
	   	  

 

 

THE	  IMPACT	  OF	  SOCIAL	  STRESS	  ON	  CENTRAL	  NERVOUS	  SYSTEM	  INFLAMMATION	  

AND	  T	  CELL	  RESPONSE	  TO	  THEILER’S	  VIRUS	  INFECTION	  

	  

	  

	  

A	  Dissertation	  

by	  

ELISABETH	  GOOD	  VICHAYA	  

	  

	  

Submitted	  to	  the	  Office	  of	  Graduate	  Studies	  of	  
Texas	  A&M	  University	  

in	  partial	  fulfillment	  of	  the	  requirements	  for	  the	  degree	  of	  

DOCTOR	  OF	  PHILOSOPHY	  

	  

	  

May	  2011	  

	  

	  

Major	  Subject:	  Psychology	  



	   	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

The	  Impact	  of	  Social	  Stress	  on	  Central	  Nervous	  System	  Inflammation	  and	  T	  Cell	  

Response	  to	  Theiler’s	  Virus	  Infection	  

Copyright	  2011	  Elisabeth	  Good	  Vichaya	  



	   	  

THE	  IMPACT	  OF	  SOCIAL	  STRESS	  ON	  CENTRAL	  NERVOUS	  SYSTEM	  INFLAMMATION	  

AND	  T	  CELL	  RESPONSE	  TO	  THEILER’S	  VIRUS	  INFECTION	  

	  

	  

	  

A	  Dissertation	  

by	  

ELISABETH	  GOOD	  VICHAYA	  

	  

	  

Submitted	  to	  the	  Office	  of	  Graduate	  Studies	  of	  
Texas	  A&M	  University	  

in	  partial	  fulfillment	  of	  the	  requirements	  for	  the	  degree	  of	  

DOCTOR	  OF	  PHILOSOPHY	  

	  

Approved	  by:	  

Chair	  of	  Committee,	  	   Mary	  W.	  Meagher	  
Committee	  Members,	   C.	  Jane	  R.	  Welsh	   	   	   	  
	   James	  W.	  Grau	   	  
	   Farida	  Sohrabji	  
Head	  of	  Department,	   Ludy	  T.	  Benjamin	  

	  

May	  2011	  

	  

Major	  Subject:	  Psychology	  



	   iii	  

ABSTRACT	  

	  

The	  Impact	  of	  Social	  Stress	  on	  Central	  Nervous	  System	  Inflammation	  and	  T	  Cell	  

Response	  to	  Theiler’s	  Virus	  Infection.	  (May	  2011)	  

Elisabeth	  Good	  Vichaya,	  B.S.,	  Wayland	  Baptist	  University;	  

M.S.	  Texas	  A&M	  University	  

Chair	  of	  Advisory	  Committee:	  Dr.	  Mary	  W.	  Meagher	  

	  

A	   growing	   body	   of	   evidence	   suggests	   that	   social	   stress	   contributes	   to	   the	  

pathogenesis	   of	   neurodegenerative	   diseases,	   such	   as	  multiple	   sclerosis	   (MS).	   For	  

example,	  prior	  research	  has	  shown	  that	  social	  disruption	  (SDR)	  stress	  behaviorally	  

and	  immunologically	  exacerbates	  Theiler’s	  murine	  encephalomyelitis	  virus	  (TMEV)	  

infection.	  TMEV	   infection	   results	   in	   acute	   infection	  of	   the	   central	  nervous	   system	  

(CNS)	   followed	   by	   a	   chronic	   demyelinating	   autoimmune	   disease,	   similar	   to	   that	  

seen	  in	  MS.	  Research	  suggests	  that	  social	  stress	  exerts	  these	  effects	  by	  altering	  the	  

immune	   response	   to	   infection.	   More	   specifically,	   it	   is	   hypothesized	   that	   SDR	  

sensitizes	   the	   acute	   inflammatory	   response	   to	   infection	   and	   suppresses	   T	   cell	  

effector	   function	   in	   the	   acute	   phase	   of	   disease.	   It	   was	   demonstrated	   that	   SDR	   is	  

sufficient	  to	  alter	  inflammation.	  Exposure	  to	  a	  single	  session	  of	  SDR	  increases	  IL-‐1β	  

mRNA	  expression;	  however,	   IL-‐6	  mRNA	  expression,	  but	  not	  IL-‐1β,	   is	  up	  regulated	  

in	  response	  to	  chronic	  SDR.	  Furthermore,	  chronic	  SDR	  prior	  to	  infection	  resulted	  in	  

increased	   infection	   related	   central	   IL-‐6	   and	   IL-‐1β	  mRNA	   expression,	   and	   central	  
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administration	  of	   IL-‐6	  neutralizing	   antibody	  during	   SDR	   reverses	   this	   increase	   in	  

neuroinflammation.	   	   This	   suggests	   that	   SDR	   sensitizes	   infection	   related	   CNS	  

inflammation	  through	  an	  up-‐regulation	  of	  IL-‐6.	  Chronic	  SDR	  prior	  to	  infection	  also	  

resulted	   in	  enhanced	  CNS	  viral	   titers	  and	  suppression	  of	  virus-‐induced	  CD4+	  and	  

CD8+	  T	  cell	   IFN-‐γ	  release	  within	   the	  CNS.	  As	  a	  whole,	   this	  research	   indicates	   that	  

SDR	  exacerbates	  the	  disease	  course	  of	  TMEV	  infection	  by	  altering	  the	  central	  innate	  

and	   adaptive	   immune	   response	   to	   infection.	   This	   research	   enhances	   our	  

understanding	   of	   the	   mechanisms	   by	   which	   social	   stress	   exacerbates	  

neurodegenerative	  disease	  pathogenesis.	  
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CNS	   	   Central	  Nervous	  System	  
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DTH	   	   Delayed	  Type	  Hypersensitivity	  

EAE	  	   	   Experimental	  Autoimmune	  Encephalomyelitis	  

EDDS	   	   Expanded	  Disability	  Status	  Scale	  

FBS	   	   Fetal	  Bovine	  Serum	  

GC	   	   Glucocorticoid	  

GCR	   	   Glucocorticoid	  Resistance	  

HLA	   	   Human	  Leukocyte	  Antigen	  
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HLI	   	   Hindlimb	  Impairment	  

HPA	   	   Hypothalamic-‐Pituitary-‐Adrenal	  

HRP	   	   Horseradish	  Peroxidase	  

HSV	   	   Herpes	  Simplex	  Virus	   	  

icv	   	   Intracereboventricularly	  

IFN	   	   Interferon	  	  

Ig	   	   Immunoglobulin	  

IL	   	   Interleukin	  	  

IMDM	   	   Iscove’s	  Modified	  Dulbecco’s	  Media	  

iNOS	   	   Inducible	  Nitric	  Oxide	  Synthase	  

LPS	   	   Lipopolysaccharide	  

LSD	   	   Least	  Squares	  Difference	  

KO	   	   Knock	  Out	  

MANOVA	   Multivariate	  Analysis	  of	  Variance	  

MBP	   	   Myelin	  Basic	  Protein	  

MHC	   	   Major	  Histocompatability	  Complex	  

mRNA	  	   Messenger	  Ribonucleic	  Acid	  

MS	   	   Multiple	  Sclerosis	  

nAbTx	  	   Neutralizing	  Antibody	  Treatment	  	  

NK	   	   Natural	  Killer	  

PBS	   	   Phosphate	  Buffered	  Saline	  

pfu	   	   Plaque	  Forming	  Units	  
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SDR	   	   Social	  Disruption	  Stress	  

SNS	   	   Sympathetic	  Nervous	  System	  

RNA	   	   Ribonucleic	  Acid	  

RO	   	   Reverse	  Osmosis	  

RT-‐PCR	   Reverse-‐Transcription	  Polymerase	  Chain	  Reaction	  

TCID	   	   Tissue	  Culture	  Infective	  Dose	  

TMEV	   	   Theiler’s	  Murine	  Encephalomyelitis	  Virus	  

Tregs	   	   Regulatory	  Helper	  T	  Cells	  

TVID	   	   Theiler’s	  Virus	  Induced	  Demyelination	  
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CHAPTER	  I	  

INTRODUCTION	  

	  

Multiple	  Sclerosis	  

Prevalence	  and	  Natural	  History	  of	  Multiple	  Sclerosis	  

Multiple	   Sclerosis	   (MS)	   is	   a	   chronic	   autoimmune	   demyelinating	   disease	   of	  

the	   central	   nervous	   system	   (CNS)	   that	   affects	   approximately	   2	   million	   people	  

worldwide	  (Anderson	  et	  al.,	  1992;	  Hirtz	  et	  al.,	  2007;	  Noonan	  et	  al.,	  2002;	  Sospedra	  

and	  Martin,	  2005;	  WHO	  and	  MSIF,	  2008).	   It	   is	  characterized	  by	  intensive	   immune	  

cell	  activation	  and	  inflammation	  within	  the	  white	  matter,	  resulting	  in	  degeneration	  

of	   the	  myelin	   sheath	  and	   subsequent	   sensory	   (e.g.,	   loss	  of	   sensation	   in	   limbs	  and	  

enhanced	  pain)	  and	  motor	  deficits	   (e.g.,	   loss	  of	  motor	  control	  and	   loss	  of	  bladder	  

control).	  An	  individual	  is	  generally	  diagnosed	  in	  early	  adulthood	  and	  there	  is	  a	  2:1	  

preponderance	  for	  females.	  	  	  

There	   is	   significant	   variability	   in	   disease	   prognosis	   after	   diagnosis.	   	   Four	  

categories	   of	   disease	   have	   been	   described:	   (1)	   relapse-‐remitting,	   (2)	   primary-‐

progressive,	   (3)	   secondary-‐progressive,	   and	   (4)	   progressive-‐relapsing.	   	   Relapse-‐

remitting	  disease	  course	  is	  most	  common,	  with	  approximately	  80-‐85%	  of	  patients	  

presenting	  with	  this	  form.	  	  	  It	  is	  characterized	  by	  symptom	  attacks	  that	  last	  days	  to	  

weeks	  followed	  by	  a	  gradual,	  partial	  to	  full	  recovery.	  	  	  	  This	  disease	  course	  generally	  

____________	  
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presents	   with	   sensory	   disturbances,	   unilateral	   neuritis,	   diplopia	   	   (double	   vision,	  

generally	  due	  to	  impairment	  of	  eye	  adduction),	  Lhermitte’s	  sign	  (pricking,	  tingling,	  

and	   numbness	   of	   trunk	   and	   limbs	   evoked	   by	   neck	   flexion),	   limb	   weakness,	  

clumsiness,	  gait	  ataxia,	  and	  neurogenic	  bladder	  and	  bowel	  symptoms	  (Noseworthy	  

et	  al.,	  2000).	  	  Relapses	  are	  associated	  with	  lesions	  of	  the	  CNS	  white	  matter	  (Neema	  

et	   al.,	   2007)	   and	   inflammatory	   events,	   including	   microgliosis,	   activation	   of	  

macrophages,	  and	  the	  presence	  of	  CD4+	  and	  CD8+	  T	  cells	  (Frohman	  et	  al.,	  2006).	  	  

Primary-‐progressive	   disease	   affects	   10-‐15%	   of	   MS	   patients	   and	   is	  

characterized	   by	   gradual,	   steady	   progression	   of	   disability	   without	   significant	  

periods	  of	  unchanged	  or	  remission	  of	  disease	  course.	   	  This	  disease	  course	  is	  more	  

likely	   to	   be	   observed	   in	   individuals	   who	   have	   a	   later	   disease	   onset	   and,	   unlike	  

relapse-‐remitting	   disease,	   is	   equally	   common	   in	   men	   and	   women.	   	   The	   primary	  

early	  symptom	  observed	   is	  chronic	  progressive	  myelopathy,	  a	   slow	  upper-‐motor-‐

neuron	   syndrome	   that	   leads	   to	   increasing	   stiffness	   and	   weakness	   of	   the	   legs	  

(Noseworthy	  et	  al.,	  2000).	  	  

The	   final	   two	   disease	   courses,	   secondary-‐progressive	   and	   progressive-‐

relapsing,	  are	  a	  merging	  of	  these	  two	  more	  common	  types.	  	  Secondary-‐progressive	  

disease	   begins	   as	   relapse-‐remitting	   and	   eventually	   evolves	   into	   progressive	  

disease.	   	   To	   date,	   the	  mechanism	   underlying	   this	   switch	   is	   unknown.	   	   However,	  

multiple	   lesions	   at	   disease	   onset	   are	   predictive	   of	   a	  more	   rapid	   switch	   (Kantarci	  

and	   Weinshenker,	   2005).	   Progressive-‐relapsing	   is	   characterized	   by	   a	   steady	  
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progression,	   like	  primary	  progressive,	  with	  the	  acute	  attacks	  observed	  in	  relapse-‐

remitting	  disease.	  	  	  

Given	   the	   high	   heterogeneity	   and	  unpredictability	   of	   disease	   course,	   these	  

categories	  are	  of	  limited	  help	  in	  developing	  a	  prognosis	  for	  an	  individual.	  	  However,	  

generally	  primary	  progressive	  disease	  course	  is	  predictive	  of	  poor	  outcomes,	  as	  are	  

an	  age	  of	  onset	  greater	  than	  40	  years,	  multiple	  sites	  of	  initial	  involvement,	  cerebral	  

symptoms,	  prolonged	  initial	  symptoms	  (>	  1	  year),	  and	  less	  than	  six	  months	  before	  

first	   relapse	   (Weinshenker	   and	   Sibley,	   1992).	   	   Furthermore,	   for	   reasons	   not	   yet	  

fully	  understood,	  males	  have	  a	  more	  severe	  disease	  course	  than	  females	  (Kantarci	  

and	   Weinshenker,	   2005).	   	   Factors	   predictive	   of	   a	   more	   favorable	   outcome	   are	  

isolated	  optic	  neuritis	  and	  brainstem	  syndromes	  (Weinshenker	  and	  Sibley,	  1992).	  

	  Studies	  provide	  a	  wide	   range	  of	   survival	   statistics;	   conservative	   estimates	  

suggest	  a	  50%	  survival	  rate	  at	  25	  years	  post-‐diagnosis,	  (Phadke,	  1987;	  Riise	  et	  al.,	  

1988)	  while	  the	  most	  optimistic	  study	  suggests	  this	  rate	  may	  be	  as	  high	  as	  76.2%	  

(Wynn	  et	  al.,	  1990).	  Weinshenker	  et	  al.	  (1989)	  report	  an	  average	  increase	  of	  0.5	  +/-‐	  

0.02	  points	  per	   year	  within	   the	   first	   five	   years	  on	   the	  Expanded	  Disability	   Status	  

Scale	  (EDSS).	  	  The	  EDSS	  is	  a	  widely	  utilized	  ordinal	  clinical	  rating	  scale	  to	  assess	  MS	  

from	   0	   (normal	   neurologic	   examination)	   to	   10	   (death	   due	   to	   MS)	   in	   half-‐point	  

increments	  (Kurtzke,	  1983).	  As	  the	  disease	  progresses,	  symptom	  burden	  increases	  

to	  include	  cognitive	  deficits,	  sexual	  dysfunction,	  paralysis,	  gait	  ataxia,	  incontinence,	  

enhanced	  pain,	  depression,	  and	  fatigue	  (Noseworthy	  et	  al.,	  2000).	  
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Diagnosis	  and	  Biological	  Markers	  

The	   complexity	   and	   variability	   of	   MS	   continues	   to	   challenge	   investigators	  

who	  seek	  to	  explicate	  the	  pathogenesis	  of	  the	  disease	  and	  prevent	  its	  progression.	  	  

Despite	   the	   long	   history	   and	   high	   incidence	   of	   the	   disease,	  MS	   can	   be	   difficult	   to	  

diagnosis.	   	   This	   is	   primarily	   due	   to	   the	   lack	   of	   symptoms	   and	   biological	  markers	  

that	  are	  specific	  to	  MS.	  	  For	  example,	  optic	  neuritis	  is	  a	  common	  initial	  symptom	  of	  

MS,	  however,	  only	  38%	  of	  patients	  who	  present	  with	  optic	  neuritis	  will	  go	  on	  to	  be	  

diagnosed	  with	  MS	  (Kantarci	  and	  Weinshenker,	  2005).	  Another	  diagnostic	  measure	  

is	  the	  presence	  of	  oligoclonal	  bands	  within	  the	  cerebral	  spinal	  fluid	  (CSF).	  	  	  As	  many	  

as	   90%	  of	   patients	  with	  MS	  have	   these	  bands;	   however,	   they	   are	   also	   found	   in	   a	  

variety	   of	   other	   disorders	   of	   the	   CNS,	   including,	   Lyme	   disease,	   systemic	   lupus	  

erythematosus,	  Syphilis,	  primary	  CNS	  lymphoma,	  Sjögren’s	  Syndrome,	  and	  Guillain-‐

Barre	  Syndrome.	  	  

	   Given	  the	  failure	  to	  identify	  exclusive	  markers,	  the	  diagnosis	  of	  MS	  requires	  

significant	   time.	   	   The	   protracted	   nature	   of	   this	   process	   becomes	   clear	   when	   the	  

marked	   time	  between	   relapses	   in	   early	   disease	   is	   considered.	   	   A	   swift	   diagnostic	  

procedure	   is	   important	   in	   that	   it	   allows	   for	   a	   more	   rapid	   start	   of	   potentially	  

beneficial	  treatments.	   	  Treatments	  include	  agents	  aimed	  at	  symptom	  management	  

as	  well	  as	  agents	  intended	  to	  delay	  disease	  progression.	  For	  example,	  some	  patients	  

are	   prescribed	   drugs	   that	   are	   intended	   to	   manage	   particular	   symptoms	   such	   as	  

spasticity,	   fatigue,	   and	   depression.	   	   For	   the	   management	   of	   acute	   attacks,	  

glucocorticoids,	  such	  as	  methylprednisolone,	  prednisone,	  and	  dexamethasone,	  are	  



	   5	  

commonly	  used.	   	  These	  agents	  act	  by	  inhibiting	  CNS	  inflammatory	  events	  that	  are	  

thought	  to	  underlie	  these	  attacks.	  	  Although	  they	  are	  often	  effective	  at	  resolving	  the	  

symptom	   exacerbation	   induced	   by	   the	   attack,	   there	   is	   no	   evidence	   that	   such	  

treatment	   results	   in	   a	   delay	   of	   disease	   progression.	   	   Treatments	   aimed	   at	  

attenuating	   disease	   progression	   include	   immunosuppressive	   drugs,	   such	   as	  

interferon	  (IFN)	  therapy.	  	  

	  

The	  Immunology	  of	  Multiple	  Sclerosis	  

In	   1933	   it	   was	   first	   suggested	   that	   MS	   was	   an	   autoimmune	   disease.	  	  

Autoimmunity	  develops	  when	  the	  immune	  system	  begins	  to	  function	  in	  an	  aberrant	  

fashion	   and	   attacks	   the	   body	   it	   is	   intended	   to	   protect.	   	   This	   can	   occur	  when	   the	  

immune	  system	  fails	  to	  recognize	  a	  part	  of	  the	  individual	  as	  “self”	  and	  attacks	  as	  if	  it	  

were	  foreign.	  	  In	  multiple	  sclerosis	  the	  immune	  system	  attacks	  the	  myelin	  sheaths	  

around	   nerve	   axons.	   	   Rivers	   (1933)	   discovered	   that	   injections	   of	   spinal	   cord	   or	  

brain	  homogenates	   into	  primates	  resulted	   in	  a	  disease	  course	  that	  resembled	  MS.	  	  

He	   suggested	   this	   injection	   resulted	   in	   the	   development	   of	   anti-‐brain	   antibodies	  

and,	   subsequently,	   the	  destruction	  of	  nervous	   system	   tissue.	  Decades	   later	   it	  was	  

established	   that	   protein	   components	   of	   the	   myelin	   sheath,	   such	   as	   myelin	   basic	  

protein	   (MBP),	   were	   the	   essential	   component	   to	   the	   induction	   of	   this	   MS-‐like	  

disease,	   this	   disease	   model	   is	   now	   known	   as	   experimental	   autoimmune	  

encephalomyelitis	  (EAE)	  (Einstein	  et	  al.,	  1962;	  Fritz	  et	  al.,	  1983;	  Kibler	  et	  al.,	  1977;	  

Laatsch	  et	  al.,	  1962).	  	  	  
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It	   has	   also	   been	   demonstrated	   that	   EAE	   can	   be	   induced	   by	   transferring	  

myelin-‐specific	   CD4+	   T	   cells	   into	   a	   host,	   however	   the	   transfer	   of	   myelin-‐specific	  

antibodies	   is	   insufficient	   (Pettinelli	   and	  McFarlin,	   1981).	   	   This	  provided	   evidence	  

that	  MS	   is	   likely	   a	   T	   cell-‐mediated	   autoimmune	  disease.	   T	   cells	   are	   an	   important	  

component	   of	   the	   adaptive	   immune	   response.	   There	   are	   two	  major	   classes	   of	   T	  

cells:	  helper	  T	  cells	  and	  cytotoxic	  T	  cells.	  Helper	  T	  cells	  become	  activated	  when	  they	  

are	   presented	  with	   antigens	   by	  MHC	   class	   II	  molecules	   on	   the	   surface	   of	   antigen	  

presenting	   cells	   (APCs).	   	   These	   T	   cells	   divide	   and	   differentiate,	   based	   upon	   the	  

extracellular	  milieu,	   and	   secrete	   cytokines	   to	   recruit	   and	   assist	  with	   the	   immune	  

response.	   	  They	  are	  referred	  to	  as	  CD4+	  T	  cells	  because	  they	  express	  CD4	  protein	  

on	  their	  surface.	  	  Cytotoxic	  T	  cells,	  also	  known	  as	  CD8+	  T	  cells,	  attack	  virus-‐infected	  

cells.	  They	  recognize	  their	  target	  through	  binding	  to	  antigens	  when	  presented	  by	  a	  

cell	  on	  their	  MHC	  class	  I	  molecules.	  	  	  

Further	  evidence	  for	  the	  role	  of	  T	  cells	  in	  the	  development	  of	  MS	  comes	  from	  

the	  prominence	   of	   CD8+	  T	   cells	   in	   the	  CNS	  of	  MS	  patients	   (Jacobsen	   et	   al.,	   2002;	  

Skulina	  et	  al.,	  2004;	  Zang	  et	  al.,	  2004).	  	  Additionally,	  it	  has	  been	  demonstrated	  that	  

T	  cells	  from	  MS	  patients	  exhibit	  heightened	  activity	  against	  MBP	  (Cabarrocas	  et	  al.,	  

2003)	  and	  secrete	  increased	  levels	  of	  chemoattractants	  for	  CD4+	  myelin	  specific	  T	  

cells	  (Biddison	  et	  al.,	  1998).	  However,	  T	  cells	  specific	  to	  MBP	  can	  be	  found	  both	  in	  

MS	  patients	  and	  healthy	  controls,	  which	  suggests	  that	  this	  relationship	  is	  complex	  

(Burns	  et	  al.,	  1983).	  	  	  
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B	   cells	   may	   also	   be	   involved	   in	   the	   pathogenesis	   of	   MS.	   	   The	   primary	  

functions	  of	  B	  cells	  are	  to	  produce	  antibodies	  (also	  known	  as	  immunoglobulin,	  [Ig]),	  

present	   antigen,	   and	  become	  memory	  B	   cells.	   	   Although	   antibodies	   alone	   are	  not	  

sufficient	  to	  induce	  MS-‐like	  symptoms,	  they	  may	  be	  involved	  in	  the	  progression	  of	  

the	  disease.	  	  For	  example,	  it	  has	  been	  determined	  that	  the	  CSF	  from	  MS	  patients	  has	  

increased	  levels	  of	  antibodies	  and	  that,	  in	  some	  patients,	  these	  increased	  levels	  are	  

related	  to	  symptom	  exacerbations	  (Corcione	  et	  al.,	  2005).	  Although,	  these	  cells	  do	  

not	  typically	  cross	  the	  blood-‐brain	  barrier,	   inflammatory	  process	  can	  permit	  their	  

entry	  into	  the	  CNS.	  	  	  These	  cells	  may	  contribute	  to	  the	  disease	  process	  by	  serving	  as	  

APCs	  for	  autoreactive	  T	  cells,	  recruiting	  autoreactive	  T	  cells	  to	  the	  CNS,	  producing	  

myelin-‐specific	   antibodies,	   and	   destroying	   myelin	   within	   plaques	   (Sospedra	   and	  

Martin,	  2005).	  

	   The	   innate	   immune	   system	   also	   appears	   to	   be	   important	   within	   the	  

immunology	  of	  multiple	  sclerosis.	  The	   innate	   immune	  response	   is	   the	  body’s	   first	  

line	  of	  defense;	  it	  responds	  quickly	  to	  contain	  infection	  until	  the	  adaptive	  immune	  

system	  has	  been	  recruited.	  Unlike	  the	  adaptive	   immune	  response	  of	  T	  cells	  and	  B	  

cells,	   the	   innate	   immune	  system	  responds	  nonspecifically	   to	  antigens	   through	   the	  

development	   of	   barriers,	   mechanical	   removal,	   activation	   of	   the	   complement	  

pathway,	   phagocytosis,	   and	   inflammation.	   	   Inflammation	   is	   a	   complex	   cascade	   of	  

events	   intended	   to	   recruit	   immune	   cells	   to	   kill	   potential	   pathogens	   and	   promote	  

tissue	  repair.	  	  The	  powerful	  nature	  of	  this	  immune	  response	  is	  essential	  to	  survival.	  	  

However,	   if	   the	   inflammatory	   response	   is	   not	   properly	   restrained,	   damage	   to	  
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healthy	  tissue	  can	  result.	  For	  example,	  chronic	  inflammation	  has	  been	  shown	  to	  be	  

involved	   in	   a	   variety	   of	   diseases	   processes	   including	   MS,	   Alzheimer’s	   disease,	  

Parkinson’s	   disease,	   rheumatoid	   arthritis,	   atherosclerosis,	   diabetes,	   and	   cancer	  

(Bitsch	  et	  al.,	  2000;	  Coussens	  and	  Werb,	  2002;	  Duncan	  et	  al.,	  2003;	  Foell	  and	  Roth,	  

2004;	  Hansson	  et	  al.,	  2006;	  Liu	  and	  Hong,	  2003;	  Minghetti,	  2005).	  	  

Cytokines	   are	   an	   especially	   important	   component	   of	   the	   inflammatory	  

response.	  The	  immune	  system	  tightly	  regulates	  the	  immune	  response	  through	  the	  

release	  of	  proinflammatory	  (e.g.,	   IL-‐1β,	  TNF-‐α,	   IFN-‐γ)	  and	  anti-‐inflammatory	  (e.g.,	  

IL-‐10,	  IL-‐4)	  cytokines.	  	  Other	  cytokines,	  such	  as	  IL-‐6,	  can	  serve	  both	  pro-‐	  and	  anti-‐

inflammatory	   functions.	   	   Proinflammatory	   cytokines	   allow	   leukocytes	   to	   exit	   the	  

blood	  stream	  and	  enter	  into	  infected	  tissue,	  trigger	  neutrophils	  to	  kill	  infected	  cells,	  

and	   stimulate	   natural	   killer	   (NK)	   cells	   and	   T	   cells.	   	   Cytokines	   also	   orchestrate	   a	  

behavioral	   response	   designed	   to	   promote	   healing	   (Kent	   et	   al.,	   1992;	   Laye	   et	   al.,	  

2000).	   	   For	   example,	   cytokines	   induce	   a	   febrile	   response	   that	   results	   in	   a	  

temperature	  less	  suitable	  for	  pathogen	  replication	  (Hart,	  1988;	  Murray	  and	  Murray,	  

1979).	  	  Furthermore,	  fatigue-‐like	  symptoms,	  such	  as	  reduced	  motivation,	  increased	  

need	   to	   sleep,	   and	   social	   withdrawal,	   are	   effective	   means	   to	   conserve	   energy	  

needed	  to	  mount	  an	  immune	  response	  (Maier	  and	  Watkins,	  1998).	  

As	  previously	  mentioned,	  MS	  is	  not	  merely	  an	  autoimmune	  disease	  but	  also	  

an	   inflammatory	   disease	   of	   the	   central	   nervous	   system.	   	   Increased	   levels	   of	  

inflammation	   appear	   to	   accompany	   disease	   relapses	   (Frohman	   et	   al.,	   2006)	   and	  

agents	   that	   decrease	   rate	   of	   relapse	   also	   decrease	   CNS	   inflammation	   (Stüve	   and	  
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Oksenberg,	   2010;	   Warnke	   et	   al.,	   2010).	   Furthermore,	   there	   is	   evidence	   that	  

enhancing	  inflammation,	  by	  infection	  (Buljevac	  et	  al.,	  2002;	  Panitch,	  1994;	  Sibley	  et	  

al.,	  1985)	  or	  administration	  of	  a	  proinflammatory	  cytokine	   (Panitch	  et	  al.,	  1987).,	  

exacerbates	  disease.	  However,	  this	  relationship	  is	  clearly	  complex	  and	  there	  is	  data	  

to	   suggest	   that	   a	   compromised	   inflammatory	   response	   results	   in	   exacerbated	  

disease	   (Martino	   et	   al.,	   2002;	  Willenborg	   et	   al.,	   1996).	   Overall,	   the	   data	   suggests	  

that	  (1)	  there	  is	  an	  optimal	  level	  of	  inflammation	  and	  deviation	  in	  either	  direction	  is	  

detrimental	   and/or	   (2)	   different	   levels	   of	   inflammation	   are	   needed	   at	   different	  

points	  in	  the	  disease	  progression.	  	  

Cytokines	  are	  thought	  to	  play	  an	  important	  role	  in	  the	  disease	  process	  both	  

through	  the	  activation	  of	  immune	  cells	  and	  their	  direct	  damage	  to	  myelin.	  	  Several	  

different	  ideas	  have	  been	  proposed	  concerning	  the	  mechanisms	  through	  which	  pro-‐

inflammatory	   cytokines	   enhance	   demyelination.	   	   For	   example,	   high	   levels	   of	  

cytokines	   may	   be	   directly	   toxic	   to	   oligodendrocytes,	   the	   cells	   that	   produce	   the	  

myelin	   sheath.	   	   It	   is	  also	  possible	   that	   the	  cytokines	  may	  cause	  macrophages	  and	  

microglia	   to	   phagocytose	  myelin	   (Sospedra	   and	  Martin,	   2005).	   	  Macrophages	   are	  

phagocytic	  cells	  that	  act	  to	  engulf	  and	  digest	  cellular	  debris	  and	  pathogens.	  	  Despite	  

the	  protection	  conferred	  by	  the	  blood	  brain	  barrier	  (BBB),	  they	  appear	  to	  be	  able	  to	  

enter	  the	  CNS	  during	  times	  of	  inflammation.	  	  Microglia,	  enter	  the	  brain	  during	  fetal	  

development,	  and	  serve	  as	  resident	  immune	  cells	  within	  the	  CNS.	  	  	  Once	  in	  the	  CNS,	  

these	   two	   cell	   types	   are	   virtually	   indistinguishable.	   	   Not	   only	   are	   these	   cells	  

recruited	  by	  cytokines,	  but	  are	  also	  the	  primary	  producers	  of	  CNS	  cytokines.	  	  
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Genetic	  Risk	  Factors	  for	  Multiple	  Sclerosis	  

	   The	  etiology	  of	  the	  disease	  is	  clearly	  complex	  involving	  both	  the	  innate	  and	  

adaptive	   immune	   systems.	   	  A	   single	   element	   alone	   appears	   insufficient	  but	  when	  

genetic	   and	   environmental	   risk	   factors	   combine	   the	   disease	   appears	   to	   develop.	  	  

Evidence	   for	   a	   genetic	   contribution	   is	   provided	   by	   twin	   studies	   that	   reveal	   a	   20-‐

30%	   concordance	   rate	   among	   monozygotic	   twins	   and	   only	   a	   3-‐5%	   concordance	  

rate	  in	  dizygotic	  twins	  (Ebers	  et	  al.,	  1986;	  Hansen	  et	  al.,	  2005;	  Willer	  et	  al.,	  2003).	  	  

However,	   this	   genetic	   relationship	   does	   not	   appear	   to	   be	   attributable	   to	   a	   single	  

gene,	  rather	  it	  is	  thought	  to	  result	  from	  a	  combination	  of	  many	  genes.	  	  This	  concept	  

is	  highlighted	  by	  a	  study	  showing	  that	  at	  least	  one	  locus	  of	  all	  chromosomes	  except	  

one	   have	   been	   linked	   to	   MS	   (Dyment	   et	   al.,	   2004).	   	   One	   locus	   that	   has	   recently	  

received	  attention	  is	  the	  human	  leukocyte	  antigen	  (HLA)	  located	  on	  chromosome	  6.	  	  

