTomato  reporters  (Madisen  et  al.,  

2010)   to  generate  Cx3cr1-­‐‑CreBT:tdTomatoflox/wt  mice  and  analyzed   individual   tissues  by  

fluorescent   microscopy.      In   the   brains   of   Cx3cr1-­‐‑CreBT:tdTomatoflox/wt   mice,   all  

parenchymal   microglia   expressed   tdTomato   in   a   pattern   that   overlapped   staining   for  

Iba-­‐‑1,   a   calcium-­‐‑binding   adaptor   protein   that   is   expressed   on  microglia   (Figure   11A).  

The   tdTomato   reporter   and   Iba-­‐‑1   were   also   expressed   in   other   brain   macrophage  

populations   known   to   express  CX3CR1,   such   as  meningeal  macrophages   (Figure   11A,  

arrows).    No  tdTomato  expression  was  observed  in  non-­‐‑myeloid  populations,  including  

neurons,   astrocytes,   and   oligodendroctyes.   In   Cx3cr1-­‐‑CreBT:tdTomatoflox/wt   mice,  

tdTomato  was  expressed  in  patterns  consistent  with  those  of  liver  Kuppfer  cells  (Figure  

11B),   splenic   red   pulp   macrophages   (Figure   11C),   and      lung   alveolar   macrophages  

(Figure  11D).  
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Figure  11:  Cx3cr1-­‐‑CreBT:tdTomato  is  expressed  in  tissue  macrophages  by  
histology  

A)  Frontal  cortex  of  a  6  week-­‐‑old  Cx3cr1-­‐‑CreBT:  tdTomatoflox/wt  mouse  showing  
tdTomato,  Iba-­‐‑1,  and  merged  markers.  

B)  Liver  of  a  6  week-­‐‑old  Cx3cr1-­‐‑CreBT:  tdTomatoflox/wt  mouse  showing  tdTomato  
(red)  and  DAPI  (blue).  

C)  Spleen  of  a  6  week-­‐‑old  Cx3cr1-­‐‑CreBT:  tdTomatoflox/wt  mouse  showing  
tdTomato  (red)  and  DAPI  (blue).  

D)  Lung  of  a  6  week-­‐‑old  Cx3cr1-­‐‑CreBT:  tdTomatoflox/wt  mouse  showing  tdTomato  
(red)  and  DAPI  (blue).  

 

3.3.3. Cre expression in dendritic cells of Cx3cr1-CreBT mice 

CX3CR1   has   been   previously   described   to   be   expressed   on   subsets   of   both  

migratory   and   resident   lymph   node   dendritic   cells   (DC)   (Becker   et   al.,   2014),   and   is  

upregulated  on  DC  with  maturation  (Kanazawa  et  al.,  1999;  Papadopoulos  et  al.,  1999).  
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To   determine   if   Cre   is   expressed   in   dendritic   cells   (DC)   of   Cx3cr1-­‐‑CreBT   mice,   we  

performed  flow  cytometric  analysis   in  Cx3cr1-­‐‑CreBT:GFPflox/wt  mice  for   lymph  node  DC  

populations  (see  Figure  12  for  flow  gating).  

  

Figure  12:  Flow  cytometry  gating  on  dendritic  cell  populations  

A)  Gating  strategy  for  flow  cytometric  identification  of  lymph  node  dendritic  cell  
(DC)  populations.    
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B)  Gating  strategy  for  flow  cytometric  identification  of  skin  Langerhan’s  cells,  
after  gating  on  live  CD45+  cells.  

  

Among   the   migratory   DC   populations,   we   found   that   the   vast   majority   of  

CD11b+   DC   expressed   GFP,   including   both   CD207-­‐‑   and   CD207+CD103-­‐‑   (Langerhan’s)  

CD11b+  DC  (Figure  13A).  While  there  was  heterogeneous  GFP  expression  in  migratory  

CD11b-­‐‑  DC  populations  (Figure  13A),  as  well  as  CD8+  and  CD8-­‐‑  lymph  node  resident  DC  

(Figure  13B),  the  majority  of  these  DC  populations  also  expressed  GFP.  To  confirm  these  

findings   in  a  peripheral   tissue,  we  examined  GFP  expression   in   skin  Langerhan’s   cells  

(see   Figure   12   for   flow   gating).   As   we   observed   with   the   CD11b+CD207+CD103-­‐‑  

Langerhan’s  DC  in  the  lymph  node,  most  skin  Langerhan’s  cells  were  GFP+  (Figure  13C).  

While  reporter  expression  has  not  been  assessed  in  depth  in  Cx3cr1-­‐‑CreKI  mice  for  DC  

populations,   Langerhan’s   cells   have   been   reported   to   be   positive   for   a   Cre-­‐‑inducible  

fluorescent   reporter   in   Cx3cr1-­‐‑CreKI   mice,   whereas   Langerhan’s   cells   are   GFP-­‐‑   in  

Cx3cr1GFP/wt  mice  (Yona  et  al.,  2013).  
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Rosa26-­‐‑DTR  mice,  a  stop  codon  preventing  translation  of  the  diphtheria  toxin  receptor  is  

excised  in  the  presence  of  Cre.  Thus,  Cre-­‐‑expressing  cells  are  able  to  bind  and  internalize  

diphtheria   toxin   (DT)   and   thereby   be   specifically   ablated.      The   treatment   of   Cx3cr1-­‐‑

CreBT-­‐‑DTR  mice  with  DT  (10  ng/g    i.p.  daily  for  3  days)  resulted  in  a  dramatic  reduction  

in  Ly6Clow  resident  monocytes  as  a  percentage  of  total  blood  cells  (Figure  14A  and  B).    In  

non-­‐‑Cre  expressing  Rosa26-­‐‑DTRflox/flox  control  mice,  resident  monocytes  were  unaffected  

by  DT  treatment    (Figure  14A  and  B).    Despite  their  low  level  of  Cre  expression,  Ly6Chi  

inflammatory   monocytes   were   not   ablated   in   DT-­‐‑treated   Cx3cr1-­‐‑CreBT-­‐‑DTR   mice,  

resulting  in  an  increase   in  the  percentage  of  these  cells  among  total  blood  cells  (Figure  

14A  and  B).    
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Figure  14:  Selective  depletion  of  myeloid  cells  in  Cx3cr1-­‐‑CreBT-­‐‑DTR  mice  

A)  Peripheral  blood  monocytes  as  determined  by  flow  cytometry  in  Rosa26-­‐‑DTR  
and  Cx3cr1-­‐‑CreBT-­‐‑DTR  mice  48  hours  after  treatment  with  10  ng/kg  of  diphtheria  toxin  

(DT)  i.p.  Plots  are  gated  on  total  monocytes  and  further  subgated  into  Ly6Chi  
inflammatory  and  Ly6Clow  resident  monocytes.  Representative  of  5  experiments  with  at  

least  5  mice  each.  
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B)  Quantification  of  Ly6Clow  resident  monocytes  and  Ly6Chi  inflammatory  as  a  
percentage  of  total  blood  cells  in  Rosa26-­‐‑DTR  and  Cx3cr1-­‐‑CreBT-­‐‑DTR  mice  before  
treatment  and  48  hours  after  treatment  with  10  ng/kg  of  diphtheria  toxin  (DT).  n=3,  

representative  of  5  experiments.  

C)  Total  brain  leukocytes  as  determined  by  flow  cytometry  in  Rosa26-­‐‑DTR  and  
Cx3cr1-­‐‑CreBT-­‐‑DTR  mice  24  hours  after  treatment  with  50  ng/kg  DT  i.p.  daily  for  3  days.  
Plots  are  gated  on  total  live  CD45+  cells  and  subgated  into  microglia  (CD11b+  CD45low),  
myeloid  (CD11b+  CD45high),  lymphoid  (CD11b-­‐‑  CD45high),  and  non-­‐‑immune  (CD45-­‐‑)  cells.  

Representative  of  5  experiments  with  at  least  3  mice  each.  

D)  Quantification  of  absolute  number  of  cells  after  treatment  as  described  in  C.  
n=3,  representative  of  5  experiments.  **p<0.01,  ***p<0.001  by  Student’s  t  test.  

E)  CD11b  immunohistochemical  staining  in  the  frontal  cortex  of  Rosa26-­‐‑DTR  and  
Cx3cr1-­‐‑CreBT-­‐‑DTR  mice  after  DT  treatment  as  described  in  C.  Scale  bar:  100  µμm.  

Representative  of  3  experiments  with  at  least  3  mice  each.  

  

To   determine   if   tissue   macrophage   populations   could   be   depleted   in   Cx3cr1-­‐‑

CreBT-­‐‑DTR  mice,  these  mice  were  treated  with  a  much  higher  dose  of  DT  (150  ng/g  i.p.  

daily   for  3  days).     This   treatment  dramatically  reduced   the  number  of  microglia   in   the  

CNS   (Figure   14C   and   D).   On   histologic   examination,   DT-­‐‑treated   Cx3cr1-­‐‑CreBT-­‐‑DTR  

mice   demonstrated   a   dramatic   reduction   in   the   presence   of   parenchymal   CD11b+  

microglia  while   control  mice  were  unaffected  by  DT   treatment   (Figure   14E).  After  DT  

treatment,   Cx3cr1-­‐‑CreBT-­‐‑DTR   mice   did   not   exhibit   any   neurological   or   behavioral  

symptoms  for  the  first  3-­‐‑4  days.  However,  after  5  days,  the  majority  of  these  mice  began  

to  lose  body  weight,  developed  ataxia,  and  had  to  be  sacrificed  due  to  a  failure  to  thrive  

of  unknown  etiology.  Thus,  while  we  could  not  utilize  this  particular  model  to  study  the  

biological  outcomes  of  DT  depletion  of  microglia  as  has  been  done  by  previous  groups  
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(Parkhurst   et   al.,   2013),   these   results   establish   the   proof   of   concept   that  Cx3cr1-­‐‑CreBT  

mice   can   be   used   for   Cre-­‐‑mediated   gene   targeting   in   resident   monocytes   and   tissue  

macrophages.  

  

3.4 Discussion 

Our  studies  characterizing  Cx3cr1-­‐‑CreBT  mice  demonstrate  that  Cre  recombinase  

is   expressed   primarily   in   Ly6C-­‐‑   but   not   Ly6C+   blood  monocytes,   the   vast   majority   of  

tissue  macrophages,   including  microglia,   and   the  majority  of  dendritic   cells.     We  have  

established   proof   of   concept   that   Cx3cr1-­‐‑CreBT   mice   can   be   used   for   selective   gene  

targeting   in   these   populations   using   the   Cre-­‐‑inducible   diphtheria   toxin   receptor   to  

demonstrate  cell-­‐‑specific  DT  depletion.  Cre-­‐‑dependent   fluorescent   reporting   in  Cx3cr1-­‐‑

CreBT  mice  is  consistent  with  the  patterns  observed  in  previously  described  constitutive  

Cx3cr1-­‐‑CreKI   lines,  with   the  benefit   that,  unlike  knock-­‐‑in   fluorescent   reporting  or  Cre-­‐‑

expressing  mice,  Cx3cr1-­‐‑CreBT  mice  express  both  copies  Cx3cr1.  

Cx3cr1  knock-­‐‑in  reporter  and  Cre  expressing  mice  have  been  invaluable  tools  for  

lineage   tracing   and   gene   deletion   in  monophagocytes.   As   the   ontogenic   relationships  

between  monocytes  and   tissue  macrophages   in  homeostasis  have  become  more  clearly  

defined,  studies  are  increasingly  focused  on  understanding  the  physiologic  roles  of  these  

populations   in   inflammation.   However,   Cx3cr1   knock-­‐‑in   mice   present   a   barrier   to  

studying   the   physiologic   function   of   monophagocytes   because   CX3CR1   itself   plays   a  
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role  in  organismal  development,  immune  responses,  and  disease  pathogenesis  in  a  gene  

dose-­‐‑dependent  fashion.  For  example,  Cx3cr1  has  been  demonstrated  to  be  important  for  

cognitive   function   in   a   gene-­‐‑dosage-­‐‑dependent   manner,   where   both   Cx3cr1-­‐‑/-­‐‑   and  

Cx3cr1+/-­‐‑   mice   exhibiting   decreased   hippocampal   neurogenesis   and   associative   and  

spatial   memory   formation   when   compared   to   Cx3cr1+/+   mice   (Rogers   et   al.,   2011).   In  

humans,  the  CX3CR1  I249  allele,  which  significantly  decreases  CX3CL1  binding  sites  on  

monocytes,  is  an  independent  risk  factor  for  coronary  artery  disease  (Moatti  et  al.,  2001)  

This   observation   has   been   replicated   in   mice,   as   both   Cx3cr1-­‐‑/-­‐‑   and   Cx3cr1+/-­‐‑,   but   not  

Cx3cr1+/+,   mice   on   an   ApoE-­‐‑deficient   background   were   both   protected   from  

atherosclerosis   (Combadiere   et   al.,   2003).   In   mice,   the   induction   of   oral   tolerance   has  

been   demonstrated   to   be   dependent   on   CX3CR1+   intestinal   macrophages,   which   pass  

antigen  to  CD103+  dendritic  cells  through  gap  junctions.  This  phenomenon  is  dependent  

on   CX3CR1,   as   Cx3cr1GFP/GFP   and   Cx3cr1GFP/wt   mice   have   impaired   induction   of   oral  

tolerance   (Mazzini   et   al.,   2014).   In   sum,   these   studies   suggest   that  Cx3cr1+/-­‐‑  mice   have  

altered   development   and   immune   responses   and   should   be   chosen   with   care   for  

experimental  design.  