HLA	   is	   associated	   with	   the	   major	   histocompatability	   complex	   (MHC),	   which	   is	  

involved	  in	  antigen	  presentation.	  Having	  particular	  alleles	  at	  this	  locus	  (e.g.,	  DR15	  

and	  DQ6)	  are	  associated	  with	   increased	   risk	  of	  developing	  MS,	  while	  others	   (e.g.,	  

C554	  and	  DRB1*11)	  are	  associated	  with	  decreased	  risk	  of	  developing	  MS	  (Haines	  et	  

al.,	  1998;	  Hauser,	  2006).	  Estimates	  suggest	  that	  the	  HLA	  region	  accounts	  for	  20	  to	  

60%	  of	  genetic	  susceptibility	  (Haines	  et	  al.,	  1998).	  	  

Apart	  from	  the	  HLA	  region,	  the	  non-‐synonymous	  coding	  SNP	  (T2441)	  in	  the	  

IL-‐7	   receptor	   α	   chain	   gene	   on	   chromosome	   5	   represents	   the	   most	   consistently	  

replicated	  susceptibility	  gene	  for	  MS	  (Akkad	  et	  al.,	  2009;	  Gregory	  et	  al.,	  2007;	  Hafler	  

et	  al.,	  2007;	  Lundmark	  et	  al.,	  2007;	  O’Doherty	  et	  al.,	  2008;	  Weber	  et	  al.,	  2008).	  IL-‐7	  
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and	  its	  receptor	  are	  involved	  in	  T-‐cell	  genesis,	  survival,	  expansion,	  and	  memory	  T-‐

cell	   development.	   	   	   Patients	   carrying	   the	   risk	   allele	   are	   at	   increased	   risk	   of	  

producing	   high	   levels	   of	   the	   soluble	   form	   of	   the	   receptor	   (Gregory	   et	   al.,	   2007).	  

Another	  gene	  showing	  strong	  association	  with	  MS	  are	  two	  SNPs	  within	  the	  intron	  2	  

of	   the	   IL-‐2	   receptor	  α	  chain	  on	  chromosome	  10	   (Hafler	  et	  al.,	  2007;	  Weber	  et	  al.,	  

2008;	  Akkad	  et	  al.,	  2009).	  These	  studies	  have	  been	  more	  complicated	  to	  replicate	  

and,	  consequently,	  require	  further	  evaluation	  to	  elucidate.	  	  	  

	  

Environmental	  Risk	  Factors	  for	  Multiple	  Sclerosis:	  Viral	  Infection	  and	  Stress	  

	   Given	   that	  only	  20-‐30%	  of	  disease	   susceptibility	   can	  be	  explained	   through	  

genetic	   variations,	   much	   of	   disease	   vulnerability	   must	   relate	   to	   environmental	  

factors.	   	   Both	   viral	   infection	   and	   psychological	   stress	   have	   been	   linked	   to	   the	  

development	  of	  MS.	   	  Even	  before	  the	  autoimmune	  and	  inflammatory	  nature	  of	  MS	  

had	   been	   described,	   researchers	   and	   physicians	   speculated	   about	   the	   role	   of	  

viruses.	   	   This	   association	   was	   primarily	   considered	   because	   the	   majority	   of	  

demyelinating	   diseases	   observed	   in	   humans	   and	   animals	   are	   of	   viral	   origin	  

(Fazakerley	  and	  Walker,	  2003).	  	  For	  example,	  demyelinating	  disease	  is	  induced	  by	  

canine	  distemper	  virus	  in	  dogs,	  Maedi-‐visna	  in	  sheep,	  Theiler’s	  virus	  in	  mice,	  and	  JC	  

virus	   in	  humans	  (Dal	  Canto	  and	  Rabinowitz,	  1982;	  Fazakerley	  and	  Walker,	  2003).	  	  

However,	  this	  association	  alone	  is	  insufficient	  to	  assume	  causation.	  	  	  

	   Epidemiological	   studies	   add	   further	   support	   for	   the	   role	   of	   viruses	   in	  

multiple	   sclerosis.	   	   Research	   suggests	   that	   viral	   infection,	   such	   as	   Epstein	   Barr,	  
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during	   adolescence	   is	   associated	   with	   the	   development	   of	   multiple	   sclerosis	  

(Ascherio	  and	  Munger,	  2007;	  Hernan	  et	  al.,	  2001;	   Jilek	  et	  al.,	  2008;	  Kurtzke	  et	  al.,	  

1995).	  	  Furthermore,	  exacerbations	  in	  disease	  course	  are	  often	  preceded	  by	  a	  viral	  

infection	  (Buljevac	  et	  al.,	  2002;	  Panitch,	  1994;	  Perry	  et	  al.,	  2003;	  Sibley	  et	  al.,	  1985).	  	  

MS	  does	  not,	  however,	  appear	  to	  be	  associated	  with	  any	  single	  infection,	  rather	  the	  

data	  suggest	  that	  a	  variety	  of	  viruses	  may	  be	  able	  to	  increase	  susceptibility	  to	  and	  

exacerbate	  multiple	  sclerosis.	  Viruses	  that	  induce	  persistent	  infection	  appear	  to	  be	  

the	   best	   candidates.	   A	   variety	   of	   such	   viruses	   have	   been	   isolated	   from	   the	   post-‐

mortem	  brains	  of	  MS	  patients,	  including	  measles,	  mumps,	  parainfluenza	  type	  I,	  and	  

human	  herpes	  virus	  simplex	  (Allen	  and	  Brankin,	  1993).	  	  However,	  these	  viruses	  can	  

also	  be	  detected	  in	  the	  brains	  of	  individuals	  who	  do	  not	  have	  MS	  and	  the	  presence	  

of	   particular	   viruses	   associated	   with	   MS,	   such	   as	   Epstein	   Barr,	   often	   fail	   to	   be	  

detected	  in	  the	  brains	  of	  MS	  patients.	  	  	  	  	  	  	  	  

	   Psychological	   stress	   is	   another	   environmental	   factor	   that	   has	   been	  

repeatedly	   associated	   with	   development	   and	   exacerbation	   of	   multiple	   sclerosis	  

(Ackerman	  et	  al.,	  2002;	  Brown	  et	  al.,	  2005;	  Brown	  et	  al.,	  2006;	  Grant	  et	  al.,	  1989;	  Li	  

et	  al.,	  2004;	  Mohr	  et	  al.,	  2004).	   	  This	  relationship	  is	  not	  a	  new	  consideration;	  over	  

130	   years	   ago	   Charcot	   (1877)	   reported	   that	   stressful	   experiences	   precipitate	   the	  

onset	  of	  MS.	   	  This	   relationship	  has	  been	  experimentally	  confirmed;	   for	  example	  a	  

study	  of	  bereaved	  parents	  demonstrated	  that	  the	  loss	  of	  a	  child	  results	  in	  increased	  

risk	  for	  developing	  MS	  and	  those	  who	  unexpectedly	  lost	  a	  child	  were	  at	  even	  higher	  

risk	   (Li	   et	   al.,	   2004).	   Not	   only	   is	   stress	   related	   to	   disease	   onset,	   but	   also	   disease	  
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exacerbation.	  	  A	  meta-‐analysis	  of	  14	  studies	  evaluating	  stress	  and	  MS,	  conclude	  that	  

stressful	   life	  events	  significantly	  increased	  the	  risk	  of	  disease	  exacerbation	  (Mohr,	  

2007).	  	  	  

	   However,	   the	   effect	   of	   a	   stressor	   on	   disease	   may	   depend	   on	   the	   type	   of	  

stress.	   	   While	   mild	   to	   moderate	   chronic	   stressors	   have	   repeatedly	   been	  

demonstrated	   to	   exacerbate	   disease	   (Mohr,	   2007),	   the	   threat	   of	   missile	   attack	  

during	  the	  Persian	  Gulf	  War,	  a	  severe	  life-‐threatening	  stressor,	  was	  found	  to	  reduce	  

the	   rate	   of	   relapse	   (Nisipeanu	   and	   Korczyn,	   1993).	   	   This	   was	   the	   only	   stressor	  

found	   to	  decrease	   the	   rate	   of	   relapse	   and	   its	   effect	   only	   lasted	   for	   approximately	  

two	  months	  after	  the	  war.	  	  Furthermore,	  other	  larger	  studies	  examining	  war-‐stress	  

on	  MS	  have	  failed	  to	  replicate	  this	  finding	  and	  instead	  suggest	  that	  war	  exacerbates	  

disease	   (Golan	   et	   al.,	   2008).	   The	   effects	   of	   stress	   on	   multiple	   sclerosis	   are	   most	  

likely	  to	  occur	  through	  stress-‐induced	  modification	  of	  the	  immune	  system.	  	  

	   Due	  to	  the	  complexity	  of	  these	  relationships	  and	  the	  ethical	  limits	  of	  human	  

studies	   (e.g.,	   generally	   limited	   to	   correlational	   relationships	   due	   to	   ethics	   of	  

withholding	  treatment	  and	  limited	  to	  easily	  assessable	  tissue	  samples),	  this	  area	  of	  

research	   benefits	   from	   investigation	   of	   the	   role	   of	   stress	   in	   the	   pathogenesis	   of	  

animal	  models	   of	  MS.	   Animals	   studies	   provide	   allow	   for	   true	   control	   groups	   and	  

concrete	   behavioral	   and	   physiological	   markers.	   	   Furthermore,	   given	   the	  

abbreviated	  lifespan	  of	  rodent	  models,	  they	  allow	  the	  entire	  lifespan	  of	  the	  disease	  

to	   be	   studies	   in	   a	   more	   rapid	   time	   course.	   	   This	   improves	   the	   efficiency	   of	  

identifying	  underlying	  mechanisms	  and	  testing	  potential	  therapeutic	  strategies.	  
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Theiler’s	  Virus	  

	   Theiler’s	   murine	   encephalomyelitis	   virus	   (TMEV)	   one	   of	   the	   best-‐

characterized	   models	   of	   virus-‐initiated	   CNS	   demyelination	   in	   mice.	   	   It	   is	   a	  

picornavirus	   and	   natural	   pathogen	   of	   mice	   that	   can	   be	   used	   experimentally	   to	  

model	   multiple	   sclerosis	   (Theiler,	   1934).	   	   When	   contracted,	   TMEV	   results	   in	   a	  

gastrointestinal	  infection.	  However,	  the	  virus	  can	  cross	  the	  blood-‐brain	  barrier	  and	  

results	   in	   an	   infection	   of	   the	   CNS.	   	   For	   experimental	   purposes,	   this	   agent	   is	  

administered	   intracranially	   in	   order	   to	   avoid	   the	   uncertainty	   of	   CNS	   infection.	  	  

There	   are	   different	   stains	   of	   the	   virus,	   some	   (e.g.,	   GDVII	   and	   FA)	   are	   fatal	   in	  

approximately	  a	  week	  while	  others	  lead	  to	  a	  more	  protracted	  disease	  process.	  	  For	  

example,	   infection	  with	  the	  BeAn	  strain	  results	  in	  a	  biphasic	  disease	  of	  the	  CNS	  in	  

susceptible	   strains	   of	   mice	   (e.g.,	   SJL	   and	   BALB/cJ).	   	   The	   acute	   phase	   of	   TMEV	  

infection	   is	   characterized	   by	   viral-‐mediated	   encephalomyelitis,	   while	   an	  

autoimmune-‐mediated	  demyelinating	  disease,	  similar	  to	  MS,	  characterizes	  chronic	  

phase	  disease	  (Lipton,	  1975;	  Oleszak	  et	  al.,	  2004).	  	  	  

The	  acute	  phase	  involves	  the	  virus	  spreading	  to	  infect	  both	  neurons	  and	  glial	  

cells,	   which	   results	   in	   microglial	   proliferation	   and	   motor	   neuron	   degeneration.	  	  

This	  can	  cause	  a	  poliomyelitis-‐like	  syndrome,	  characterized	  by	  motor	  deficits	  and	  

sickness	  behavior	  (Chang	  et	  al.,	  2000;	  Dal	  Canto	  and	  Lipton,	  1982;	  Meagher	  et	  al.,	  

2007;	  Njenga	  et	  al.,	  1997;	  Oleszak	  et	  al.,	  1995).	  	  The	  virus	  spreads	  through	  the	  CNS	  

gray	  matter	  and	  results	  in	  microglial	  proliferation	  and	  motor	  neuron	  degeneration.	  

This	   phase	   generally	   remits	   in	   approximately	   four	   weeks,	   however	   susceptible	  
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strains	   of	   mice	   fail	   to	   completely	   clear	   the	   virus	   resulting	   in	   persistent	   CNS	  

infection.	  	  Approximately	  three	  to	  five	  months	  after	  inoculation	  with	  the	  virus,	  this	  

persistent	   infection	   initiates	   an	   inflammatory	   autoimmune	  demyelinating	   disease	  

that	   is	   similar	   to	   multiple	   sclerosis	   (Aubert	   et	   al.,	   1987;	   Brahic	   et	   al.,	   1981;	  

Campbell	   et	   al.,	   2001;	   Fiette	   et	   al.,	   1995;	  McGavern	   et	   al.,	   2000;	   Rodriguez	   et	   al.,	  

1996;	  Welsh	  et	  al.,	  1987).	  	  

	   Like	  the	  EAE	  model,	  TMEV	  infection	  allows	  for	  the	  study	  of	  the	  pathogenesis	  

of	  MS;	   however,	   it	   is	   unique	   in	   that	   it	   also	   provides	   a	  model	   of	   viral	   persistence	  

within	   the	   CNS.	   	   Given	   that	   CNS	   viruses	   have	   been	   linked	   to	   the	   development	   of	  

human	  multiple	   sclerosis,	   this	   is	   significant.	   The	   initial	   innate	   immune	   response	  

results	  in	  the	  secretion	  of	  cytokines	  that	  control	  the	  rate	  of	  viral	  infection	  as	  well	  as	  

shape	  the	  development	  of	  the	  adaptive	  immune	  response	  that	  ultimately	  clears	  the	  

virus	   (Biron	   et	   al.,	   1998;	   Olson	   and	   Miller,	   2009).	   	   Although	   inflammation	   is	  

generally	  pathological	   in	  the	  chronic,	  demyelinating	  phase	  of	  TMEV	  infection,	   it	   is	  

important	   during	   the	   initial	   response	   to	   infection.	   For	   example,	   it	   has	   been	  

demonstrated	   that	   early	   release	   of	   IFN	   is	   necessary	   for	   effective	   viral	   clearance,	  

such	  that	  IFN-‐KO	  mice	  exhibit	  fatal	  encephalitis	  following	  TMEV	  infection	  (Fiette	  et	  

al.,	  1995;	  Jin	  et	  al.,	  2010;	  Kaminsky	  et	  al.,	  1987).	   Jin	  et	  al.	  (2010)	  suggest	  that	  this	  

effect	   is	   due	   to	   IFN’s	   role	   in	  mediating	   CNS	   immune	   cell	   infiltration	   and	   shaping	  

local	  T	  cell	  responses.	  

The	   early	   adaptive	   immune	   response	   to	   TMEV	   infection	   determines	   viral	  

persistence	   and,	   consequently,	   severity	   of	   chronic	   phase	   demyelinating	   disease	  
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(Borrow	  et	  al.,	  1992;	  Borrow	  et	  al.,	  1993;	  Johnson	  et	  al.,	  2006).	  	  Although	  T	  cells	  are	  

implicated	  in	  the	  induction	  of	  demyelination	  during	  chronic	  phase	  disease	  (Clatch	  

et	  al.,	  1987;	  Rodriguez	  et	  al.,	  1988),	  as	  is	  observed	  in	  MS,	  they	  are	  essential	  during	  

the	  acute	  phase	  for	  viral	  clearance.	  	  If	  an	  inadequate	  CD8+	  and	  CD4+	  T	  cell	  response	  

occurs	   early	   in	   the	   acute	   phase	   of	   the	   disease,	   the	   chronic	   phase	   is	   exacerbated	  

(Borrow	  et	  al.,	  1992;	  Murray	  et	  al.,	  1998;	  Welsh	  et	  al.,	  1987).	  	  

Data	   evaluating	   the	   relationship	   between	   acute	   and	   chronic	   phase	  

symptoms	  has	  shown	  that	  behavioral	  measures	  correlate	  with	  both	  chronic	  phase	  

disease	   symptoms	   and	   physiological	  measures	   (Johnson	   et	   al.,	   2006;	   Sieve	   et	   al.,	  

2004).	   	   For	   example,	   hindlimb	   impairment	   at	   day	   seven	   correlates	   with	   chronic	  

phase	  hindlimb	  impairment,	  horizontal	  movement,	  and	  vertical	  movement	  as	  well	  

as	   antibody	   to	   TMEV,	   MOG33-‐55,	   and	   MBP	   (Johnson	   et	   al.,	   2006).	   Furthermore,	  

chronic	  phase	  behavioral	  signs	  correlates	  with	  overall	  meningitis	  and	  perivascular	  

cuffing	  (Sieve	  et	  al.,	  2004).	  This	  suggests	   that	  an	  evaluation	  of	  behavior	   is	  related	  

useful	  tool	  to	  assessing	  and	  predicting	  disease	  severity.	  

Studies	  of	  acute	  phase	  TMEV	  infection	  allows	  for	  the	  examination	  of	  factors	  

that	  contribute	   to	  viral	  persistence	  and	   later	  chronic	  phase	  disease	  exacerbations	  

(Aubert	   et	   al.,	   1987;	   Brahic	   et	   al.,	   1981;	   Rodriguez	   et	   al.,	   1996).	   Therefore,	   this	  

model	  allows	  for	  the	  evaluation	  of	  the	  mechanisms	  by	  which	  environmental	  factors	  

increase	   CNS	   viral	   persistence	   and	   demyelination.	   	   As	   is	   observed	  with	  multiple	  

sclerosis,	   stress	   generally	   exacerbates	   TMEV	   infection	   (Johnson	   et	   al.,	   2006;	  

Johnson	   et	   al.,	   2004b;	   Meagher	   et	   al.,	   2007;	   Mi	   et	   al.,	   2006b;	   Sieve	   et	   al.,	   2004;	  
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Steelman	   et	   al.,	   2009).	   Examining	   the	   mechanism	   by	   which	   stress	   exacerbates	  

TMEV	  infection	  has	  provided	  some	  insight	  into	  how	  stress	  may	  affect	  MS,	  however,	  

much	  is	  still	  unknown.	  

	  

Stress	  

	   Broadly	   defined,	   stress	   is	   the	   non-‐specific	   response	   of	   the	   body	   to	   any	  

demand	   for	   change.	   By	   this	   definition	   stress,	   encompasses	   real	   or	   perceived	  

psychological	  and	  physiological	  stressors.	  	  Psychological	  stress	  can	  be	  defined	  as	  a	  

perceived	   discrepancy	   between	   personal	   resources	   and	   the	   demands	   of	   the	  

situation,	   whereas	   physiological	   stressors	   are	   demands	   on	   the	   body	   that	   do	   not	  

require	   a	   cognitive	   appraisal	   of	   the	   event	   and	   includes	   stimuli	   such	   as	   intense	  

physical	  exertion,	  injury,	  or	  even	  bacterial	  or	  viral	  infection.	  These	  stressors	  appear	  

to	   differentially	   activate	   stress	   pathways;	   based	   on	   these	   differences	   they	   have	  

been	   classified	   as	   processive	   and	   systemic	   (Emmert	   and	  Herman,	   1999;	   Herman	  

and	  Cullinan,	  1997).	  	  Processive,	  or	  psychological,	  stressors	  are	  those	  that	  have	  no	  

inherent	   physical	   cause	   and	   thus	   require	   comparison	   with	   prior	   experience	   to	  

achieve	   biological	   significance.	   	   Therefore,	   it	   is	   likely	   that	   such	   stressors	   require	  

stimulus	   processing	   in	   brain	   regions	   that	   regulate	  memory	   and	   emotion.	   	   On	   the	  

other	   hand,	   systemic	   or	   physiological	   stressors	   disrupt	   internal	   homeostasis	   and	  

can	  activate	  a	  stress	  response	  without	  being	  channeled	  through	  limbic	  and	  cortical	  

structures.	  Clearly	  these	  types	  of	  stressors	  are	  not	  necessarily	  mutually	  exclusive.	  	  
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Both	  forms	  of	  stressors	  can	  be	  acute	  or	  chronic.	  Acute	  stress	  is	  defined	  as	  a	  

stress	   lasting	   for	   a	   period	   of	   minutes	   to	   hours;	   it	   can	   result	   from	   demands	   and	  

pressures	  of	  the	  recent	  past	  or	  the	  anticipated	  future.	  	  It	  can	  be	  mild	  to	  severe,	  but	  

passes	  quickly.	  Chronic	  stress,	  which	  persists	   for	  several	  hours	  per	  day	  for	  weeks	  

or	  months,	  is	  the	  grinding	  stress	  that	  persists	  and	  wreaks	  havoc	  on	  the	  body.	  	  It	  can	  

occur	   in	   response	   to	   a	   variety	   of	   stimuli	   including	   abuse,	   poverty,	   family	  

dysfunction,	   or	   a	   dead-‐end	   job.	   	   Research	   suggests	   that	   acute	   stressors	   tend	   to	  

enhance	   immunity	   by	   increasing	   immune	   cell	   trafficking	   and	   enhancing	  

immunological	  memory	   (Dhabhar	  and	  McEwen,	  1999;	  Dhabhar	  and	  Viswanathan,	  

2005;	   Viswanathan	   and	   Dhabhar,	   2005);	   in	   contrast,	   chronic	   stressors	   are	  more	  

likely	   to	   suppress	   immune	   function	   (Blecha	   et	   al.,	   1982;	   Campbell	   et	   al.,	   2001;	  

Campisi	  and	  Fleshner,	  2003;	  Dobbs	  et	  al.,	  1993;	  Johnson	  et	  al.,	  2006;	  Sheridan	  et	  al.,	  

1998;	  Sieve	  et	  al.,	  2004).	  

It	   is	   suggested	   that	   stressors	   exert	   profound	   physiological	   responses	  

intended	   to	   maintain	   an	   individual’s	   internal	   balance	   or	   homeostasis	   (McEwen,	  

2000).	   Most	   notably	   the	   activation	   of	   the	   hypothalamic-‐pituitary-‐adrenal	   (HPA)	  

axis	  and	  the	  sympathetic	  nervous	  system	  (SNS)	  occur	   in	  response	  to	  stress.	   	   	  The	  

limbic	   system,	   of	   which	   the	   hypothalamus	   is	   part,	   is	   a	   complex	   set	   of	   brain	  

structures	  that	  are	  highly	  responsive	  to	  emotional	  stimuli,	  such	  as	  psychological	  or	  

processive	   stress.	   Direct	   activation	   by	   systemic	   stress	   or	   activation	   via	   cortico-‐

limbic	  system	  structures	  by	  processive	  stress	  of	  the	  paraventricular	  nucleus	  of	  the	  

hypothalamus	   results	   in	   the	   synthesis	   and	   secretion	   of	   corticotropin	   releasing	  
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hormone	   (CRH).	  The	  CRH	  acts	  on	   the	  pituitary	  gland	  causing	  adrenocorticotropic	  

hormone	  (ACTH)	  to	  be	  released	  into	  the	  bloodstream.	  	  In	  response	  to	  the	  ACTH,	  the	  

adrenal	   cortex	   produces	   glucocorticoids	   (GCs),	   such	   as	   cortisol	   in	   humans	   and	  

corticosteroids	   in	   rodents.	   	   GCs	   have	   widespread	   effects	   on	   the	   body	   because	  

almost	   all	   cells	   express	   glucocorticoid	   receptors.	   	   One	   of	   their	   functions	   is	   to	  

mediate	  metabolic	  processes,	  acting	  to	  stimulate	  glucose	  release	  in	  the	  liver	  and	  fat	  

break	  down	  in	  adipose	  tissue.	  	  Tight	  regulation	  of	  their	  release	  is	  important	  due	  to	  

the	  powerful	  effects	  they	  can	  exert.	  	  Therefore,	  secretion	  of	  GCs	  is	  suppressed	  by	  a	  

negative	  feedback	  loop;	  hypothalamus	  secretion	  of	  CRH	  is	  inhibited	  by	  GCs	  (see	  Fig.	  

1).	  

Activation	   of	   the	   sympathetic	   branch	   of	   the	   autonomic	   nervous	   system	  

results	   in	   release	   of	   norepinephrine	   from	   sympathetic	   neurons	   and	   triggers	   the	  

adrenal	   medulla	   to	   synthesize	   and	   secrete	   epinephrine	   and	   norepinephrine	   into	  

circulation.	   This	   results	   in	   the	   activation	   of	   the	   fight-‐or-‐flight	   response,	   first	  

described	  by	  Walter	  Cannon	  (1914)	  who	  suggests	  that	  states	  the	  SNS	  activation	  is	  

designed	  to	  prepare	  an	  animal	  facing	  danger	  to	  engage	  (fight)	  or	  avoid	  (flight)	  the	  

threatening	   stimuli.	   	   Epinephrine	   release	   affects	   almost	   all	   organ	   systems;	   to	  

mention	   a	   few,	   it	   increases	   heart	   rate,	   contracts	   blood	   vessels,	   and	   dilates	   air	  

passages.	   Furthermore,	   immune	   cells	   can	   respond	   to	   hormones	   released	   by	   the	  

SNS.	  	  For	  example,	  it	  has	  been	  suggested	  that	  norepinephrine	  can	  trigger	  microglia	  

to	  release	  proinflammatory	  cytokines	  (Blandino	  et	  al.,	  2006).	  
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Stress	  has	  been	  shown	  to	  suppress	  immune	  function	  and,	  thereby,	  increase	  

susceptibility	   to	   infections	   and	   cancer.	   Paradoxically,	   stress	   can	   also	   exacerbate	  

diseases	   characterized	   by	   exaggerated	   immune	   activation,	   such	   as	   allergic,	  

autoimmune,	   and	   inflammatory	   diseases.	   	   This	   suggests	   that	   stress	   may	   also	   be	  

capable	   of	   enhancing	   immune	   function.	  	   These	   effects	   appear	   to	   be	  mediated	   by	  

stress-‐induced	   hormones	   (Dhabhar	   and	  McEwen,	   1999).	   	   Research	   suggests	   that	  

stress	   hormones	   affect	   the	   efficacy	   of	   both	   the	   innate	   and	   adaptive	   immune	  

response.	  It	  is	  through	  this	  mechanism	  that	  stress	  is	  likely	  to	  exert	  its	  effects	  on	  the	  

pathogenesis	  of	  MS	  and	  Theiler’s	  Virus	  induced	  demyelination	  (TVID).	  	  

	  

Glucocorticoids	  and	  Immune	  Function	  

It	  has	  been	  well	  demonstrated	  that	  GCs	  affect	  immune	  system	  responses.	  It	  

is	   generally	   accepted	   that	   GCs	   act	   to	   suppress	   immune	   function,	   such	   that	  	  

exogenous	  glucocorticoids	  (e.g.,	  methylprednisolone, prednisone, and dexamethasone)	  

are	   commonly	   used	   to	   treat	   diseases	   caused	   by	   over-‐activation	   of	   immune	  

functions,	   including	   autoimmune	   and	   inflammatory	   diseases	   like	   MS.	   This	   effect	  

appears	   to	   occur	   through	   the	   inhibition	   of	   gene	   transcription.	   For	   example,	  

suppressing	   proinflammatory	   pathways,	   such	   as	   NF-‐κβ	   and	   c-‐Jun,	   within	  

macrophages	  and	  microglia	  leads	  to	  a	  reduction	  in	  inflammation	  (see	  Fig.	  2). 
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Fig.	  1.	  The	  Hypothalamic-‐Pituitary-‐Adrenal	  axis.	  	  When	  a	  stressor,	  physiological	  or	  psychological,	  is	  
assessed	   the	   hypothalamus,	   within	   the	   brain,	   releases	   corticotrophin	   releasing	   hormone	   (CRH),	  
which	   acts	   on	   the	   pituitary	   gland.	   	   The	   pituitary	   gland	   releases	   adrenocorticotropic	   hormone	  
(ACTH)	   to	   be	   released	   into	   the	   bloodstream,	   	   Once	   in	   the	   blood	   stream	   ACTH	   is	   able	   to	   act	  
peripherally	  and	  cause	  the	  adrenal	  cortex	  to	  release	  glucocorticoids	  (GCs),	  cortisol	   in	  humans	  and	  
corticosterone	   in	   rodents.	   	   	   Importantly,	   GCs	   form	   a	   negative	   feedback	   loop	   that	   acts	   centrally	   to	  
inhibit	  hypothalamic	  release	  of	  CRH.	  	  	  
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Fig.	  2.	  	  The	  impact	  of	  GCs	  on	  inflammation.	  	  	  GCs,	  such	  as	  cortisol,	  act	  on	  GC	  receptors,	  which	  are	  G-‐
protein	  coupled	  receptor,	  that	  initiates	  a	  variety	  of	  intracellular	  processes	  leading	  to	  the	  inhibition	  
of	  inflammation.	  	  In	  this	  figure	  solid	  lines	  are	  activational	  pathways,	  while	  doted	  lines	  are	  inhibitory	  
pathways.	  	  For	  example,	  cortisol	  inhibits	  the	  NF-‐κβ	  and	  c-‐Jun	  inflammatory	  pathways.	  	  Furthermore,	  
stimulation	   of	   the	   GC	   receptor	   results	   in	   the	   activation	   of	  MAPK	   phophatase,	  which	   results	   in	   an	  
inhibition	  of	  c-‐Jun	  and	  MAPKs.	  	  	  	  
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	  Furthermore,	   GCs	   can	   simultaneously	   antagonize	   these	   pathways	   by	  

inducing	   release	   of	  MAPK	  phosphatase	   I,	  which	   inhibits	  MAP	   and	   Jun	  N-‐terminal	  

kinases	   and,	   consequently,	   reduces	   inflammation	   (Rhen	   and	   Cidlowski,	   2005).	  

However,	   it	   has	   been	   demonstrated	   that	   in	   some	   cases	   GCs	   can	   act	   to	   enhance	  

inflammation.	   	   For	   example,	   GCs	   facilitate	   prostaglandin	   and	   leukotriene	   sythesis	  

(Garcia-‐Fernandez	  et	  al.,	  2000),	  are	  necessary	  for	  HSV	  to	  cause	  brain	  inflammation	  

(Ben-‐Hur	   et	   al.,	   2001),	   and	   increase	   infiltration	   of	   inflammatory	   cells	   in	   the	  

hippocampus	  following	  excitotoxic	  seizures	  (Dinkel	  et	  al.,	  2003).	  	  

Not	   only	   do	   GCs	   affect	   the	   inflammatory	   response,	   they	   can	   also	   modify	  

adaptive	   immune	   responses.	   	   These	   effects	   appear	   to	   occur	   through	   direct	   and	  

indirect	   routes.	   	   Given	   that	   T	   cells	   have	   GC	   receptors	   they	   may	   lead	   to	   a	   direct	  

suppression	  or	   even	   induce	   apoptosis	   of	  T	   cells	   (Ashwell	   et	   al.,	   2000;	  Gold	   et	   al.,	  

2001).	  They	  may	  also	   functionally	   impair	  T	  cells	   through	  disrupting	  natural	  killer	  

cell	   priming	   of	   T	   cells	   (Elftman	   et	   al.,	   2010)	   or	   by	   affecting	   the	   selection	   and	  

development	   of	   T	   cells	   within	   the	   thymus	   (Stojic-‐Vukanic	   et	   al.,	   2009).	  	  

Furthermore,	   it	   has	   been	   demonstrated	   that	   stress	   can	   alter	   the	   CD4+	   T	   cell	  

differentiation	  (e.g.,	  a	  Th1/Th2	  shift)(Cannarile	  et	  al.,	  2006).	  	  

The	  immunosuppressive	  actions	  of	  GCs	  can	  result	  in	  the	  activation	  latent	  or	  

persistent	   viruses	   (Cacioppo	   et	   al.,	   2002;	   Guliani	   et	   al.,	   1999;	  Mayer	   et	   al.,	   2006;	  

Noisakran	   et	   al.,	   1998;	   Pastoret	   et	   al.,	   1980).	   	   Given	   that	   it	   is	   hypothesized	   that	  

multiple	   sclerosis	   is	   associated	  with	   the	   activation	   of	   latent	   or	   persistent	   viruses	  

within	  the	  CNS,	  this	  may	  be	  one	  mechanism	  by	  which	  stress	  is	  associated	  with	  the	  
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onset	  of	  MS.	  However,	  immunosuppression	  after	  disease	  onset	  (e.g.,	  administration	  

of	   exogenous	   GCs)	   may	   be	   protective	   because	   it	   suppresses	   the	   action	   of	  

autoreactive	  T	   cells.	   	  This	  may	  also	  explain	  why	   severe	   stressors,	  which	   result	   in	  

high	   levels	   of	   glucocorticoids,	   may	   reduce	   disease	   relapses	   in	   MS	   patients	  

(Nisipeanu	  and	  Korczyn,	  1993).	  	  

However,	  the	  body	  can	  develop	  resistance	  to	  the	  immunosuppressive	  effects	  

of	   glucocorticoids,	   a	   phenomenon	   known	   as	   GC	   resistance	   (GCR).	   	   This	   effect	  

appears	   to	   occur	   in	   response	   to	   social	   processive	   stressors	   (i.e.,	   social	   disruption	  

stress),	  not	  non-‐social	  stressors	  (i.e.,	  restraint	  stress),	  and	  has	  been	  demonstrated	  

in	  various	  species	  (Avitsur	  et	  al.,	  2001;	  Cohen	  et	  al.,	  1997;	  Miller	  et	  al.,	  2002;	  Quan	  

et	   al.,	   2001;	   Raison	   and	  Miller,	   2003).	   	  With	   chronic	   high-‐level	   exposure	   to	   GCs,	  

immune	   cells	   compensate	   by	   down-‐regulating	   the	   expression	   and	   function	   of	   GC	  

receptors,	   thereby	  making	  cells	  more	  resistant	   to	   the	  anti-‐inflammatory	  effects	  of	  

GCs.	  This	  resistance	  has	  been	  demonstrated	  to	  develop	  in	  the	  immune	  cells	  of	  the	  

blood,	   spleen,	   and	   brain	   in	   response	   to	   SDR	   (Avitsur	   et	   al.,	   2001;	   Johnson	   et	   al.,	  

2004b;	  Meagher	  et	  al.,	  2007;	  Miller	  and	  Chen,	  2006;	  Quan	  et	  al.,	  2001).	  For	  example,	  

Quan	  et	  al.	   (2001)	  demonstrated	  that	  SDR	  results	   in	  a	  reduction	  of	  glucocorticoid	  

receptor	   mRNA	   in	   the	  spleen	  and	   brain	  as	   well	   as	   induce	   functional	   GCR	   in	  

splenocytes.	  Although	  there	  may	  be	  circumstances	  when	  GCR	  is	  adaptive,	  it	  appears	  

that	   it	   may	   be	   one	   mechanism	   by	   which	   social	   stress	   increases	   vulnerability	   to	  

inflammatory	  diseases,	  such	  as	  MS.	  
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Catecholamines	  and	  Immune	  Function	  

	   In	   addition	   to	  mediating	   the	   fight	  or	   flight	   response,	   catecholamines	   affect	  

the	   immune	   response.	   	   They	   are	   particularly	   important	   in	   the	   regulation	   of	   pro-‐

inflammatory	   cytokines.	   Epinephrine	   and	   norepinephrine	   exert	   their	   effects	   by	  

acting	   on	   β2	   adrenergic	   receptors	   spread	   widely	   throughout	   the	   body.	   	   These	  

receptors	  are	  located	  on	  immune	  cells	  as	  well,	  providing	  an	  avenue	  by	  which	  SNS	  

activation	  might	   influence	   immune	   function.	   	   For	   example,	   they	   are	   expressed	   in	  

high	   levels	   on	   macrophages.	   	   Activation	   of	   the	   β2	   adrenergic	   receptor	   on	  

macrophages	  results	  in	  the	  production	  of	  proinflammatory	  cytokines,	  such	  as	  IL-‐6	  

and	   IL-‐1β	   (Blandino	   et	   al.,	   2009;	   Gornikiewicz	   et	   al.,	   2000;	   Mohamed-‐Ali	   et	   al.,	  

2001;	  Nguyen	  et	  al.,	  1998;	  Steptoe	  et	  al.,	  2001;	  Takaki	  et	  al.,	  1994;	  Tan	  et	  al.,	  2007).	  	  

Furthermore,	   it	   has	   been	   suggested	   that	   microglia	   become	   activated	   by	  

stress	   (Frank	   et	   al.,	   2007;	   Nair	   and	   Bonneau,	   2006;	   Sugama	   et	   al.,	   2007),	  

presumably	   through	   activation	   of	   the	   β2	   adrenergic	   receptor.	   	   Microglia	   are	   the	  

resident	  macrophages	  of	  the	  CNS	  and	  their	  activation	  results	  in	  the	  release	  a	  variety	  

of	   proinflammatory	   factors.	   	   Unlike	   the	   all-‐or-‐nothing	   activational	   profile	   of	  

neurons,	  microglia	  have	  a	  graded	  activational	  profile.	   	  In	  their	  basal	  state	  they	  are	  

highly	  branched	  and	  constantly	  sample	  from	  the	  extracellular	  environment.	  	  When	  

microglia	   encounter	   an	   activational	   signal	   (e.g.,	   tissue	   damage,	   virus,	   bacteria,	  

proinflammatory	  cytokines),	  they	  undergo	  morphological	  and	  phenotypic	  changes	  

designed	  to	  address	  the	  situation.	  	  These	  changes	  usually	  include	  the	  release	  of	  pro-‐

inflammatory	   cytokines,	   and	   in	   their	   highest	   activational	   state	   microglia,	   they	  
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become	   like	   macrophages,	   having	   an	   amoeboid	   morphology	   and	   engaging	   in	  

phagocytosis	  and	  antigen	  presentation.	  	  	  

	  

Cytokines	  and	  the	  Stress	  Response	  

	   The	   relationship	   between	   cytokines	   and	   stress	   is	   complex.	   Not	   only	   can	  

stress	  alter	  systemic	  and	  CNS	  proinflammatory	  cytokine	  levels	  (Bartolomucci	  et	  al.,	  

2003;	  Blandino	  et	  al.,	  2006;	  Deak	  et	  al.,	  2005a;	  Johnson	  et	  al.,	  2004a;	  Johnson	  et	  al.,	  

2006;	  Meagher	  et	  al.,	  2007;	  Merlot	  et	  al.,	  2003;	  Merlot	  et	  al.,	  2004a;	  Mi	  et	  al.,	  2006a;	  

Minami	  et	  al.,	  1991;	  Miyahara	  et	  al.,	  2000;	  Nguyen	  et	  al.,	  1998;	  Nguyen	  et	  al.,	  2000;	  

O'Connor	   et	   al.,	   2003b;	   Quan	   et	   al.,	   2001;	   Shintani	   et	   al.,	   1995a;	   Shintani	   et	   al.,	  

1995b;	  Stark	  et	  al.,	  2002),	   cytokine	   (e.g.,	  TNF-‐α,	   IL-‐1,	   IL-‐6,	  and	   IL-‐12)	  release	  can	  

also	  initiate	  the	  release	  of	  stress	  hormones	  (Maier	  and	  Watkins,	  1998;	  Watkins	  and	  

Maier,	  2000).	   It	  has	  been	  demonstrated	  that	  stress	  and	  cytokines	  have	  significant	  

bi-‐directional	  communication.	  Proinflammatory	  cytokines	  within	  the	  CNS,	  released	  

in	  response	  to	   immune	  system	  activation,	  can	  activate	  the	  HPA	  axis	  (Bethin	  et	  al.,	  

2000;	   Turnbull	   and	   Rivier,	   1999).	   	   This	   is	   a	   potential	   mechanism	   by	   which	   a	  

systemic	  stressor	  activates	  stress	  pathways.	  Furthermore,	  cytokine	  release	  results	  

in	  stereotyped	  sickness	  behaviors,	  including	  anorexia,	  anhedonia,	  reduced	  general	  

activity	   and	   social	   activity,	   increased	   pain	   behavior,	   and	   learning	   and	   memory	  

impairments	  (Barrientos	  et	  al.,	  2002;	  Maier	  and	  Watkins,	  1998;	  Pugh	  et	  al.,	  1999).	  	  
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	   Furthermore,	  proinflammatory	  cytokine	  release	  can	  be	  sensitized*	  by	  stress-‐

and	   immune-‐induced	  proinflammatory	  cytokines	  (Cunningham	  et	  al.,	  2005;	  Frank	  

et	  al.,	  2007;	  Johnson	  et	  al.,	  2002;	  Johnson	  et	  al.,	  2004a;	  Perry	  et	  al.,	  2003;	  Quan	  et	  al.,	  

2001).	   	   For	   example,	   in	   a	   model	   of	   prion	   disease,	   a	   challenge	   with	  

lipopolysaccharide	  (LPS;	  a	  cell	  wall	  component	  of	  gram	  negative	  bacteria)	  results	  in	  

a	  dramatic	  increase	  in	  IL-‐1β	  expression,	  as	  well	  as	  increased	  neutrophil	  infiltration	  

and	  inducible	  nitric	  oxide	  synthase	  (iNOS)	  expression,	  in	  the	  brain	  parenchyma	  of	  

prion	   disease	   infected	   mice	   compared	   to	   non-‐infected	   mice	   (Cunningham	   et	   al.,	  

2005).	  Furthermore,	  administration	  of	  IL-‐6	  sensitizes	  stress-‐induced	  expression	  of	  

IL-‐6	  within	  the	  hypothalamus	  (Matsumoto	  et	  al.,	  2006).	  	  Increases	  in	  inflammation	  

also	  results	  in	  increases	  in	  sickness	  behavior	  (Dantzer,	  2006;	  Watkins	  et	  al.,	  1994).	  	  

This	   suggests	   that	   a	   shared	   neural	   substrate	   may	   be	   primed	   by	   either	   stress	   or	  

immune	   activation.	   	   Given	   that	   microglia	   are	   the	   primary	   producers	   of	   CNS	  

inflammation,	   they	  may	   be	   the	   underlying	  mechanism	   (Cunningham	   et	   al.,	   2005;	  

Frank	  et	  al.,	  2007;	  Nair	  and	  Bonneau,	  2006;	  Perry	  et	  al.,	  2003;	  Sugama	  et	  al.,	  2007).	  

	   Given	  that	  CNS	  inflammation	  is	  associated	  with	  sickness	  behavior	  (Dantzer, 

2006; Watkins et al., 1994)	   and	   MS	   is	   associated	   with	   exaggerated	   levels	   of	  

proinflammatory	  cytokines	  within	  the	  CNS	  (Hauser	  and	  Oksenberg,	  2006;	  Martino	  

et	  al.,	  2002),	  it	  is	  not	  unexpected	  that	  patients	  commonly	  report	  fatigue,	  depression,	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
*	  Within	   the	   field	   of	   psychology,	   sensitization	   refers	   to	   an	   experience	   dependent	  
enhancement	   in	   response,	   as	   observed	   in	   non-‐associative	   learning.	   This	   is	   in	  
contrast	  to	  its	  immunological	  definition,	  which	  refers	  to	  the	  acquired	  ability	  of	  the	  
immune	  system	   to	   respond	   to	  a	   foreign	  substance	  upon	  re-‐exposure.	  Throughout	  
this	  dissertation	  “sensitization”	  will	  be	  used	  by	  its	  psychological	  definition. 
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pain,	   and	   cognitive	   dysfunction	   (Braley	   and	   Chervin,	   2010;	   Chiaravalloti	   and	  

DeLuca,	  2008;	  Kargiotis	  et	  al.,	  2010;	  Krupp	  et	  al.,	  2010;	  Nurmikko	  et	  al.,	  2010).	  	  It	  is	  

also	   no	   surprise	   that	   an	   environmental	   stimulus	   that	   exacerbates	   inflammation,	  

such	   as	   psychological	   stress	   or	   viral	   infection,	   would	   be	   sufficient	   to	   exacerbate	  

disease	  processes.	  	  However,	  the	  exact	  mechanism	  underlying	  this	  effect	  is	  not	  fully	  

understood.	  

This	  complex	  relationship	  is	  simpler	  to	  disentangle	  in	  animal	  models	  of	  MS,	  

such	   as	  TMEV	   infection.	   	   As	   previously	   suggested,	   the	   nature	   of	   a	   stressful	   event	  

determines	   the	  physiological	  response	  to	   the	  stressor.	   	  For	  example,	  social	  stress,	  

but	   not	   restraint	   stress,	   reduces	   the	   sensitivity	   of	   immune	   cells	   to	   the	   anti-‐

inflammatory	   effects	   of	   glucocorticoids	   (Avitsur	   et	   al.,	   2001;	   Miller	   et	   al.,	   2002;	  

Quan	   et	   al.,	   2001;	   Sheridan	   et	   al.,	   2000;	   Stark	   et	   al.,	   2002).	   This	   SDR-‐induced	  

glucocorticoid	   resistance	   (GCR)	   diminishes	   the	   ability	   of	   stress-‐induced	  

glucocorticoids	  to	  inhibit	  proinflammatory	  cytokines.	  Consequently,	  chronic	  social	  

stress	  may	  be	  more	  likely	  to	  enhance	  inflammation	  than	  a	  chronic	  physical	  stressor,	  

such	  as	  restraint	  stress.	  	  	  

	  

Restraint	  Stress	  

Restraint	   is	   a	   common	   procedure	   for	   studying	   the	   effect	   of	   stress	   in	  

laboratory	   animals	   and	   involves	   placing	   mice	   in	   well-‐ventilated	   tubes	   overnight	  

(Pare	   and	   Glavin,	   1986).	   	   Acute	   restraint	   stress	   has	   been	   shown	   to	   enhance	  

leukocyte	  (e.g.,	  neutrophil,	  macrophage,	  NK	  cell,	  and	  T	  cell)	  infiltration	  in	  response	  
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to	   surgery	   or	   immune	   cell	   activation	   (Viswanathan	   and	   Dhabhar,	   2005).	  

Furthermore,	  it	  has	  been	  demonstrated	  that	  two	  to	  five	  hours	  of	  acute	  stress	  result	  

in	  an	  enhancement	  of	  antigen-‐specific,	  cell-‐mediated	  immune	  responses,	  known	  as	  

a	   delayed	   type	   hypersensitivy	   (DTH)	   response	   (Dhabhar	   and	  McEwen,	   1997).	   In	  

contrast,	  when	  this	  stressor	  was	  administered	  chronically	  (6	  h	  for	  3	  to	  5	  weeks)	  it	  

resulted	  in	  a	  suppression	  of	  the	  DTH	  response.	  	  

Similarly,	  chronic	  restraint	  stress	  has	  been	  shown	  to	  suppress	  the	   immune	  

response	  to	  TMEV	  infection	  (Campbell	  et	  al.,	  2001;	  Mi	  et	  al.,	  2006a;	  Steelman	  et	  al.,	  

2009;	   Welsh	   et	   al.,	   2004).	   	   In	   this	   paradigm	   restraint	   was	   administered	   nightly	  

beginning	  the	  night	  prior	  to	  infection	  and	  continuing	  until	  day	  eight	  post-‐infection.	  

This	  stressor	  has	  been	  shown	  to	  enhance	  glucocorticoid	  secretion	  without	   loss	  of	  

GC	  sensitivity,	  exacerbate	  sickness,	  decrease	  viral	  clearance,	  and	  increase	  mortality	  

following	   TMEV	   infection	   (Campbell	   et	   al.,	   2001).	   	   It	   has	   also	   been	   shown	   to	  

decrease	   innate	   immune	   function,	   as	  measured	  by	   a	   reduction	   in	  NK	   cell	   activity	  

(Welsh	  et	  al.,	  2004)	  as	  well	  as	  lower	  cytokine	  expression	  in	  the	  spleen	  and	  CNS	  (Mi	  

et	   al.,	   2006a).	   	   Recently	   it	   has	   been	   demonstrated	   that	   restraint	   also	   suppresses	  

virus	  specific	  CD4+	  and	  CD8+	  T	  cell	  function	  (Steelman	  et	  al.,	  2009).	  

	  

Social	  Disruption	  Stress	  

Although	  restraint	  stress	  provides	  insight	  into	  how	  the	  activation	  of	  the	  HPA	  

axis	   influences	  disease	  course,	   its	   translational	  value	  may	  be	   limited.	   It	   is	  unclear	  

what	   human	   stressor	  may	   be	   comparable	   to	   restraint	   stress	   in	  mice.	   	   Given	   that	  
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stressors	   do	   not	   necessarily	   exert	   uniform	   change,	   it	   is	   important	   to	   establish	  

models	  that	  are	  more	  readily	  translated	  to	  human	  conditions.	  Due	  to	  the	  propensity	  

and	   ubiquitous	   nature	   of	   social	   stress	   (Blanchard	   et	   al.,	   2001),	   it	   is	   seems	   to	   be	  

important	   to	   evaluate	   the	   immunological	   consequences	   of	   social	   stress	   in	   animal	  

models.	  	  	  

Social	   disruption	   (SDR)	   stress	   is	   an	   animal	   model	   of	   social	   stress	   that	  

consists	  of	  introducing	  a	  dominant	  male	  mouse	  into	  the	  home	  cage	  of	  younger	  male	  

mice.	   	   The	   intruder	   displays	   dominance	   (e.g.,	   tail	   shaking,	   chasing,	   mounting,	   or	  

biting)	  and	  requires	  the	  other	  mice	  in	  the	  cage	  to	  display	  submissive	  behavior	  (e.g.,	  

standing	  on	  hindlimbs	  with	  ventral	  body	  surface	  exposed	  and	  forelegs	  raised).	  	  This	  

disrupts	  the	  established	  hierarchy	  and	  results	  in	  glucocorticoid	  release	  (Johnson	  et	  

al.,	  2004b;	  Quan	  et	  al.,	  2001).	  	  When	  the	  stressor	  is	  administered	  chronically	  (six	  2-‐

hour	  sessions	  within	  one	  week),	  GCR	  develops	  (Avitsur	  et	  al.,	  2001;	  Johnson	  et	  al.,	  

2004b).	   	   Furthermore,	   subjects	   exposed	   to	   SDR	   prior	   to	   an	   immune	   challenge	  

demonstrated	  an	  enhanced	  inflammatory	  response	  (Quan	  et	  al.,	  2001).	  	  Similarly,	  it	  

has	   been	   demonstrated	   that	   SDR	   results	   in	   enhanced	   serum	   levels	   of	   IL-‐6	   in	  

response	   to	   TMEV	   infection	   (Johnson	   et	   al.,	   2006),	   contrary	   to	   what	   has	   been	  

observed	  in	  response	  to	  restraint	  stress	  (Mi	  et	  al.,	  2006a).	   	  However,	  this	  increase	  

in	   inflammation	   is	   consistent	   with	   reports	   that	   circulating	   levels	   of	   IL-‐6	   are	  

elevated	  in	  humans	  with	  major	  depression	  and	  chronic	  stress	  (Kiecolt-‐Glaser	  et	  al.,	  

2003;	  Maes	  et	  al.,	  1999;	  Maes	  et	  al.,	  1998).	  
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IL-‐6	  is	  a	  pleiotropic	  cytokine	  produced	  by	  a	  panoply	  of	  cells,	   including,	  but	  

not	   limited	   to,	   macrophages,	   microglia,	   astrocytes,	   T	   cells,	   and	   endothelial	   cells.	  	  

Furthermore,	  it	  can	  be	  released	  due	  to	  a	  variety	  of	  stimuli,	  including	  cytokines	  (e.g,	  

IL-‐1,	  TNF-‐α),	  bacterial	  and	  viral	   infection,	  disease	  (e.g.,	  MS,	  cancer,	  heart	  disease),	  

and	  stress.	  	  Upon	  release,	  it	  can	  act	  as	  both	  pro-‐	  and	  anti-‐inflammatory.	  	  IL-‐6	  plays	  a	  

key	   role	   in	   inflammation	   through	   induction	   of	   factors	   such	   as	   C-‐reactive	   protein.	  

Furthermore,	  IL-‐6	  influences	  acquired	  immune	  function	  through	  induction	  of	  T	  cell	  

growth	  and	  cytotoxic	  T	  cell	  differentiation.	  	  An	  over	  production	  of	  IL-‐6	  is	  generally	  

related	  to	  inflammatory-‐mediated	  disease	  and	  is	  accompanied	  by	  an	  increase	  in	  IL-‐

1β.	  Despite	  the	  negative	  impact	  of	  high	  levels	  of	  IL-‐6,	  blocking	  this	  cytokine	  can	  also	  

have	  pro-‐inflammatory	  effects	  suggesting	  anti-‐inflammatory	  actions	  of	  IL-‐6	  as	  well.	  

Research	  reveals	  that	  it	  serves	  as	  negative	  feedback	  for	  proinflammatory	  cytokines.	  	  

Previous	  research	  has	  also	  demonstrated	  that	  exposure	  to	  chronic	  SDR	  prior	  

to	   TMEV	   infection	   exacerbates	   both	   acute	   and	   chronic	   phases	   of	   the	   disease	  

(Johnson	   et	   al.,	   2006;	   Johnson	   et	   al.,	   2004b;	   Meagher	   et	   al.,	   2007).	   	   It	   results	   in	  

increased	   inflammatory	   cell	   infiltration	   in	   the	   spinal	   cord	   and	   brain,	   an	  

exacerbation	  of	  motor	  impairment,	  enhanced	  sickness	  behaviors,	  and	  a	  disruption	  

of	  viral	  clearance	  from	  CNS.	  Furthermore,	  it	  results	  in	  increased	  levels	  of	  circulating	  

antibodies	   to	  Theiler’s	   virus	   and	  myelin	  during	   the	   chronic	   phase.	   	   This	   suggests	  

that	  social	  stress	  alters	  both	  the	   immune	  response	  and	  the	  autoimmune	  response	  

to	   infection.	   	  Moreover,	   it	  has	  been	  demonstrated	  that	  central	  administration	  of	  a	  

neutralizing	   antibody	   to	   IL-‐6	   during	   the	   stress	   exposure	   period	   can	   reverse	   the	  
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adverse	   effects	   of	   stress	   on	   acute	   phase	   disease	   (Meagher	   et	   al.,	   2007).	   Although	  

these	  findings	  suggest	  that	  IL-‐6	  partially	  mediates	  the	  deleterious	  effects	  of	  SDR	  on	  

sickness/motor	   behaviors	   and	   immunity	   during	   acute	   TMEV	   infection,	   the	   exact	  

mechanism	   remains	   unknown.	   	   Based	   on	   this	   data,	   this	   dissertation	   tested	   the	  

hypothesis	   that	   stress-‐induced	   enhancement	   of	   IL-‐6	   release	   results	   in	   an	   altered	  

inflammatory	   response	   to	   infection	   and,	   subsequently,	   disrupts	   the	   adaptive	  

immune	  response,	  which	  would	  exacerbate	  TMEV	  pathogenesis.	  	  	  

	  

Experimental	  Hypotheses	  

The	  central	  hypothesis	  of	  this	  dissertation	  was	  that	  prior	  exposure	  to	  social	  

disruption	   stress	   exacerbates	   TMEV	   infection	   by	   dysregulating	   the	   innate	   and	  

adaptive	  immune	  response	  to	  acute	  infection.	  	  Specifically,	  I	  hypothesized	  that	  prior	  

exposure	   to	   chronic	   social	   stress	   results	   in	   virus-‐induced	   enhancement	   of	  

inflammatory	  cytokine	  expression	  and	  suppression	  of	  the	  T	  cells	  production	  within	  

the	  CNS	  during	  the	  acute	  phase	  of	  TMEV	  infection.	  	  

The	  dysregulation	  of	   the	   innate	   immune	   response	   is	   addressed	   in	  Chapter	  

III.	  Prior	  data	  suggest	  that	  stress-‐induced	  IL-‐6	  mediates	  the	  adverse	  effects	  of	  SDR	  

on	   TMEV	   disease	   course	   (Meagher	   et	   al.,	   2007).	   	   Therefore,	   this	   series	   of	  

experiments	   sought	   to	   determine	   if	   stress	   results	   in	   an	   enhancement	   of	   CNS	  

inflammation,	   a	   priming	   of	   TMEV	   infection	   induced	   inflammation,	   and	   if	   the	  

protection	   conferred	   by	   neutralizing	   IL-‐6	   during	   the	   stress	   exposure	   period	   is	  

through	   the	   inhibition	   of	   this	   enhancement	   in	   virus-‐induced	   inflammation.	   Prior	  
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research	   demonstrated	   that	   exposure	   to	   stress	   can	   potentiate	   or	   enhance	   the	  

release	  of	  proinflammatory	  cytokines	   following	  an	   immune	  challenge	   (Johnson	  et	  

al.,	  2002;	   Johnson	  et	  al.,	  2006;	  Merlot	  et	  al.,	  2004b;	  Quan	  et	  al.,	  2001).	  Given	   that	  

prior	   research	   has	   shown	   that	   IL-‐6	   neutralizing	   antibody	   treatment	   during	   the	  

stress	  exposure	  period	  reverses	  the	  adverse	  effects	  of	  stress	  on	  TMEV	  infection,	  it	  

seems	  plausible	  that	  SDR-‐induced	  increases	  in	  central	  IL-‐6	  production	  may	  be	  one	  

mechanism	  by	  which	  stress	  exacerbates	  acute	  and	  chronic	  TMEV	  infection.	  	  

Furthermore,	  given	  that	  it	  has	  been	  demonstrated	  that	  stress	  can	  lead	  to	  the	  

activation	  of	  microglia	  (Frank	  et	  al.,	  2007;	  Nair	  and	  Bonneau,	  2006;	  Sugama	  et	  al.,	  

2007),	   these	   experiments	   indirectly	   assessed	   the	   potential	   role	   of	   microglia	   in	  

mediating	  the	  enhancement	  in	  neuroinflammation	  by	  examining	  the	  expression	  of	  

CD11b,	   a	  marker	   of	  microglia	   activation.	   These	   experiments	   began	   by	   seeking	   to	  

replicate	  prior	  data	   showing	   that	   social	  disruption	  stress	   can	  exacerbate	   sickness	  

behavior	   in	   response	   to	   Theiler’s	   virus	   infection	   (Chapter	   III,	   experiment	   one	  

[Experiment	   3.1]).	   	   Experiment	   3.2	   evaluated	   SDR-‐induced	   changes	   in	   levels	   of	  

inflammatory	   cytokine	   expression	   and	   CD11b	   within	   the	   hippocampus.	   It	   was	  

hypothesized	  that	  stress	  will	  lead	  to	  an	  increase	  in	  proinflammatory	  cytokines	  and	  

microglia	   activation	   within	   the	   hippocampus.	   	   The	   hippocampus	   was	   selected	  

based	  upon	  its	  role	  in	  regulating	  stress	  responses.	  	  Finally,	  Chapter	  III	  examined	  if	  

stress,	   prior	   to	   infection,	   enhances	   the	   central	   and	   peripheral	   inflammatory	  

response	   to	   viral	   infection	   and	   if	   the	   protective	   effects	   conferred	   by	   IL-‐6	  

neutralizing	   antibody	   treatment	   during	   the	   stress	   exposure	   period	   acts	   by	  
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reversing	  this	  enhancement	  in	  inflammatory	  cytokine	  expression	  (Experiment	  3.3).	  	  

The	  dysregulation	  of	  the	  adaptive	  immune	  response	  is	  examined	  in	  Chapter	  

IV.	  Although	  prior	  data	  demonstrated	  that	  restraint	  stress	  results	  in	  a	  suppression	  

of	  virus	   specific	  CD4+	  and	  CD8+	  T	  cells	   (Steelman	  et	  al.,	  2009),	   it	   is	   important	   to	  

determine	   if	   a	   SDR	   similarly	   altered	  T	   cell	   expression.	   	  Despite	   the	  differences	   in	  

stressor	  types,	  it	  was	  hypothesized	  that	  social	  disruption	  stress	  would	  also	  result	  in	  

a	  suppression	  of	  virus	  specific	  T	  cells.	  	  This	  hypothesis	  is	  based	  upon	  the	  reduction	  

in	  viral	  clearance	  observed	  in	  response	  to	  SDR.	  	  Although	  prior	  work	  on	  the	  role	  of	  

SDR	   in	   TMEV	   infection	   was	   carried	   out	   in	   BALB/cJ	   mice	   (Johnson	   et	   al.,	   2006;	  

Johnson	   et	   al.,	   2004b;	   Meagher	   et	   al.,	   2007;	   Skulina	   et	   al.,	   2004),	   this	   series	   of	  

experiments	  was	  carried	  out	  in	  SJL/J	  mice.	  	  This	  change	  was	  based	  primarily	  upon	  

the	   fact	   that	  no	  suitable	  viral	  peptides	  exist	   for	   the	  assessment	  of	  Theiler’s	  virus-‐

specific	   T	   cell	   activity	   in	   BALB/cJ	   mice.	   	   Furthermore,	   this	   allows	   for	   the	  

generalizablity	  of	  the	  SDR	  effect	  to	  be	  examined.	  	  	  

My	  dissertation	  began	  by	  determining	  if	  that	  SDR	  prior	  to	  infection	  disrupts	  

viral	  clearance	  (Experiment	  4.1)	  and	  enhances	  sickness	  behavior	  (Experiment	  4.2	  

and	  4.3)	  in	  SJL/J	  mice.	  	  Next,	  it	  examined	  the	  expression	  of	  CD4+	  and	  CD8+	  T	  cells	  

within	  the	  cortex	  via	  RT-‐PCR	  to	  determine	  if	   infection	  increases	  expression	  and	  if	  

SDR	  results	  in	  a	  blunting	  of	  this	  increase	  (Experiment	  4.2).	  	  Finally,	  Experiment	  4.3	  

sought	  to	  determine	  if	  infection	  increases	  Theiler’s	  virus-‐specific	  CD4+	  and	  CD8+	  T	  

cell	  activity	  within	  the	  CNS	  and	  periphery	  and	  if	  SDR	  attenuates	  this	  effect.	  	  	  	  	  
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CHAPTER	  II	  

GENERAL	  METHODS	  

	  

Subjects	  	  

Male	   BALB/cJ	   and	   SJL/J	   mice	   (22-‐24-‐days-‐old;	   Jackson	   Labs,	   Bar	   Harbor,	  

ME)	   were	   maintained	   on	   a	   12-‐h	   light/dark	   cycle	   (lights	   off	   at	   17:00	   h)	   with	  

continuous	  white	  noise	  (64	  dB)	  and	  ad	  libitum	  access	  to	  food	  and	  water.	   	  Animals	  

were	  individually	  housed	  until	  they	  recovered	  from	  cannulation	  surgery,	  at	  which	  

time	   they	  were	  group	  housed,	   two	   to	   three	  per	  cage.	   	   Intruder	  mice	  were	  retired	  

male	  breeders	  of	  the	  same	  strains	  (Jackson	  Labs,	  Bar	  Harbor,	  ME).	  All	  animal	  care	  

protocols	  were	   in	   accordance	  with	   the	  Texas	  A&M	  University	   Laboratory	  Animal	  

Care	  and	  Use	  Committee	  (ULACC).	  	  	  

	  

Cannulation	  and	  IL-6	  Neutralization	  

For	  studies	  in	  Chapter	  III,	  mice	  underwent	  cannulation	  surgery	  the	  day	  after	  

they	   arrived.	   They	   were	   placed	   into	   an	   induction	   chamber	   and	   exposed	   to	   5%	  

isoflurane	   gas.	   	   After	   induction	   they	  were	  moved	   to	   a	   stereotaxic	   apparatus	   and	  

maintained	  on	  2%	  isoflurane.	  	  A	  33-‐gauge	  guide	  cannula	  (PlasticsOne,	  Roanoke,	  VA,	  

C315GS-‐2/SPC)	  was	   stereotaxically	   implanted	   into	   the	   left	   lateral	   ventricle	   (+1.0	  

mm	  lateral	  and	  -‐0.4	  mm	  rostral	  to	  bregma,	  and	  1.75	  mm	  from	  the	  top	  of	  the	  skull).	  	  

They	  were	  provided	  with	  softened	   food	  and	  acetaminophen	   treated	  water	   (162.5	  

mg/L)	  for	  at	  least	  48	  h	  prior	  to	  being	  group	  housed.	  	  	  	  	  	  	  
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To	   block	   the	   effects	   of	   stress-‐induced	   IL-‐6	   in	   the	   brain,	   IL-‐6	   neutralizing	  

antibody	  was	  administered	  intracereboventricularly	  (icv)	  four	  hours	  prior	  to	  each	  

session	   of	   SDR.	   	   This	  method	   has	   been	   used	   previously	   to	   reverse	   the	   effects	   of	  

specific	  cytokines	  in	  the	  brains	  of	  mice	  and	  rats	  (Jean	  Harry	  et	  al.,	  2003;	  Meagher	  et	  

al.,	   2007;	   Nadeau	   and	   Rivest,	   2003).	   	   IL-‐6	   neutralizing	   antibody	   (polyclonal	   goat	  

anti-‐mouse;	   10	   ng;	   R&D	   Systems,	   Madison,	   WI;	   AF-‐406-‐NA)	   or	   vehicle	   (goat	   Ig;	  

Santa	  Cruz	  Biotechnology,	  Inc	  #SC-‐2342)	  was	  infused	  in	  a	  2	  µL	  volume	  at	  a	  rate	  of	  1	  

µL/min	  via	  the	  implanted	  guide	  cannula	  and	  a	  microinjection	  pump.	  	  