The   major   finding   of   this   study   is   that,   despite   the   use   of   a   BAC   transgene,  

Cx3cr1-­‐‑CreBT  mice  have  a  phenotype   that   is   virtually   identical   to   that   of   a  previously  

described   Cx3cr1-­‐‑CreKI   mouse,   which   also   selectively   expresses   Cre   in   tissue  

macrophages   and   Ly6C-­‐‑   but   not   Ly6C+   blood   monocytes   (Yona   et   al.,   2013).   This   is  



  

     

75  

highlighted   in   the  monocyte  populations,   as   >95%  of  both  Ly6C+   and  Ly6C-­‐‑  monocyte  

populations   are   GFP+   in   Cx3cr1GFP/wt   reporter   mice,   but   demonstrate   dichotomous  

expression   in   fluorescent-­‐‑reporting  Cx3cr1-­‐‑CreKI  mice   (Yona   et   al.,   2013).  We   found   a  

similar  pattern  of   expression,   in   that  GFP  was   expressed   in   ~80%  of  Ly6C+  monocytes  

and  only  ~35%  of  Ly6C-­‐‑  monocytes,  and  this  was  reflected  in  different  susceptibilities  to  

inducible   diphtheria   toxin   ablation,   where   only   Ly6C-­‐‑  monocytes  were   depleted  with  

DT.   These   findings   demonstrate   that   Cx3cr1-­‐‑CreBT   mice   are   a   useful   tool   for  

understanding  the  different  physiological  roles  of  Ly6C+  and  Ly6C-­‐‑  monocytes.  Cx3cr1-­‐‑

CreBT   mice   also   have   a   very   similar   pattern   fluorescent   reporting   compared   to  

previously  described  constitutive  Cx3cr1-­‐‑CreKI  mice   in   tissue  macrophages.  We   found  

that  the  majority  of  dendritic  cells  were  GFP+  in  Cx3cr1-­‐‑CreBT  mice,  but  DC  expression  

of  Cre  in  Cx3cr1-­‐‑CreKI  mice  has  not  been  previously  described.  

The  description  of  Cre  expression  in  this  Cx3cr1-­‐‑CreBT  mouse  may  be  used  as  a  

reference,  but  the  phenotype  of  every  Cre-­‐‑flox  mouse  cross  is  unique.  The  induction  or  

deletion  of   a   floxed   target  gene   should  be   examined  and  demonstrated   in   specific   cell  

populations,  as  Cre-­‐‑mediated  DNA  excision  of  floxed  alleles  is  dependent  on  the  timing  

of  Cre  expression,  simultaneous  accessibility  of  the  floxed  gene  locus,  and  the  rate  of  cell  

turnover.   For   example,   the   LysM-­‐‑Cre   mouse   was   described   to   express   Cre   in   both  

macrophage  and  neutrophil  populations   (Clausen  et   al.,   1999),   but  when  mated   to   the  

Rosa26-­‐‑DTR   mouse,   diphtheria   toxin   administration   had   no   significantly   effect   on  



  

     

76  

neutrophils  (Goren  et  al.,  2009).  Similarly,  we  have  observed  that  when  the  Cx3cr1-­‐‑CreBT  

mouse  is  mated  to  certain  strains  of  floxed  mice  that  we  see  robust  target  gene  deletion  

and   decreased   protein   expression   in   tissue   macrophages   but   not   in   DC   populations  

(unpublished   data),   despite   widespread   expression   of   GFP   expression   in   the   DC   of  

Cx3cr1-­‐‑CreBT:GFPflox/wt  mice.  These  data  suggest  that  every  unique  Cre-­‐‑flox  mouse  strain  

should   describe   cell   type-­‐‑specific   gene   deletion   and   protein   expression   in   order   to  

contextualize  subsequent  physiologic  studies.  

In   sum,  Cx3cr1-­‐‑CreBT  mice   represent   a   novel   tool   that   express  Cre   similarly   to  

Cx3cr1-­‐‑CreKI  mice  without  perturbing  the  Cx3cr1  locus.  These  mice  are  useful  for  gene  

targeting   in   Ly6C-­‐‑   resident   monocytes,   dendritic   cells,   tissue   macrophages,   and  

microglia.  
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4. Comprehensive flow cytometric analysis of immune 
cells to identify dendritic cells and novel macrophage 
populations in the murine brain 

  

4.1 Introduction 

It   was   once   believed   that   the   central   nervous   system   (CNS)   is   fully   “immune  

privileged”  and   that   the  access  of   immune  cells   to   the  brain   is   severely   restricted.   It   is  

now   known   that   there   are  many   immune   cell   types   present   in   the   brain   that   actively  

regulate  local  immune  responses.    We  now  understand  that  brain-­‐‑resident  immune  cells  

play   a   role   in   the   pathogenesis   of   a   variety   of   neuroinflammatory   and  

neurodegenerative   diseases,   including   multiple   sclerosis,   cerebrovascular   accidents,  

traumatic   brain   injury,   amyotrophic   lateral   sclerosis,   and   Alzheimer’s   disease  

(Ransohoff   and   Cardona,   2010).   Recent   studies   have   also   demonstrated   that   immune  

cells   facilitate   brain   development,   as   microglia   regulate   the   numbers   of   neural  

precursors   (Cunningham   et   al.,   2013),   and   may   even   contribute   to   neuropsychiatric  

illnesses   such   as   bipolar   disorder,   schizophrenia,   and   major   depressive   disorder  

(Beumer   et   al.,   2012).   Flow   cytometry   has   been   employed   to   understand   the   cellular  

players   involved   in   mouse   models   of   these   pathologies,   but   the   identities   of   brain  

immune   cells   have   been   poorly   defined.   In   general,   brain   immune   cells   have   been  

largely   classified   as   CD11b+   CD45lo   microglia,   and   CD45hi   cells,   which   represent   a  

heterogeneous  population  of  leukocytes  (Cardona  et  al.,  2006a)  
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As  microglia  are  the  predominant  immune  cell  of  the  CNS,  the  focus  in  the  field  

has  been   to   identify  a  molecular   signature   that   is  unique   to  microglia   (Hickman  et  al.,  

2013).  Substantial  work  has  also  been  done  to  characterize  the  lymphocytes  of  the  CNS.  

This   has   been   aided   by   the   fact   that   T   and   B   cells   exhibit   lineage-­‐‑specific   surface  

markers,  and  CNS-­‐‑resident  T  cells,   in  particular,  have  been  phenotyped   to   the   level  of  

the  individual  T  cell  receptor  (Baruch  and  Schwartz,  2013).  However,  less  work  has  been  

done   to   describe   non-­‐‑microglial   myeloid   cells   of   the   brain.   This   is   in   part   because  

commonly  used  markers  to  identify  myeloid  cells  in  lymphoid  organs  lack  specificity  in  

non-­‐‑lymphoid  organs.  For  example,  the  identification  of  dendritic  cells  (DC)  by  the  use  

of  MHC-­‐‑II  and  CD11c,  which  is  sufficient  in  lymphoid  organs,  also  includes  macrophage  

and   monocyte   populations   in   non-­‐‑lymphoid   organs   (Misharin   et   al.,   2013;  

Zaynagetdinov   et   al.,   2013).   Brain   myeloid   cells,   including   monocytes,   macrophages,  

and  dendritic  cells,  are  increasingly  being  recognized  as  important  contributors  to  brain  

development,  homeostasis,   inflammation,  and  disease  pathology,  yet  there  are  no  tools  

to  specifically  distinguish  between  these  cell  types.  

In  this  study,  we  present  a  detailed  strategy  based  on  flow  cytometry  to  identify  

all  brain  immune  cell  types.  We  highlight  a  novel  method  to  unambiguously  distinguish  

microglia,   monocytes,   dendritic   cells,   and   two   novel   populations   of   macrophages:  

F4/80hi   macrophages   and   IA/IE+  macrophages.  We   demonstrate   that   expression   of   the  

chemokine  receptor  CX3CR1  is  not  restricted  to  microglia,  but  rather  is  expressed  on  all  
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brain  myeloid  cells.  IA/IE+  macrophages  are  demonstrated  to  survey  the  blood,  whereas  

F4/80hi  macrophages  appear   to  be   restricted  by   the  blood-­‐‑brain  barrier.  Lastly,  we   find  

that  while   brain   dendritic   cells   are   a   transient   population   derived   from   bone-­‐‑marrow  

precursors,  F4/80hi  macrophages  and  IA/IE+  macrophages  are  long-­‐‑lived  or  self-­‐‑renewing  

populations.  The  detailed  identification  of  these  cell  subtypes  provides  a  framework  for  

future  studies  of  brain  development,  homeostasis,  and  inflammation.  

  

4.2 Materials and Methods 

Mice,   PKH26PCL   treatment,   and   bone  marrow   chimeras.  C57BL/6  mice  were  

purchased   from  Charles  River  Laboratories   (Wilmington,  MA).  Cx3cr1GFP/GFP  mice  were  

provided   by   D.   Littman   (New   York   University,   New   York,   NY)   or   purchased   from  

Jackson   Laboratories   (Bar   Habor,   ME)   and   crossed   with   C57BL/6   mice   to   produce  

Cx3cr1+/GFP  mice.   CD45.1  mice  were   purchased   from   Jackson   Laboratories.   PKH26PCL  

and  Diluent  B  vehicle  were  prepared  as  described  by  manufacturer   for   in  vivo   labeling  

(Sigma-­‐‑Aldrich,  St.  Louis,  MO).  C57BL/6  mice  were  treated  retro-­‐‑orbitally  (r.o.)  with  200  

uL  of  either  PKH26PCL  or  Diluent  B  vehicle.  Expression  of  PKH26PCL  was  determined  

by   flow   cytometry   6   days   after   administration.   For   bone   marrow   chimeras,   C57BL/6  

mice  were   treated  with   25  mg/kg  busulfan   in  PBS   i.p.   daily   for   2   consecutive  days.   48  

hours  after  the  last  busulfan  injection,  mice  were  transferred  5x106  whole  bone  marrow  

cells   r.o.   from   CD45.1   congenic   donors.   Mice   were   observed   and   weighed   daily   to  
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monitor   health.   All   animal   experiments   were   conducted   in   accordance   with   National  

Institutes   of   Health   guidelines   and   protocols   approved   by   the   Animal   Care   and   Use  

Committee  at  Duke  University.  

  

Tissue  Processing.  Blood  was  collected  from  isoflurane-­‐‑anesthetized  mice  with  a  

27G  insulin  syringe  and  immediately  resuspended  in  5%  fetal  bovine  serum  (FBS)  with  

10   mM   HEPES.   Mice   were   intracardially   perfused   with   PBS   and   brains   were   then  

rapidly  harvested  and  stored  on  ice  in  PBS.  Brains  were  gently  teased  apart  and  digested  

for  1  hour  at  37°C  in  a  50  mL  conical  tube  with  1.5  mg/mL  collagenase  A  (Roche  Applied  

Science;  Penzberg,  Germany)  and  0.40  mg/mL  DNase   I   (Roche  Applied  Science)   in  5%  

FBS   and   10mM   HEPES   in   HBSS.   Every   15   minutes,   brain   suspensions   were   passed  

through   increasingly   narrow   Pasteur   pipettes   (made   manually   by   glass   flaming)   and  

then   tubes  were   vigorously   vortexed   every   15  minutes.   Cells  were   then  washed  with  

PBS,   resuspended   in   30%   Percoll   in   PBS,   and   centrifuged   for   20   minutes   at   600g.  