	  

Social	  Disruption	  Stress	  

	   Cages	  were	  randomly	  assigned	  to	  either	  the	  control	  or	  SDR	  condition.	  	  SDR	  

began	  at	  the	  onset	  of	  the	  dark	  cycle	  (17:00	  h).	   	  During	  the	  SDR	  procedure	  control	  

mice	   remained	   undisturbed	   in	   their	   home	   cage,	   while	   SDR	  mice	   were	  moved	   to	  

another	  room	  and	  an	  aggressive	  male	  intruder	  was	  introduced	  to	  the	  cage	  for	  two	  

hours.	   	  This	  occurred	  for	  a	  total	  of	  six	  sessions,	  three	  consecutive	  nights,	  then	  one	  

off,	  followed	  by	  three	  consecutive	  nights	  (Avitsur	  et	  al.,	  2001;	  Johnson	  et	  al.,	  2006;	  

Johnson	  et	  al.,	  2004b;	  Stark	  et	  al.,	  2001).	  To	  minimize	  habituation	  to	  social	  defeat,	  a	  

new	   intruder	  was	   used	   for	   each	   session.	   	   The	   sessions	  were	  monitored	   by	   video	  

camera	   to	   ensure	   that	   the	   intruder	   demonstrated	   dominant	   behavior	   and	   the	  

residents	  demonstrated	  submissive	  behavior.	  	  If	  an	  intruder	  failed	  to	  attack	  within	  

10	  min,	   they	  were	  replaced	  and	  the	  session	  was	  continued	   for	   the	  remaining	  two	  

hours.	  	  
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To	  systematically	  assess	  the	  degree	  of	  wounding	  induced	  by	  SDR,	  we	  used	  a	  

measure	  adapted	  from	  Merlot	  et	  al.	  (2003).	   	  Prior	  to	  the	  onset	  of	  SDR	  all	  subjects	  

were	   assigned	   a	   fur	   score	   from	   one	   to	   five,	   as	   follows:	   1	   (well	   groomed	   and	  

polished),	  1.5	   (fur	  not	  well	  polished,	   looking	  a	  bit	   ruffled	  or	  dirty),	  2	   (bristling	  of	  

the	  fur),	  2.5	  (one	  small	  bite),	  3	  (more	  than	  one	  fur	  marks	  with	  bristling	  of	  the	  fur),	  

and	   4	   (one	   or	   more	   visible	   wounds	   where	   the	   fur	   was	   obviously	   disrupted).	  	  

Immediately	  following	  each	  session	  of	  SDR	  mice	  were	  examined	  under	  a	  red	  light	  

for	  gross	  wounding.	  	  

	  

Virus	  and	  Infection	  

	   The	   BeAn	   strain	   of	   Theiler’s	   virus	  was	   kindly	   provided	   by	   Dr.	   H.L.	   Lipton	  

(Department	   of	  Microbiology-‐Immunology,	   University	   of	   Illinois,	   Chicago,	   IL)	   and	  

was	   propagated	   in	   L2	   cells	   (Welsh	   et	   al.,	   1987).	   	   Mice	   were	   anesthetized	   with	  

isoflurane	  (Vecco	  Inc.,	  St	  Joseph,	  MS)	  and	  inoculated	  with	  5x104	  pfu	  of	  TMEV	  in	  a	  20	  

µL	  volume	  into	  the	  right	  mid-‐parietal	  cortex	  (Campbell	  et	  al.,	  2001;	  McGavern	  et	  al.,	  

2000;	   McGavern	   et	   al.,	   1999;	   Theil	   et	   al.,	   2000).	   	   Non-‐infected	  mice	   were	   sham-‐

infected	   with	   an	   equal	   volume	   of	   sterile	   PBS.	   Inoculation	   occurred	   two	   hours	  

following	  the	  final	  session	  of	  SDR	  (21:00	  h).	  	  	  
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Behavioral	  Assessment	  

	   Theiler’s	   virus	   infection	   results	   in	   acute	  microglia	   proliferation	   and	  motor	  

neuron	   degeneration	   (Lipton,	   1975).	   Although	   acute	   phase	   TMEV	   has	   previously	  

described	  as	  asymptomatic,	  a	  more	  detailed	  analysis	  reports	  a	  variety	  of	  sickness	  

behaviors	  in	  BALB/cJ	  mice	  in	  response	  to	  acute	  Theiler’s	  virus	  infection,	  including	  

acute	   weight	   loss,	   reduced	   activity,	   increased	   mechanical	   sensitivity,	   hindlimb	  

impairment,	   and	   encephalitis	   which	   can	   be	   enhanced	   by	   prior	   exposure	   to	   SDR	  

(Johnson	  et	  al.,	  2006;	  Johnson	  et	  al.,	  2004b;	  Meagher	  et	  al.,	  2007).	  These	  behavioral	  

changes	   are	   noteworthy	   given	   they	   are	   predictive	   of	   exacerbated	   chronic	   phase	  

(Johnson	   et	   al.,	   2006;	   Sieve	   et	   al.,	   2004).	   	   In	   this	   study,	   behavioral	   data	   were	  

collected	  on	  BALB/cJ	  mice	  to	  verify	  that	  it	  could	  be	  replicate	  prior	  research	  and	  as	  a	  

manipulation	  check.	  	  	  

Furthermore,	   to	   determine	   if	   prior	   exposure	   to	   SDR	   also	   exacerbates	  

sickness	   in	   SJL/J,	   who	   generally	   exhibit	   a	   less	   pronounced	   acute	   phase	   disease,	  

these	  measures	  were	  assessed	  in	  the	  SJL/J	  mice	  as	  well.	  	  This	  strain	  was	  evaluated	  

because	  viral	  peptides	  to	  evaluate	  effector	  T	  cell	  function	  have	  been	  established	  for	  

SJL/J	  mice	  (Kang	  et	  al.,	  2002;	  Steelman	  et	  al.,	  2009),	  but	  are	  not	  currently	  available	  

for	  BALB/cJ	  mice.	  

	  

	  

	  

	  



	   39	  

Weight	  Loss	  

A	   drop	   in	   body	   weight	   and	   food	   consumption	   is	   generally	   observed	  

immediately	  following	  infection	  with	  TMEV.	   	  Furthermore,	  it	  has	  been	  shown	  that	  

initial	   weight	   loss	   is	   associated	  with	   some	   chronic	   phase	   behaviors	   (Sieve	   et	   al.,	  

2004).	  	  Therefore,	  we	  assessed	  body	  weight	  and	  food	  weight	  daily	  at	  09:00	  h	  using	  

a	  scale	  sensitive	  to	  0.01g	  (Scout®	  Pro	  Portable	  Balance,	  Ohaus,	  Pine	  Brook,	  NJ).	  	  

	  

Anhedonia	  

	  Anhedonia,	   a	   loss	   of	   interest	   in	   pleasure	   seeking,	   was	   assessed	   by	  

evaluating	  preference	  for	  a	  sucrose	  solution	  (Maier	  and	  Watkins,	  1998;	  Pollak	  et	  al.,	  

2000).	   	   Anhedonia	   is	   thought	   to	   be	   mediated	   by	   increased	   CNS	   inflammatory	  

cytokines	   (Dantzer	   et	   al.,	   1999;	   Dantzer	   et	   al.,	   2001)	   and	   has	   previously	   been	  

shown	  to	  occur	  in	  TMEV	  infected	  animals	  previously	  exposed	  to	  stress	  (Meagher	  et	  

al.,	  2007).	  Throughout	  experiments	  mice	  were	  provided	  with	  two-‐bottle	  choice,	  one	  

bottle	  contained	  a	  2%	  sucrose	  solution	  and	   the	  other	  contained	   tap	  water	   (bottle	  

position	  was	  alternated	  in	  order	  to	  prevent	  the	  development	  of	  a	  place	  preference).	  	  

Sucrose	   preference	   was	   defined	   as	   a	   60%	   or	   greater	   preference	   for	   the	   sucrose	  

solution,	  calculated	  by	  dividing	  the	   intake	  of	  sucrose	  solution	  by	  total	   fluid	   intake	  

and	  multiplying	   by	   100.	   	   Only	   cages	   that	   exhibited	   a	   sucrose	   preference	   prior	   to	  

infection	  were	  included	  in	  data	  analysis.	  	  	  
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Mechanical	  Sensitivity	  

Prior	   research	   has	   demonstrated	   that	   stress	   exposure	   can	   result	   in	  

enhancements	   of	   virus-‐induced	   sensitivity	   to	   typically	   non-‐noxious	   stimuli,	   also	  

known	   as	   allodynia	   (Bardin	   et	   al.,	   2009;	   Chung	   et	   al.,	   2007;	   Khasar	   et	   al.,	   2005;	  

Young	  et	  al.,	   in	  preparation).	  Specifically,	   it	  has	  been	  shown	  that	  SDR	  exacerbates	  

TMEV-‐induced	   allodynia	   (Meagher	   et	   al.,	   2007).	   Although	   the	   exact	   mechanism	  

mediating	   this	   effect	   is	   unknown,	   research	   suggests	   that	   an	   upregulation	   of	   CNS	  

cytokines	   and	  microglia	   mediate	   this	   effect	   (Bradesi	   et	   al.,	   2009;	   Sweitzer	   et	   al.,	  

1999;	  Watkins	  and	  Maier,	  2005;	  Wen	  et	  al.,	  2009).	  	  

In	   this	   study	  mechanical	   allodynia	  was	   assessed	   prior	   to	   infection	   and	   on	  

day	   one	   and	   seven	   post-‐infection	   by	   placing	   the	   mice	   in	   transparent	   circular	  

chambers	  positioned	  on	  a	  raised	  mesh	  screen	  (2	  mm	  gauge),	  and	  nylon	   filaments	  

(von	  Frey	  monofilaments;	  Stoelting,	  Wooddale,	  IL;	  0.008	  –	  2.0	  grams)	  were	  applied	  

to	  the	  hindpaw	  to	  determine	  their	  withdrawal	  threshold.	  Starting	  with	  the	  smallest	  

filament,	   each	   filament	   was	   applied	   to	   the	   left	   and	   right	   hindpaws	   in	   an	   ABBA	  

manner.	   	  Mice	  received	  three	  trials:	  ascending,	  descending,	  and	  ascending	  (Dixon,	  

1980).	  Mice	  were	  habituated	  to	  the	  apparatus	  for	  20	  min	  prior	  to	  each	  test.	  	  

	  

Open	  Field	  Activity	  

	   Given	   that	   another	   consequence	   of	   enhanced	   CNS	   proinflammatory	  

cytokines	  is	  reduced	  activity,	  this	  study	  also	  evaluated	  subject’s	  activity	  in	  an	  open	  

field	  (Dantzer,	  2006).	  SDR	  prior	  to	  infection	  has	  previously	  been	  shown	  to	  suppress	  
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horizontal	   activity	   in	   an	   open	   field	   (Meagher	   et	   al.,	   2007).	   	   Therefore,	   open	   field	  

horizontal	   activity	  was	   assessed	   using	   six	   optical	   beam	   activity	  monitors	   (Model	  

RXYZCM-‐16).	   Each	   equipped	   with	   two	   banks	   of	   eight	   photocells	   per	   wall.	   	   The	  

boxes	  are	  interfaced	  with	  digital-‐multiplexors	  and	  Versamax	  software	  (Model	  DCM-‐

4,	  Omnitech	  Electronics,	  Columbus,	  OH).	  Mice	  were	  habituated	  to	  the	  chambers	  for	  

60	  min	  prior	  to	  baseline	  data	  collection.	  Test	  sessions	  were	  conducted	  in	  the	  dark	  

beginning	   at	   15:00	   h	   for	   30	   min	   with	   white	   noise	   (64	   dB)	   to	   mask	   extraneous	  

disturbances.	  	  

	  

Hindlimb	  Impairment	  and	  Clinical	  Scores	   	  

Furthermore,	   it	   has	   previously	   been	   shown	   that	   SDR	   prior	   to	   infection	  

results	  in	  increased	  hindlimb	  impairment	  (HLI)	  and	  clinical	  scores	  (Meagher	  et	  al.,	  

2007).	  	  Therefore,	  these	  measures	  were	  assessed	  at	  baseline	  and	  on	  day’s	  one,	  four,	  

and	   seven	   post-‐infection	   by	   a	   rater	   blind	   to	   experimental	   condition.	   	   Details	   on	  

these	   scales	   have	   been	   presented	   elsewhere	   (Johnson	   et	   al.,	   2004b).	   	   Briefly,	   the	  

hindlimb	   impairment	   scale	   was	   developed	   to	   quantify	   the	   behavior	   of	   BALB/cJ	  

mice	   after	   infection	   with	   TMEV.	   	   This	   scale	   assesses	   weakness	   and	   paresis	   by	  

observing	  alterations	  in	  locomotor	  function	  on	  an	  inverted	  grid.	   	  A	  separate	  score	  

was	   given	   to	   each	   hindlimb	   (0=healthy;	   1=slight	   weakness	   in	   grip;	   2=clear	  

weakness	   in	   grip;	   3=slight	   paralysis;	   4=moderate	  paralysis;	   5=complete	  paralysis	  

with	  muscle	  tone;	  6=complete	  paralysis	  with	  no	  muscle	  tone).	  	  The	  two	  scores	  were	  

summed	  to	  achieve	  the	  HLI	  score.	  	  	  
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Clinical	   scores	   were	   given	   on	   a	   0-‐4	   scale	   that	   considers	   the	   degree	   of	  

hunched	   posture	   and	   piloerection,	   which	   are	   non-‐specific	   signs	   of	   sickness.	  	  

Hunching	  was	  scored	  on	  a	  scale	  of	  zero	  (no	  hunching)	  to	  six	  (having	  a	  sharp,	  high	  

bump	   between	   the	   shoulder	   blades	   with	   the	   rear	   hind	   quarters	   abnormally	  

dropped	  to	  the	  ground).	  Piloerection,	  or	  ruffling,	  was	  also	  scored	  on	  a	  scale	  of	  zero	  

to	   six,	  with	  0	  being	   smooth	   fur	   and	  6	  being	  oily,	   clumped	   fur	   covering	   the	   entire	  

body.	  	  	  	  	  	  

	  

Analysis	  of	  Changes	  in	  Gene	  Expression	  

Tissue	  Collection	  

At	  the	  termination	  of	   the	  study	  the	  experimental	  subject	  was	   injected	  with	  

50-‐mg/kg	   pentobarbital	   and	   perfused	   via	   the	   left	   ventricle	  with	   cold	   RNase-‐Free	  

water.	  	  Serum,	  brain,	  and	  spleen	  were	  collected.	  	  Tissue	  was	  flash	  frozen	  and	  stored	  

at	  -‐80°C	  until	  analysis.	  	  A	  mouse	  brain	  matrix	  (PlasticsOne,	  Roanoke,	  VA)	  was	  used	  

to	  assist	  with	  the	  microdissection	  of	  the	  hippocampus	  in	  Experiment	  3.1.	  	  

	  

Real	  Time	  RT-PCR	  

For	   real	   time	  RT-‐PCR	  analysis	   total	  RNA	   from	  CNS	   tissue	  and	   spleen	  were	  

homogenized	  in	  QIAzol.	   	  RNA	  was	  isolated	  and	  purified	  through	  the	  use	  of	  Qiagen	  

lysis	  reagent	  and	  RNeasy	  kit	  (Qiagen)	  with	  on-‐column	  DNase	  digestion	  according	  to	  

manufacturer’s	   instructions.	   	   cDNA	  was	  generated	   through	   the	  use	  of	   an	  RNA-‐to-‐

cDNA	   kit	   (Applied	   Biosystems,	   Carlsbad,	   CA)	   according	   to	   the	   manufacturer’s	  
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instructions.	   	   RT-‐PCR	   was	   run	   to	   assess	   mRNA	   expression	   levels	   on	   markers	   of	  

inflammation,	   including	  IL-‐6,	   IL-‐1β,	   IL-‐10,	  TNF-‐α,	  CD11b,	  and	  IFN-‐γ,	  and	  for	  T	  cell	  

expression,	  CD4+	  and	  CD8+.	  	  TaqMan	  probes	  and	  primers	  from	  Applied	  Biosystems	  

were	   used,	   and	   β-‐actin	   was	   used	   as	   a	   control.	   The	   2(-‐ΔΔCT)	   method	   was	   used	   to	  

determine	  fold	  difference	  in	  expression.	  	  

	  

Serum	  Cytokine	  Levels	  	  

Serum	  was	  collected	  at	  the	  termination	  of	  Experiment	  3.3	  in	  Chapter	  III	  for	  

analysis	   of	   IL-‐6	   and	   IL-‐1β	   protein	   levels.	   Commercially	   available	  ELISA	  Kits	  were	  

purchased	  (R&D	  Systems,	  Minneapolis,	  MN;	  M6000B	  &	  MLB00B)	  and	  run	  per	   the	  

manufacturer’s	  instructions.	  

	  

Viral	  Titer	  Assay	  

Viral	  load	  peaks	  within	  one	  to	  two	  weeks	  after	  infection,	  and	  a	  reduced	  rate	  

of	  viral	  clearance	  is	  associated	  with	  exacerbated	  disease	  course	  (Welsh	  et	  al.,	  1987).	  

Therefore,	   viral	   titers	   were	   assessed	   at	   day	   eight	   post-‐infection.	   Subjects	   were	  

injected	   with	   a	   lethal	   dose	   of	   Beuthanasia	   special	   150-‐mg/kg	   (Schering-‐Plough	  

Animal	  Health)	  (Welsh	  et	  al.,	  2004).	  	  Mice	  were	  perfused	  through	  the	  left	  ventricle.	  

Brain	  and	  spinal	  cords	  were	  collected,	  homogenized	  in	  Dulbecco's	  modified	  Eagles’	  

medium	  DMEM	  (Gibco	  BRL,	  Grand	  Island,	  NY),	  and	  centrifuged.	   	  Supernatant	  was	  

collected	  and	  used	  for	  this	  assay.	  	  BHK-‐21	  cells	  were	  grown	  in	  Dulbecco's	  modified	  

Eagles’	  medium	  (DMEM)	  supplemented	  with	  10%	  fetal	  bovine	  serum	  (FBS)	  (Irvine	  



	   44	  

Scientific,	  Irvine,	  CA)	  and	  maintained	  in	  BMEM	  with	  1%	  FBS	  post	  inoculation.	  	  The	  

titration	  of	  viruses	  was	  performed	  in	  BHK-‐21	  cells	  by	  cytopathic	  effect	  (CPE).	  	  

Cells	  were	  seeded	  in	  96-‐well	  plates	  at	  a	  concentration	  of	  105	  cells	  per	  well.	  	  

When	   the	   cells	   reached	   confluency,	   each	  well	   was	  washed	   once	  with	   serum-‐free	  

Iscove’s	  Modified	  Dulbecco’s	  Media	   (IMDM)	  and	   then	   inoculated	   in	  quadruplicate	  

with	   0.05	   µL	   virus	   suspension	  per	  well	   in	   tenfold	   dilutions	   in	  DMEM.	  	   After	   viral	  

adsorption	  the	  cells	  were	  washed	  in	  serum-‐free	  IMDM	  and	  incubated	  with	  1%	  FBS-‐

containing	  IMDM.	  	  The	  CPE	  was	  assessed	  daily	  and	  the	  TCID-‐50	  was	  calculated	  by	  

the	  Reed	  and	  Muench	  formula	  (Reed	  and	  Muench,	  1938).	  

	  

Determination	  of	  Virus-Specific	  T	  Cell	  Responses	  

Viral	  Peptides	  	  

The	   immunodominant	  CD4+	  T	  cell	  peptide	  QEAFSHIRIPLPH	  corresponding	  

to	  TMEV	  VP274-‐86	  was	  used	  to	  determine	  CD4+	  cell	  specific	  responses	  (Gerety	  et	  al.,	  

1991;	   Gerety	   et	   al.,	   1994).	   	   Immunodominant	   CD8+	   T	   cell	   peptide	   FNFTAPFI	  

corresponding	  to	  VP3159-‐166	  was	  used	  to	  determine	  CD8+	  T	  cell	  specific	  responses	  to	  

TMEV	  (Kang	  et	  al.,	  2005).	  	  The	  non-‐specific	  peptide	  sequence	  RLNRITKDSYPNS	  was	  

used	   as	   a	   control	   peptide	   to	   determine	   non-‐specific	   immune	   responses.	   	   All	  

peptides	  were	  purchased	  from	  Genemed	  Synthesis	  (San	  Antonio,	  TX).	  	  	  
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Preparation	  of	  Feeder	  Cells	  	  

Spleens	   were	   aseptically	   removed	   from	   aged-‐matched	  

unstressed/uninfected	  controls.	  	  Feeder	  cells	  were	  irradiated	  with	  3000	  rads	  (CO60	  

source,	   College	   of	   Veterinary	   Medicine	   and	   Biomedical	   Sciences,	   Texas	   A&M	  

University).	  	  	  

	  

Tissue	  Isolation	  	  	  

On	  day	  eight	  post-‐infection	  all	   subjects	  were	   injected	  with	  a	   lethal	  dose	  of	  

Beuthanasia	   special	   150	   mg/kg	   (Schering-‐Plough	   Animal	   Health)	   (Welsh	   et	   al.,	  

2004).	   	   Mice	  were	   perfused	   through	   the	   left	   ventricle	   with	   cold	   Hanks	   Balanced	  

Salts	   solution	   containing	   heparin	   (10	   U/mL)	   buffered	   at	   pH7.2.	   	   After	   perfusion,	  

spleens,	  brains	  and	  spinal	  cords	  were	  aseptically	  removed.	  	  Single	  cell	  suspensions	  

were	  prepared	  as	  described	  previously	  (Steelman	  et	  al.,	  2009;	  Welsh	  et	  al.,	  2004).	  	  

CNS	  infiltrating	  lymphocytes	  (CNS-‐ILs)	  were	  prepared	  from	  CNS	  tissue	  using	  nylon	  

mesh	   and	   incubating	   in	   complete	   RPMI	   (RPMI-‐1640	   containing	   250	   mg/mL	  

collagenase	   Type	   IV,	   10%	   FBS,	   and	   15	   mL	   each	   of	   L-‐glutamine	   and	  

penicillin/streptomycin	  cocktail)	   for	  45	  minutes	  at	  37°C	  and	  5%	  CO2	  (Kang	  et	  al.,	  

2002).	   	   Following	   incubation,	   CNS-‐ILs	  were	   isolated	   by	   35/70%	   percoll	   gradient	  

centrifugation	  and	  re-‐suspended	  in	  complete	  RPMI-‐1640.	  	  	  	  	  
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ELISPOT	  Assay	  	  

	  The	   effects	   of	   social	   disruption	   stress	   on	  T	   cell	   effector	   function	   to	  TMEV	  

were	  assessed,	   in	  part,	   by	   the	  ability	   to	  CNS-‐ILs	   to	  generate	   IFN-‐γ	   in	   response	   to	  

either	   the	   immunodominant	   CD4+	   or	   CD8+	   T	   cell	   specific	   peptide	   (VP274-‐86	   or	  

VP3159-‐166,	   respectively).	   	   In	   this	   assay,	   96-‐well	   filtration	   plates	   (MAIPS4510)	  

containing	  PVDF	  membranes	  (Millipore,	  Bedfirdm	  NA)	  were	  coated	  with	  1.0	  mg	  (in	  

100	   µL	   sterile	   PBS)	   of	   anti-‐mouse	   IFN-‐γ	   capture	   antibody	   (AN-‐18;	   eBioscience)	  

overnight	   at	   4°C.	   	   The	  plates	  were	  blocked	  with	  200	  µL	   complete	  RPMI-‐1640	   for	  

two	   h	   at	   room	   temperature.	   	   Then	   2.0	   x	   104	   CNS-‐ILs	   were	   mixed	   with	   1	   x	   106	  

irradiated	  feeder	  cells,	  in	  150	  µL	  of	  complete	  RPMI-‐1640	  with	  a	  final	  concentration	  

of	   2.0	   mM	   peptide	   (CD4+,	   CD8+,	   or	   non-‐specific)	   and	   then	   added	   to	   the	   plate.	  	  

Following	   an	   incubation	   at	   37°C	   and	   5.0%	  CO2	   for	   24	   h,	   the	   plates	  were	  washed	  

with	   PBS	   containing	   0.05%	   Tween-‐20	   and	   rinsed	   once	   with	   water	   purified	   by	  

reverse	   osmosis	   (RO	   H2O).	   	   One-‐hundred	   µL	   assay	   diluent	   (PBS	   with	   10%	   FBS)	  

containing	   0.1	   mg	   of	   the	   biotin	   labeled	   anti-‐INF-‐γ	   detection	   antibody	   (R4-‐6A2;	  

eBioscience)	   was	   added	   to	   each	   well,	   and	   the	   plates	   were	   incubated	   at	   room	  

temperature	  for	  two	  h.	  	  After	  the	  incubation,	  the	  plates	  were	  washed	  six	  times	  with	  

wash	  buffer	  (PBS	  with	  0.05%	  Tween-‐20).	  	  Next,	  100	  µL	  of	  avidin-‐HRP	  (horseradish	  

peroxidase)	  (eBioscience)	  diluted	  1/1000	  in	  assay	  diluent	  was	  added	  to	  each	  well	  

and	   the	   plates	   were	   incubated	   for	   30	   mins	   at	   room	   temperature.	   	   Plates	   were	  

washed	  six	  times	  with	  wash	  buffer,	  spots	  were	  developed	  using	  100	  µL	  of	  3-‐amino-‐

9-‐ethyl-‐carbazole	  (AEC)	  substrate	  solution	  (1.0mL	  AEC,	  1.0mL	  dimethylformamide,	  
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14	  mL	  0.1M	  citrate-‐phosphate	  buffer	  pH	  5.0,	  and	  10.0	  µL	  H2O2).	  	  Plates	  were	  rinsed	  

three	   times	  with	  200	  µL	  of	  RO	  H2O	   and	   read	  with	   an	  ELISPOT	  plate	   reader	   (AID	  

EliSpot	  Reader	  System,	  Straberg,	  Germany).	  	  	  

The	  effects	  of	  SDR	  on	  splenic	  T	  cell	  effector	  function	  were	  determined	  using	  

the	  methods	  described	  above.	  	  However,	  for	  these	  assays,	  1.0	  X	  106	  isolated	  spleen	  

cells	  were	  used	   in	   the	  absence	  of	   feeder	  cells.	   	  All	   samples	  were	  run	   in	   triplicate.	  	  

The	   generation	   of	   spots	   to	   the	   non-‐specific	   peptide	   was	   used	   as	   a	   measure	   of	  

background	  and	  was	  subtracted	  from	  CD4+	  and	  CD8+	  T	  cell	  virus-‐specific	  peptide	  

responses.	  	  	  	  	  

	  

Statistical	  Analysis	  

	   Data	   are	   presented	   as	   mean+/-‐SEM.	   	   Analysis	   of	   variance	   (ANOVA)	   for	  

studies	  with	  more	   than	   two	  groups	  or	  student’s	   t-‐tests	  were	  used	   to	  determine	   if	  

statistically	   significant	  difference	  emerged	  across	   conditions.	   	  Repeated	  measures	  

ANOVA	   and	   multivariate	   ANOVA	   (MANOVA)	   were	   used	   as	   appropriate.	   	   These	  

analyses	  were	  followed	  by	  post	  hoc	  analysis	  with	  Fisher’s	  LSD,	  where	  appropriate.	  	  

A	  p-‐value	  less	  than	  0.05	  was	  considered	  significant	  for	  all	  studies.	  	  	  
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CHAPTER	  III	  

SOCIAL	  DISRUPTION	  SENSITIZES	  CNS	  INFLAMMATORY	  RESPONSE	  TO	  	  

THEILER’S	  VIRUS	  INFECTION	  

	  

Introduction	  	  

Prior	   research	   suggests	   that	   SDR	   exacerbates	   acute	   and	   chronic	   TMEV	  

infection	   (Johnson	   et	   al.,	   2006;	   Johnson	   et	   al.,	   2004b;	   Meagher	   et	   al.,	   2007).	  	  

However,	  the	  mechanism(s)	  by	  which	  stress	  exerts	  these	  effects	  has	  yet	  to	  be	  fully	  

elucidated.	   	  It	  has	  been	  demonstrated	  that	  SDR	  leads	  to	  an	  increase	  in	  serum	  IL-‐6	  

post-‐infection	   (Johnson	   et	   al.,	   2006)	   and	   neutralization	   of	   IL-‐6	   during	   SDR	   can	  

reverse	  the	  adverse	  effects	  of	  stress	  (Meagher	  et	  al.,	  2007).	  	  This	  suggests	  that	  SDR	  

may	   alter	   disease	   course	   by	   enhancing	   inflammation.	   	   Although	   the	  

immunosuppressive	  properties	  of	  stress	  are	  better	  understood,	  recent	  studies	  have	  

demonstrated	   that	   stress	   is	   capable	   of	   augmenting	   inflammation	   (Badowska-‐

Szalewska	  et	  al.,	  2009;	  Blandino	  et	  al.,	  2009;	  Curry	  et	  al.,	  2010;	  Deak	  et	  al.,	  2005b;	  

Johnson	   et	   al.,	   2003;	  Minami	   et	   al.,	   1991;	  Muhling	   et	   al.,	   2001;	   New	   et	   al.,	   2001;	  

Nguyen	   et	   al.,	   1998;	  Nguyen	   et	   al.,	   2000;	   O'Connor	   et	   al.,	   2003a;	   O'Connor	   et	   al.,	  

2003b;	  Quan	  et	  al.,	  2001;	  Shintani	  et	  al.,	  1995a;	  Shintani	  et	  al.,	  1995b;	  Steptoe	  et	  al.,	  

2001).	  	  

Based	  upon	  these	  data,	   it	  was	  hypothesized	  that	  the	  adverse	  effects	  of	  SDR	  

on	   TMEV	   infection	   are	   mediated	   by	   the	   sensitization	   of	   virus-‐induced	   cytokine	  

expression.	  	  More	  specifically,	  it	  was	  hypothesized	  that	  social	  stress	  enhances	  levels	  
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of	   CNS	   inflammation	   at	   the	   time	   of	   infection	   resulting	   in	   an	   exaggerated	  

inflammatory	  response	  to	  viral	  infection.	  Furthermore,	  given	  that	  microglia	  are	  the	  

primary	  producers	  of	  CNS	  inflammation	  and	  that	  stress	  exposure	  has	  been	  shown	  

to	   activate	  microglia	   (Frank	   et	   al.,	   2007;	  Nair	   and	   Bonneau,	   2006;	   Sugama	   et	   al.,	  

2007),	   it	   is	   hypothesized	   that	   stress-‐induced	   potentiation	   of	   virus-‐induced	  

inflammation	  occurs	  through	  the	  priming	  of	  microglia.	  	  

	  

Experiment	  3.1:	  Social	  Disruption	  Exacerbates	  Sickness	  Behavior	  in	  BALB/cJ	  

Mice	  Infected	  with	  Theiler’s	  Virus	  

Experiment	  3.1	  sought	  to	  replicate	  previously	  observed	  behavioral	  findings	  

that	   suggest	   that	   SDR	   exacerbates	   the	   behavioral	   manifestations	   of	   sickness	   in	  

response	  to	  TMEV	  infection.	  	  Although	  it	  has	  been	  shown	  that	  SDR	  prior	  to	  infection	  

induces	  anhedonia,	  increases	  motor	  impairment,	  enhances	  allodynia,	  and	  decreases	  

activity	  (Johnson	  et	  al.,	  2006;	  Johnson	  et	  al.,	  2004b;	  Meagher	  et	  al.,	  2007),	  the	  ability	  

to	   replicate	   these	   findings	   at	   a	   different	   time	   point,	   by	   another	   investigator,	   and	  

under	   different	   conditions	   further	   establishes	   this	   relationship.	   A	   failure	   to	  

replicate	   previous	   finding	   would	   suggests	   that	   these	   behavioral	   changes	   were	  

coincidental	   or	   could	   be	   explained	   by	   other	   factors	   (e.g.,	   seasonal	   variation	   or	  

extraneous	  stressors	  increasing	  the	  magnitude	  of	  sickness	  behavior).	  	  
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Procedure	  

Subjects	   were	   assigned	   to	   either	   the	   SDR	   or	   non-‐SDR	   condition	  

counterbalanced	  by	  weight	  (N=22).	  	  Two	  hours	  following	  the	  final	  SDR	  session,	  all	  

subjects	  were	   infected	   intracranially	  with	   TMEV	   (Welsh	   et	   al.,	   1987).	   Behavioral	  

measures	   previously	   demonstrated	   to	   be	   sensitive	   to	   the	   effects	   of	   SDR	   (e.g.,	  

sucrose	   preference,	   mechanical	   sensitivity,	   open	   field	   activity,	   and	   hindlimb	  

impairment)	  were	  collected	  prior	  to	  infection	  and	  for	  seven	  days	  post-‐infection.	  

	  

Results	  	  

As	   previously	   described,	   SDR	   significantly	   enhances	   infection-‐realted	  

sickness	  behavior.	  Repeated	  measures	  ANOVAs	  revealed	  significant	  main	  effects	  of	  

SDR	  on	  mechanical	  sensitivity,	  clinical	  score,	  hind	  limb	  impairment,	  and	  open	  field	  

horizontal	  activity,	  all	  Fs	  >	  4.687,	  ps	  <	  0.05.	   	  Furthermore,	  significant	  day	  by	  SDR	  

interactions	  were	  observed	  for	  open	  field	  activity	  and	  mechanical	  sensitivity	  (data	  

not	  shown).	   	  Post	  hoc	  analyses	  confirmed	  that	  on	  day	  one	  and	   four	  post-‐infection	  

mice	   pre-‐exposed	   to	   SDR	   exhibited	   enhanced	  mechanical	   sensitivity,	  p<0.05	   (Fig.	  

3A).	   	  Furthermore,	  on	  day	   four	  post-‐infection	  a	  reduction	   in	  open	   field	  horizontal	  

activity	   p<0.001,	   (Fig.	   3B)	   and	   increased	   hind	   limb	   impairment	   p<0.05,	   (Fig.	   3C)	  

and	  clinical	  scores,	  p<0.05	  (Fig.	  3D)	  were	  observed	  in	  subject	  pre-‐exposed	  to	  SDR.	  	  

The	  effects	  of	  stress	  on	  hindlimb	  impairment,	  clinical	  score,	  and	  horizontal	  activity	  

persisted	  though	  day	  seven	  post-‐infection,	  all	  ps	  <	  0.05.	  	  	  
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Fig.	  3.	  SDR	  exacerbates	  sickness	  behaviors	  during	  acute	  TMEV	  infection.	  SDR	  resulted	  in	  increased	  
mechanical	   sensitivity	   (A),	   decreased	   open	   field	   horizontal	   activity	   (B),	   and	   increased	   hindlimb	  
impairment	  (C)	  and	  clinical	  score	  (D).	  	  Asterisks	  indicate	  significant	  differences	  between	  groups.	  
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Fig.	  4.	  Fur	  score	  in	  response	  to	  SDR.	  There	  were	  no	  significant	  effect	  of	  SDR	  on	  fur	  score,	  suggesting	  
that	  SDR	  in	  BALB./cJ	  mice	  results	  in	  less	  wounding	  than	  more	  aggressive	  mouse	  strains	  (Avitsur	  et	  
al.,	  2001;	  Merlot	  et	  al.,	  2003).	  	  	  
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Contrary	   to	   previous	   data,	   the	   effect	   of	   sucrose	   preference	   failed	   to	   reach	  

significance	  (p>0.05).	  	  However,	  this	  may	  be	  due	  to	  the	  significantly	  smaller	  group	  

size	  than	  used	  in	  previous	  studies.	  The	  current	  study	  had	  less	  than	  half	  the	  subjects	  

per	  group	  than	  did	  Meagher	  et	  al.	  (2007).	  	  The	  effect	  of	  sucrose	  preference	  may	  be	  

subtle,	  such	  that	  group	  size	  in	  this	  study	  may	  have	  been	  insufficient	  to	  pull	  out	  the	  

effect.	   In	   addition	   to	   increasing	   group	   size,	   another	   method	   that	   may	   allow	   this	  

effect	  to	  be	  statistically	  resolved	  would	  be	  through	  the	  addition	  of	  a	  concurrent	  SDR	  

group.	  	  Prior	  studies	  by	  Johnson	  et	  al.	  (2004;	  2006)	  have	  demonstrated	  that	  when	  

SDR	  is	  administered	  concurrent	  to	  infection,	  rather	  than	  prior	  to	  infection,	  a	  benefit	  

is	   observed	   such	   that	   concurrent	   SDR	   improves	  disease	   course.	   	  This	   group	  adds	  

statistical	  power	  to	  the	  analysis	  and,	  if	  added,	  may	  allow	  this	  effect	  to	  be	  resolved.	  	  

	   In	   addition	   to	   the	   replication	   of	   most	   previously	   observed	   findings,	  

wounding	  and	  fur	  score	  data	  were	  evaluated	  in	  this	  experiment.	  	  Prior	  data	  suggest	  

that	   wounding	   may	   be	   necessary	   for	   the	   adverse	   effects	   of	   SDR	   to	   be	   observed	  

(Avitsur	  et	  al.,	  2001;	  Merlot	  et	  al.,	  2003).	  	  However,	  personal	  observations	  suggest	  

that	  little	  wounding	  is	  observed	  during	  SDR	  in	  BALB/cJ	  mice.	  	  This	  was	  confirmed	  

by	  daily	  analysis	  of	  fur	  scores	  (see	  Fig.	  4),	  which	  showed	  a	  non-‐significant	  effect	  of	  

SDR	   (p>0.05).	   	   	   Furthermore,	   although	   ruffling	   of	   fur	   was	   noted	   immediately	  

following	   the	   sessions	  of	   SDR,	  only	  one	   tail	   bite	  was	  observed	  over	   the	   course	  of	  

SDR.	   	   This	   level	   of	   wounding	   is	   significantly	   less	   than	   that	   observed	   in	   other	  

laboratories	  and	  suggests	  that	  the	  effect	  of	  SDR	  on	  TMEV	  infection	  is	  not	  dependent	  

upon	  wounding.	  
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Experiment	   3.2:	   Social	   Disruption	   Alters	   Central	   Inflammatory	   Cytokine	  

Expression	  

Prior	  research	  has	  demonstrated	  that	  IL-‐6	  is	  elevated	  in	  serum	  and	  brain	  in	  

response	   to	   SDR	   in	   BALB/cJ	   mice	   (Meagher	   et	   al.,	   2007).	   	   Furthermore,	   central	  

administration	   of	   IL-‐6	   neutralizing	   antibody	   during	   the	   stress	   exposure	   period	  

reverses	  the	  adverse	  effect	  of	  SDR	  on	  sickness/motor	  behaviors,	  CNS	  inflammation,	  

and	   viral	   clearance	   during	   acute	   TMEV	   infection	   (Meagher	   et	   al.,	   2007).	   This	  

suggests	   a	   role	   for	   IL-‐6	   in	  mediating	   the	   deleterious	   effect	   of	   SDR,	   but	   the	   exact	  

mechanisms	  remain	  undetermined.	   	  One	  possibility	   is	   that	  SDR-‐induced	   increases	  

in	  CNS	  inflammation	  sensitize	  the	  neuroinflammatory	  response	  to	  TMEV	  infection,	  

resulting	  in	  a	  dysregulation	  of	  innate	  and	  acquired	  immune	  responses	  to	  infection.	  	  

Specifically,	   it	   is	  hypothesized	   that	   chronic	  SDR	  will	   result	   in	  an	  elevation	  of	   IL-‐6	  

mRNA	   expression	   within	   the	   hippocampus.	   To	   test	   this	   hypothesis,	   the	   present	  

experiment	  examined	  whether	  SDR	  increases	  markers	  of	   inflammation	  within	  the	  

hippocampus	  of	  BALB/cJ	  mice	  during	  the	  stress	  exposure	  period.	  The	  hippocampus	  

is	   a	   component	   of	   the	   limbic	   system	   involved	   in	   the	   assessment	   of	   processive	  

stressors.	   It	   was	   targeted	   in	   this	   study	   because	   it	   has	   been	   shown	   to	   be	   highly	  

sensitive	   to	   the	   effects	   of	   stress	   (Alonso	   et	   al.,	   2004;	   Badowska-‐Szalewska	   et	   al.,	  

2009).	   Furthermore,	   it	   	   is	   essential	   in	   the	   regulation	   of	   stress-‐induced	  

neuroinflammation	  due	  to	  its	  high	  levels	  of	  glucocorticoid	  receptors	  (De	  Kloet	  et	  al.,	  

1998;	  Frank	  et	  al.,	  2007).	  	  	  
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Procedure	  

The	   levels	   of	   inflammatory	  markers	  were	   compared	   between	   acute	   stress	  

(SDR-‐1),	   chronic	   stress	   (SDR-‐6),	   and	   home	   cage	   controls	   (N=54).	   Subjects	   were	  

sacrificed	  immediately	  following	  SDR	  (19:00	  h),	  two	  hours	  following	  SDR	  (21:00h),	  

or	   12	   hours	   post-‐SDR	   (07:00	   h).	   	   The	   hippocampus	   was	   microdissected	   and	  

analyzed	  for	  IL-‐6,	  IL-‐1β,	  and	  CD11b	  mRNA	  expression.	  For	  analysis	  all	  groups	  were	  

compared	  to	  the	  0-‐hour	  home	  cage	  control	  condition.	  

	  

Results	  

The	  data	  demonstrate	   that	   IL-‐6	   is	   sensitized	  by	  SDR,	  while	   IL-‐1β	  was	  only	  

increased	   following	   acute	   SDR.	   An	   ANOVA	   revealed	   a	   significant	   effect	   of	   SDR	  

condition	  on	  IL-‐6	  mRNA	  expression	  levels,	  F(2,50)=20.487,	  p	  <	  .001	  (Fig.	  5A).	  	  Post	  

hoc	  analyses	  reveal	  that	  the	  chronic	  SDR	  condition	  was	  exhibited	  significantly	  more	  

IL-‐6	  mRNA	  than	  the	  home	  cage	  control	  mice.	   	  Further	  post	  hoc	  analyses	   indicated	  

that	  at	  0-‐hours	  chronic	  SDR	  results	  in	  a	  significant	  increase	  in	  IL-‐6	  mRNA	  compared	  

to	  the	  non-‐SDR	  and	  acute	  SDR	  conditions.	  	  Furthermore,	  the	  chronic	  SDR	  condition	  

had	  elevated	  IL-‐6	  mRNA	  expression	  levels,	  compared	  to	  home	  cage	  controls,	  at	  12	  h	  

post-‐SDR	  in	  the	  chronic	  SDR	  condition.	   	  There	  were	  no	  significant	  changes	  in	  IL-‐6	  

mRNA	   expression	   following	   a	   single	   session	   of	   SDR.	   	   This	   suggests	   that	   the	   IL-‐6	  

response	  to	  SDR	  was	  only	  enhanced	  by	  repeated	  exposure	  sessions	  and	  remained	  

elevated	  for	  at	  least	  12	  h	  following	  the	  last	  session	  of	  chronic	  SDR.	  	  	  
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A	  significant	  effect	  of	  time,	  F(2,49)=11.063	  (p	  <	  .001),	  and	  a	  significant	  time	  

by	   SDR	   condition	   interaction,	   F(4,49)=1.838,	   (p<.001),	   was	   observed	   	   for	   IL-‐1β	  

mRNA	   levels	   (Fig.	   5B).	   	   Post	   hoc	   analysis	   indicated	   that	   there	   was	   a	   significant	  

elevation	   in	   IL–1β	   12	   hours	   after	   a	   single	   session	   of	   SDR	   compared	   to	   all	   other	  

groups	  at	  all	  other	  time	  points.	  	   	  No	  significant	  changes	  in	  IL-‐1β	  mRNA	  expression	  

were	  observed	  following	  chronic	  SDR.	  	  	  Thus,	  while	  SDR	  induced	  an	  increase	  in	  the	  

IL-‐1β	  response	  after	  one	  session	  of	  SDR,	  the	  IL-‐1β	  response	  appears	  to	  habituate	  by	  

the	  sixth	  session	  of	  SDR.	  	  	  

Furthermore,	  an	  ANOVA	  revealed	  a	  significant	  effect	  of	  time,	  F(2,49)=6.447	  

(p<.01)	   on	   CD11b,	   a	   marker	   associated	   with	   the	   activation	   of	   microglia	   and	  

macrophages.	  	  This	  time	  effect	  indicates	  that	  higher	  levels	  of	  CD11b	  were	  detected	  

at	  2	  and	  12	  hours	  post-‐SDR.	  The	  time	  by	  SDR	  condition	  interaction	  failed	  to	  reach	  

significance	  (p=.16),	  however,	   the	   trend	  suggested	  that	  repeated	  exposure	  to	  SDR	  

results	  in	  an	  increase	  in	  CD11b	  mRNA	  expression,	  a	  marker	  of	  microglia	  activation	  

(Fig.	  5C).	  

Stress	   did	   not	   result	   in	   significant	   differences	   on	   body	  weight,	  mechanical	  

sensitivity,	  food	  consumption,	  or	  sucrose	  preference.	  A	  repeated	  measures	  ANOVA	  

looking	  at	  sucrose	  preference	  suggested	  a	  potential	  trend	  (p=0.22)	  toward	  a	  subtle	  

reduction	  in	  sucrose	  preference	  due	  to	  SDR	  (Fig.	  6).	  	  It	  is	  possible	  that	  increases	  in	  

the	  size	  of	  these	  groups	  would	  allow	  this	  effect	  to	  become	  significant.	  	  	  
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Fig.	  5.	  SDR	  alters	  CNS	  inflammatory	  cytokine	  expression.	  IL-‐6	  is	  elevated	  by	  exposure	  to	  chronic	  SDR	  
(SDR-‐6)	   (A),	   while	   a	   single	   session	   of	   SDR	   (SDR-‐1)	   resulted	   in	   an	   elevation	   of	   IL-‐1β	   (B).	   	   No	  
significant	   change	   in	   CD11b,	   a	   marker	   associated	   with	   microglia/macrophage	   activation,	   was	  
observed	  (C).	  Asterisks	  indicate	  significant	  differences	  between	  groups.	  
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Fig.	  6.	  SDR	  does	  not	  significantly	  alter	  sucrose	  preference.	  Although	  a	  trend	  was	  observed,	  SDR	  did	  
not	  result	  in	  a	  significant	  reduction	  in	  sucrose	  preference.	  	  It	  is	  possible	  that	  larger	  group	  size	  would	  
allow	  this	  effect	  to	  reach	  significance.	  
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Experiment	   3.3:	   Social	   Disruption-Induced	   Sensitization	   of	   the	   CNS	  

Inflammatory	   Response	   to	   Theiler’s	   Virus	   Infection	   Depends	   Upon	   Stress-

Induced	  IL-6	  Release	  	  

	   Prior	   data	   suggests	   that	   central	   cytokine	   release	   contributes	   to	   the	  

deleterious	   effects	   of	   social	   stress	   on	   TMEV	   disease	   progression	   (Johnson	   et	   al.,	  

2004a;	   Johnson	   et	   al.,	   2006;	   Meagher	   et	   al.,	   2007).	   	   Social	   stress	   increases	   CNS	  

inflammatory	   lesions,	   including	  microgliosis,	   perivascular	   cuffing,	   and	  meningitis	  

(Johnson	   et	   al.,	   2004a;	   Meagher	   et	   al.,	   2007).	   	   Furthermore,	   it	   has	   been	  

demonstrated	  that	  SDR	  increases	  central	  and	  peripheral	  IL-‐6	  expression	  during	  the	  

stress	   exposure	   period	   and	   this	   exacerbation	   can	   be	   reversed	   through	   IL-‐6	  

neutralizing	   antibody	   administration	   (Meagher	   et	   al.,	   2007).	   Furthermore,	   IL-‐6	  

neutralizing	   antibody	   during	   the	   stress-‐exposure	   period	   can	   also	   reverse	   SDR-‐

induced	  exacerbation	  of	  TMEV	  infection	  (Meagher	  et	  al.,	  2007).	  	  This	  suggests	  that	  

SDR-‐induced	   increases	   in	   inflammation	   mediate	   the	   adverse	   effects	   of	   SDR	   on	  

disease	   progression.	   	   Therefore,	   this	   experiment	   was	   designed	   to	   test	   the	  

hypothesis	   that	   SDR-‐exacerbates	   disease	   by	   sensitization	   of	   virus-‐induced	  

proinflammatory	  cytokine	  expression	  and	  the	  protective	  effects	  of	  IL-‐6	  neutralizing	  

antibody	  occur	  by	  reversing	  this	  sensitization.	  	  
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Procedure	  

A	  two	  (SDR	  and	  Non-‐SDR)	  by	  two	  (nAbTx	  and	  Vehicle)	  experimental	  design	  

was	   used	   (N=48).	   	   Subjects	   received	   microinjections	   of	   either	   IL-‐6	   neutralizing	  

antibody	  or	  vehicle	  four	  hours	  prior	  to	  each	  SDR	  session.	  Two	  hours	  after	  the	  final	  

session	  of	  SDR	  all	  subjects	  were	  intracranially	  infected	  with	  Theiler’s	  virus	  (Welsh	  

et	  al.,	  1987).	  Clinical	  score	  and	  hindlimb	  impairment	  were	  collected	  as	  readouts	  of	  

the	  effects	  of	  SDR	  and	  antibody	  treatment	  on	  infection.	  Subjects	  were	  sacrificed	  on	  

day	  eight	  post-‐infection	  and	  brain,	  spleen,	  and	  plasma	  were	  collected	  for	  analysis	  of	  

inflammatory	  markers.	  

	  

Results	  

Behavior.	  As	  anticipated,	  a	  one-‐sample	  t-‐test	  indicated	  a	  significant	  drop	  in	  

body	   weight	   on	   day	   one	   post-‐infection,	   t=-‐8.457,	   p<.001	   (data	   not	   shown).	  

However,	   no	   significant	   differences	   between	   groups	   in	  weight	   loss	   amount	  were	  

observed.	   	   	   Also	   consistent	   with	   prior	   data,	   SDR	   enhanced	   clinical	   score	   and	  

hindlimb	   impairment	   on	   day	   four	   post-‐infection	   and	   IL-‐6	   neutralizing	   antibody	  

treatment	  reversed	  these	  effects	  (Fig.	  7).	  	  A	  repeated	  measures	  ANOVA	  on	  hindlimb	  

impairment	   revealed	   a	   significant	   main	   effect	   of	   time,	   neutralizing	   antibody	  

treatment,	   and	   SDR,	   all	   Fs	   >	   4.8,	   ps<	   .01,	   and	   a	   significant	   time	   by	   neutralizing	  

antibody	  treatment	  condition	  interaction,	  F(2,88)	  =	  4.817,	  p	  ≤	  .01.	  For	  clinical	  score,	  

a	   repeated	   measures	   ANOVA	   revealed	   significant	   main	   effects	   of	   time	   and	   SDR	  

condition,	  Fs	  >	  6.1,	  ps	  <.05,	  and	  a	  significant	  interaction	  between	  SDR	  condition	  and	  
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neutralizing	  antibody	  condition,	  F(1,44)=7.488,	  p	  <	  .01.	  These	  results	  confirm	  prior	  

data	   indicating	   that	   SDR	   exacerbates	   disease	   and	   IL-‐6	   neutralizing	   antibody	  

treatment	  is	  protective.	  

Central	   Cytokine	   Expression.	   	   An	   ANOVA	   conducted	   on	   IL-‐6	   mRNA	  

expression	   levels	   in	   the	  brain	   revealed	  a	   significant	   interaction	  between	  SDR	  and	  

neutralizing	  antibody	  condition,	  F(1,43)=4.135,	  p<.05	  (Fig.	  8A).	   	  Post	  hoc	  analyses	  

revealed	  that	   the	  SDR-‐Vehicle	  group	  has	  a	  significantly	  higher	   level	  of	   IL-‐6	  mRNA	  

expression	   than	   all	   other	   groups.	   Similarly,	   analysis	   of	   IL-‐1β	   mRNA	   expression	  

levels	   in	   the	   brain	   revealed	   a	   significant	   SDR	   condition	   by	   neutralizing	   antibody	  

condition	  interaction,	  F(1,42)=7.586,	  	  p<.01	  (Fig	  8B).	  	  	  	  Post	  hoc	  analyses	  reveal	  that	  

the	  SDR-‐vehicle	  group	  had	  significantly	  higher	  levels	  of	  IL-‐1β	  mRNA	  than	  the	  Non	  

SDR-‐vehicle	   group	   and	   the	   SDR-‐neutralizing	   antibody	   group.	   	   This	   suggests	   that	  

administration	  of	  neutralizing	  antibody	   to	   IL-‐6	  during	   the	   stress	  exposure	  period	  

reverses	  the	  sensitizing	  effect	  of	  stress	  on	  the	  proinflammatory	  cytokines,	  IL-‐6	  and	  

IL-‐1β.	  	  

Analysis	   of	   the	   CD11b	   mRNA	   expression	   levels	   in	   the	   brain	   revealed	   no	  

significant	   main	   effects	   or	   interactions	   (p>.05),	   however	   the	   mRNA	   expression	  

pattern	   is	   similar	   to	   that	   of	   IL-‐6	   and	   IL-‐1β,	   with	   an	   elevation	   in	   the	   SDR-‐vehicle	  

group	  compared	  to	  all	  other	  groups	  (Fig.	  8C).	  Brain	  TNF-‐α,	  INF-‐γ,	  and	  IL-‐10	  mRNA	  

levels	   were	   also	   examined,	   however,	   no	   significant	   main	   effects	   or	   interactions	  

were	  observed.	  	  
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Fig,	  7.	  Neutralizing	  antibody	  to	  IL-‐6	  (nAbTx)	  prevents	  the	  adverse	  effects	  of	  SDR	  on	  acute	  TMEV	  
infection.	  	  SDR	  exacerbates	  both	  hindlimb	  impairment	  (A)	  and	  clinical	  score	  (B)	  and	  administration	  
of	  IL-‐6	  neutralizing	  antibody	  reversed	  these	  adverse	  effects.	  Asterisks	  indicate	  significant	  
differences	  between	  groups.	  	  	  	  	  	  
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Fig.	  8.	  Neutralizing	  antibody	  to	  IL-‐6	  (nAbTx)	  prevents	  the	  SDR	  enhancement	  of	  virus-‐induced	  CNS	  
inflammation.	   On	   day	   eight	   post-‐infection	   real	   time	   RT-‐PCR	   analyses	   demonstrated	   that	   SDR	  
increases	  CNS	  IL-‐6	  (A)	  and	  IL-‐1	  β	  (B)	  mRNA	  expression	  and	  that	  these	  effects	  were	  reversed	  by	  IL-‐6	  
nAbTx.	   	   A	   similar,	   but	   non-‐significant	   pattern	   was	   observed	   for	   CD11b	   mRNA	   expression	   (C),	   a	  
marker	  of	  microglia	  activation.	  	  No	  significant	  main	  effects	  or	  interactions	  were	  observed	  for	  IFN-‐γ	  
(D),	  IL-‐10	  (E),	  and	  TNF-‐α	  (F).	  Asterisks	  indicate	  significant	  differences	  between	  groups.	  	  
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Peripheral	  Cytokine	  Expression.	  These	  same	  markers	  were	  evaluated	  in	  the	  

spleen.	  Contrary	  to	   the	   interactions	  observed	  with	   IL-‐6	  and	  IL-‐1β	   in	   the	  brain,	  no	  

significant	   interactions	  between	  SDR	  and	  neutralizing	   antibody	  were	  observed	   in	  

the	   periphery,	   suggesting	   that	   the	   protective	   effect	   of	   IL-‐6	   neutralizing	   antibody	  

treatment	  is	  centrally	  mediated.	  	  However,	  a	  significant	  main	  effect	  of	  SDR	  on	  IL-‐1β,	  

F(1,40)=8.663,	  p<.01,	  and	  TNF-‐α,	  F(1,38)=8.83,	  p<.01,	  was	  observed	  indicating	  that	  

SDR	   prior	   to	   infection	   results	   in	   increased	  mRNA	   expression	   of	   these	   cytokines.	  	  

Furthermore,	   there	  was	   a	   significant	  main	   effect	   of	   IL-‐6	  neutralizing	   antibody	  on	  

INF-‐γ	   mRNA	   expression	   levels,	   F(1,38)=5.242,	   p<.05,	   such	   that	   IL-‐6	   neutralizing	  

antibody	  	  resulted	  in	  increased	  	  levels	  	  (data	  summarized	  in	  Table	  1).	  	  	  ELISAs	  were	  

performed	  to	  measure	  serum	  level	  of	   IL-‐6	  and	  IL-‐1β	   (Fig.	  9).	   	  No	  significant	  main	  

effects	  or	  interactions	  were	  observed	  at	  eight	  days	  post-‐infection.	  

	  

Discussion	  

	   The	  present	  findings	  replicate	  prior	  work	  showing	  that	  SDR	  exacerbates	  the	  

behavioral	   response	   to	  TMEV	   infection.	   	   Furthermore,	   it	   demonstrates	   that	   these	  

effects	   are	   based	   on	   the	   psychological/processive	   stress	   of	   SDR	   rather	   than	   the	  

physical/systemic	   stress	   of	   wounding.	   	   These	   results	   may	   differ	   from	   those	   of	  

Avistur	  et	  al.	  	  (2001)	  	  due	  	  to	  	  the	  strain	  differences	  (BALB/cJ	  vs.	  C57BL/6).	  	  BALB/c	  
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Table	  1.	  Summary	  of	  main	  effects	  and	  interactions	  of	  SDR	  and	  IL-‐6	  neutralizing	  antibody	  treatment	  
(nAbTx)	   on	   TMEV	   infection-‐induced	   cytokines	   at	   day	   eight	   post-‐infection.	   In	   general,	   the	   data	  
indicates	   that	   SDR	   exacerbates	   both	   central	   and	   peripheral	   inflammation,	   but	   IL-‐6	   nAbTx	   only	  
reverses	   these	   central	   increases.	   	  	   =	   significant	   increase,	  =	   significant	   decrease,	   and	   -‐-‐	   =	   no	  
significant	  change	  in	  mRNA	  expression.	  
	  

	   Brain	   Spleen	  

	   SDR	   nAbTx	  
SDR	  x	  
nAbTx	   SDR	   nAbTx	  

SDR	  x	  
nAbTx	  

IL-‐6	   --	   --	    	   --	   --	   --	  

IL-‐1β	   --	   --	    	    	   --	   --	  

CD11b	   --	   --	   --	   --	   --	   --	  

INF-‐γ	  	   --	   --	   --	   --	    	   --	  

IL-‐10	   --	   --	   --	   --	   --	   --	  

TNF-‐α	   --	   --	   --	    	   --	   --	  
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Fig.	  9.	  No	  significant	  difference	  in	  serum	  levels	  of	  proinflammatory	  cytokines	  was	  observed	  on	  
day	  8	  post-‐infection.	  	  The	  level	  of	  IL-‐6	  (A)	  and	  IL-‐1β	  (B)	  in	  serum	  was	  determined	  by	  ELISA	  
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	  mice	   generally	   exhibit	   a	   more	   hyper-‐reactive	   phenotype	   (Belzung	   and	   Griebel,	  

2001;	  Millstein	   et	   al.,	   2006;	  Willott	   et	   al.,	   2003)	   and,	   therefore,	   they	  may	   exhibit	  

deficits	  at	  lower	  levels	  of	  stress.	  	  	  

	   Furthermore,	  SDR	  enhanced	  levels	  of	  proinflammatory	  cytokines	  within	  the	  

brain.	   This	   provides	   further	   support	   for	   the	   hypothesis	   that	   social	   stress	  

exacerbates	   TMEV	   infection	   by	   priming	   the	   inflammatory	   response	   to	   the	   virus.	  

These	   effects	   are	   subtle,	   such	   that	   they	   were	   insufficient	   to	   exert	   statistically	  

significant	   effects	   on	   behavior.	   The	   nature	   of	   this	   change	   in	   cytokine	   expression	  

evolves	  across	  the	  sessions	  of	  SDR.	  Following	  a	  single	  session	  of	  SDR	  a	  significant	  

increase	  in	  IL-‐1β	  mRNA	  expression	  was	  observed.	  	  However,	  by	  the	  sixth	  session	  no	  

measurable	   increase	  was	  detected.	   	   Conversely,	   following	  a	   single	   session	  of	   SDR	  

there	   is	  no	  change	   in	   IL-‐6	  mRNA	  expression,	  however,	   following	  the	  sixth	  session	  

there	  was	  a	  significant	  increase	  that	  lasted	  for	  at	  least	  12	  hours	  post	  SDR.	  	  	  

Given	   that	   infection	   occurs	   two	   hours	   following	   the	   final	   session	   of	   SDR,	  

these	   data	   suggest	   that	   IL-‐6	   mRNA	   is	   significantly	   up	   regulated	   at	   the	   time	   of	  

infection	   in	   subjects	  pre-‐exposed	   to	   social	  disruption	   stress.	   	  These	   results,	   along	  

with	   prior	   data	   showing	   that	   administration	   of	   IL-‐6	   neutralizing	   antibody	   during	  

the	  stress	  exposure	  period	  reverses	  the	  adverse	  effects	  of	  SDR	  on	  TMEV	  infection	  

(Meagher	   et	   al.,	   2007),	   supports	   the	  hypothesis	   that	   SDR	  may	  exacerbate	  disease	  

through	  the	  up-‐regulation	  of	  virus-‐induced	  inflammation.	  	  Further	  support	  for	  this	  

comes	  from	  Experiment	  3.3,	  which	  demonstrated	  that	  SDR	  prior	  to	  TMEV	  infection	  

enhances	  the	  inflammatory	  cytokine	  response	  to	  infection	  by	  increasing	  the	  mRNA	  
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expression	   of	   IL-‐6	   and	   IL-‐1β	   in	   the	   brain	   and	   IL-‐1β	   and	   TNF-‐α	   in	   the	   spleen.	  	  

Furthermore,	   IL-‐6	   neutralizing	   antibody	   treatment	   reverses	   this	   enhancement	   in	  

inflammation	  in	  the	  CNS	  but	  not	  in	  the	  spleen.	  Given	  that	  IL-‐6	  neutralizing	  antibody	  

can	   protect	   against	   the	   adverse	   effects	   of	   SDR	   on	   TMEV	   infection,	   a	   central	  

enhancement	   in	  proinflammatory	   cytokines	  may	  drive	   the	  adverse	  effects	  of	   SDR	  

on	  TMEV	  infection.	  	  
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CHAPTER	  IV	  

SOCIAL	  DISRUPTION	  RESULTS	  IN	  A	  SUPPRESSION	  OF	  THE	  ADAPTIVE	  IMMUNE	  

RESPONSE	  TO	  ACUTE	  THEILER’S	  VIRUS	  INFECTION	  

	  

Introduction	  

	   TMEV	   infection	   is	   capable	   of	   inducing	   a	   demyelinating	   disease	   similar	   to	  

multiple	   sclerosis	   in	   susceptible	   strains	   of	   mice	   (e.g.	   BALB/cJ	   and	   SJL/J).	  	  

Susceptible	  strains	  are	  unable	  to	  effectively	  clear	  TMEV	  from	  the	  CNS	  during	  early	  

infection.	  This	   results	   in	  CNS	  viral	   persistence	   and,	   eventually,	   immune-‐mediated	  

demyelination	   (Clatch	   et	   al.,	   1990;	   Theiler,	   1937;	   Zheng	   et	   al.,	   2001).	   Effective	  

clearance	  of	  TMEV	  appears	   to	  depend	  on	  mounting	  an	  effective	  adaptive	   immune	  

response.	  For	  example,	  it	  has	  been	  shown	  that	  depletion	  of	  CD8+	  T	  cell	  populations	  

or	  altering	  the	  functionality	  of	  these	  cells	  increases	  disease	  susceptibility	  (Borrow	  

et	   al.,	   1992).	   The	   CD4+	   T	   cells	   response	   has	   also	   been	   implicated	   in	   the	   in	  

pathogenesis	  of	  TMEV.	   	   It	  has	  been	  demonstrated	  that	  mice	  with	  reduced	  CD4+	  T	  

cell	   populations	   show	   more	   severe	   inflammation,	   demyelination	   and	   axonal	  

degeneration	  (Lin	  et	  al.,	  2004;	  Murray	  et	  al.,	  1998)	  as	  well	  as	   increased	  mortality	  

(Welsh	  et	  al.,	  1987).	  	  

Further	   evidence	   for	   the	   role	   of	   the	   adaptive	   immune	   response	   in	   the	  

pathogenesis	   of	   Theiler’s	   virus	   induced	   demyelination	   (TVID)	   includes	   genetic	  

factors.	   	   Susceptibility	   to	   disease	   appears	   to	   be	   associated	   with	   the	   MHC	   class	   I	  

locus,	  H-‐2D	   (Lipton	   and	  Melvold,	   1984;	   Lipton	   et	   al.,	   1995;	  Rodriguez	   and	  David,	  
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1985).	   	   Mutations	   of	   the	   H-‐2D	   gene	   are	   associated	   with	   poorer	   viral	   clearance	  

during	  the	  acute	  phase	  of	  TMEV	  infection	  and	  increased	  viral	  persistence	  (Lipton	  et	  

al.,	  1995).	  Given	  that	  MHC	  class	  I	  is	  involved	  in	  antigen	  presentation	  to	  CD8+	  T	  cells,	  

this	  suggests	  a	  role	  for	  CD8+	  T	  cells	  in	  the	  clearance	  of	  TMEV	  from	  the	  CNS.	  	  