Supernatant   was   discarded   and   the   pellet   was   washed   in   PBS.   Red   blood   cells   were  

lysed   with   ammonium/chloride/potassium   (ACK)   lysis   buffer   and   then   cells   were  

resuspended  in  5%  FBS  and  10mM  HEPES  in  HBSS.  

  

Flow  cytometric  analysis.  Cells  were  counted  and  2x106  cells  were  stained  with  

LIVE/DEAD  Aqua   (Invitrogen/Life  Technologies,  Carlsbad,  CA)   in  PBS.   Samples  were  
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blocked   in   5%   rat   serum,   5%  mouse   serum,   1%  Fc  Block   (eBioscience,   San  Diego,  CA)  

and  stained  for  30  minutes  at  25°C  with  the  following  antibodies:  CD11c  PE-­‐‑Cy5.5,  F4/80  

PE-­‐‑Cy7,   Ly6G   AF700,   CD11b   APC-­‐‑Cy7,   Ly6C   V450,   CD45   Qdot605,   IA-­‐‑IE   Qdot655  

(eBioscience,   San   Diego,   CA),   CD64   APC,   CD206   APC,   CD45   BV605,   CD24   BV711  

(Biolegend,  San  Diego,  CA).  Cells  were  analyzed  on  a  BDTM  LSR-­‐‑II  Flow  Cytometer  (BD  

Biosciences;   Franklin   Lakes,  NJ)   in   the  Duke  Human  Vaccine   Institute   Flow   Research  

Facility  and  data  was  analyzed  with  FlowJo  (Treestar;  Ashland,  OR).    

  

4.3 Results 

  

4.3.1 Identification and surface phenotyping of brain immune cells 

In   order   to   develop   a   way   to   comprehensively   examine   immune   cells   in   the  

mouse   central   nervous   system   (CNS),   we   improved   upon   existing   methods   of   CNS  

tissue  processing  for  flow  cytometry  (Cardona  et  al.,  2006a;  Garcia  et  al.,  2014;  Nguyen  et  

al.,  2011).  Mice  were  first  terminally  anesthetized  and  perfused  through  the  left  ventricle  

with  PBS  to  ensure  that  circulating  blood  cells  had  been  removed.  Brains  were  removed  

and   rather   than  direct  mechanical  digestion,   such  as   the  use  of  mortar   and  pestle,   cell  

strainers,   razors,      and   frosted   glass      slides,  which  we   find   induce   cell   death   (data   not  

shown),  brains  were  gently  teased  apart  with  forceps  and  then  enzymatically  digested  in  

collagenase  and  DNAse.  Enzymes  such  as  papain  and  dispase  should  be  avoided  as  we  
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have  determined  that  they  result  in  undesired  cleavage  of  cell  surface  proteins  (data  not  

shown).   During   the   enzymatic   digestions,   the   brain   pieces   were   periodically   agitated  

with   increasingly   stringent   Pasteur   pipettes,  which  were  manually   flamed   to   produce  

progressively  smaller  apertures.  After  an  hour,  the  resulting  solution  was  washed  with  

PBS.  We   and   others   have   previously   utilized   density   gradients   (commonly   layering   a  

30%  over  70%  Percoll  solution  or  Optiprep  gradients)  to  isolate  immune  cells  (Cardona  

et   al.,   2006a;   Nguyen   et   al.,   2011).      However,   we   have   found   that   density   gradients  

decrease   cell   yield   and   remove   certain   immune   cell   subsets.   Instead,  we   resuspended  

and  centrifugated  cells  in  30%  Percoll,  which  removes  myelin  debris  and  results  in  a  cell  

pellet,   with   about   a   5-­‐‑10-­‐‑fold   increase   in   cell   yield   over   Percoll   gradients   (data   not  

shown).  

We  have  previously  described  a  method  of  comprehensively  identifying  immune  

cells   in   non-­‐‑lymphoid   tissues   by   flow   cytometry   (Yu   et   al.,   in   submission).   We   have  

applied  this  general  strategy  to  the  CNS,  which  has  unique  cell  populations,  as  shown  in  

Figure  15.  We  first  gated  on  singlet  events  larger  than  cell  debris  (FSC-­‐‑H  vs.  FSC-­‐‑A)  and  

then   selected   for   live   cells,  which   are   negative   for   the   LIVE/DEAD   discriminator.  We  

then  gated  on  CD45+  cells,  which  comprise  approximately  35%  of  the  cells  following  our  

brain  digestion  protocol.  While  we  have  not  systematically  characterized  the  CD45-­‐‑  cells,  

of  which  most  are  likely  neurons,  astrocytes,  and  oligodendrocytes,  we  have  determined  

that   approximately   10%   of   CD45-­‐‑   cells   are   endothelial   cells   (data   not   shown).   After  
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gating  on  CD45+  cells,  neutrophils  can  be  identified  as  Ly6G+  SSChi  cells.  After  gating  out  

neutrophils,  the  remaining  cells  can  be  generally  classified  as  lymphoid  (CD11b-­‐‑CD11c-­‐‑)  

or  myeloid  (CD11b+  and/or  CD11c+).  Lymphocytes  can  be   further  classified   into  T  cells  

(IA/IE-­‐‑  CD24-­‐‑)  or  B   cells   (IA/IE+  CD24+),   and  we  have   confirmed   the   identities  of   these  

cell  populations  by  their  expression  of  CD3ε  and  CD19  (data  not  shown).  

  

Figure  15:  Flow  cytometric  analysis  of  brain  immune  cells  

Flow  cytometric  gating  strategy  for  identifying  lymphocytes  (T  and  B  cells),  NK  
cells,  neutrophils,  microglia,  monocytes  (Ly6Chi  inflammatory  and  Ly6Clo  resident),  
macrophages  (IA/IE+  macrophages  and  F4/80hi  macrophages),  and  dendritic  cells.  

Representative  of  4  experiments  with  at  least  3  mice  each.  
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Among   the   predominantly   myeloid   cell   populations,   we   separate   microglia,  

which   are  CD11b+  CD45lo,   from  other  myeloid   subsets,  which   are  CD11b+   and   express  

higher   levels  of  CD45.  CD45hi  myeloid  cells   can  be  separated   into  3  major  populations  

based   on   their   expression   of   CD64   and   CD24.   CD64+   CD24-­‐‑   cells   represent   mature  

macrophage  populations,  which  can  be  further  subdivided  into  two  populations  based  

on   their   expression   of   IA/IE   and  F4/80.  We  have   termed   these   two  populations   IA/IE+  

macrophages   and   F4/80hi   macrophages.   The   CD64-­‐‑   CD24-­‐‑   cells   are   made   up   of   F4/80-­‐‑  

CD11blo   natural   killer   (NK)   cells   and   CD11b+   F4/80lo   monocytes.   Monocytes   can   be  

further   subdivided   into   Ly6Chi   CD11c-­‐‑   inflammatory   monocytes   and   Ly6Clo   CD11clo  

resident   monocytes.   The   CD64lo   CD24+   population   is   primarily   composed   of   IA/IE+  

CD11c+  dendritic  cells,  of  which  almost  all  are  CD11b+  (Figure  15).  Of  note,  in  the  brain,  

dendritic   cells   cannot   be   identified   solely   by   MHC-­‐‑II   and   CD11c,   as   the   IA/IE+  

macrophage  population  exhibits  heterogeneous  expression  of  CD11c,  and  thus  the  two  

populations  cannot  be  separated  by  IA/IE  and  CD11c  alone  (Figure  16).  
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Figure  16:  MHC-­‐‑II  and  CD11c  expression  in  brain  macrophages  and  dendritic  
cells  

Overlay  of  MHC-­‐‑II  and  CD11c  expression  as  determined  by  flow  cytometry  in  
dendritic  cells  (red),  IA/IE+  macrophages  (blue),  and  F4/80hi  macrophages  (orange).  

Representative  of  5  experiments  with  at  least  3  mice  each.  

  

After  identifying  these  cell  populations,  we  sought  to  quantitate  their  frequencies  

relative  to  all  CD45+  brain  immune  cells  (Figure  17).  Microglia,  which  make  up  ~93%  of  

CD45+  cells,  are  the  most  predominant.  The  second  largest  population  of  cells  are  F4/80hi  

macrophages,  ~2.6%.  The  remaining  cell  populations  are  relatively  rare,  each  making  up  

~1%  or  less  of  total  immune  cells,  and  their  frequencies  are  shown  in  Figure  17.  
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Figure  17:  Figure  17:  Quantification  of  brain  immune  cell  subtypes  

Quantification  of  immune  cell  types  as  a  percentage  of  total  CD45+  brain  immune  
cells  as  identified  in  Figure  15.  Data  represent  the  mean  percentages  of  8  mice  pooled  

from  2  experiments.  

  

4.3.2 Cx3cr1 is expressed on all brain myeloid cells 

The   chemokine   receptor   CX3CR1   is   important   for   the   regulation   of   microglial  

activation   (Cardona   et   al.,   2006b)   and   is   commonly   used   as   a   marker   for   microglia  

within   the   CNS.   It   is   increasingly   described   as   a   molecule   that,   within   the   CNS,   is  

expressed  exclusively  on  microglia  (Wolf  et  al.,  2013),  and  mouse  strains  making  use  of  

the   Cx3cr1   promoter   and   locus   have   become   invaluable   tools   for   tracing   and  

manipulating  microglia  (Parkhurst  et  al.,  2013;  Yona  et  al.,  2013).  Previous  studies  have  

been  unable  to  study  the  expression  of  CX3CR1  on  other  myeloid  cells  in  the  CNS  due  to  

an   inability   to   specifically   identify   non-­‐‑microglial  myeloid   cell   types.  As   anti-­‐‑CX3CR1  

antibodies   have   been   found   to   sometimes   bind   non-­‐‑specifically,  we   assessed  CX3CR1  

expression  on  CNS  myeloid  populations  using  Cx3cr1GFP/wt  mice  (Jung  et  al.,  2000),  which  
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have  GFP  knocked  into  the  Cx3cr1  locus.  In  concordance  with  previous  observations,  we  

found  that  the  vast  majority  of  microglia  in  Cx3cr1GFP/wt  mice  expressed  GFP  (Figure  18).  

We   also   found   high   levels   of   GFP   expression   in   F4/80hi   macrophages,   IA/IE+  

macrophages,  dendritic  cells,  and  Ly6Clo  monocytes,  with  slightly  lower  but  still  positive  

GFP  expression  in  Ly6Chi  monocytes  (Figure  18).  We  found  minimal  expression  of  GFP  

in  brain  T  cells,  B  cells,  NK  cells,  and  neutrophils,  which  is  consistent  with  our  findings  

in  peripheral  populations  (data  not  shown).  These  findings  demonstrate  that  Cx3cr1,  as  

reported  by  GFP,  is  expressed  not  just  in  microglia,  but  in  all  brain  myeloid  cells.  

  

Figure  18:  Figure  18:  Brain  myeloid  cell  expression  of  GFP  in  Cx3cr1GFP/wt  mice  

Histograms  of  GFP  expression  as  determined  by  flow  cytometry  in  microglia,  
F4/80hi  and  IA/IE+  macrophages,  dendritic  cells,  and  Ly6Clo  and  Ly6Chi  monocytes  from  
the  brains  of  Cx3cr1GFP/wt  mice.  Open  black  histogram,  Cx3cr1GFP/wt  mice;  closed  grey  

histogram,  C57BL/6  littermate.  Representative  of  4  experiments  with  at  least  3  mice  each.  

  

In  addition  to  Cx3cr1,  we  assessed  other  markers  commonly  used  to  distinguish  

myeloid  cells,  including  CD206  (mannose  receptor)  and  SSC-­‐‑A  (granularity).  We  found  

that  F4/80hi  macrophages  are  unique  from  other  brain  myeloid  cell  populations  in  that  
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they  express  higher  levels  of  CD206  and  are  also  more  granular  (SSC-­‐‑Ahi).  Brain  myeloid  

cell  expression  patterns  of  cell  surface  molecules  are  summarized  in  Table  2.  

  

Table  2:  Summary  of  cell  surface  marker  expression  on  brain  myeloid  cells.  