	   Furthermore,	  recent	  research	  has	  demonstrated	  that	  restraint	  stress,	  which	  

exacerbates	  disease	  pathogenesis,	  results	   in	  a	  suppression	  of	  virus	  specific	  T	  cells	  

in	   the	   spleen	   and	   CNS	   of	   SJL/J	   mice	   (Steelman	   et	   al.,	   2009).	   	   In	   this	   study	  

lymphocytes	  from	  the	  brain	  and	  spleen	  were	  stimulated	  with	  virus-‐specific	  CD4+	  or	  

CD8+	  peptides.	  These	  peptides	  cause	  T	  cells	   to	   release	   IFN-‐γ;	   thus	   the	  number	  of	  

cells	  producing	  IFN-‐γ	  can	  be	  used	  to	  determine	  T	  cell	  effector	  function.	  Steelman	  et	  

al.	   (2009)	   demonstrated	   that	   infection	   increases	   both	   CD4+	   and	   CD8+	   T	   cell	  

effector	  function	  and	  that	  restraint	  stress	  results	  in	  a	  suppression	  of	  virus	  specific	  

CD4+	  and	  CD8+	  T	  cells	  in	  the	  spleen	  and	  CD8+	  T	  cells	  in	  the	  CNS.	  	  	  

Therefore,	   this	   dissertation	   sought	   to	   determine	   if	   SDR	   prior	   to	   infection	  

also	  disrupts	  T	  cell	  function.	  Given	  that	  SDR	  inhibits	  viral	  clearance	  (Johnson	  et	  al.,	  

2006;	  Johnson	  et	  al.,	  2004b;	  Meagher	  et	  al.,	  2007),	  it	  is	  hypothesized	  that	  SDR	  will	  

suppress	  virus	  specific	  CD4+	  and	  CD8+	  T	  cells.	  	  In	  contrast	  to	  the	  anti-‐inflammatory	  

effects	   of	   restraint	   stress,	   SDR	   is	   pro-‐inflammatory.	   Prior	   data	   suggests	   that	   an	  

enhanced	   innate	   immune	   response	   is	   capable	   of	   increasing	   (Pullen	   et	   al.,	   1994;	  

Turrin,	   2008)	   or	   decreasing	   (Olson	   and	   Miller,	   2009)	   vulnerability	   to	   TMEV	  

infection.	  Thus	  it	  is	  also	  possible	  that	  SDR	  may	  inhibit	  or	  enhance	  T	  cell	  expression.	  	  

It	  is	  also	  possible	  that	  no	  change	  in	  T	  cells	  would	  be	  observed,	  suggesting	  that	  SDR	  
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exacerbates	   TMEV	   disease	   course	   by	   a	   different	   pathway	   than	   restraint	   stress.	  	  

Therefore,	   the	   impact	   of	   SDR	   on	   adaptive	   immune	   function	   is	   evaluated	   in	   this	  

chapter.	  	  	  

These	   experiments	   use	   SJL/J	   mice	   instead	   of	   BALB/cJ	   mice.	   There	   are	  

several	   reasons	   underlying	   this	   transition.	   	   The	   primary	   advantage	   is	   that	   virus	  

specific	  peptide,	  such	  as	  those	  used	  by	  Steelman	  et	  al.	  (2009),	  are	  available	  for	  SJL/J	  

mice,	   but	   not	   for	   BALB/cJ	   mice.	   	   Furthermore,	   this	   transition	   allows	   for	   the	  

generality	  of	   the	  adverse	  effects	  of	  SDR	  on	  TMEV	  infection	  to	  be	  examined.	   	  Prior	  

work	   focused	   on	   BALB/cJ	  mice	   due	   to	   their	   pronounced	   acute	   phase	   symptoms.	  

However,	  SJL/J	  mice	  develop	  more	  pronounced	  TVID	  at	  a	  more	  rapid	  time	  course;	  

SJL/J	   mice	   develop	   chronic	   phase	   symptoms	   in	   2-‐3	   months	   (McGavern	   et	   at	   al.,	  

1999)	   in	   about	   half	   the	   time	   it	   takes	   BALB/cJ	   mice	   to	   express	   symptoms	  

(approximately	   4-‐5	   months)	   (Johnson	   et	   al.,	   2006).	   	   	   Therefore,	   if	   their	   disease	  

course	  is	  also	  exacerbated	  by	  SDR	  exposure,	  as	   is	  observed	  in	  BALB/cJ	  mice,	  they	  

would	   provide	   a	   more	   efficient	   model	   of	   SDR-‐induced	   exacerbation	   of	   chronic	  

phase,	  demyelinating	  disease.	  	  	  	  	  

The	   subsequent	   experiments	   evaluated	   if	   SDR	   inhibits	   viral	   clearance	   in	  

SJL/J	  mice.	   	   Furthermore,	   it	   sought	   to	   determine	   if	   SDR	   prior	   to	   TMEV	   infection	  

enhances	   acute	   phase	   sickness	   behavior.	   	   Then	   the	   effect	   of	   stress	   on	   infection-‐

related	  central	  T	  cell	  mRNA	  expression	  was	  evaluated.	  Finally,	   the	   levels	  of	  virus-‐

specific	  T	  cells	  were	  evaluated	  within	  the	  brain	  and	  spleen.	  	  
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Experiment	   4.1:	   Social	  Disruption	  Prior	   to	  Theiler’s	   Virus	   Infection	   Impairs	  

CNS	  Viral	  Clearance	  in	  SJL/J	  Mice	  

Effective	  viral	  clearance	  during	   the	  acute	  phase	   is	  related	  to	  chronic	  phase	  

disease	  course.	   	  Prior	  studies	  have	  demonstrated	  that	  viral	   titers	   in	   the	  CNS	  peak	  

one	   to	   two	  weeks	  post-‐infection	   and	  by	   three	   to	   four	  weeks	   it	   is	   cleared	   to	   non-‐

detectable	  levels	  (Welsh	  et	  al.,	  1987).	  Subjects	  that	  fail	  to	  completely	  clear	  the	  virus	  

from	   the	   CNS	   during	   the	   acute	   phase	   later	   develop	   chronic	   phase,	   autoimmune-‐

mediated	  TVID	   (Aubert	  et	  al.,	  1987).	   	  Prior	   research	  has	  demonstrated	   that	  prior	  

exposure	  to	  SDR	  inhibits	  viral	  clearance	  within	  the	  CNS	  in	  BALB/cJ	  mice,	  such	  that	  

at	  day	  21	  post-‐infection	  animals	  pre-‐exposed	  to	  SDR	  had	  viral	  titers	  equal	  to	  their	  

day	  7	  levels	  (Johnson	  et	  al.,	  2006;	  Johnson	  et	  al.,	  2004b;	  Meagher	  et	  al.,	  2007).	  	  This	  

experiment	  was	  designed	   to	  determine	   if	   exposure	   to	   SDR	  prior	   to	   infection	   also	  

impairs	  viral	  clearance	  in	  SJL/J	  mice.	  	  

	  

Procedure	  

Subjects	  were	  exposed	  to	  either	  SDR	  or	  remained	  undisturbed	  in	  their	  home	  

cage	  (N=12).	   	  All	  mice	  were	  infected	  two	  hours	  following	  the	  final	  session	  of	  SDR.	  	  

On	  day	  eight	  post-‐infection,	  brain	  and	   spinal	   cord	   samples	  were	   collected	   for	   the	  

determination	  of	  viral	  titer	  by	  TCID-‐50.	  	  
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Results	  

A	  Student’s	   t-‐test	   revealed	  significantly	  higher	  CNS	  viral	   titers	  at	  day	  eight	  

post-‐infection	  in	  subjects	  exposed	  to	  SDR	  prior	  to	  infection,	  t	  =	  4.589,	  p	  <	  0.01	  (Fig.	  

10).	   	   This	   demonstrates	   that	   SDR	   also	   inhibits	   viral	   clearance	   in	   SJL/J	   mice.	  

Furthermore,	   it	   provides	   further	   evidence	   SDR	   modifying	   the	   adaptive	   immune	  

response.	  	  	  

	  

Experiment	   4.2:	   Social	   Disruption	   Exacerbates	   Sickness	   Behavior	   and	  

Decreases	   Cortical	   T	   Cell	   mRNA	   Expression	   in	   Response	   to	   Theiler’s	   Virus	  

Infection	  	  

Viral	  clearance	  occurs	  through	  the	  action	  of	  the	  adaptive	  immune	  response,	  

primarily	   the	   actions	   of	   helper	   (CD4+)	   and	   cytotoxic	   (CD8+)	  T	   cells.	   	   The	   poorer	  

viral	  clearance	  observed	  in	  mice	  exposed	  to	  SDR	  prior	  to	  TMEV	  infection	  suggests	  

that	  SDR	  is	  disrupting	  T	  cell	  function.	  This	  hypothesis	  is	  supported	  by	  Steelman	  et	  

al.	  (2009)	  who	  demonstrate	  that	  restraint	  stress	  attenuates	  virus	  specific	  CD4+	  and	  

CD8+	  T	  cells	  within	  the	  spleen	  and	  CD8+	  T	  cells	  within	  the	  CNS	  at	  day	  eight	  post-‐

infection.	  	  To	  begin	  to	  evaluate	  the	  impact	  of	  SDR	  on	  adaptive	  immune	  function	  the	  

impact	   of	   SDR	   prior	   to	   infection	   on	   overall	   cortical	   T	   cell	  mRNA	   expression	  was	  

assessed.	  	  
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Fig.	  10.	  	  SDR	  enhances	  viral	  titers	  at	  day	  8	  post-‐infection.	  	  SDR	  prior	  to	  infection	  with	  TMEV	  results	  
in	  a	  significant	  increase	  in	  viral	  titers	  at	  day	  eight	  post-‐infection	  in	  SJL/J	  mice.	  An	  asterisk	  indicates	  
significant	  differences	  between	  groups.	  	  
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Procedure	  

A	   two	   (infected	   verses	   uninfected)	   by	   two	   (SDR	   verses	   Non-‐SDR)	  

experimental	  design	  was	  employed	  (N=24).	   	  Mice	  were	  either	  exposed	   to	  chronic	  

SDR	  or	  left	  undisturbed	  in	  their	  home	  cage.	  	  Two	  hours	  following	  the	  final	  session	  

of	  SDR,	  mice	  were	  infected	  with	  TMEV	  or	  sham	  infected	  with	  sterile	  saline.	   	  Basic	  

sickness	   behavior	   (e.g.,	   body	   weight,	   sucrose	   preference,	   clinical	   scores,	   and	  

mechanical	   sensitivity)	   was	   assessed	   following	   infection.	   	   At	   eight	   days	   post-‐

infection	   subjects	  were	   sacrificed	   and	   CNS	   cortical	   tissue	  was	  microdissected	   for	  

analysis	   by	   RT-‐PCR.	   Given	   that	   infiltrating	   T	   cells	   are	   generally	   found	   in	   the	  

meningies	   of	   the	   brain,	   we	   focused	   on	   examining	   cortical	   tissue,	   which	   should	  

include	  the	  meningies.	  	  

	  

Results	  

Behavior.	   In	   order	   to	   determine	   if	   SDR	   exacerbates	   sickness	   behavior	   in	  

response	  to	  TMEV	  infection	  in	  SJL/J	  mice,	  body	  weight,	  sucrose	  preference,	  clinical	  

score,	  and	  mechanical	  sensitivity	  were	  assessed.	  	  Behavioral	  data	  from	  Experiments	  

4.2	  and	  4.3	  were	  combined	  to	  enhance	  statistical	  power.	  	  The	  acute	  phase	  of	  TMEV	  

infection	  typically	  results	  in	  an	  asymptomatic	  infection	  in	  SJL/J	  mice,	  though	  small	  

reductions	   in	  body	  weight	  have	  been	  previously	   reported	  (Steelman	  et	  al.,	  2009).	  	  

Similarly	   the	   present	   study,	   demonstrated	   that	   exposure	   to	   social	   disruption	  

exacerbated	  weight	   loss	   following	  TMEV	  infection.	   	  An	  ANOVA	  showed	  significant	  

main	  effects	  of	  stress,	  F(1,	  44)	  =	  7.025,	  p	  <	  0.05,	  and	  infection,	  F(1,	  44)	  =	  22.310,	  p	  <	  
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0.001,	  as	  well	  as	  a	  significant	  stress	  by	   infection	   interaction,	  F(1,	  44)	  =	  7.838,	  p	  <	  

0.01,	   on	   change	   in	   body	   weight	   at	   day	   one	   post-‐infection	   (Fig.	   11A).	   	   Post	   hoc	  

analyses	  indicate	  that	  subjects	  exposed	  to	  stress	  prior	  to	  infection	  lost	  significantly	  

more	  weight	  than	  all	  other	  groups.	  

Furthermore,	  exposure	   to	  SDR	  prior	   to	   infection	  resulted	   in	  a	   reduction	   in	  

sucrose	  preference,	  an	  indicator	  of	  anhedonia,	  at	  day	  one	  post-‐infection	  (Fig.	  11B).	  	  

An	   ANOVA	   confirmed	   a	   significant	  main	   effect	   of	   infection,	  F(1,	   12)	   =	   5.822,	  p	   <	  

0.05).	   	   Post	   hoc	   analysis	   indicates	   that	   the	   effect	   of	   infection	   may	   be	   partially	  

explained	   significant	   differences	   between	   the	   SDR/infected	   subjects	   and	   the	  

uninfected	  subjects	   (both	   stressed	  and	  non-‐stressed).	   	  No	  significant	  effects	  were	  

observed	  for	  clinical	  score	  or	  mechanical	  sensitivity.	  

T	  Cell	  mRNA	  Expression.	  Furthermore,	  TMEV	  infection	  resulted	  in	  increased	  

cortical	   T	   cell	   mRNA	   expression	   at	   day	   eight	   post-‐infection	   and	   SDR	   prior	   to	  

infection	   significantly	   attenuated	   this	   increase.	   An	   ANOVA	   for	   CD4+	   mRNA	  

expression,	   showed	   a	   significant	   effect	   of	   infection,	  F(1,21)	   =	   4.726,	  p	   <.05,	   such	  

that	   infection	   increased	   the	   level	   of	   CD4+	   mRNA	   expression.	   Post	   hoc	   analysis	  

showed	   that	   the	   infected	   non-‐stressed	   condition	   drives	   this	   effect,	   such	   that	  

infected	   non-‐stressed	   subjects	   had	   higher	   levels	   of	   CD4+	   mRNA	   than	   all	   other	  

groups.	  The	  main	  effect	  of	  stress	  and	  the	  stress	  (p	  =	  .187)	  by	  infection	  interaction	  (p	  

=	  .160)	  failed	  to	  reach	  significance.	  An	  ANOVA	  for	  CD8+	  mRNA	  expression	  showed	  

no	  significant	  effects,	  	  however,	  there	  was	  a	  trend	  	  (p	  	  =	  	  .106)	  	  	  toward	  	  an	  	  infection	  	  
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Fig.	  11..	  SDR	  exacerbates	  TMEV	  infection	  related	  sickness	  behavior	   in	  SJL/J	  mice.	   	  SDR	  results	   in	  a	  
significant	   condition	   by	   infection	   interaction	   on	   body	   weight	   loss	   on	   day	   one	   post-‐infection,	  
suggesting	  that	  the	  SDR	  prior	  to	  infection	  exacerbates	  weight	  loss	  	  (A).	  	  Furthermore,	  only	  the	  SDR-‐
infected	  group	  observed	  a	  loss	  in	  sucrose	  preference	  (B).	  	  	  
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Fig.	  12.	  SDR	  attenuates	  infection	  related	  increase	  in	  T	  cell	  mRNA	  expression.	  	  A	  MANOVA	  revealed	  a	  
significant	  interaction	  of	  infection	  by	  stress.	  	  As	  anticipated,	  the	  data	  indicated	  that	  infection	  results	  
in	  an	  increase	  in	  central	  T	  cell	  levels	  and	  that	  SDR	  prior	  to	  infection	  inhibits	  this	  up-‐regulation.	  	  
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related	   increase	   in	  CD8+	  mRNA	  expression.	   	  However,	  when	  analyzed	   together,	   a	  

MANOVA	  revealed	  a	  significant	  stress	  by	  infection	  interaction,	  F(2,	  21)	  =	  3.644,	  p	  <	  

0.05,	   on	   the	   cortical	   levels	   of	   CD4+	   and	   CD8+	  mRNA	   expression	   (Fig.	   12).	   	   This	  

interaction	   indicates	   that	   SDR	   attenuates	   virus-‐induced	   enhancement	   in	   T	   cell	  

number.	  	  	  

	  	  

Experiment	  4.3:	  Social	  Disruption	  Impairs	  Virus-Specific	  Adaptive	   Immunity	  

in	  the	  CNS	  but	  Not	  the	  Spleen	  

T	  cell	  responses,	  particularly	  the	  CD8+	  T	  cell	  response,	  have	  been	  shown	  to	  

play	  a	  vital	  role	  in	  the	  clearance	  of	  TMEV	  from	  the	  CNS.	  	  Given	  that	  prior	  research	  

has	   demonstrated	   that	   restraint	   stress	   attenuates	   virus	   specific	   T	   cell	   responses	  

(Steelman	   et	   al.,	   2009),	   this	   study	   sought	   to	   determine	   if	   SDR	   also	   affects	   T	   cell	  

response.	  	  It	  has	  been	  demonstrated	  that	  SDR	  disrupts	  viral	  clearance	  and	  reduces	  

T	  cell	  number,	  however,	  it	  is	  possible	  that	  a	  general	  reduction	  does	  not	  necessarily	  

result	   in	   a	   reduction	   in	   virus	   specific	   T	   cells.	   Therefore,	   this	   study	   evaluated	   the	  

effect	   SDR	   on	   virus-‐specific	   T	   cells	   through	   the	   use	   of	   the	   ELISPOT	   assay.	   	   This	  

assay	  evaluates	  IFN-‐γ	  secretion	  by	  virus	  specific	  T	  cells	  by	  stimulating	  lymphocytes	  

from	   the	   spleen	   and	   the	   CNS	  with	   Theiler’s	   virus	   specific	   CD4+	   and	   CD8+	   T	   cell	  

peptides.	  	  Each	  peptide	  will	  cause	  virus	  specific	  T	  cells	  to	  produce	  IFN-‐γ	  that	  can	  be	  

quantified.	  	  
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Procedure	  

A	   two	   (infected	   verses	   uninfected)	   by	   two	   (SDR	   verses	   Non-‐SDR)	  

experimental	  design	  was	  employed	  (N=24).	   	  Mice	  were	  either	  exposed	   to	  chronic	  

SDR	  or	  left	  undisturbed	  in	  their	  home	  cage.	  	  Two	  hours	  following	  the	  final	  session	  

of	   SDR,	  mice	  were	   infected	  with	  TMEV	  or	   sham	   infected	  with	   sterile	   saline.	  Body	  

weight,	   sucrose	   preference,	   clinical	   scores,	   and	   mechanical	   sensitivity	   were	  

assessed	  following	  infection.	  	  Eight	  days	  post-‐infection	  subjects	  were	  sacrificed	  and	  

the	  brain,	  spinal	  cord,	  and	  spleen	  were	  collected.	  	  Lymphocytes	  from	  the	  spleen	  and	  

CNS	  (brain	  and	  spinal	  cord)	  were	  isolated	  and	  an	  ELISPOT	  assay	  was	  performed.	  	  

	  

Results	  

TMEV	  infection	  increased	  the	  number	  of	  cells	  responding	  to	  both	  CD4+	  and	  

CD8+	  immunodominant	  peptide	  while	  SDR	  profoundly	  decreased	  T	  cell	  responses	  

in	  the	  CNS.	  Specifically,	  infection	  significantly	  increased	  virus-‐specific	  CD4+	  cells	  in	  

the	   CNS,	   but	   this	   increase	   was	   significantly	   attenuated	   in	   subjects	   previously	  

exposed	  to	  social	  disruption.	  	  An	  ANOVA	  verified	  significant	  main	  effects	  of	  stress,	  

F(1,	  20)	  =	  18.668,	  p	  <	  0.001,	  and	  infection,	  F(1,	  20)	  =	  17.552,	  p	  <	  0.001,	  as	  well	  as	  a	  

significant	   stress	   by	   infection	   interaction,	   F(1,	   20)	   =	   18.417,	   p	   <	   0.001,	   for	   virus	  

specific	  CD4+	  T	  cells	  in	  the	  CNS	  (Fig.	  13A).	  	  Post	  hoc	  analyses	  indicate	  that	  the	  non-‐

stressed	   infected	   subjects	   have	   significantly	   higher	   levels	   of	   virus-‐specific	   CD4+	  

cells	  in	  the	  CNS.	  	  	  
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Fig.	  13.	  SDR	  suppresses	  CNS	  T	  cell	  effector	  function.	  	  Within	  the	  cortex	  of	  the	  brain	  infection	  results	  
in	  a	  significant	  increase	  in	  both	  CD4+	  and	  CD8+	  T	  cell	  effector	  function.	  	  This	  increase	  in	  
inflammation	  was	  significantly	  attenuated	  in	  the	  SDR	  group.	  
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Furthermore,	   infection	   resulted	   in	   a	   significant	   increase	   in	   virus-‐specific	  

CD8+	  cells	  in	  the	  CNS,	  an	  effect	  that	  was	  significantly	  attenuated	  by	  prior	  exposure	  

to	   social	   disruption.	   	  ANOVA	  verified	   significant	  main	   effects	   of	   stress,	   F(1,	   20)	  =	  

10.197,	  p	  <	  0.01,	  and	  infection,	  F(1,	  20)	  =	  12.338,	  p	  <	  0.01,	  as	  well	  as	  a	  significant	  

stress	  	  by	  	  infection	  	  interaction,	  	  F(1,	  20)	  	  =	  10.344,	  	  p	  <	  0.01	  	  (Fig.	  13B).	  	  	  	  Follow	  up	  

post	   hoc	   analyses	   demonstrate	   that	   the	   non-‐stressed	   infected	   subjects	   have	  

significantly	   higher	   levels	   of	   virus-‐specific	   CD8+	   cells	   in	   the	   CNS	   than	   all	   other	  

groups.	  

These	  effects	  were	  not	  explained	  by	  SDR-‐induced	  alterations	  in	  peripheral	  T	  

cell	  responses.	  	  Infection	  significantly	  increased	  the	  number	  of	  virus-‐specific	  CD4+T	  

cells	  in	  the	  spleen,	  F(1,	  19)	  =	  8.833,	  p	  <	  0.01,	  but	  this	  increase	  was	  not	  significantly	  

altered	  by	  SDR	  exposure	  prior	  to	  infection,	  all	  other	  Fs	  <	  0.862	  (Fig.	  14A).	  	  A	  main	  

effect	   of	   infection	   on	   virus-‐specific	   CD8+	   T	   cell	   populations	   in	   the	   spleen	  

approached	  significance,	  F(1,	  18)	  =	  3.905,	  p	  =	  0.064),	  but	  no	  other	  significant	  main	  

effects	  or	  interactions	  were	  present,	  	  all	  Fs	  <	  0.574,	  ps	  >	  .05	  (Fig.	  14B).	  

	  

Discussion	  

These	  experiments	  provide	  compelling	  evidence	  that	  pre-‐exposure	  to	  social	  

stress	  can	  disrupt	  the	  adaptive	  immune	  response	  to	  infection.	  	  They	  are	  the	  first	  to	  

demonstrate	   the	   SJL/J	   mice,	   like	   BALB/cJ	   mice,	   infected	   with	   TMEV	   exhibit	  

increased	  sickness	  and	  poorer	  viral	  clearance	  when	  pre-‐exposed	  to	  SDR.	  These	  data	  

suggests	  that	  this	  results	  from	  increased	  viral	  load.	  	  It	  was	  also	  demonstrated	  that	  
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infection	   results	   in	   an	   increase	   in	   CD4+	   and	   CD8+	   T	   cells	   within	   the	   CNS.	   	   This	  

increase	   is	   necessary	   for	   clearing	   the	   virus.	   	   Pre-‐exposure	   to	   SDR	   resulted	   in	   a	  

blunting	  of	  infection	  related	  increase	  in	  CNS	  T	  cell	  mRNA	  expression.	  	  Furthermore,	  

TMEV	   infection	   resulted	   in	   increases	   in	   IFN-‐γ	   producing	   virus	   specific	   CD4+	   and	  

CD8+	   T	   cells	   in	   the	   CNS,	   and	   SDR	   prior	   to	   infection	   significantly	   blunts	   this	  

response.	   	  SDR	  did	  not	  significantly	  alter	   the	   levels	  of	  T	  cells	   in	   the	  spleen	  at	  day	  

eight	   post-‐infection.	   This	   would	   suggest	   that	   the	   adverse	   effects	   of	   SDR	   on	   the	  

disease	   course	  of	  TMEV	   infection	  are	  primarily	   centrally	  mediated,	  however,	   it	   is	  

possible	   that	   if	   a	   different	   time	   point	   (e.g.,	   day	   two)	   was	   evaluated	   a	   peripheral	  

effect	  of	  SDR	  may	  be	  observed.	  
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Fig.	  14.	  SDR	  does	  not	  significantly	  impact	  peripheral	  T	  cell	  effector	  function.	  	  There	  was	  a	  significant	  infection	  
related	  increase	  in	  CD4+	  T	  cell	  effector	  function	  and	  trend	  toward	  an	  increase	  in	  CD8+	  T	  cell	  	  effector	  function,	  
however,	  SDR	  did	  not	  significantly	  alter	  these	  responses.	  	  
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CHAPTER	  V	  

SUMMARY	  AND	  DISCUSSION	  

	  

Evidence	   indicates	   that	   a	   prior	   history	   of	   stress	   is	   linked	   to	   onset	   and	  

exacerbation	   of	   autoimmune	   diseases,	   such	   as	  multiple	   sclerosis	   and	   rheumatoid	  

arthritis,	  (Ackerman	  et	  al.,	  2002;	  Grant	  et	  al.,	  1989;	  Herrmann	  et	  al.,	  2000;	  Mohr	  et	  

al.,	  2000;	  Mohr	  et	  al.,	  2004;	  Rimón	  and	  Laakso,	  1985;	  Uno	  et	  al.,	  1989;	  Urrows	  et	  al.,	  

1994;	   Warren	   et	   al.,	   1982).	   	   Our	   laboratory	   has	   sought	   to	   understand	   the	  

mechanisms	   by	  which	   social	   stress	   exerts	   these	   effects	   using	   TMEV	   infection,	   an	  

animal	  model	   of	   MS	   (Johnson	   et	   al.,	   2006;	   Johnson	   et	   al.,	   2004b;	  Meagher	   et	   al.,	  

2007).	   	   Prior	   research	  demonstrated	   that	   social	   disruption	   stress	   leads	   to	   higher	  

viral	  titers	  and	  increased	  inflammatory	  lesions,	  which	  result	  in	  an	  exacerbation	  of	  

behavioral	  and	  immunological	  measures	  of	  the	  acute	  and	  chronic	  phases	  of	  TMEV	  

infection	   (Johnson	   et	   al.,	   2006;	   Johnson	   et	   al.,	   2004b;	   Meagher	   et	   al.,	   2007).	  	  

Furthermore,	  IL-‐6	  neutralization	  during	  the	  stress	  exposure	  period	  can	  reverse	  the	  

effects	  of	  SDR	  on	  acute	  phase	  TMEV	  infection	  (Meagher	  et	  al.,	  2007).	  	  	  

To	   extend	   these	   findings,	   my	   dissertation	   examined	   the	   impact	   of	   SDR	  

exposure	   on	   elements	   of	   the	   innate	   and	   adaptive	   immune	   response	   to	   Theiler’s	  

virus	  infection.	  Results	  suggest	  that	  the	  adverse	  effects	  of	  social	  stress	  are	  mediated	  

by	   stress-‐induced	   enhancement	   of	   CNS	   cytokines	   and	   suppression	   of	   CNS	   T	   cell	  

function.	   First,	   the	   impact	   of	   SDR	   on	   sensitization	   of	   proinflammatory	   cytokines	  

during	  the	  stress-‐exposure	  period	  was	  examined.	  	  It	  was	  demonstrated	  that	  chronic	  
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SDR	  results	  in	  an	  up-‐regulation	  of	  IL-‐6	  mRNA	  expression.	  	  It	  was	  also	  demonstrated	  

that	   SDR	   sensitizes	   infection-‐related	   increases	   in	   central	   and	   peripheral	  

proinflammatory	   cytokines.	   	   The	   protective	   effects	   of	   IL-‐6	   neutralizing	   antibody	  

appear	   to	   be	   partially	  mediated	   by	   reversing	   the	   central,	   but	   not	   the	   peripheral,	  

increase	   in	   proinflammatory	   cytokine	   expression.	   Next,	   the	   impact	   of	   SDR	   on	  

adaptive	  immune	  function	  was	  also	  examined	  by	  evaluating	  T	  cell	  function.	  	  It	  was	  

demonstrated	  that	  SDR	  disrupts	  viral	  clearance	  and	  enhances	  sickness	  behavior	  in	  

response	   to	   infection.	   	   Furthermore,	   it	   was	   demonstrated	   that	   SDR	   prior	   to	  

infection	  attenuates	  infection	  related	  increases	  in	  cortical	  T	  cell	  mRNA	  expression	  

and	  central	  CD4+	  and	  CD8+	  T	  cell	  effector	  function.	  	  Overall,	  these	  data	  suggest	  that	  

SDR	  prior	  to	  TMEV	  infection	  stimulates	  the	  inflammatory	  component	  of	  the	  innate	  

immune	   system,	   while	   suppressing	   the	   virus-‐specific	   adaptive	   immune	   system	  

respone.	  	  

	  

Social	  Disruption	  Induces	  CNS	  Inflammation	  

In	  Chapter	  III	  the	  effect	  of	  SDR	  on	  inflammation	  was	  examined.	  	  Prior	  studies	  

have	  shown	   that	   social	   stress	   results	   in	  peripheral	   increases	   in	  pro-‐inflammatory	  

cytokines	   (Engler	   et	   al.,	   2008;	  Gaab	  et	   al.,	   2005;	  Merlot	   et	   al.,	   2003;	  Merlot	   et	   al.,	  

2004a;	  Stark	  et	  al.,	  2002).	   	  For	  example,	  Stark	  et	  al.	  showed	  that	  social	  disruption	  

stress	   results	   in	   an	   increase	   in	   IL-‐6	   level	   within	   plasma	   and	   liver.	   Additionally,	  

Engler	   et	   al.	   (2008)	   demonstrated	   that	   SDR	   results	   in	   an	   increase	   in	   splenic	   and	  

hepatic	  IL-‐1β.	  The	  current	  study	  extends	  this	  research	  by	  showing	  a	  significant	  up-‐
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regulation	   of	   IL-‐6	   mRNA	   expression	   in	   the	   hippocampus	   following	   chronic	  

exposure	  to	  SDR.	  	  Furthermore,	  it	  was	  demonstrated	  that	  there	  is	  a	  robust	  increase	  

of	   hippocampal	   IL-‐1β	   following	   a	   single	   session	   of	   SDR.	   	   However,	   this	   effect	  

appears	   to	   habituate,	   such	   that	   by	   the	   sixth	   session	   of	   SDR	   no	   significant	   up-‐

regulation	  of	  IL-‐1β	  was	  observed.	  	  	  

This	   effect	  may	  be	  driven	  by	   the	  development	   of	   glucocorticoid	   resistance	  

(Avitsur	   et	   al.,	   2001;	  Miller	   et	   al.,	   2002;	   Quan	   et	   al.,	   2001;	   Sheridan	   et	   al.,	   2000;	  

Stark	  et	  al.,	  2002).	  It	  has	  been	  demonstrated	  that	  chronic	  exposure	  to	  SDR	  results	  in	  

a	   blunting	   of	   the	   anti-‐inflammatory	   effects	   of	   glucocorticoids	   on	   splenocytes	  

(Avitsur	  et	  al.,	  2001;	   Johnson	  et	  al.,	  2004b;	  Meagher	  et	  al.,	  2007;	  Miller	  and	  Chen,	  

2006;	  Quan	  et	  al.,	  2001).	  Data	  from	  Quan	  et	  al.	  (2001)	  suggest	  that	  the	  blunting	  of	  

this	   effect	   may	   occur	   due	   to	   a	   down-‐regulation	   of	   GC	   receptors.	   It	   has	   been	  

suggested	   that	   the	  effect	  of	  GCR	   is	  not	   limited	   to	   the	  spleen,	  as	  a	   reduction	  of	  GC	  

receptor	  mRNA	  was	  also	  observed	  in	  the	  brain	  following	  SDR	  (Quan	  et	  al.,	  2001).	  	  