–  negative,  lo  =  low  positive  expression,  +  positive  expression,  ++  very  high  expression  

   CD45 CD11b CD11c F4/80 CD206 IA/IE CD64 CD24 Cx3cr1 SSC-A 

Microglia lo + lo + - - + - ++ lo 

F4/80hi MΦ + + - ++ ++ - + - ++ hi 

IA/IE+ MΦ   ++ ++ lo/+ + lo + + - ++ lo 

DC   ++ ++ +` lo - + lo + ++ lo 

Ly6Chi 
monocyte   ++ ++ - + - -/+ lo - + lo 

Ly6Clo 
monocyte   ++ ++ + + - - lo - ++ lo 

  

4.3.3 Blood sampling ability and lineage tracing of brain myeloid cells 

In  order  to  better  understand  the  physiologic  functions  of  the  dendritic  cell  and  

macrophage   populations   as   we   have   identified   them,   we   sought   to   determine   their  

relationship   to   the   blood   brain   barrier   through   the   ability   to   phagocytose   and   retain  

factors  from  the  blood.  We  treated  mice  with  an  intravascular  injection  of  PKH26PCL,  a  

fluorescent   dye   that   is   selectively   phagocytosed   by   monocytes,   macrophages,   and  

dendritic  cells,  and  can  be  retained  and  detected  for  over  21  days  (Maus  et  al.,  2001).  7  

days  after  injection,  we  sacrificed  the  mice  and  assessed  the  expression  of  PKH26PCL  in  

brain   immune   cells   by   flow   cytometry.  We   found   that   the  majority   of   DC   and   IA/IE+  
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macrophages  retained  PKH26PCL,  whereas  most  microglia  and  F4/80hi  macrophages  did  

not  (Figure  19A).  These  results  suggest  that  DC  and  IA/IE+  macrophages  have  access  to  

the  vasculature,  while  microglia  and  F4/80hi  macrophages  are  unable   to   ingest   the  dye  

due   to   the   blood   brain   barrier.   To   ensure   that   these   results   were   not   affected   by  

differential   ability   to   retain   dye,  we   also   performed   a   similar   experiment  where   brain  

immune   cells   were   analyzed   24   hours   after   injection,   and   we   observed   very   similar  

results   (data  not  shown).  PKH26PCL  was  retained  only   in  monophagocytes,  as  we  did  

not  observe  positive  dye  staining  in  T,  B,  or  NK  cells  (data  not  shown).  
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Figure  19:  Figure  19:  Blood  sampling  ability  and  lineage  tracing  of  brain  
myeloid  cells  

A)  Histograms  of  PKH26PCL  expression  as  determined  by  flow  cytometry  in  
brain  microglia,  F4/80hi  macrophages,  IA/IE+  macrophages,  and  dendritic  cells  6  days  
after  i.v.  administration  of  vehicle  control  (closed  grey  histogram)  or  PKH26PCL  (open  

black  histogram).  Representative  of  2  experiments  with  4  mice  per  treatment.  

B)  Quantification  of  percentage  of  donor-­‐‑derived  (CD45.1)  cells  in  peripheral  
blood  3  weeks  after  adoptive  bone  marrow  transfer.  Representative  of  4  experiments  

with  15  mice  per  group.  

C)  Quantification  of  percentage  of  donor-­‐‑derived  (CD45.1)  cells  in  brain  
microglia,  F4/80hi  macrophages,  IA/IE+  macrophages,  and  dendritic  cells  6  weeks  after  
adoptive  bone  marrow  transfer.  Representative  of  3  experiments  with  5  mice  each.  
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These  findings  suggested  that  that  DC  and  IA/IE+  macrophages  might  be  situated  

outside   of   the   brain   parenchyma   and   the   blood   brain   barrier,   or   that   they   might   be  

derived   from   a   blood-­‐‑borne   precursor   that   had   already   phagocytosed   PKH26PCL.   In  

order   to   assess   the   longevity   and   cellular   origin   of   brain   macrophages   and   DC,   we  

transferred   congenic   CD45.1   bone   marrow   into   C57BL/6   mice   after   busulfan  

conditioning.  Busulfan,  a  myeloablative  DNA  chelating  agent,  has  been  previously  used  

to   generate   highly   efficient   bone   marrow   chimeras   with   high   survival   and   minimal  

perturbation   of   the   blood   brain   barrier   compared   to   irradiation   (Kierdorf   et   al.,   2013).  

We  treated  4  week-­‐‑old  C57BL/6  mice  daily  for  2  days  with  25  mg/kg  busulfan  i.p.  before  

transferring   5x106   CD45.1   bone   marrow   48   hours   after   the   last   injection.   All   mice  

survived  the  procedure  with  <5%  acute  decrease  in  body  weight  (data  not  shown).  

  

3  weeks  after  bone  marrow  transfer,  we  assessed   the  mice   for  peripheral  blood  

cell   chimerism   (see   Figure   8   for   gating   strategy)   and   found   that   80-­‐‑100%   of   all  

monocytes,   neutrophils,   and   eosinophils  were   donor-­‐‑derived   (CD45.1)   (Figure   19B).   6  

weeks   after   bone  marrow   transfer,   we   sacrificed   the  mice   and   assessed   chimerism   in  

brain  macrophages   and  DC.   The   vast  majority   of  microglia,   F4/80hi  macrophages,   and  

IA/IE+  macrophages  did  not  express  CD45.1,  meaning  that  they  were  not  bone-­‐‑marrow  

derived  and  instead  derive  from  local  self-­‐‑renewing  populations  (Figure  19C).  ~60%  of  

DC  were   CD45.1,   suggesting   that   brain   DC   are   replenished   by   circulating   precursors  
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(Figure  19C).  The  observations   that   IA/IE+  macrophages  are  able   to  uptake  PKH26PCL  

but  are  not  derived  from  bone  marrow  precursors  suggests  that  these  cells  have  greater  

access   to   the   vasculature   than   F4/80hi   macrophages.      These   findings   also   support   our  

differential   identification   of   IA/IE+  macrophages   from  DC  by   flow   cytometry,   as   these  

two  cell  types  clearly  derive  from  different  precursors.  

  

4.4 Discussion 

Here,   we   have   presented   the   development   of   a   novel   brain   homogenization  

technique  and   flow  cytometry   staining   strategy   that   allows   for   the   identification  of   all  

major   cell   types   in   the   murine   brain.   This   strategy   allows,   for   the   first   time,   the  

unambiguous   identification  of   brain   resident  dendritic   cells   and  macrophages   and   the  

characterization  of   two  novel  macrophage  subsets,   the  F4/80hi  macrophages  and   IA/IE+  

macrophages.  Additionally,  we  are  able   to  distinguish  both  resident  and  inflammatory  

monocytes   from   macrophage   populations.   The   ability   to   properly   identify   these   cell  

populations   allows   us   to   quantify   their   relative   frequencies,   to   examine   cell   surface  

expression   of   commonly   used  myeloid  markers,   and   to   begin   to   assess   the   functional  

properties  of  these  cell  types.  

The  identification  of  these  different  cell  types  is  critical  for  studying  immunity  in  

the  CNS  and  greatly   extends  our  knowledge  beyond   the   typical   classification  of   brain  

myeloid  cells  as  CD45hi  and  CD45lo.  While  our  findings  have  yet  to  be  conducted  under  
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mouse   models   of   CNS   inflammation,   such   as   traumatic   brain   injury,   experimental  

autoimmune  encephalitis,  and  Alzheimer’s  disease,  our  identification  of  these  cell  types  

at   the   steady   state   provides   a   foundation   for   identifying   the   cell   types   that   may   be  

important   in   the   context   of   disease.   Our   studies   with   bone   marrow   chimeras   also  

provide   insight   into   the   cellular   origin   of   the   cell   types   that   we   have   identified.   In  

concordance  with   previous   studies,  we   find   that  microglia   are   not   derived   from  bone  

marrow  precursors  (Ajami  et  al.,  2011;  Ajami  et  al.,  2007;  Ginhoux  et  al.,  2010;  Schulz  et  

al.,  2012),  and  we  also  observe  that  F4/80hi  macrophages  and  IA/IE+  macrophages  are  not  

derived   from   bone   marrow   precursors   in   the   adult   animal   and   may   locally   renew.  

Further  studies  will  be  needed  to  address  whether  these  two  macrophages  populations  

are   also   derived   from   yolk-­‐‑sac   macrophages   or   Myb-­‐‑dependent   hematopoietic  

precursors   and   determine   when   they   take   up   residence   in   the   brain   during  

development.  

While   we   have   yet   to   identify   the   anatomical   locations   of   brain   F4/80hi  

macrophages  and   IA/IE+  macrophages,  which  will   require   the  examination  of  multiple  

markers   as   we   have   described   by   fluorescent   imaging,   these   cell   populations   have  

similarities   to   previously   described   cell   types   by   histology.   The   differential   ability   of  

F4/80hi   macrophages   and   IA/IE+   macrophages   to   uptake   a   dye   from   the   vasculature  

implies  that  these  two  cell  types  are  situated  on  opposite  sides  of  the  blood  brain  barrier.  

There   has   been   a   long-­‐‑standing   observation   that   there   are   MHC-­‐‑II+   cells   with   the  
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morphology   of   macrophages   in   the   perivascular   spaces   of   the   brain   (Hickey   and  

Kimura,  1988;  Perry,  1998;  Sasaki  et  al.,  1996)  as  well  as  and  within  the  choroid  plexus  of  

the  lateral  ventricles  (Prodinger  et  al.,  2011),  which  are  the  interface  between  the  blood  

and  the  CSF  fluid.  Perivascular  macrophages  have  also  been  described  to  be  long-­‐‑lived  

(Bechmann  et  al.,  2001)  and  extend  processes  through  the  endothelium  to  sample  blood  

antigens  (Prodinger  et  al.,  2011).  Based  on  our  findings  that  IA/IE+  macrophages  are  able  

to   phagocytose   PKH26PCL   from   the   vasculature,  we   believe   that   IA/IE+  macrophages  

are  similar  to  perivascular  and  choroid  plexus  macrophages.  CD206+  macrophages  have  

been  described  in  the  meninges  and  perivascular  spaces  of  the  brain  (Galea  et  al.,  2005).  

We   find   that   F4/80hi   macrophages,   which   are   also   CD206hi,   have   minimal   ability   to  

phagocytose  PKH26PCL,  which  would  be  consistent  with  localization  to  the  meninges,  

where   they  would   have   less   access   to   the   vasculature   and   instead   be   associated  with  

cerebral   spinal   fluid   (CSF).   IA/IE+   macrophages   are   CD206lo,   but   not   CD206-­‐‑   like  

microglia,   which   may   explain   why   histologically   some   have   described   perivascular  

macrophages   to   express   CD206.   Further   studies   will   be   required   to   support   these  

associations.  

The  ability  to  identify  dendritic  cells  by  flow  cytometry  improves  upon  previous  

methods,  which   included   the   treatment   of  mice  with   exogenous   Flt3L   and   the   use   of  

CD11c-­‐‑EYFP  reporter  mice,  which  are  not  always  compatible  with   in  vivo   experiments  

(Anandasabapathy   et   al.,   2011)   Previous   attempts   to   identify   brain   DC   by   flow  
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cytometry  have  utilized  their  high  expression  of  MHC-­‐‑II  and  CD11c  (Anandasabapathy  

et  al.,  2011),  although  we  now  know  that   the  use  of   these   two  markers  are   insufficient  

identifiers  as  IA/IE+  macrophages  can  exhibit  a  similar  phenotype.  As  we  describe  here,  

the   usage   of   CD64   and   CD24   allows   for   the   unambiguous   identification   of   IA/IE+  

macrophages  from  DC.  This  is  a  strategy  that  has  been  previously  utilized  to  distinguish  

macrophages   from   dendritic   cells   in   other   peripheral   tissues,   including   the   lung,  

peritoneum,  and  intestines  (Langlet  et  al.,  2012;  Tamoutounour  et  al.,  2012).  Of  note,  it  is  

important   to   first   gate   out   B   cells   and   neutrophils,   which   also   express   high   levels   of  

CD24  (data  not  shown).  The  majority  of  brain  DC  as  we  have  described  are  all  CD11b+.  

Furthermore,  in  line  with  previous  observations  that  brain  DC  are  a  mobile  population  

that  have  a  brain  half-­‐‑life  of  5-­‐‑7  days   (Anandasabapathy  et  al.,  2011),  our  studies  with  

PKH26PCL   and   bone   marrow   chimeras   suggest   that   brain   DC   have   a   higher   rate   of  

turnover  than  microglia  and  other  brain  macrophages.  Previously,  it  has  been  suggested  

that  brain  DC  reside  in  the  meninges  and  choroid  plexus,  although  these  were  based  on  

the  use  of  a  CD11c-­‐‑EYFP  reporter  (Anandasabapathy  et  al.,  2011).  Further  studies  will  be  

required   to   determine   the   anatomical   niches   of   brain  DC   and   to   trace   their  migration  

after  egress  from  the  brain.  

Some   of   the   cell   types   that   we   were   able   to   identify,   such   as   neutrophils,  

monocytes,  T  cells,  B  cells,  and  NK  cells,  likely  are  present  due  to  incomplete  perfusion,  

as   the  brain   is  highly  vascularized,   or  perhaps   are   adherent   to   the  brain   endothelium.  
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The  vast  majority  of  these  cells  are  donor-­‐‑derived  during  bone  marrow  chimera  studies  

and  are  present  in  higher  percentages  when  the  mice  are  not  perfused  (data  not  shown).  

We  did  not  assess  subsets  of  lymphocytes,  such  as  T  cells,  which  have  been  previously  

described   in   detail,  where   choroid   plexus-­‐‑resident   T   cells   are  mostly   effector  memory  

CD4+  with  specificity  for  brain  antigens  presented  on  MHC  (Baruch  et  al.,  2013).  

Although   the   relative   frequencies   of   the   non-­‐‑microglial   immune   cell   types  

described  here  are   low,   they  may  be  vital   to  brain  homeostasis   and   inflammation.  For  

example,  T  cells  have  been  demonstrated  to  play  an  important  role  in  CNS  development,  

as  T   cell-­‐‑deficient  mice  have   impaired  neurogenesis,  which   is   corrected  with   adoptive  

transfer   of   T   cells   (Kipnis   et   al.,   2012;   Ziv   et   al.,   2006).   It   is   still   unclear   whether   the  

activity  of  T  cells  on  brain  development  occur  directly  within  the  CNS  or  are  secondary  

to  effects  peripheral  to  the  brain,  but  our  findings  suggest  that  there  are  two  populations  

of  cells   in   the  brain,   IA/IE+  macrophages  and  dendritic  cells,   that  may  mediate  antigen  

presentation  and  modulate  CD4+  T  cell  activity  within  the  CNS.  

In  the  CNS,  the  chemokine  receptor  CX3CR1  has  been  described  to  be  exclusively  

expressed  on  microglia,  while   its   ligand  CX3CL1   is   expressed  both  on   the   cell   surface  

and  as  a   secreted  protein  by  neurons   (Mizutani  et  al.,  2012;  Wolf  et  al.,  2013).  We   find  

that,   in   addition   to   microglia,   Cx3cr1   is   also   expressed   on   resident   monocytes,  

inflammatory  monocytes,  F4/80hi  macrophages,  IA/IE+  macrophages,  and  dendritic  cells  

by   the   Cx3cr1GFP/wt   reporter.   These   findings   suggest   that   CX3CR1   is   an   important  
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chemokine   for   all   CNS   myeloid   cells   and   the   functional   ramifications   of   CX3CR1  

expression  on  microglia  may  also   extend   to  other   cell  populations.  Furthermore,   these  

findings   demonstrate   that   while   microglia   are   the   predominant   cell   type   expressing  

CX3CR1,   the   use   of   this   chemokine   receptor   to   specifically   identify   microglia   is  

insufficient.  Studies  identifying  microglia  by  CX3CR1  should  be  evaluated  carefully,  and  

studies  utilizing  Cx3cr1  promoter-­‐‑driven  constructs,  such  as  fluorescent  reporters  or  Cre  

recombinase,  may  also  affect  other  brain  macrophages  and  dendritic  cells.  

In   conclusion,   this   study   provides   a   foundation   for   the   comprehensive  

identification   of   immune   cells   in   the   brain.   These   findings   allow   for   the   study   of  

previously   unidentifiable   cell   populations   in   the   brain,   particularly   monocytes,  

macrophage   subpopulations,   and  dendritic   cells.  We  hope   the  detailed  descriptions   of  

these  cell  types  will  provide  insight  into  the  complex  cellular  milieu  in  mouse  models  of  

brain  inflammation  and  be  useful  for  finding  correlates  in  the  human  brain.  
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5. Discussion 
In  this  dissertation,  I  present  a  novel  mechanism  for  neuronal  death  in  the  CVN-­‐‑

AD   mouse   model   of   Alzheimer’s   disease,   where   neuronal   death   is   preceded   by   the  

presence  of  CD11c+  microglia  and  extracellular  arginase-­‐‑1,   resulting   in  decreased  brain  

arginine   bioavailability.   Blockade   of   arginase-­‐‑1   with   the   partial   arginase   antagonist  

DFMO  was  able  to  reverse  AD-­‐‑like  pathology  and  memory  loss.  I  describe  a  novel  strain  

of  Cx3cr1-­‐‑CreBT  mice,  which  express  Cre   recombinase  under   the   control  of   the  Cx3cr1  

promoter   without   disturbing   the   Cx3cr1   locus.   These   mice   allow   for   genetic  

manipulation   of   resident   monocytes,   microglia,   and   tissue   macrophages   without   the  

defects  in  development  and  inflammation  that  are  seen  with  Cx3cr1  knock-­‐‑in  Cre  mice.  

Lastly,  I  presented  a  comprehensive  protocol  for  the  flow  cytometric  analysis  of  immune  

cell  types  in  the  brain,  which  allows  the  identification  of  several  cell  types  that  have  not  

been  previously   identified  by   flow   cytometry.  These   cell   types   include  brain  dendritic  

cells,  F4/80hi  macrophages,  which  may  represent  meningeal  macrophages,  and  MHC-­‐‑II+  

macrophages,  which  may   be   perivascular  macrophages,   by   flow   cytometry.   Together,  

this  work  encompasses  both  a  novel  potential  theory  for  the  pathogenesis  of  Alzheimer’s  

disease  and  the  tools  that  are  likely  to  be  needed  to  extend  upon  this  theory.  
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5.1 Arginase in Alzheimer’s Disease 

A  major  concern  for  any  observations  made  in  a  mouse  models  of  AD  is  that  the  

findings  may  not  have  relevance   in  human  AD.  Because  the  mouse  model   that  we  use  

has   been   demonstrated   to   have  multiple   similarities   to   human  AD,   including   the   age  

dependent  development  of  amyloid  plaques,  spontaneously  hyper-­‐‑phosphorylated  tau,  

memory  deficits,  and  neuronal  death  (Colton  et  al.,  2008;  Colton  et  al.,  2014;  Wilcock  et  

al.,   2008),   we   believe   that   it   accurately   models   events   that   occur   in   human   disease.  

Additional   support   for   the   conclusion   that   our   findings   have   are   relevant   to   human  

disease  is  provided  by  the  finding  that  changes  in  both  arginase  and  arginine  levels  are  

observed  in  human  AD  brain  autopsy  tissue.  Specifically,  we  and  others  have  previously  

demonstrated  that  both  ARG1  or  ARG2  mRNA  levels  are  increased  in  AD  frontal  cortex  

(Colton   et   al.,   2006;  Hansmannel   et   al.,   2010).  Arginase   protein   levels   and   activity   are  

increased  in  human  AD  compared  to  age-­‐‑matched  controls  (Liu  et  al.,  2014).  A  study  of  

amino   acids   and   metabolites   in   AD   brain   revealed   decreased   arginine   and   increased  

urea,   a   product   of   arginase   activity,   leading   the   authors   to   speculate   that   arginase  

activity   might   be   increased   in   human   AD   (Gueli   and   Taibi,   2013).   Additionally,  

increased   polyamines,   the   downstream   products   of   the   arginase   pathway,   are  

upregulated  in  AD  brain  (Inoue  et  al.,  2013).  In  addition,  the  rs742869  allele  of  arginase-­‐‑2  

has   been   associated   with   an   increased   risk   for   AD   in   men   and   an   earlier   onset   of  

symptoms  in  men  and  women  (Hansmannel  et  al.,  2010).  In  contrast  to  reports  in  other  
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mouse  models  of  AD,  we  and  others  have  found  that  NOS2  mRNA  is  unchanged  in  AD,  

and  that  NOS2  protein  and  activity  are  unchanged  or  even  decreased  in  AD  (Colton  et  

al.,   2006;   Liu   et   al.,   2014).   Lastly,   there   is   evidence   that   the   integrated   stress   response  

pathway,   which   responds   under   amino   acid   deprivation,   is   activated   in   human   AD  

through  phosphorylation  of  GCN2  kinase  and  eIF2α  (Ma  et  al.,  2013b).  Taken  together,  

these   findings   provide   substantial   evidence   that   arginine   metabolism   is   altered   in  

human  AD  and   suggest   that   the  pathologic  mechanism  of   immune-­‐‑mediated   arginine  

deprivation  that  we  describe  in  CVN-­‐‑AD  mice  is  relevant  to  human  AD.    These  findings  

also  suggest  that,  as  a  model,  CVN-­‐‑AD  mice  accurately  recapitulate  events  that  occur  in  

humans  and  therefore  represent  an  improvement  over  other  mouse  models  of  amyloid  

overexpression.  

The  depletion  of  arginine  or  other  amino  acids  by  immune  cells  is  not  unique  to  

Alzheimer’s   disease   and   is   an   ancient   strategy   used   by   the   immune   system.   This  

phenomenon  was   first  demonstrated  almost  40  years  ago,  when  arginase  produced  by  

peritoneal   macrophages   was   demonstrated   to   suppress   lymphocyte   activity   in   vitro  

(Kung  et  al.,   1977),   leading   to   the  prediction   that  arginase  serves   the  dual   functions  of  

suppressing   lymphocyte   activity   as  well   as   inhibiting   the  growth  of   tumors,  parasites,  

bacteria,  and  viruses  (Schneider  and  Dy,  1985).  Indeed,  neonatal  erythroid  cells  in  mice  

and  humans  produce  arginase-­‐‑2  to  inhibit  intestinal  lymphocytes  from  reacting  against  

colonizing   gut  microbiota   (Elahi   et   al.,   2013).   Arginase   is   utilized   by  macrophages   to  



  

     

101  

protect   against   nematode  parasites   (Anthony   et   al.,   2006),   shistosomiasis   (Hesse   et   al.,  

2001),  and  trypanosomiasis  (Gobert  et  al.,  2000).  This  process  has  been  also  coopted  by  

cancer   cells   to   inhibit   the   activity   of   tumor   infiltrating   effector   T   cells   within   tumors  

(Serafini  et  al.,  2006).  

It   remains   to  be  determined  which   isoform  of  arginase  predominates   in  human  

AD,  as  mRNA  of  both  isoforms  of  this  enzyme  are  increased  in  human  AD  brain  tissues  

(Colton   et   al.,   2006;   Hansmannel   et   al.,   2010).   Arginase-­‐‑1   and   arginase-­‐‑2   share   ~60%  

sequence  homology  and  have  the  same  capacity  to  perform  the  same  catalytic  reaction.  

In  both  humans  and  mice,  arginase-­‐‑1   is  expressed  predominantly   in   the   liver,  where   it  

participates   as   the   first   enzyme   in   the   urea   cycle   (Jenkinson   et   al.,   1996).   In   humans,  

arginase-­‐‑2  is  expressed  primarily  in  the  prostate,  kidney,  and  brain  (Vockley  et  al.,  1996).  

In   mice,   arginase-­‐‑1   is   the   isoform   that   is   increased   in   activated   macrophages   and  

dendritic  cells   (Munder  et  al.,  1999).   In  rodents,  arginase-­‐‑1   is  generally   localized  to   the  

mitochondria   and   cytosol,   whereas   arginase-­‐‑2   is   associated   with   mitochondria  

(Jenkinson  et  al.,  1996).  However,  in  humans,  this  subcellular  localization  may  not  be  as  

distinct,   and   both   isoforms   appear   to   be   used   interchangeably.   Indeed,   there   is  

precedence   for   the   extracellular   release   of   arginase   in   human   disease.   Arginase-­‐‑1   is  

released  into  the  blood  by  human  hepatocytes  in  endotoxemia  (Miki  et  al.,  2009)  and  in  

malaria,   arginase   is   released   by   erythrocytes,   resulting   in   hypoargininemia,   which   is  

correlated  with  poor  outcome  (Weinberg  et  al.,  2008;  Yeo  et  al.,  2008a;  Yeo  et  al.,  2008b).  
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Increased  arginase  is  present  in  the  serum  of  patients  with  glioblastoma  (Raychaudhuri  

et   al.,   2011),   and   arginase-­‐‑2   is   released   into   the   blood   by   blast   cells   in   acute  myeloid  

leukemia,  resulting  in  pancytopenia  and  T  cell  suppression  (Mussai  et  al.,  2013).  