Prior	  research	  has	  shown	  that	  GCR	  depends	  upon	  IL-‐1β	  (Engler	  et	  al.,	  2008).	  

Mice	  lacking	  the	  IL-‐1	  type	  1	  receptor	  showed	  an	  elevation	  in	  serum	  corticosterone,	  

but	   did	   not	   shown	   an	   accumulation	   of	   CD11b+	   cells	   in	   the	   spleen	   or	   the	  

development	  of	  GCR.	  Despite	  research	  indicating	  that	  SDR	  increases	  IL-‐6	  release,	  it	  

is	  not	  essential	  in	  the	  development	  of	  SDR-‐induced	  GCR	  within	  the	  spleen	  (Stark	  et	  

al.,	   2002).	   Prior	   research	   from	   our	   laboratory	   is	   in	   line	   with	   this,	   showing	   the	  

development	   of	   GCR	   even	   when	   IL-‐6	   neutralizing	   antibody	   is	   administered	  

(Meagher	  et	  al.,	  2007).	  
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The	  development	  of	  GCR	  does	  not	  occur	  following	  all	  stressors,	  but	  appears	  

to	  develop	  uniquely	   in	   response	   to	   social	   stress	   (Avitsur	   et	   al.,	   2001;	  Quan	  et	   al.,	  

2001).	  	  Chronic	  exposure	  to	  restraint	  stress	  does	  not	  alter	  the	  responsivity	  of	  cells	  

to	   the	   anti-‐inflammatory	   effects	   of	   glucocorticoids	   (Quan	   et	   al.,	   2001).	   	   This	  may	  

explain	  why	  social	  disruption	  stress	  has	  proinflammatory	  effects	  (Gaab	  et	  al.,	  2005;	  

Merlot	  et	  al.,	  2003;	  Merlot	  et	  al.,	  2004a;	  Stark	  et	  al.,	  2002),	   in	  contrast	  to	  the	  anti-‐

inflammatory	  effects	  of	  restraint	  stress	  (Mi	  et	  al.,	  2004;	  Mi	  et	  al.,	  2006a).	  

	  

Social	  Disruption	  Sensitizes	  TMEV-induced	  Inflammatory	  Responses	  

Furthermore,	   this	   dissertation	   sought	   to	   determine	   if	   SDR	   sensitized	  

Theiler’s	   virus-‐induced	   proinflammatory	   cytokine	   release	   and	   if	   the	   protection	  

conferred	  by	   IL-‐6	  neutralizing	  antibody	   is	   through	   reversal	  of	   this	   stress-‐induced	  

sensitization.	   This	   hypothesis	   is	   supported	   by	   a	   growing	   body	   of	   evidence	  

suggesting	  prior	  exposure	  to	  social	  stress	  can	  sensitize	  or	  prime	  the	  inflammatory	  

pathway,	  such	  that	  a	  subsequent	   inflammatory	  stimulus	  results	   in	  an	  exaggerated	  

inflammatory	  response	  (Bailey	  et	  al.,	  2009;	  Dong-‐Newsom	  et	  al.,	  2010;	  Mays	  et	  al.,	  

2010;	   Powell	   et	   al.,	   2011;	   Quan	   et	   al.,	   2001).	   For	   example,	   repeated	   social	  

disruption	   stress	   resulted	   in	   increased	   HSV-‐1	   infection-‐related	   CD11b+	  

macrophages	   and	   proinflammatoy	   cytokines,	   IFN-‐α	   and	  TNF-‐α	   (Dong-‐Newsom	  et	  

al.,	   2010).	   	   Furthermore,	   SDR	   enhances	   allergen-‐induced	   airway	   inflammation	  

(Bailey	   et	   al.,	   2009)	   and	   LPS-‐induced	   proinflammatory	   cytokines	   (Quan	   et	   al.,	  

2001).	  
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It	   has	   also	   been	   shown	   that	   other	   inflammatory-‐stimuli	   can	   sensitize	   the	  

innate	  immune	  response	  to	  a	  challenge	  (Cunningham	  et	  al.,	  2005;	  Deak	  et	  al.,	  2005;	  

Johnson	  et	  al.,	  2002;	  Matsumoto	  et	  al.,	  2006;	  Perry,	  2007).	  	  For	  example,	  exposure	  

to	  inescapable	  shock	  prior	  to	  administration	  of	  LPS	  results	  in	  enhanced	  plasma	  IL-‐

1β	  (Johnson	  et	  al.,	  2002).	  Additionally,	  administration	  of	  IL-‐6	  or	  exposure	  to	  stress	  

has	   been	   shown	   to	   sensitize	   inflammatory	   response	   to	   a	   stressor	   (Deak	   et	   al.,	  

2005b;	  Matsumoto	  et	  al.,	  2006).	  Furthermore,	  exposure	  to	  LPS	  can	  exacerbate	  local	  

brain	  inflammation	  in	  prion	  disease	  infected	  mice	  (Cunningham	  et	  al.,	  2005).	  	  	  

Previous	   research	   suggests	   that	   SDR	   may	   also	   enhance	   inflammatory	  

response	  to	  TMEV	  infection	  (Meagher	  et	  al.,	  2007).	   It	  was	  demonstrated	  that	  SDR	  

results	  in	  increased	  IL-‐6	  in	  sera	  and	  increased	  inflammatory	  lesions	  within	  the	  CNS	  

that	  depend	  upon	  stress-‐induced	  IL-‐6.	  	  This	  dissertation	  extended	  these	  findings	  by	  

demonstrating	   that	   chronic	   SDR	   sensitizes	   the	   inflammatory	   response	   to	   TMEV	  

infection.	  	  Exposure	  to	  SDR	  prior	  to	  TMEV	  infection	  resulted	  in	  increased	  infection	  

related	  central	  IL-‐6	  and	  IL-‐1β	  mRNA	  expression	  and	  increased	  peripheral	  IL-‐1β	  and	  

TNF-‐α	  mRNA	   expression.	   	   Furthermore,	   the	   protective	   effect	   of	   IL-‐6	   neutralizing	  

antibody	   administration	   during	   the	   stress	   exposure	   period	   reversed	   the	  

enhancement	   of	   central	   inflammation,	   but	   not	   peripheral	   inflammation.	   	   This	  

suggests	   that	   SDR-‐induced	   IL-‐6	   serves	   to	   sensitize	   the	   inflammatory	   pathway.	  	  

Furthermore,	   given	   that	   administration	   of	   IL-‐6	   neutralizing	   antibody	   has	   been	  

shown	  to	  reverse	  the	  adverse	  behavioral	  effects	  of	  IL-‐6	  (Meagher	  et	  al.,	  2007),	  this	  

data	   suggests	   that	   the	   sensitization	   of	   neuroinflammatory	   processes	  mediate	   the	  
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adverse	   effects	   of	   social	   stress	   on	   TMEV	   infection,	   including	   enhanced	   sickness	  

behavior,	  increased	  histological	  markers	  of	  CNS	  inflammatory	  lesions,	  and	  reduced	  

CNS	  viral	  clearance	  (Meagher	  et	  al.,	  2007).	  	  

The	  activation	  of	  microglia	  may	  underlie	   this	  sensitization	  effect.	  Microglia	  

are	   the	  primary	   immune	  cells	  of	   the	  brain	  and	  are	   the	  primary	  producers	  of	  CNS	  

inflammatory	   cytokines	   (Kreutzberg,	   1996;	   Van	   Dam	   et	   al.,	   1995).	   	   It	   has	   been	  

demonstrated	   that	   administration	   of	   minocycline,	   a	   glial	   cell	   inhibitor,	   reverses	  

shock-‐induced	  increases	  in	  central	  proinflammatory	  cytokine	  expression	  (Blandino	  

et	   al.,	   2006).	   	   This	   suggests	   that	   they	   are	   important	  mediators	   of	   stress	   induced-‐

neuroinflammation.	   	   It	   has	   also	   been	   demonstrated	   that	   stress	   can	   induce	   a	  

hyperinflammatory	   microglial	   phenotype	   (Frank	   et	   al.,	   2007;	   Nair	   and	   Bonneau,	  

2006;	   Perry,	   2007;	   Sugama	   et	   al.,	   2007),	   which	   may	   underlie	   stress-‐induced	  

exacerbations	  of	  neuroinflammation	  in	  various	  diseases,	  including	  MS.	  	  	  

The	   present	   studies	   examined	   the	   expression	   of	   CD11b,	   a	   Mac-‐1	   marker	  

associated	  with	  microglia	  and	  macrophage	  activation,	   to	   indirectly	  assess	  the	  role	  

of	   microglia.	   	   A	   trend	   towards	   an	   increase	   in	   CD11b	   mRNA	   expression	   was	  

observed	  in	  the	  chronic	  SDR	  group;	  however,	  the	  effect	  failed	  to	  reach	  significance.	  	  

Furthermore,	  although	  the	  interaction	  between	  SDR	  and	  IL-‐6	  neutralizing	  antibody	  

treatment	   for	   CD11b	   was	   not	   statistically	   significant,	   there	   was	   (1)	   a	   trend	  

suggesting	  that	  SDR	  may	  increase	  TMEV-‐induced	  CD11b	  mRNA	  expression	  and	  (2)	  

that	   this	   can	   be	   reversed	   with	   IL-‐6	   neutralization	   during	   the	   stress	   exposure	  

period.	   	  However,	  given	   the	   inconclusive	  nature	  of	   this	   finding,	   future	  research	   is	  
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needed	  to	  determine	   if	  priming	  of	  microglia	   is	   the	  cellular	  mechanism	  underlying	  

stress-‐induced	   sensitization	   of	   TMEV	   infection-‐induced	   inflammation.	   	   Given	   that	  

many	   cell	   types,	   such	   as	   astrocytes	   and	   neurons,	   are	   also	   able	   to	   release	  

proinflammatory	   cytokines,	   these	   cells	   may	   also	   be	   involved	   in	   stress-‐induced	  

enhancement	  of	  neuroinflammation.	  

	  

Social	  Disruption	  Attenuates	  Infection	  Related	  Adaptive	  Immune	  Response	  

Given	   the	   important	   role	   the	   adaptive	   immune	   system	   has	   in	   the	  

pathogenesis	  of	  TMEV	  infection,	  my	  dissertation	  also	  evaluated	  the	  impact	  of	  SDR	  

on	  elements	  of	  the	  adaptive	  immune	  system.	  	  The	  adaptive	  immune	  system	  has	  two	  

branches:	  cell	  mediated	  immunity	  and	  humoral	  immunity.	  	  Cell	  mediated	  immunity	  

includes	  the	  actions	  of	  cytotoxic	  T	  cells	  (CD8+)	  in	  the	  destruction	  of	  infected	  cells,	  

while	  humoral	  immunity	  is	  characterized	  by	  B	  cell	  antibody	  production.	   	  Different	  

helper	   T	   cell	   (CD4+)	   subtypes	   (see	   Fig.	   15)	   help	   to	   direct	   and	   coordinate	   these	  

responses.	   	   For	   example,	  Th1	   cells	   are	   essential	   for	   the	  development	  of	   cytotoxic	  

memory	  T	  cells.	  	  Both	  Th1	  and	  cytotoxic	  T	  cells	  produce	  high	  levels	  of	  IFN-‐γ	  that	  act	  

to	  stimulate	  immune	  function	  and	  inhibit	  viral	  replication.	   	  For	  effective	  clearance	  

of	  the	  virus,	  this	  process	  should	  occur	  early	  in	  TMEV	  infection.	  	  Th2	  helper	  T	  cells	  

assist	  B	  cells	  in	  their	  production	  of	  antibodies.	  	  The	  Th2	  cell	  response	  should	  come	  

after	  the	  production	  of	  Th1	  cells	  for	  effective	  viral	  clearance	  to	  occur.	  	  Furthermore,	  	  
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Fig,	   15.	   	   Differentiation	   of	   naïve	   T	   cells.	   	   A	   naïve	   T	   cell	   has	   the	   potential	   to	   become	   one	   of	  many	  
phenotypes.	   This	   decision	   is	   based	   upon	   the	   cytokine	   profile	   in	   the	   extracellular	   environment.	  	  
Furthermore,	   each	  differentiated	  cell	   type	   results	   in	  a	  different	  profile	  of	   cytokine	   release.	   	   Image	  
borrowed	  from	  Zou	  and	  Restifo	  (2010).	  	  	  	  
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a	   response	   of	   regulatory	   helper	   T	   cells	   (Tregs)	   should	   follow	   the	   Th2	   response.	  

Tregs	  act	   to	   suppress	   the	   immune	   response.	  Consequently,	   the	  presence	  of	  Tregs	  

improves	   disease	   outcomes	   by	   reducing	   inflammation	   and	   decreasing	   the	  

likelihood	  of	  auto-‐reactive	  T	  cell	  development.	  

Prior	   research	   has	   demonstrated	   that	   stress	   is	   capable	   of	   inhibiting	   T	   cell	  

function.	  	  For	  example,	  restraint	  stress	  results	  in	  a	  reduction	  in	  TMEV-‐specific	  IFN-‐

γ	  producing	  CD4+	  and	  CD8+	  T	  cells	  in	  the	  periphery	  and	  CD8+	  T	  cells	  in	  the	  brain	  

(Steelman	   et	   al.,	   2009).	   	   	   Furthermore,	   chronic	   social	   stress	   has	   been	   shown	   to	  

result	   in	  a	  suppression	  of	  plasma	  IFN-‐γ	  and	  reduced	  CD8+	  T	  cell	  expansion	  in	  the	  

spleen	   (Sommershof	   et	   al.,	   2011).	   This	   effect	   appears	   to	   be	   mediated	   by	   stress-‐

induced	   glucocorticoids.	   To	   determine	   if	   SDR	   suppresses	   the	   adaptive	   immune	  

response	   to	   TMEV	   infection,	   Chapter	   IV	   examined	   the	   role	   of	   SDR	   in	   modifying	  

TMEV-‐induced	  T	  cell	  mRNA	  expression	  and	  virus-‐specific	  IFN-‐γ	  T	  cell	  production.	  

This	  series	  of	  studies	  was	  conducted	  with	  SJL/J	  mice.	  	  Given	  that	  prior	  work	  

examining	   the	   impact	   of	   SDR	  on	   disease	   progression	  was	   carried	   out	   in	  BALB/cJ	  

mice,	   it	   was	   important	   to	   verify	   that	   SDR	   modifies	   disease	   pathogenesis	   in	   this	  

strain.	  	  As	  anticipated,	  SDR	  enhanced	  sickness	  immediately	  following	  infection	  (e.g.,	  

increased	  weight	  loss	  and	  decreased	  sucrose	  preference)	  and	  resulted	  in	  increased	  

viral	   titers	  at	  day	  eight	  post-‐infection.	   	  No	  SDR-‐induce	  differences	  were	  observed	  

on	   other	   measures	   of	   sickness	   (i.e.,	   mechanical	   sensitivity	   and	   clinical	   score);	  

however,	   this	   is	  not	  surprising	  given	   the	  attenuated	  acute	  phase	  symptomatology	  
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that	   SJL/J	   mice	   display,	   when	   compared	   to	   BALB/cJ	   mice,	   when	   infected	   with	  

TMEV.	  	  	  

Prior	  exposure	  to	  SDR	  altered	  central	  T	  cell	  mRNA	  expression	  and	  function	  

in	   response	   to	  TMEV	   infection.	   	  As	   anticipated,	   infection	   resulted	   in	   robust	  CD4+	  

and	  CD8+	  T	  cell	  mRNA	  expression	  in	  the	  cortex	  on	  day	  eight	  post-‐infection,	  a	  time	  

point	  where	   viral	   titers	   are	   high.	   Prior	   exposure	   to	   SDR	   resulted	   in	   a	   significant	  

attenuation	  of	  this	  increase	  in	  mRNA	  expression.	  	  Furthermore,	  infection	  increased	  

virus-‐specific	  CD4+	  and	  CD8+	  T	   cell	   IFN-‐γ	  production	  and	  prior	   exposure	   to	   SDR	  

significantly	  attenuated	  this	  increase.	  	  This	  suppression	  likely	  underlies	  the	  poorer	  

viral	   clearance	   and	   increased	   disease	   pathogenesis	   observed	   in	  mice	   exposed	   to	  

SDR	  prior	  to	  infection.	  	  

A	   stress-‐induced	  suppression	  of	  T	   cell	   expression	  was	  not	  observed	   in	   the	  

periphery	   at	   day	   eight,	   suggesting	   that	   SDR	   may	   affect	   TMEV	   disease	   course	  

primarily	  by	  altering	  the	  CNS	  immune	  response	  to	   infection.	   	  However,	  given	  that	  

the	   immune	   response	   is	   generally	   initiated	   in	   the	   periphery,	   it	   is	   possible	   that	  

assessing	  levels	  at	  day	  eight	  post-‐infection	  was	  too	  far	  removed	  from	  infection	  such	  

that	  the	  peripheral	  alterations	  were	  missed.	  	  Future	  research	  evaluating	  other	  time	  

points	  is	  needed	  to	  determine	  if	  the	  effect	  of	  SDR	  on	  T	  cell	  function	  also	  extends	  to	  

the	  periphery.	  	  
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Interaction	  Between	  the	  Innate	  and	  Adaptive	  Immune	  Systems	  

It	   has	   been	   demonstrated	   that	   the	   initial	   innate	   immune	   response	   to	  

infection	   shapes	   the	   later	   adaptive	   immune	   response	   (Biron,	   1998;	   Biron,	   1999).	  

Thus,	   exaggerated	   infection-‐related	   neuroinflammation	   might	   have	   cascading	  

effects,	   including	   a	   dysregulation	   of	   T	   cell	   and	   antiviral	   responses	   during	   early	  

infection.	  	  Furthermore,	  a	  poorer	  antiviral	  response	  during	  the	  acute	  phase	  is	  likely	  

to	   result	   in	   increased	   severity	   of	   the	   later	   Theiler	   virus	   induced	   demyelination	  

(Lipton	   et	   al.,	   2005;	   Sieve	   et	   al.,	   2004;	   Trottier	   et	   al.,	   2004).	   Given	   that	  

administration	  of	   neutralizing	   antibody	   to	   IL-‐6	   can	   reverse	   the	   adverse	   effects	   of	  

SDR	   on	   viral	   clearance,	   it	   appears	   that	   dysregulation	   of	   the	   innate,	   inflammatory	  

response	   to	   infection	   results	   in	   a	   dysregulation	   of	   the	   acquired,	   T	   cell	   mediated	  

response.	  	  

One	   mechanism	   by	   which	   increased	   neuroinflammation	   may	   affect	   T	   cell	  

function	  is	  through	  altering	  the	  CD4+	  subtype	  expressed,	  shifting	  the	  balance	  away	  

from	  mounting	  the	  most	  effective	  immune	  response.	  There	  is	  evidence	  that	  a	  high	  

level	   of	   IL-‐6	   could	   suppress	   Th1	   responses	   in	   favor	   of	   Th17	   responses.	   A	   Th17	  

immune	  response	  can	  be	  induced	  by	  the	  presence	  of	  IL-‐6	  and	  TGF-‐β	  (or	  IL-‐1	  and	  IL-‐

23)	  (Zou	  and	  Restifo,	  2010).	  	  Given	  that	  there	  is	  a	  central	  up-‐regulation	  of	  IL-‐6	  and	  

IL-‐1β,	  this	  seems	  a	  likely	  possibility.	  	  The	  Th17	  cells	  release	  IL-‐17	  and	  IL-‐21,	  which	  

serve	   essential	   functions	   in	   antimicrobial	   immunity	   at	   epithelial	   and	   mucosal	  

barriers.	   	   However,	   it	   has	   recently	   been	   demonstrated	   that	   Th17	   promote	  
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persistent	   TMEV	   infection	   and	   exacerbate	   pathogenesis	   of	   chronic	   phase	  

demyelinating	  disease	  (Hou	  et	  al.,	  2009).	  	  	  

This	   effect	   may	   be	   through	   the	   promotion	   of	   autoreactive	   T	   cells.	  

Interestingly,	   Th17	   has	   also	   been	   linked	   to	   the	   development	   of	   a	   variety	   of	  

autoimmune	   diseases,	   including	   multiple	   sclerosis,	   collagen-‐induced	   arthritis,	  

rheumatoid	  arthritis,	  and	  autoimmune	  myocarditis	  (Afzali	  et	  al.,	  2007;	  Bettelli	  et	  al.,	  

2006;	   Bettelli	   et	   al.,	   2007;	   Chen	   et	   al.,	   2007;	   Chen	   and	  Wood,	   2007;	   Chen	   et	   al.,	  

2006;	  Kleinschek	  et	  al.,	  2007).	  	  Specifically,	  studies	  of	  patients	  with	  MS	  confirm	  the	  

presence	   of	   increased	   IL-‐17	   expression	   in	   active	   brain	   lesions	   (Lock	   et	   al.,	   2002)	  

and	   within	   the	   CSF	   (Ishizu	   et	   al.,	   2005;	   Matusevicius	   et	   al.,	   1999).	   Furthermore,	  

cytokines	   released	   by	   Th17	   cells	   have	   been	   shown	   to	   be	   associated	  with	   disease	  

exacerbation	   in	   the	   EAE	   model	   of	   multiple	   sclerosis	   (Komiyama	   et	   al.,	   2006;	  

Vollmer	  et	  al.,	  2005).	  Further	  research	  is	  needed	  to	  determine	  if	  social	  stress	  prior	  

to	   infection	  exacerbates	  disease	  by	  shifting	  the	  balance	   from	  an	  efficient	  acquired	  

immune	  response	  and	  toward	  Th17.	  	  

Another	  mechanism	  by	  which	  SDR-‐induced	  neuroinflammation	  may	  disrupt	  

the	  T	  cell	  response	  to	  disease	  is	  by	  altering	  the	  efficacy	  of	  antigen	  presenting	  cells	  

(APCs).	   	  If	  microglia	  and	  other	  CNS	  APCs	  were	  less	  effective	  at	  presenting	  virus	  to	  

the	   immune	   system,	   this	  would	   result	   in	   an	   inadequate	  T	   cell	   response.	   	   A	   trend	  

toward	   increased	   CD11b	   expression	  would	   be	   suggestive	   of	   increased	   activation	  

and	  presumably	  primed	  viral	  clearance.	   	  However,	  research	  is	  beginning	  to	  reveal	  

that	  different	  stimuli	  can	  cause	  varied	  microglia	  activational	  profiles.	  For	  example,	  
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it	  is	  possible	  that	  this	  increase	  may	  not	  represent	  traditionally	  activated	  microglia	  

or	   macrophages	   that	   are	   effective	   antigen	   presenting	   cells,	   but	   rather	  

CD11b+Ly6C+	  cells.	   	  These	  are	  immature	  myeloid	  cells	  that	  exit	  the	  bone	  marrow	  

without	  maturing	  and	  are	  the	  predominant	  innate	  immune	  cell	  to	  infiltrate	  into	  the	  

CNS	  after	  infection	  with	  TMEV	  (Bowen	  and	  Olson,	  2009).	  Unlike	  traditional	  Cd11b+	  

cells,	  CD11b+Ly6C+	  cells	  have	  been	  shown	  to	  suppress	  T	  cell	  responses	  (Bingisser	  

et	   al.,	   1998;	   Delano	   et	   al.,	   2007;	   Movahedi	   et	   al.,	   2008;	   Terabe	   et	   al.,	   2003).	  	  

Therefore,	  an	  increase	  in	  CNS	  infiltration	  during	  acute	  phase	  disease	  may	  result	  in	  a	  

disruption	  of	  viral	  clearance.	  

SDR-‐induced	  neuroinflammation	  may	  also	  disrupt	  trafficking	  of	  T	  cells	  into	  

the	   CNS.	   	   Chemokines	   play	  well-‐established	   roles	   in	   T	   cell	   trafficking	   and	   can	   be	  

suppressed	  by	  glucorticoids	  (Smith	  and	  Herschman,	  1997).	  	  Furthermore,	  restraint	  

stress	  results	  in	  a	  suppression	  of	  chemokines	  in	  response	  to	  TMEV	  infection	  (Mi	  et	  

al.,	  2004).	  	  Stress-‐induced	  inflammatory	  cytokines	  may	  alter	  chemokine	  expression	  

and,	   subsequent,	   T	   cell	   trafficking.	   	   Experiment	   4.3	   shows	   that	   SDR	   exposure	  

reduces	   virus	   specific	   CD4+	   and	   CD8+	   T	   cells	   within	   the	   CNS	   but	   did	   not	   alter	  

peripheral	   T	   cell	   response	   to	   infection.	   	   This	   pattern	   could	   be	   explained	   by	   a	  

reduction	  in	  chemokine	  activity	  within	  the	  CNS	  decreasing	  migration	  of	  these	  cells	  

and,	  thereby,	  impairing	  viral	  clearance.	  	  
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Impact	  of	  Stress	  on	  Theiler’s	  Virus	  Induced	  Demyelination	  	  

Future	   studies	   are	   needed	   to	   determine	   the	   mechanism	   by	   which	   SDR-‐

induced	   immune	   system	   modifications	   affect	   the	   immune	   response	   during	   the	  

chronic	  phase	  of	  TMEV	  infection.	  	  Prior	  research	  has	  shown	  that	  SDR	  prior	  to	  TMEV	  

infection	  results	  in	  an	  exacerbation	  of	  chronic	  phase	  disease	  (Johnson	  et	  al.,	  2006).	  	  

The	  literature	  suggests	  that	  a	  dysregulated	  adaptive	  immune	  system	  is	  responsible	  

for	   viral	   persistence	   and	   chronic	   phase	   disease	   exacerbations.	   Immunological	  

manifestations	   of	   chronic	   phase	   disease	   exacerbation	   include	   enhanced	  

inflammation	   and	   increased	   autoreactive	   T	   cells.	   	   Increased	   inflammation,	   as	   is	  

observed	   in	   TMEV	   infected	   mice	   pre-‐exposed	   to	   SDR,	   can	   may	   shift	   the	   balance	  

from	  Tregs,	  which	  serve	  to	  suppress	  both	  inflammation	  and	  T	  cell	  function,	  toward	  

Th17	   cells,	   which	   are	   prone	   to	   autoreactivity.	   Both	   pathways	   require	   TGF-‐β,	  

however,	   increases	   in	   IL-‐6	   will	   cause	   naïve	   T	   cells	   to	   preferentially	   differentiate	  

into	   Th17	   cells	   (see	   Fig.	   15).	   	   The	   combination	   of	   enhanced	   inflammation	   with	  

increased	  autoreactive	  T	  cells	  may	  explain	  how	  stress	  exacerbates	  demyelination	  in	  

TMEV	  infection.	  	  

Furthermore,	  research	  is	  needed	  to	  examine	  the	  effect	  of	  SDR	  presented	  at	  

different	  time	  points	  on	  the	  immune	  response	  to	  TMEV	  infection	  and	  TVID.	  The	  MS	  

literature	   suggests	   that	   stress	   not	   only	   increases	   susceptibility	   to	   developing	  MS,	  

but	   also	   to	   disease	   onset	   and	   exacerbations	   in	   disease	   course	   (Ackerman	   et	   al.,	  

2002;	  Brown	  et	  al.,	  2005;	  Brown	  et	  al.,	  2006;	  Grant	  et	  al.,	  1989;	  Li	  et	  al.,	  2004;	  Mohr	  

et	  al.,	  2004;	  Mohr,	  2007).	  	  Understanding	  the	  mechanisms	  underlying	  these	  effects	  
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would	  benefit	  from	  studies	  looking	  at	  the	  timing	  of	  stress	  with	  animal	  models.	  Prior	  

data	  has	  shown	  that	  social	  disruption	  stress	  presented	  concurrently	  with	  infection	  

improves	   TMEV	   pathogenesis.	   It	   is	   possible	   that	   by	   presenting	   the	   stress	  

concurrent	   with	   infection,	   the	   anti-‐inflammatory	   actions	   of	   stress	   predominated	  

and	   shifted	   the	   balance	   toward	   an	   effective	   Th1/Th2	   anti-‐viral	   response.	  

Furthermore,	  given	  that	  T	  cell	  suppression	  is	  observed	  in	  response	  to	  SDR,	  it	  would	  

be	   interesting	   to	   evaluate	   the	   effect	   of	   social	   stress	   presented	   during	   the	  

demyelinating	   phase	   of	   the	   disease.	   	   Based	   on	   the	   suppression	   of	   the	   acquired	  

immune	  response	  it	  may	  improve	  disease,	  however,	  the	  enhance	  inflammation	  and	  

possible	  Th17	  switch	  may	  instead	  exacerbate	  disease	  pathogenesis.	  

	  

Summary	  and	  Implications	  

In	   summary	   this	   dissertation	  demonstrates	   that	   exposure	   to	   SDR	  modifies	  

components	   of	   the	   innate	   and	   adaptive	   immune	   response	   to	   Theiler’s	   murine	  

encephalomyelitis	   virus	   infection.	   It	   suggests	   that	   SDR-‐induced	   release	   of	   IL-‐6	  

sensitizes	   virus-‐initiated	   proinflammatory	   cytokine	   release.	   	   This	   enhanced	   CNS	  

proinflammatory	   cytokine	   release	   appears	   to	   initiate	   a	   less	   effective	   adaptive	  

immune	  response	  and,	  consequently,	  results	  in	  an	  exacerbation	  of	  disease	  course.	  

This	  line	  of	  work	  may	  have	  broad	  implications	  for	  understanding	  the	  role	  of	  

stress	   and	   cytokine	   expression	   in	   altering	   vulnerability	   to	   MS	   and	   other	  

inflammatory	   neurodegenerative	   diseases.	   Elucidating	   the	  mechanisms	   by	   which	  

social	  stress	  exacerbates	  the	  severity	  of	  a	  virally-‐initiated	  autoimmune	  disease	  may	  
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lead	   to	   the	   development	   of	   new	   interventions	   to	   prevent	   or	   reverse	   the	   adverse	  

effects	   of	   stress.	   This	   line	   of	   research	   suggests	   that	   anti-‐inflammatory	   behavioral	  

and/or	   pharmacological	   interventions	   may	   improve	   neurodegenerative	   and	  

inflammatory	   disease	   course.	   Furthermore,	   this	   line	   of	   research	   may	   provide	  

insight	  into	  the	  personal	  and	  immunological	  individual	  profile	  that	  is	  more	  likely	  to	  

benefit	   from	   particular	   therapeutic	   interventions,	   such	   that	   interventions	   can	   be	  

better	  targeted.	  This	  series	  of	  experiments	  brings	  us	  closer	  to	  understanding	  these	  

mechanisms	   by	   demonstrating	   that	   social	   disruption	   stress	   sensitizes	   Theiler’s	  

virus-‐induced	   neuroinflammation	   and	   suppresses	   virus-‐specific	   T	   cell	   function	  

within	  the	  CNS.	  



	   101	  

REFERENCES	  

Ackerman,	  K.D.,	  Heyman,	  R.,	  Rabin,	  B.S.,	  Anderson,	  B.P.,	  Houck,	  P.R.,	  Frank,	  E.,	  Baum,	  

A.,	   2002.	   Stressful	   life	   events	   precede	   exacerbations	   of	   multiple	   sclerosis.	  

Psychosom	  Med	  64,	  916-‐920.	  

Afzali,	  B.,	  Lombardi,	  G.,	  Lechler,	  R.I.,	  Lord,	  G.M.,	  2007.	  The	  role	  of	  T	  helper	  17	  (Th17)	  

and	   regulatory	   T	   cells	   (Treg)	   in	   human	   organ	   transplantation	   and	  

autoimmune	  disease.	  Clin	  Exp	  Immunol	  148,	  32-‐46.	  

Akkad,	  D.A.,	  Hoffjan,	   S.,	   Petrasch-‐Parwez,	   E.,	   Beygo,	   J.,	   Gold,	   R.,	   Epplen,	   J.T.,	   2009.	  

Variations	   in	   the	   IL7RA	   and	   IL2RA	   genes	   in	   German	   multiple	   sclerosis	  

patients.	  J	  Autoimmun	  32,	  110-‐115.	  

Allen,	  I.,	  Brankin,	  B.,	  1993.	  Pathogenesis	  of	  multiple	  sclerosis-‐-‐the	  immune	  diathesis	  

and	  the	  role	  of	  viruses.	  J	  Neuropathol	  Exp	  Neurol	  52,	  95-‐105.	  

Alonso,	   R.,	   Griebel,	   G.,	   Pavone,	   G.,	   Stemmelin	   J.,	   Le	   Fur,	   G.,	   Soubrié,	   P.,	   2004.	  

Blockade	  of	  CRF(1)	  or	  V(1b)	  receptors	  reverses	  stress-‐induced	  suppression	  

of	  neurogenesis	  in	  mouse	  model	  of	  depression.	  Mol	  Psychiatry	  9,	  278-‐286.	  