Another   issue   that   should   be   addressed   in   a   potential   explanation   for   the  

pathogenesis   of   AD   involves   the   characteristic   spatial   and   temporal   aspects   of   the  

disease.  Patients  with  late  onset  AD  typically  do  not  exhibit  symptoms  until  the  seventh  

or  eighth  decade  of   life.  The  disease  also  generally  manifests   first   in   the  hippocampus  

before  spreading  slowly   into  other  areas  of   the  cortex.  There   is   some  evidence   in  mice  

that  aging  is  associated  with  a  natural  increase  in  arginase  in  the  choroid  plexus  (Baruch  

et   al.,   2013).   The   choroid   plexuses   are   particularly   developed   in   the   lateral   ventricles  

and,   in   humans,   they   line   the   hippocampus   and   entorhinal   cortex.   Additionally,   the  

effects   of   extracellular   arginase   are   limited   to   their   local  microenvironment.   If   certain  

subpopulations  of  microglia  do   in   fact  produce  arginase,   then   the   localization  of   these  

microglia   to   the   hippocampus   and   cortex   may   explain   why   these   regions   are  

differentially  affected.  Furthermore,  arginine  is  actively  transported  into  the  brain  across  

the  blood  brain  barrier,  and  specific  brain  regions  differ  in  their  arginine  concentrations  

(Dawson  et  al.,  2004).  It  has  been  previously  observed  that  the  concentration  of  arginine  

in  the  hippocampus  is  far  lower  than  that  of  the  cortex  (Dawson  et  al.,  2004).  While  it  is  

unknown   whether   this   is   due   to   limited   ability   to   deliver   arginine   or   increased  

requirement  for  arginine  in  the  hippocampus,  this  suggests  that  the  hippocampus  would  
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be  more  sensitive  to  arginine  deprivation  than  other  brain  regions.  Additionally,  there  is  

evidence   that   low   arginine   levels  may   also   have   a   deleterious   effect   on   non-­‐‑neuronal  

populations,  such  as  endothelial  cells,  that  may  contribute  to  AD  pathogenesis  (Yi  et  al.,  

2009).  

Explanations  for  AD  should  also  address  the  heterogeneity  of  amyloid  plaques,  

as  some  individuals  develop  AD  with  few  plaques,  and  others  may  develop  plaques,  but  

never  exhibit  symptoms  of  AD.  In  the  CVN-­‐‑AD  mouse  model,  the  presence  of  mutated  

hAPP   is   required   for   the   induction   of   arginase-­‐‑1,   as   Nos2-­‐‑KO   mice   do   not   exhibit  

increased   arginase-­‐‑1.   However,   APP   is   not  mutated   in   the   vast  majority   of   late-­‐‑onset  

AD,  and  the  relationship  between  Aβ  and  arginase  remains  to  be  determined  in  human  

disease.   Interestingly,   arginine   is   important   for   protein   solubility   and   folding,   and   it  

prevents   the   aggregation  of   hydrophobic  proteins   (Arakawa   et   al.,   2011;  Kudou   et   al.,  

2011).  While   the  mechanism  by  which   this   occurs   is  unclear,   this  property   of   arginine  

has   been   exploited   for   drug   delivery,   as   in   cases   where   poly-­‐‑arginine   moieties   are  

appended   to   proteins   to   allow   passage   across   the   cell   membrane   (Macewan   and  

Chilkoti,  2012).  Thus,  levels  of  brain  arginine  may  result  in  decreased  protein  solubility  

and  increased  precipitation  of  hydrophobic  peptides,  such  as  Aβ.  

The   immune   system   also  makes   use   of   and   is   affected   by   the  manipulation   of  

other   amino   acids,   such   as   tryptophan   (MacIver   et   al.,   2013).  We   have   found   that   in  

CVN-­‐‑AD   mice,   indoleamine   2,3-­‐‑dioxygenase   (IDO),   which   catabolizes   tryptophan,   is  
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upregulated  by  astrocytes  (unpublished  data),  suggesting  that  other  amino  acids  may  be  

similarly   manipulated   in   AD.   In   collaboration   with   the   Duke   Proteomics   and  

Metabolomics  Shared  Resource  Facility,   future  studies  will  utilize  LC-­‐‑MS/MS  of  whole  

brain   lysate   from   CVN-­‐‑AD  mice   to   generate   a  metabolic   profile   of   arginine,   arginine  

metabolites,   and  other   essential   amino  acids.  The   evolutionary  manipulation  of   amino  

acids   suggests   that   our   findings   may   have   relevance   in   other   neurodegenerative  

diseases,   such   as   Huntington’s   disease   and   Parkinson’s   disease.   They   may   have  

particular  application  to  Down’s  syndrome,  as  the  extra  copy  of  chromosome  21  results  

in   triplication   of   the   APP   locus,   and   patients   with   Down’s   syndrome   sometimes  

experience  an  early  form  of  dementia  similar  to  AD  (Zigman  et  al.,  2008).  

  

5.2 Arginase in CVN-AD Mice 

Although  the  presence  of  extracellular  arginase-­‐‑1  and  the  appearance  of  CD11c+  

microglia   in   CVN-­‐‑AD  mice   are   spatially   and   temporally   associated,   we   have   not   yet  

demonstrated   that   CD11c+  microglia   are   the   cellular   source   of   arginase-­‐‑1.   Because,   as  

visualized   by   confocal   microscopy,   arginase-­‐‑1   appears   predominately   in   the  

extracellular  space,  its  cellular  origin  cannot  be  determined  (data  not  shown).  To  address  

this   issue,   we   are   currently   performing   fluorescent   in   situ   hybridization   studies   to  

identify  cells  that  express  Arg1  mRNA.    
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We   have   demonstrated   that   pre-­‐‑treatment   of   CVN-­‐‑AD   mice   with   DFMO  

prevents   the   development   of   several   AD-­‐‑like   pathologies,   including   Aβ   deposition,  

accumulation  of  CD11c+  cells,  and  memory  loss.    Despite  this,  we  believe  that  additional  

studies  will   be   required   to   definitively   prove   our   hypothesis   that  AD   pathologies   are  

caused  by  arginine  depletion.  For  example,  although  we  have  demonstrated  that  DFMO  

treatment   prevents   the   upregulation   of   Ssat   (spermine   synthase   s-­‐‑acetyltransferase),  

which  is  downstream  of  and  therefore  an  indicator  of  arginase  and  polyamine  activity,  

we  have  not  directly  demonstrated  that  DFMO  treatment  reverses  arginine  deprivation.  

Further  studies  will  be   required   to  demonstrate   that  DFMO  directly   increases  arginine  

bioavailability.   Additional   studies   will   also   be   required   to   determine   if   the  

administration  of  DFMO  as  a   therapy  after   the  development  of  memory  and  neuronal  

loss   is   efficacious,   and   identify  DFMO   analogs   that  may   have   better   CNS   penetration  

and   fewer   off-­‐‑target   effects.   In   addition,   although   our   use   of   DFMO   provided   an  

excellent   proof   of   concept,   this   treatment   results   in   a   general   blockade   of   ornithine  

decarboxylase   (ODC),  arginase-­‐‑1  and  arginase-­‐‑2   in  CVN-­‐‑AD  mice  and   is   therefore  not  

entirely  specific.    Proof  that  Arg1  production  by  microglia  is  the  primary  mechanism  of  

neuronal   death   will   likely   require   the   generation   of   CVN-­‐‑AD  mice   in   which  Arg1   is  

specifically  deleted  in  microglia,  as  we  discuss  below.  

It   should   be   noted   that   the   therapeutic   blockade   of   arginase   is   not   without  

potential  side  effects  and  risks.  While  there  have  been  no  described  mutations  in  human  
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arginases  that  cause  increased  function  in  arginase,  rare  autosomal  recessive  mutations  

in  ARG1  exist  in  humans  that  cause  arginase-­‐‑1  deficiency,  resulting  in  hyperargininemia  

and   hyperammonia.   Humans   with   arginase   deficiency   exhibit   developmental   defects,  

seizures,  muscle  spasms,  mental  retardation,  early  dementia,  and  eventually,  death  (Iyer  

et   al.,   1998).   These   observations   suggest   that   the   use   of   arginase   inhibitors  may   have  

potentially  devastating  consequences  and  must  be  considered  in  design  of  future  study.  

Importantly,   the  AD-­‐‑like  pathology   in  CVN-­‐‑AD  mice   is   not   an   artifact   of  Nos2  

deletion.   We   have   also   produced   a   version   of   the   CVN-­‐‑AD   mouse   that   carries   a  

transgene  for  human  NOS2.  hNOS2tg+/+  CVN-­‐‑AD  mice  demonstrate  very  similar  AD-­‐‑like  

pathology   to   CVN-­‐‑AD   mice,   in   that   they   develop   amyloid   plaques,   hyper-­‐‑

phosphorylated  tau,  memory  deficits,  and  hippocampal  neuronal  death,  demonstrating  

the  relevance  of  species  difference  in  NOS  regulation  (Colton  et  al.,  2014).  Future  studies  

will   explore   the   role   of   immunity   in   hNOS2tg+/+   CVN-­‐‑AD  mice   and  mNos2-­‐‑/-­‐‑   hNOS2tg+/+  

mice,  which   do   not   harbor   alleles   associated  with   early   onset  AD,   crossed   onto   other  

backgrounds.  

  

5.3 Immune Suppression in Other Models of Alzheimer’s Disease 

The   potential   involvement   of   arginase   in   AD   pathophysiology   has   been  

previously  demonstrated  in  other  models  of  AD.  A  single  i.c.v.  injection  of  Aβ25-­‐‑35  in  rats  

resulted  in  decreased  NOS  expression  and  increased  arginase-­‐‑2  protein  expression  and  
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arginase   activity   in   the   CA2   and   CA3   regions   of   the   hippocampus   (Liu   et   al.,   2011),  

suggesting   that   Aβ   may   induce   the   production   of   arginase.   In   a   study   of   the   brain  

vasculature   in   aged  wildtype   and  Apoe-­‐‑/-­‐‑   mice,   it   was   observed   that   aged  Apoe-­‐‑/-­‐‑   mice  

have  increased  lipid  deposition  in  the  cortical  blood  vessels  and  increased  permeability  

of   the   blood   brain   barrier.  Aged  Apoe-­‐‑/-­‐‑  mice   also   exhibited   astrocytosis   and   increased  

brain   tissue   arginase   levels,   particularly   in   blood   vessels   (Badaut   et   al.,   2012).   These  

findings  suggest  a   functional   link  between  ApoE  and  arginase,  and  may  shed   light  on  

the   contribution   of   ApoE   genotype   to   the   development   of   AD.   It   has   also   been  

demonstrated   in   mice   that   administration   of   Aβ   i.p.   is   able   to   prevent   and   reverse  

paralysis   in   experimental   autoimmune   encephalitis.   In   this   system,   Aβ   peptides   and  

other   amyloidogenic   molecules   can   directly   inhibit   lymphocyte   activation   and   cell  

proliferation  (Grant  et  al.,  2012;  Kurnellas  et  al.,  2013).  Further  work  will  be  required  to  

demonstrate  if  this  has  relevance  for  brain-­‐‑resident  immune  cells.  

Recently,   there   has   been   renewed   interest   in   the   role   of   other  

immunosuppressive   mediators   in   AD.   CX3CR1   is   thought   to   inhibit   the   activity   of  

microglia,  and  deletion  of  Cx3cr1  in  APP/PS1  mice  results  in  decreased  Aβ  (Fuhrmann  et  

al.,  2010).  Polymorphisms  in  the  anti-­‐‑inflammatory  cytokine  IL-­‐‑10  have  previously  been  

demonstrated   to   increase   the   risk   of   AD   in   certain   populations   (Lio   et   al.,   2003).  

Recently,   two   groups   tested   the   role   of   IL-­‐‑10   in   mouse   models   of   AD.   One   group  

overexpressed  IL-­‐‑10  with  an  adeno-­‐‑associated  virus  (AAV)  vector  in  the  TgCRND8  and  
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Tg2578   transgenic   amyloid  models,   finding   that   increased   IL-­‐‑10   production   increased  

Aβ   concentration   and   the   number   and   size   of   plaques   (Chakrabarty   et   al.,   2015).   The  

other   study   generated   APP/PS1   mice   on   an   Il10-­‐‑/-­‐‑   background,   finding   that   IL-­‐‑10-­‐‑

deficiency  partially  improved  cognitive  function  and  resulted  in  increased  phagocytosis  

of  Aβ.  This  group  also  found  increased  IL-­‐‑10Rα  levels  in  the  hippocampi  of  AD  patients,  

suggesting  that  IL-­‐‑10  signaling  is  increased  in  AD  (Guillot-­‐‑Sestier  et  al.,  2015).  There  has  

also   been   interest   in   TREM2,   a   DAP12   inhibitory   signaling   molecule   present   on   the  

surface   of   microglia,   as   TREM2   variants   have   been   demonstrated   to   confer   risk   for  

Alzheimer’s   disease   (Guerreiro   et   al.,   2013;   Jonsson   et   al.,   2013b).  While   the   biological  

effects  of  these  variants  in  human  alleles  have  yet  to  be  described,  APP/PS1  Trem2-­‐‑/-­‐‑  mice  

were   found   to   have   fewer   plaques   than  APP/PS1  mice   (Jay   et   al.,   2015),   suggesting   a  

contributory   role   for   this   immunosuppressive   signaling  molecule.  While   these  mouse  

models   do   not   address   the   species   differences   in   iNOS,   they  do   suggest   that  multiple  

mediators  of  immune  suppression  may  play  a  role  in  AD  pathogenesis.  

  

5.4 Origin and Functions of CD11c+ Microglia in CVN-AD mice 

One  of  the  major  outstanding  questions  in  AD  is  whether  reactive  myeloid  cells  

in   the  brain  are  derived   from  infiltrating  blood-­‐‑derived  myeloid  cells  or  brain-­‐‑resident  

microglia,  as  this  would  greatly  impact  therapeutic  strategies.  In  histopathologic  studies  

of  human  AD,  there  has  been  very  little  evidence  to  suggest  that  circulating  cells  drive  
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pathology.  However,  technological  barriers  and  the  inability  to  predict  the  development  

of  AD   in  people  have   limited  our  ability   to   conduct   robust   studies   in  human  patients.  

The   CD11c+   cells   in   the   hippocampus   of   CVN-­‐‑AD   mice   are   similar   to   previously  

described   CD11c+   cells   in   human   AD,   and  we   believe   the   CVN-­‐‑AD  mouse   is   a   good  

model  system  to  investigate  origin  of  the  primary  immunopathologic  cells  in  AD.  CVN  

CD11c+  cells  have  a  CD45low  phenotype  (consistent  with  microglia)  with  little  expression  

of  Ly6C  or  Ly6G  (the  canonical  markers  for  inflammatory  monocytes  and  neutrophils).  

Additionally,  we  saw  no   lifelong  changes   in   total  brain  mRNA  expression  of  Ccr2  and  

Ccl2,   the  major  chemokine  responsible   for   the  recruitment  of   inflammatory  monocytes.  

These  observations  lead  us  to  believe  that  CVN  CD11c+  cells  are  of  microglial  origin.  

We  have  begun  to  address  this  question  in  two  ways.  The  first  is  to  develop  bone  

marrow   chimeras,   where   CVN-­‐‑AD   and  Nos2-­‐‑/-­‐‑   control   mice   receive  Nos2-­‐‑/-­‐‑   tdTomato+  

bone   marrow   after   busulfan   conditioning.   The   mice   are   allowed   to   age   and   then  

assessed   for   chimerism   in   the   brain   after   the   expected   development   of   AD-­‐‑like  

pathology  and  CD11c+  microglia.  Unfortunately,  while  Nos2-­‐‑/-­‐‑  mice  are  able  to  accept  the  

donor   bone   marrow,   CVN-­‐‑AD   mice   are   unable   to   accept   the   graft   despite   multiple  

attempts  using  recipients  of  various  ages.  Although  both  recipient  mouse  strains  are  on  

the   same  genetic  background,  we  have   conducted  mixed   lymphocyte   reactions   to   rule  

out  MHC  mismatch  and  found  no  evidence  of  such  responses.  These  findings  imply  that  

the   expression   of  mutated   hAPP   under   the  Thy1  promoter   in  CVN-­‐‑AD   recipient  mice  
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prevents  donor  bone  marrow  engraftment.  Thy1   is  expressed  on  many  peripheral  cells,  

including   lymphocytes.   While   the   effects   of   APP   and   Aβ   have   not   been   well  

characterized  outside  of   the  CNS,  others  have  demonstrated  that  Aβ   i.p.  may  suppress  

the   activation   and  proliferation  of  T   cells.     Aβ   treatment   also   can  prevent   and   reverse  

paralysis  in  experimental  autoimmune  encephalitis,  and  may  have  a  therapeutic  benefit  

in  multiple  sclerosis   (Grant  et  al.,  2012;  Kurnellas  et  al.,  2013).  Our  results  suggest   that  

transferred  bone  marrow  cells  in  CVN-­‐‑AD  mice  may  be  unable  to  proliferate  due  to  the  

presence   of   peripherally   expressed   APP.   Further   attempts   to   generate   these   bone  

marrow   chimeras   will   explore   the   use   of   irradiation   with   head   shielding   to   prevent  

breakdown  of   the   blood   brain   barrier,   and  parabiosis   (Ajami   et   al.,   2011;  Ajami   et   al.,  

2007).    

A  parallel  strategy  that  we  have  pursued  to  answer  this  question  is  the  use  of  the  

microarray  data  that  were  generated  from  sorted  myeloid  populations  in  Chapter  2.   In  

that   study,   we   isolated   CD11c+   microglia   from   48-­‐‑week   old   CVN-­‐‑AD   mice   and  

compared   them   to   that   of   CD11c-­‐‑  microglia   from   the   same  CVN-­‐‑AD  mice,   as  well   as  

microglia   from   age-­‐‑matched  C57BL/6   and  Nos2-­‐‑/-­‐‑   control  mice.  We   also   isolated   Ly6C+  

and  Ly6C-­‐‑  monocytes  from  C57BL/6  lung  and  yolk  sac  macrophages  from  E12.5  C57BL/6  

embryos.   The   direct   comparison   of   gene   expression   between   these   cell   populations  

would   help   us   determine   if   CD11c+   microglia   from   CVN-­‐‑AD   mice   were   similar   to  

control  microglia,  monocytes,  or  embryonic  yolk  sac  macrophages.  
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An  analysis  by  hierarchical  clustering  reveals  that  CD11c+  microglia  from  CVN-­‐‑

AD   mice   have   a   unique   gene   expression   signature   (Figure   20)   that   is   distinct   from  

control  microglia,  which   are   indistinguishable   by   genotype   (detailed   tree   not   shown).  

CD11c+  microglia   cluster  most   closely  with  yolk   sac  macrophages,   followed  by  control  

microglia,   and   are   most   distinct   from   both   types   of   monocytes.   While   these   results  

cannot  directly  prove  the  progenitors  of  CD11c+  microglia  are  brain-­‐‑resident  microglia,  

the   gene   expression   patterns   suggest   that   they   are  much  more   related   to   endogenous  

microglia  and  their  yolk  sac  precursors  than  infiltrating  monocytes.  

  

Figure  20:  Fig.  20  Heat  map  from  Agilent  microarray  analysis  of  gene  
expression  in  monocytes,  yolk  sac  MΦ,  and  microglia  (MG).  

Genes  that  are  upregulated  are  depicted  in  yellow  by  intensity,  whereas  genes  
that  are  downregulated  are  depicted  in  blue  by  intensity.  Black  =  0  or  no  change.  

A)  Genes  upregulated  only  in  yolk  sac  MΦ  and  CD11c+  CVN-­‐‑AD  MG.  
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B)  Genes  upregulated  only  in  CD11c+  CVN-­‐‑AD  MG.    

C)  Genes  upregulated  only  in  monocytes    

  

In   these   studies,   we   identified   several   gene   clusters   of   interest.   In   group   A  

(Figure   20A),   we   found   genes   that   were   significantly   upregulated   only   in   yolk   sac  

macrophages   and   CD11c+   CVN-­‐‑AD   microglia.   Using   GATHER   (Chang   and   Nevins,  

2006),  a  gene  expression  analysis  annotation  tool,  we  found  that  the  majority  of  genes  in  

group  A  are  related  to  cell  proliferation,  such  as  DNA  and  nucleotide  synthesis,  and  cell  

metabolism.   Yolk   sac  macrophages   have   high   proliferative   potential,   as   they   seed   the  

embryo  with  tissue  resident  macrophages,  and  these  results  suggest  that  CD11c+  CVN-­‐‑

AD  microglia   undergo   cell   division.   Indeed,   Ki-­‐‑67   staining,   which   stains   nuclei   in   S-­‐‑

phase,   in   histologic   brain   sections   from   CVN-­‐‑AD   mice   is   predominately   seen   in   the  

brain  regions  in  which  CD11c+  microglia  are  found  (data  not  shown).  Further  co-­‐‑staining  

will  be   required   to  demonstrate   that  Ki-­‐‑67   is   co-­‐‑expressed  with  CD11c.  These  data  are  

significant  because  they  suggest  that  CD11c+  microglia  are  proliferating  in  the  late  stages  

of  pathology,  meaning  that   therapeutic  strategies  aiming  to  block  cell  recruitment  may  

not  be  fruitful.  They  are  also  significant  because  there  is  controversy  regarding  whether  

microglia   proliferate   in   human   AD   (Marlatt   et   al.,   2014).   We   have   obtained   human  

hippocampal  samples  to  pursue  this  question.  

Group   B   genes   (Figure   20B)   are   of   the  most   interest   to   us,   because   these   ~160  

genes   are   significantly   upregulated   only   in   CD11c+   CVN-­‐‑AD   microglia.   GATHER  
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analysis  reveals  that  many  of  these  genes  are  related  to  cell  proliferation  and  increased  

metabolic   demand,   including   some   genes   related   to   amino   acid   regulation.   However,  

most  surprising  is  that  many  of  these  genes  are  related  to  immune  suppression.  We  are  

now   using   this   list   of   gene   targets   to   verify   expression   in   CVN-­‐‑AD   mice,   and   more  

importantly,   in  human  AD.  This  gene  group   includes   Itgax   (CD11c),  which  was  one  of  

the   selection  criteria   for   these   cells,  Spp1,  Apoe   (allelic  differences   confer  highest   single  

known  risk  factor  in  LOAD),  and  Pdcd1.  

Pdcd1   encodes   programmed   death   ligand-­‐‑1   (PD-­‐‑L1),   a   marker   of   chronic  

inflammation  and  inducer  of  effector  T  cell  death  (Butte  et  al.,  2008)  and  is  upregulated  

~50-­‐‑fold  in  CD11c+  CVN-­‐‑AD  microglia.  We  are  in  the  process  of  verifying  the  levels  and  

staining  pattern  of  PD-­‐‑L1  protein  expression  in  CVN-­‐‑AD  mouse.  The  expression  of  PD-­‐‑

L1   in   Alzheimer’s   disease   has   only   been   studied   in   the   peripheral   blood   of   human  

patients  (Saresella  et  al.,  2012),  but  protein  expression  in  AD  brain  is  unexplored.  We  are  

actively   seeking   to   determine   if   PD-­‐‑L1   is   expressed   in   human   hippocampal   sections  

from   AD   patients.   This   finding   would   have   important   relevance   to   our   previous  

findings   that   microglia   in   AD  may   have   an   immunosuppressive   phenotype   and   also  

open  future  directions   for   investigating  myeloid  biology   in  AD.  The  expression  of  PD-­‐‑

L1,  which  is  the  ligand  for  PD-­‐‑1  on  T  cells,  suggests  that  T  cells  may  participate  in  AD  

pathogenesis,  and  suggest  that  anti-­‐‑PD-­‐‑1  or  anti-­‐‑PD-­‐‑L1  inhibitors,  which  have  been  used  

to  reverse  T  cell  checkpoint  blockade  in  the  treatment  of  cancer,  might  have  a  role  in  AD  
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therapy.  Others  have  previously  suggested  that   the  co-­‐‑stimulatory  molecule  CD40  and  

its   ligand  CD40L  may  play  a  role  in  AD  (Tan  et  al.,  2002a;  Tan  et  al.,  2002b).  There  are  

reports  suggesting  that,  in  some  patients,  there  may  be  increased  T  cells  in  AD  brain,  as  

assessed  by  histologic  staining  (Togo  et  al.,  2002).  Although  more  rigorous  quantitative  

studies  will   be   required   to   determine   if   this   is  meaningful   or   an   epiphenomenon,  we  

have  also   seen   that   there   is  a  heterogeneous   increase   in  T  cell  number   in   the  brains  of  

CVN-­‐‑AD  mice  (Chapter  2)  (Kan  et  al.,  2015).  

We  have  previously   examined   the  whole   brain   protein   expression   in  CVN-­‐‑AD  

mice  at  various  ages  using  mass   spectrometry-­‐‑based  proteomics   (Hoos  et   al.,   2013).   In  

examining  whole   brain   proteomics   and   phospho-­‐‑proteomics,  we   found   that   CVN-­‐‑AD  

mice   express   many   protein   changes   found   in   post-­‐‑mortem   AD   brain,   including  

complement  factor  C1Q.  Future  studies  will  compare  the  protein  changes  found  in  this  

proteomic  screen  and  the  microarray  data  from  CNS  microglia.  

  

5.5 Applications of Cx3cr1-CreBT Mice 

In   Chapter   3,   I   described   the  Cx3cr1-­‐‑CreBT   mouse,   in   which   Cre   is   expressed  

under   the  Cx3cr1   promoter   but   the  Cx3cr1   gene   is   not   disrupted.  We   believe   that   this  

mouse   will   be   an   invaluable   tool   for   the   study   of   tissue   macrophages   and   brain  

immunity.   As   described   above,   we   are   currently   producing   Cx3cr1-­‐‑CreBT:Arg1flox/flox  

mice  (El  Kasmi  et  al.,  2008)  on  a  CVN-­‐‑AD  background.  In  these  mice,  Arg1  is  expected  to  
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be  deleted  in  microglia  and  the  other  cell  types  described  in  Chapter  3.  Our  hope  is  that  

the   cell-­‐‑specific   deletion   of   Arg1   in   CVN-­‐‑AD   mice   will   demonstrate   that   AD-­‐‑like  

pathology,   memory   loss,   and   neuronal   death   are   dependent   on   the   aberrant  

overexpression   of   arginase-­‐‑1.   Cell-­‐‑specific   deletion   is   expected   to   have   less   off-­‐‑target  

effects   than   the  use  of  DFMO,  which  also   inhibits  ODC  and  arginase-­‐‑2.  Secondly,   cell-­‐‑

specific  deletion  would  demonstrate   that,   in  CVN-­‐‑AD  mice,  arginase-­‐‑1   is  produced  by  

CX3CR1+  myeloid  cells.  

Cx3cr1-­‐‑CreBT   mice   are   also   being   used   in   other   contexts.   We   and   other   have  

previously   used   Cre-­‐‑inducible   diphtheria   toxin   receptor   mice   to   ablate   tissue  

macrophages  and  microglia  in  adult  animals  (Kan  et  al.,  in  submission,  (Parkhurst  et  al.,  

2013).  While  this  results  in  successful  ablation  of  the  desired  cell  types,  acute  apoptosis  

of   large   populations   of   cells   leads   to   side   effects   that   affect   the   interpretation   of   the  

effects  of  ablation.  In  an  attempt  to  make  a  mouse  that  lacks  microglia  and  certain  tissue  

macrophages   throughout   development,   I   generated   Cx3cr1-­‐‑CreBT:Csf1rflox/flox   mice.  

Colony  stimulating  factor  1  receptor  (CSF1R)  is  required  for  the  survival  of  a  variety  of  

tissue  macrophage  populations,  as  Csf1r-­‐‑/-­‐‑  mice  lack  microglia,  tissue  macrophages,  and  

osteoclasts,   and   survive   only   shortly   after   birth.   Our   hypothesis   was   that   cell-­‐‑lineage  

specific  deletion  would  result  in  a  mouse  with  a  less  severe  phenotype  and  the  ability  to  

study   tissues   that   lack   certain  macrophage   populations,   such   as  microglia,   which   are  

dependent  on  CSF1R  for  survival  (Wang  et  al.,  2012).  
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Surprisingly,   Cx3cr1-­‐‑CreBT:Csf1rflox/flox   mice   appear   to   have   no   obvious  

development  defects  or  deficits   in   tissue  macrophage  populations.     However,  we  have  

found   that   these   mice   appear   to   lack   Ly6Clo   resident   monocytes   (Figure   21).   Unlike  

Ly6Chi   inflammatory   monocytes,   the   physiologic   roles   of   resident   monocytes   are   still  

controversial   (Cain   and  Gunn,   2011).   The  Nr4a1-­‐‑/-­‐‑  mouse   strain   has   been   described   to  

lack  resident  monocytes,  these  mice  revealed  that  that  resident  monocytes  play  a  role  in  

patrolling  and  disposing  of  damaged  endothelial  cells   (Carlin  et  al.,  2013;  Hanna  et  al.,  

2011).  Cx3cr1-­‐‑CreBT:Csf1rflox/flox  mice,  which  also  lack  resident  monocytes,  may  represent  

a  complementary  model  system  to  study  the  role  of  resident  monocytes.  

  

Figure  21:  Figure  21:  Cx3cr1-­‐‑CreBT:Csf1rflox/flox  mice  lack  Ly6Clo  resident  
monocytes  

Flow  cytometry  plots  of  Ly6C  vs  CD11c  after  gating  on  peripheral  blood  
monocytes  (CD11b+  F4/80int)  from  12  week-­‐‑old  mice.  Representative  of  3  mice  per  

genotype.  
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In   the   Gunn   lab,   Dr.   Yen-­‐‑rei   Andrea   Yu   has   used   Cx3cr1-­‐‑CreBT   mice   to  

manipulate  the  pathogenic  hypoxia-­‐‑sensing  cells  in  a  model  of  pulmonary  hypertension.  

In  this  setting,  pulmonary  hypertension  is  experimentally  induced  by  hypoxia,  resulting  

in   the   expansion   of   a   previously   unidentifiable   macrophage   population.   Using   flow  

cytometry  and  IHC,  she  has  since  demonstrated  that  these  macrophages  are   interstitial  

macrophages   that   express   CX3CR1.   Hypoxia   inducible   factors   HIF1α   and   HIF2α   are  

required   for   the  development  of  pulmonary  hypertension  (Yu  et  al.,  1999),  but   the  cell  

type  that  senses  hypoxia  has  not  been  identified.  By  generating  Cx3cr1-­‐‑CreBT:Hif1aflox/flox  

mice,  Dr.  Yu  has  been  able  to  demonstrate  that  monocytes  and  interstitial  macrophages  

are   the   hypoxia-­‐‑sensing   cells   that   promote   pulmonary   hypertension,   as   these  mice   do  

not  develop  pulmonary  hypertension  or  related  pathology  (unpublished  data).  

In  other  collaborations  at  Duke  University,  Drs.  Tony  DeFalco  and  Blanche  Capel  

have  used  Cx3cr1-­‐‑CreBT:DTR  mice  to  demonstrate  that  testes  macrophages  are  required  

for  maintenance  of   the  spermatogonial  niche   (in  submission)  (DeFalco  et  al.,  2014).  Dr.  

Daniel  Saban  is  using  Cx3cr1-­‐‑CreBT:GFP  mice  to   track  the  migration  of  Cx3cr1+  cells   in  

the   cornea   of   the   eye   (unpublished   data).   Dr.   Staci   Bilbo   and   her   lab   have   utilized  

Cx3cr1-­‐‑CreBT   mice   to   make   cell-­‐‑specific   knockouts   of  Myd88   and   cytokines   that   they  

believe   are   produced   by   microglia   and   contribute   to   the   development   of   opioid  

addiction   (unpublished  data).  These   studies  would  not  be  possible  using  Cx3cr1-­‐‑CreKI  

mice,   as   the   phenotypes   of   the   mice   generated   would   be   affected   by   Cx3cr1  
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heterozygosity.   These   examples   illustrate   the   impact   that  we   hope  Cx3cr1-­‐‑CreBT  mice  

will  have  on  future  studies  of  tissue  macrophages,  microglia,  and  monocytes.  

  

5.6 Applications of Murine Brain Immune Characterization 

In   Chapter   4,   I   described   the   comprehensive   identification   of   murine   brain  

immune   cells.   This   allows   us,   for   the   first   time,   to   be   able   to   identify   circulating   and  

infiltrating  immune  cells,  including  neutrophils,  T  cells,  B  cells,  NK  cells,  inflammatory  

monocytes,  and  resident  monocytes  in  brain.  It  also  allows  us  to  identify  brain-­‐‑resident  

myeloid   populations,   including   microglia,   dendritic   cells,   and   two   previously  

populations   not   identifiable   by   flow   cytometry:   F4/80hi   macrophages   and   MHC-­‐‑II+  

macrophages.   We   show   that   dendritic   cells   are   derived   from   bone   marrow-­‐‑derived  

dendritic   cell   precursors,   whereas   microglia   and   macrophage   populations   are   self-­‐‑

renewing   populations.   While   further   studies   are   required   to   demonstrate   that   F4/80+  

macrophages   are  meningeal  macrophages   and  MHC-­‐‑II+  macrophages   are   perivascular  

and   choroid  plexus  macrophages,   these   studies   establish   a   strong   foundation   to   study  

CNS   immune   cells.   Further   work   with   collaborators   studying   mouse   models   of  

traumatic   brain   injury,   experimental   autoimmune   encephalitis,   and   glioblastoma   will  

help   us   improve   upon   these   tools   to   delineate   cell   types   in   complex   models   of  

neuroinflammation.  
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These  findings  also  provide  a  basis  for  translating  these  findings  into  studies  of  

the   human   brain   using   flow   cytometry.   Cerebral   amyloid   angiopathy   is   a   feature  

sometimes   observed   in   Alzheimer’s   disease,   suggesting   a   role   for   dysfunctional  

endothelial   cells   or   perivascular   macrophages   in   AD   pathogenesis.   Our   studies   now  

provide   a   basis   for   isolating   and   studying   these   cell   types.   We   have   previously  

translated   similar   strategies   for   identifying   immune   cell   types   in   the   mouse   lung   to  

clinical   samples  of  human   lung   (Yu  et  al.,   in   submission  and  unpublished).  This  work  

has   allowed   us   to   describe   changes   in   the   frequencies   of   immune   cells   present   in  

different  lung  compartments  and  lung  diseases,  including  pulmonary  fibrosis  (Yu  et  al.,  

unpublished).  We  believe   that   these   strategies   can  be   someday  similarly  employed   for  

human  brain  samples.  

Initial   steps   will   include   validating   that   immune   cell   subsets   found   in   mouse  

brains  are  present  in  human  brains.  We  will  also  need  to  identify  some  species-­‐‑specific  

cell   surface   markers,   as   certain   proteins,   such   as   F4/80,   are   specific   to   mice   and   not  

present  in  humans.  The  human  correlate  of  F4/80hi  macrophages  might  be  identifiable  by  

CD206,  which  we  have  previously  used   to  differentiate  human  macrophage  subsets   in  

the   lung.  While   there   are   ethical,   practical,   and   safety   concerns   that  make   attempting  

flow  cytometry  on  human  brain  tissue  more  difficult  than  for  peripheral  tissues,  we  are  

hopeful   that   this   will   become   an   established   technique   in   the   future,   allowing   for  

detailed  immunophenotyping  of  a  variety  of  brain  pathologies.  
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5.7 Concluding Thoughts 

I   am   cautiously   optimistic   that   our   novel   hypothesis   for   the   pathogenesis   of  

Alzheimer’s   disease   will   have   relevance   and   eventual   therapeutic   potential   for   this  

devastating   and   increasingly   widespread   disease.   However,   even   if   this   theory   is  

eventually   demonstrated   not   to   be   central   to   AD   pathogenesis,   we   hope   that   the  

presentation   of   a   new   direction,   unique   from   the   amyloid   cascade   hypothesis,   stirs  

scientific  discourse   and  promotes   a   reevaluation  of   the   evidence   in  AD.  Lastly,   I  hope  

that  the  tools  presented  here  for  the  study  of  neuroinflammation  in  mice  will  someday  

lead   to   a   better   understanding   of   human   neurobiology   and   the   pathogenesis   of  

neuroinflammatory,  neurodegenerative,  and  neuropsychiatric  disorders.  
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