Anderson,	   D.W.,	   Ellenberg,	   J.H.,	   Leventhal,	   C.M.,	   Reingold,	   S.C.,	   Rodriguez,	   M.,	  

Silberberg,	   D.H.,	   1992.	   Revised	   estimate	   of	   the	   prevalence	   of	   multiple	  

sclerosis	  in	  the	  United	  States.	  Ann	  Neurol	  31,	  333-‐336.	  

Ascherio,	  A.,	  Munger,	  K.L.,	  2007.	  Environmental	  risk	   factors	   for	  multiple	  sclerosis.	  

Part	  I:	  the	  role	  of	  infection.	  Ann	  Neurol	  61,	  288-‐299.	  

Ashwell,	   J.D.,	   Lu,	   F.W.,	   Vacchio,	  M.S.,	   2000.	   Glucocorticoids	   in	   T	   cell	   development	  

and	  function.	  Annu	  Rev	  Immunol	  18,	  309-‐345.	  



	   102	  

Aubert,	  C.,	  Chamorro,	  M.,	  Brahic,	  M.,	  1987.	  Identification	  of	  Theiler's	  virus	  infected	  

cells	   in	   the	   central	   nervous	   system	   of	   the	   mouse	   during	   demyelinating	  

disease.	  Microb	  Pathog	  3,	  319-‐326.	  

Avitsur,	   R.,	   Stark,	   J.L.,	   Sheridan,	   J.F.,	   2001.	   Social	   stress	   induces	   glucocorticoid	  

resistance	  in	  subordinate	  animals.	  Horm	  Behav	  39,	  247-‐257.	  

Badowska-‐Szalewska,	   E.,	   Klejbor,	   I.,	   Sidor-‐Kaczmarek,	   J.,	   Cecot,	   T.,	   Lietzau,	   G.,	  

Spodnik,	   J.H.,	   Morys,	   J.,	   2009.	   Stress-‐induced	   changes	   of	   interleukin-‐1beta	  

within	  the	  limbic	  system	  in	  the	  rat.	  Folia	  Morphol	  (Warsz)	  68,	  119-‐128.	  

Bailey,	  M.T.,	   Kierstein,	   S.,	   Sharma,	   S.,	   Spaits,	  M.,	   Kinsey,	   S.G.,	   Tliba,	   O.,	   Amrani,	   Y.,	  

Sheridan,	   J.F.,	   Panettieri,	   R.A.,	   Haxzku,	   A.,	   2009.	   Social	   stress	   enhances	  

allergen-‐induced	   airway	   inflammation	   in	   mice	   and	   inhibits	   corticosteroid	  

responsiveness	  of	  cytokine	  production.	  J	  Immunol	  182,	  7888-‐7896.	  

Bardin,	   L.,	   Malfetes,	   N.,	   Newman-‐Tancredi,	   A.,	   Depoortère,	   R.,	   2009.	   Chronic	  

restraint	   stress	   induces	   mechanical	   and	   cold	   allodynia,	   and	   enhances	  

inflammatory	   pain	   in	   rat:	   relevance	   to	   human	   stress-‐associated	   painful	  

pathologies.	  Behav	  Brain	  Res	  205,	  360-‐366.	  

Barrientos,	  R.M.,	  Higgins,	  E.A.,	  Sprunger,	  D.B.,	  Watkins,	  L.R.,	  Rudy,	   J.W.,	  Maier,	  S.F.,	  

2002.	  Memory	  for	  context	   is	   impaired	  by	  a	  post	  context	  exposure	  injection	  

of	   interleukin-‐1	   beta	   into	   dorsal	   hippocampus.	   Behav	  Brain	  Res	   134,	   291-‐

298.	  



	   103	  

Bartolomucci,	   A.,	   Palanza,	   P.,	   Parmigiani,	   S.,	   Pederzani,	   T.,	   Merlot,	   E.,	   Neveu,	   P.J.,	  

Dantzer,	   R.,	   2003.	   Chronic	   psychosocial	   stress	   down-‐regulates	   central	  

cytokines	  mRNA.	  Brain	  Res	  Bull	  62,	  173-‐178.	  

Belzung,	   C.,	   Griebel,	   G.,	   2001.	   Measuring	   normal	   and	   pathological	   anxiety-‐like	  

behaviour	  in	  mice:	  a	  review.	  Behav	  Brain	  Res	  125,	  141-‐149.	  

Ben-‐Hur,	  T.,	  Cialic,	  R.,	   Itzik,	  A.,	  Barak,	  O.,	  Yirmiya,	  R.,	  Weidenfeld,	   J.,	  2001.	  A	  novel	  

permissive	   role	   for	   GCs	   in	   induction	   of	   febrile	   and	   behavioral	   signs	   of	  

experimental	  HSV	  encephalitis.	  Neuroscience	  108,	  119-‐127.	  

Bethin,	  K.E.,	  Vogt,	  S.K.,	  Muglia,	  L.J.,	  2000.	  Interleukin-‐6	  is	  an	  essential,	  corticotropin-‐

releasing	   hormone-‐independent	   stimulator	   of	   the	   adrenal	   axis	   during	  

immune	  system	  activation.	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  97,	  9317-‐9322.	  

Bettelli,	   E.,	   Carrier,	   Y.,	   Gao,	   W.,	   Korn,	   T.,	   Strom,	   T.B.,	   Oukka,	   M.,	   Weiner,	   H.L.,	  

Kuchroo,	  V.K.,	  2006.	  Reciprocal	  developmental	  pathways	  for	  the	  generation	  

of	  pathogenic	  effector	  TH17	  and	  regulatory	  T	  cells.	  Nature	  441,	  235-‐238.	  

Bettelli,	  E.,	  Korn,	  T.,	  Kuchroo,	  V.K.,	  2007.	  Th17:	  the	  third	  member	  of	  the	  effector	  T	  

cell	  trilogy.	  Curr	  Opin	  Immunol	  19,	  652-‐657.	  

Biddison,	   W.E.,	   Cruikshank,	   W.W.,	   Center,	   D.M.,	   Pelfrey,	   C.M.,	   Taub,	   D.D.,	   Turner,	  

R.V.,	   1998.	   CD8+	   myelin	   peptide-‐specific	   T	   cells	   can	   chemoattract	   CD4+	  

myelin	   peptide-‐specific	   T	   cells:	   importance	   of	   IFN-‐inducible	   protein	   10.	   J	  

Immunol	  160,	  444-‐448.	  



	   104	  

Bingisser,	  R.M.,	  Tilbrook,	  P.A.,	  Holt,	  P.G.,	  Kees,	  U.R.,	  1998.	  Macrophage-‐derived	  nitric	  

oxide	  regulates	  T	  cell	  activation	  via	  reversible	  disruption	  of	  the	  Jak3/STAT5	  

signaling	  pathway.	  J	  Immunol	  160,	  5729-‐5734.	  

Biron,	  C.A.,	  1998.	  Role	  of	  early	  cytokines,	  including	  alpha	  and	  beta	  interferons	  (IFN-‐

alpha/beta),	   in	   innate	   and	   adaptive	   immune	   responses	   to	   viral	   infections.	  

Semin	  Immunol	  10,	  383-‐390.	  

Biron,	  C.A.,	  1999.	  Initial	  and	  innate	  responses	  to	  viral	  infections-‐-‐pattern	  setting	  in	  

immunity	  or	  disease.	  Curr	  Opin	  Microbiol	  2,	  374-‐381.	  

Biron,	   C.A.,	   Cousens,	   L.P.,	   Ruzek,	   M.C.,	   Su,	   H.C.,	   Salazar-‐Mather,	   T.P.,	   1998.	   Early	  

cytokine	  responses	  to	  viral	  infections	  and	  their	  roles	  in	  shaping	  endogenous	  

cellular	  immunity.	  Adv	  Exp	  Med	  Biol	  452,	  143-‐149.	  

Bitsch,	  A.,	  Schuchardt,	  J.,	  Bunkowski,	  S.,	  Kuhlmann,	  T.,	  Bruck,	  W.,	  2000.	  Acute	  axonal	  

injury	   in	   multiple	   sclerosis.	   Correlation	   with	   demyelination	   and	  

inflammation.	  Brain	  123	  (	  Pt	  6),	  1174-‐1183.	  

Blanchard,	   R.J.,	   McKittrick,	   C.R.,	   Blanchard,	   D.C.,	   2001.	   Animal	   models	   of	   social	  

stress:	  effects	  on	  behavior	  and	  brain	  neurochemical	  systems.	  Physiol	  Behav	  

73,	  261-‐271.	  

Blandino,	   P.,	   Jr.,	   Barnum,	   C.J.,	   Deak,	   T.,	   2006.	   The	   involvement	   of	   norepinephrine	  

and	  microglia	   in	   hypothalamic	   and	   splenic	   IL-‐1beta	   responses	   to	   stress.	   J	  

Neuroimmunol	  173,	  87-‐95.	  

Blandino,	  P.,	  Jr.,	  Barnum,	  C.J.,	  Solomon,	  L.G.,	  Larish,	  Y.,	  Lankow,	  B.S.,	  Deak,	  T.,	  2009.	  

Gene	   expression	   changes	   in	   the	   hypothalamus	   provide	   evidence	   for	  



	   105	  

regionally-‐selective	   changes	   in	   IL-‐1	   and	   microglial	   markers	   after	   acute	  

stress.	  Brain	  Behav	  Immun	  23,	  958-‐968.	  

Blecha,	  F.,	  Barry,	  R.A.,	  Kelley,	  K.W.,	  1982.	  Stress-‐induced	  alterations	  in	  delayed-‐type	  

hypersensitivity	   to	  SRBC	  and	  contact	  sensitivity	   to	  DNFB	   in	  mice.	  Proc	  Soc	  

Exp	  Biol	  Med	  169,	  239-‐246.	  

Borrow,	  P.,	   Tonks,	   P.,	  Welsh,	   C.J.,	  Nash,	  A.A.,	   1992.	  The	   role	  of	  CD8+T	   cells	   in	   the	  

acute	   and	   chronic	   phases	   of	   Theiler's	   murine	   encephalomyelitis	   virus-‐

induced	  disease	  in	  mice.	  J	  Gen	  Virol	  73	  (	  Pt	  7),	  1861-‐1865.	  

Borrow,	  P.,	  Welsh,	  C.J.,	  Nash,	  A.A.,	  1993.	  Study	  of	  the	  mechanisms	  by	  which	  CD4+	  T	  

cells	   contribute	   to	   protection	   in	   Theiler's	   murine	   encephalomyelitis.	  

Immunology	  80,	  502-‐506.	  

Bowen,	   J.L.,	  Olson,	   J.K.,	  2009.	   Innate	   immune	  CD11b+Gr-‐1+	  cells,	   suppressor	  cells,	  

affect	   the	   immune	   response	   during	   Theiler's	   virus-‐induced	   demyelinating	  

disease.	  J	  Immunol	  183,	  6971-‐6980.	  

Bradesi,	  S.,	  Svensson,	  C.I.,	  Steinauer,	  J.,	  Pothoulakis,	  C.,	  Yaksh,	  T.L.,	  Mayer,	  E.A.,	  2009.	  

Role	  of	  spinal	  microglia	  in	  visceral	  hyperalgesia	  and	  NK1R	  up-‐regulation	  in	  a	  

rat	  model	  of	  chronic	  stress.	  Gastroenterology	  136,	  1339-‐1348.	  

Brahic,	  M.,	   Stroop,	  W.G.,	   Baringer,	   J.R.,	   1981.	   Theiler's	   virus	   persists	   in	   glial	   cells	  

during	  demyelinating	  disease.	  Cell	  26,	  123-‐128.	  

Braley,	   T.J.,	   Chervin,	   R.D.,	   2010.	   Fatigue	   in	   multiple	   sclerosis:	   mechanisms,	  

evaluation,	  and	  treatment.	  Sleep	  33,	  1061-‐1067.	  



	   106	  

Brown,	  R.F.,	  Tennant,	  C.C.,	  Dunn,	  S.M.,	  Pollard,	  J.D.,	  2005.	  A	  review	  of	  stress-‐relapse	  

interactions	   in	  multiple	   sclerosis:	   important	   features	   and	   stress-‐mediating	  

and-‐moderating	  variables.	  Mult	  Scler	  11,	  477-‐484.	  

Brown,	   R.F.,	   Tennant,	   C.C.,	   Sharrock,	   M.,	   Hodgkinson,	   S.,	   Dunn,	   S.M.,	   Pollard,	   J.D.,	  

2006.	  Relationship	  between	  stress	  and	  relapse	  in	  multiple	  sclerosis:	  Part	  II.	  

Direct	  and	  indirect	  relationships.	  Mult	  Scler	  12,	  465-‐475.	  

Buljevac,	  D.,	   Flach,	  H.Z.,	  Hop,	  W.C.,	  Hijdra,	  D.,	   Laman,	   J.D.,	   Savelkoul,	  H.F.,	   van	  Der	  

Meche,	   F.G.,	   van	  Doorn,	   P.A.,	  Hintzen,	   R.Q.,	   2002.	   Prospective	   study	   on	   the	  

relationship	  between	  infections	  and	  multiple	  sclerosis	  exacerbations.	  Brain	  

125,	  952-‐960.	  

Burns,	   J.,	   Rosenzweig,	   A.,	   Zweiman,	   B.,	   Lisak,	   R.P.,	   1983.	   Isolation	   of	  myelin	   basic	  

protein-‐reactive	   T-‐cell	   lines	   from	   normal	   human	   blood.	   Cell	   Immunol	   81,	  

435-‐440.	  

Cabarrocas,	   J.,	   Bauer,	   J.,	   Piaggio,	   E.,	   Liblau,	   R.,	   Lassmann,	   H.,	   2003.	   Effective	   and	  

selective	   immune	   surveillance	   of	   the	   brain	   by	   MHC	   class	   I-‐restricted	  

cytotoxic	  T	  lymphocytes.	  Eur	  J	  Immunol	  33,	  1174-‐1182.	  

Cacioppo,	   J.T.,	   Kiecolt-‐Glaser,	   J.K.,	   Malarkey,	   W.B.,	   Laskowski,	   B.F.,	   Rozlog,	   L.A.,	  

Poehlmann,	   K.M.,	   Burleson,	   M.H.,	   Glaser,	   R.,	   2002.	   Autonomic	   and	  

glucocorticoid	   associations	   with	   the	   steady-‐state	   expression	   of	   latent	  

Epstein-‐Barr	  virus.	  Horm	  Behav	  42,	  32-‐41.	  



	   107	  

Campbell,	  T.,	  Meagher,	  M.W.,	   Sieve,	  A.,	   Scott,	  B.,	   Storts,	  R.,	  Welsh,	  T.H.,	  Welsh,	  C.J.,	  

2001.	  The	   effects	   of	   restraint	   stress	   on	   the	  neuropathogenesis	   of	   Theiler's	  

virus	  infection:	  I.	  Acute	  disease.	  Brain	  Behav	  Immun	  15,	  235-‐254.	  

Campisi,	  J.,	  Fleshner,	  M.,	  2003.	  Role	  of	  extracellular	  HSP72	  in	  acute	  stress-‐induced	  

potentiation	  of	  innate	  immunity	  in	  active	  rats.	  J	  Appl	  Physiol	  94,	  43-‐52.	  

Cannarile,	   L.,	   Fallarino,	   F.,	   Agostini,	   M.,	   Cuzzocrea,	   S.,	   Mazzon,	   E.,	   Vacca,	   C.,	  

Genovese,	   T.,	   Migliorati,	   G.,	   Ayroldi,	   E.,	   Riccardi,	   C.,	   2006.	   Increased	   GILZ	  

expression	   in	   transgenic	   mice	   up-‐regulates	   Th-‐2	   lymphokines.	   Blood	   107,	  

1039-‐1047.	  

Cannon,	  W.B.,	  1914.	  The	  emergency	  function	  of	  the	  adrenal	  medulla	  in	  pain	  and	  the	  

major	  emotions.	  Am	  J	  Physiol	  33,	  356-‐372.	  

Chang,	   J.R.,	   Zaczynska,	   E.,	   Katsetos,	   C.D.,	   Platsoucas,	   C.D.,	   Oleszak,	   E.L.,	   2000.	  

Differential	  expression	  of	  TGF-‐beta,	   IL-‐2,	  and	  other	  cytokines	   in	  the	  CNS	  of	  

Theiler's	  murine	  encephalomyelitis	  virus-‐infected	  susceptible	  and	  resistant	  

strains	  of	  mice.	  Virology	  278,	  346-‐360.	  

Charcot,	   J.M.,	   1877.	   Lectures	   on	   diseases	   on	   the	   nervous	   system	   (G.	   Sigerson,	  

Trans.).	  The	  New	  Sydenham	  Society,	  London.	  

Chen,	   X.,	   Howard,	   O.M.,	   Oppenheim,	   J.J.,	   2007.	   Pertussis	   toxin	   by	   inducing	   IL-‐6	  

promotes	  the	  generation	  of	  IL-‐17-‐producing	  CD4	  cells.	  J	  Immunol	  178,	  6123-‐

6129.	  

Chen,	   Y.,	   Wood,	   K.J.,	   2007.	   Interleukin-‐23	   and	   TH17	   cells	   in	   transplantation	  

immunity:	  does	  23+17	  equal	  rejection?	  Transplantation	  84,	  1071-‐1074.	  



	   108	  

Chen,	  Z.,	  Laurence,	  A.,	  Kanno,	  Y.,	  Pacher-‐Zavisin,	  M.,	  Zhu,	  B.M.,	  Tato,	  C.,	  Yoshimura,	  

A.,	  Hennighausen,	  L.,	  O'Shea,	  J.J.,	  2006.	  Selective	  regulatory	  function	  of	  Socs3	  

in	   the	   formation	   of	   IL-‐17-‐secreting	   T	   cells.	   Proc	   Natl	   Acad	   Sci	   U	   S	   A	   103,	  

8137-‐8142.	  

Chiaravalloti,	   N.D.,	   DeLuca,	   J.,	   2008.	   Cognitive	   impairment	   in	   multiple	   sclerosis.	  

Lancent	  Neurol	  7,	  1139-‐1151.	  

Chung,	   E.K.,	   Zhang,	   X.,	   Li,	   Z.,	   Zhang,	   H.,	   Xu,	   H.,	   Bian,	   Z.,	   2007.	   Neonatal	   maternal	  

separation	   enhances	   central	   sensitivity	   to	   noxious	   colorectal	   distention	   in	  

rat.	  Brain	  Res	  11,	  1153-‐1168.	  

Clatch,	   R.J.,	   Lipton,	   H.L.,	   Miller,	   S.D.,	   1987.	   Class	   II-‐restricted	   T	   cell	   responses	   in	  

Theiler's	   murine	   encephalomyelitis	   virus	   (TMEV)-‐induced	   demyelinating	  

disease.	   II.	   Survey	   of	   host	   immune	   responses	   and	   central	   nervous	   system	  

virus	  titers	  in	  inbred	  mouse	  strains.	  Microb	  Pathog	  3,	  327-‐337.	  

Clatch,	   R.J.,	   Miller,	   S.D.,	   Metzner,	   R.,	   Dal	   Canto,	   M.C.,	   Lipton,	   H.L.,	   1990.	  

Monocytes/macrophages	   isolated	   from	   the	  mouse	   central	   nervous	   system	  

contain	   infectious	   Theiler's	   murine	   encephalomyelitis	   virus	   (TMEV).	  

Virology	  176,	  244-‐254.	  

Cohen,	  S.,	  Line,	  S.,	  Manuck,	  S.B.,	  Rabin,	  B.S.,	  Heise,	  E.R.,	  Kaplan,	   J.R.,	  1997.	  Chronic	  

social	  stress,	  social	  status,	  and	  susceptibility	  to	  upper	  respiratory	  infections	  

in	  nonhuman	  primates.	  Psychosom	  Med	  59,	  213-‐221.	  



	   109	  

Corcione,	  A.,	  Aloisi,	  F.,	  Serafini,	  B.,	  Capello,	  E.,	  Mancardi,	  G.L.,	  Pistoia,	  V.,	  Uccelli,	  A.,	  

2005.	   B-‐cell	   differentiation	   in	   the	   CNS	   of	   patients	   with	  multiple	   sclerosis.	  

Autoimmun	  Rev	  4,	  549-‐554.	  

Coussens,	  L.M.,	  Werb,	  Z.,	  2002.	  Inflammation	  and	  cancer.	  Nature	  420,	  860-‐867.	  

Cunningham,	  C.,	  Wilcockson,	  D.C.,	  Campion,	  S.,	  Lunnon,	  K.,	  Perry,	  V.H.,	  2005.	  Central	  

and	   systemic	   endotoxin	   challenges	   exacerbate	   the	   local	   inflammatory	  

response	  and	   increase	  neuronal	  death	  during	  chronic	  neurodegeneration.	   J	  

Neurosci	  25,	  9275-‐9284.	  

Curry,	   J.W.,	   Hanke,	  M.L.,	   Piper,	  M.G.,	   Bailey,	  M.T.,	   Bringardner,	   B.D.,	   Sheridan,	   J.F.,	  

Marsh,	  C.B.,	  2010,	  Social	  disruption	  induces	  lung	  inflammation.	  Brain	  Behav	  

Immun	  24,	  394-‐402.	  

Dal	   Canto,	   M.C.,	   Lipton,	   H.L.,	   1982.	   Ultrastructural	   immunohistochemical	  

localization	   of	   virus	   in	   acute	   and	   chronic	   demyelinating	   Theiler's	   virus	  

infection.	  Am	  J	  Pathol	  106,	  20-‐29.	  

Dal	   Canto,	   M.C.,	   Rabinowitz,	   S.G.,	   1982.	   Experimental	   models	   of	   virus-‐induced	  

demyelination	  of	  the	  central	  nervous	  system.	  Ann	  Neurol	  11,	  109-‐127.	  

Dantzer,	  R.,	  2006.	  Cytokine,	  sickness	  behavior,	  and	  depression.	  Neurol	  Clin	  24,	  441-‐

460.	  

Dantzer,	  R.,	  Bluthe,	  R.M.,	  Aubert,	  A.,	  Goodall,	  G.,	  Bret-‐Dibat,	  J.-‐L.,	  Kent,	  S.,	  Goujon,	  E.,	  

Laye,	  S.,	  Parnet,	  P.,	  Kelley,	  K.W.,	  1999.	  Mechanisms	  of	  the	  behavioral	  effects	  

of	  cytokines.	  Adv	  Exp	  Med	  Biol	  461,	  83-‐106.	  



	   110	  

Dantzer,	  R.	  Bluthe,	  R.M.,	   Castanon,	  N.,	   Chauvet,	  N.,	  Capuron,	   L.,	   Goodall,	   G.	  Kelley,	  

K.W.,	  Konsman,	  J.-‐P.,	  Laye,	  S.,	  Parnet,	  P.,	  Pousset,	  F.,	  2001.	  Cytokine	  effects	  on	  

behavior.	   In:	   Adler,	   R.,	   Felton,	   D.L.,	   Cohen,	   N.	   (Ed.),	  

Psychoneuroimmunology,	  Academic	  Press,	  New	  York,	  pp.	  703-‐727.	  

De	   Kloet,	   E.R.,	   Vreugdenhil,	   E.,	   Oitzl,	   M.S.,	   Joels,	   M.,	   1998.	   Brain	   corticosteroid	  

receptor	  balance	  in	  health	  and	  disease.	  Endocr	  Rev	  19,	  269-‐301.	  

Deak,	   T.,	   Bellamy,	   C.,	   Bordner,	   K.A.,	   2005a.	   Protracted	   increases	   in	   core	   body	  

temperature	   and	   interleukin-‐1	   following	   acute	   administration	   of	  

lipopolysaccharide:	   implications	   for	   the	   stress	   response.	  Physiol	  Behav	  85,	  

296-‐307.	  

Deak,	  T.,	  Bordner,	  K.A.,	  McElderry,	  N.K.,	  Barnum,	  C.J.,	   Blandino,	  P.,	   Jr.,	  Deak,	  M.M.,	  

Tammariello,	   S.P.,	   2005b.	   Stress-‐induced	   increases	   in	   hypothalamic	   IL-‐1:	   a	  

systematic	  analysis	  of	  multiple	  stressor	  paradigms.	  Brain	  Res	  Bull	  64,	  541-‐

556.	  

Delano,	  M.J.,	  Scumpia,	  P.O.,	  Weinstein,	  J.S.,	  Coco,	  D.,	  Nagaraj,	  S.,	  Kelly-‐Scumpia,	  K.M.,	  

O'Malley,	  K.A.,	  Wynn,	  J.L.,	  Antonenko,	  S.,	  Al-‐Quran,	  S.Z.,	  Swan,	  R.,	  Chung,	  C.S.,	  

Atkinson,	  M.A.,	  Ramphal,	  R.,	  Gabrilovich,	  D.I.,	  Reeves,	  W.H.,	  Ayala,	  A.,	  Phillips,	  

J.,	  Laface,	  D.,	  Heyworth,	  P.G.,	  Clare-‐Salzler,	  M.,	  Moldawer,	  L.L.,	  2007.	  MyD88-‐

dependent	  expansion	  of	  an	  immature	  GR-‐1(+)CD11b(+)	  population	  induces	  

T	  cell	  suppression	  and	  Th2	  polarization	  in	  sepsis.	  J	  Exp	  Med	  204,	  1463-‐1474.	  



	   111	  

Dhabhar,	   F.S.,	   McEwen,	   B.S.,	   1997.	   Acute	   stress	   enhances	   while	   chronic	   stress	  

suppresses	   cell-‐mediated	   immunity	   in	   vivo:	   a	   potential	   role	   for	   leukocyte	  

trafficking.	  Brain	  Behav	  Immun	  11,	  286-‐306.	  

Dhabhar,	   F.S.,	  McEwen,	  B.S.,	   1999.	   Enhancing	   versus	   suppressive	   effects	   of	   stress	  

hormones	  on	  skin	  immune	  function.	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  96,	  1059-‐1064.	  

Dhabhar,	   F.S.,	   Viswanathan,	   K.,	   2005.	   Short-‐term	   stress	   experienced	   at	   time	   of	  

immunization	  induces	  a	  long-‐lasting	  increase	  in	  immunologic	  memory.	  Am	  J	  

Physiol	  Regul	  Integr	  Comp	  Physiol	  289,	  R738-‐744.	  

Dinkel,	  K.,	  MacPherson,	  A.,	  Sapolsky,	  R.,	  2003.	  Novel	  glucocorticoid	  effects	  on	  acute	  

inflammation	  in	  the	  CNS.	  J	  Neurochem	  84,	  705-‐716.	  

Dixon,	   W.J.,	   1980.	   Efficient	   analysis	   of	   experimental	   observations.	   Annu	   Rev	  

Pharmacol	  Toxicol	  20,	  441-‐462.	  

Dobbs,	   C.M.,	   Vasquez,	   M.,	   Glaser,	   R.,	   Sheridan,	   J.F.,	   1993.	   Mechanisms	   of	   stress-‐

induced	  modulation	   of	   viral	   pathogenesis	   and	   immunity.	   J	   Neuroimmunol	  

48,	  151-‐160.	  

Dong-‐Newsom,	   P.,	   Powell,	   N.D.,	   Bailey,	   M.T.,	   Padgett,	   D.A.,	   Sheridan,	   J.F.,	   2010.	  

Repeated	  social	   stress	  enhances	   the	   innate	   immune	  response	   to	  a	  primary	  

HSV-‐1	   infection	   in	   the	   cornea	  and	   trigeminal	  ganglia	  of	  Balb/c	  mice.	  Brain	  

Behav	  Immun	  24,	  273-‐280.	  

Duncan,	   B.B.,	   Schmidt,	   M.I.,	   Pankow,	   J.S.,	   Ballantyne,	   C.M.,	   Couper,	   D.,	   Vigo,	   A.,	  

Hoogeveen,	   R.,	   Folsom,	   A.R.,	   Heiss,	   G.,	   2003.	   Low-‐grade	   systemic	  



	   112	  

inflammation	   and	   the	   development	   of	   type	   2	   diabetes:	   the	   atherosclerosis	  

risk	  in	  communities	  study.	  Diabetes	  52,	  1799-‐1805.	  

Dyment,	   D.A.,	   Ebers,	   G.C.,	   Sadovnick,	   A.D.,	   2004.	   Genetics	   of	   multiple	   sclerosis.	  

Lancet	  Neurol	  3,	  104-‐110.	  

Ebers,	  G.C.,	  Bulman,	  D.E.,	  Sadovnick,	  A.D.,	  Paty,	  D.W.,	  Warren,	  S.,	  Hader,	  W.,	  Murray,	  

T.J.,	  Seland,	  T.P.,	  Duquette,	  P.,	  Grey,	  T.,	  et	  al.,	  1986.	  A	  population-‐based	  study	  

of	  multiple	  sclerosis	  in	  twins.	  N	  Engl	  J	  Med	  315,	  1638-‐1642.	  

Einstein,	  E.R.,	  Robertson,	  D.M.,	  Dicaprio,	   J.M.,	  Moore,	  W.,	  1962.	  The	   isolation	   from	  

bovine	  spinal	  cord	  of	  a	  homogeneous	  protein	  with	  encephalitogenic	  activity.	  

J	  Neurochem	  9,	  353-‐361.	  

Elftman,	   M.D.,	   Hunzeker,	   J.T.,	   Mellinger,	   J.C.,	   Bonneau,	   R.H.,	   Norbury,	   C.C.,	  

Truckenmiller,	   M.E.,	   2010.	   Stress-‐induced	   glucocorticoids	   at	   the	   earliest	  

stages	   of	   herpes	   simplex	   virus-‐1	   infection	   suppress	   subsequent	   antiviral	  

immunity,	   implicating	   impaired	   dendritic	   cell	   function.	   J	   Immunol	   184,	  

1867-‐1875.	  

Emmert,	  M.H.,	  Herman,	   J.P.,	   1999.	  Differential	   forebrain	   c-‐fos	  mRNA	   induction	  by	  

ether	  inhalation	  and	  novelty:	  evidence	  for	  distinctive	  stress	  pathways.	  Brain	  

Res	  845,	  60-‐67.	  

Engler,	  H.,	  Bailey,	  M.T.,	  Engler,	  A.,	  Stiner-‐Jones,	  L.M.,	  Quan,	  N.,	  Sheridan,	   J.F.,	  2008.	  

Interleukin-‐1	   receptor	   type	   1-‐deficient	   mice	   fail	   to	   develop	   social	   stress-‐

associated	   glucocorticoid	   resistance	   in	   the	   spleen.	  

Psychoneuroendocrinology	  33,	  108-‐117.	  



	   113	  

Fazakerley,	  J.K.,	  Walker,	  R.,	  2003.	  Virus	  demyelination.	  J	  Neurovirol	  9,	  148-‐164.	  

Fiette,	  L.,	  Aubert,	  C.,	  Muller,	  U.,	  Huang,	  S.,	  Aguet,	  M.,	  Brahic,	  M.,	  Bureau,	   J.F.,	  1995.	  

Theiler's	  virus	  infection	  of	  129Sv	  mice	  that	  lack	  the	  interferon	  alpha/beta	  or	  

interferon	  gamma	  receptors.	  J	  Exp	  Med	  181,	  2069-‐2076.	  

Foell,	  D.,	  Roth,	  J.,	  2004.	  Proinflammatory	  S100	  proteins	  in	  arthritis	  and	  autoimmune	  

disease.	  Arthritis	  Rheum	  50,	  3762-‐3771.	  

Frank,	  M.G.,	  Baratta,	  M.V.,	  Sprunger,	  D.B.,	  Watkins,	  L.R.,	  Maier,	  S.F.,	  2007.	  Microglia	  

serve	   as	   a	   neuroimmune	   substrate	   for	   stress-‐induced	   potentiation	   of	   CNS	  

pro-‐inflammatory	  cytokine	  responses.	  Brain	  Behav	  Immun	  21,	  47-‐59.	  

Fritz,	   R.B.,	   Chou,	   C.H.,	   McFarlin,	   D.E.,	   1983.	   Induction	   of	   experimental	   allergic	  

encephalomyelitis	  in	  PL/J	  and	  (SJL/J	  x	  PL/J)F1	  mice	  by	  myelin	  basic	  protein	  

and	   its	   peptides:	   localization	   of	   a	   second	   encephalitogenic	   determinant.	   J	  

Immunol	  130,	  191-‐194.	  

Frohman,	  E.M.,	  Racke,	  M.K.,	  Raine,	  C.S.,	  2006.	  Multiple	  sclerosis-‐-‐the	  plaque	  and	  its	  

pathogenesis.	  N	  Engl	  J	  Med	  354,	  942-‐955.	  

Gaab,	   J.,	   Rohleder,	   N.,	   Heitz,	   V.,	   Engert,	   V.,	   Schad,	   T.,	   Schurmeyer,	   T.H.,	   Ehlert,	   U.,	  

2005.	   Stress-‐induced	   changes	   in	   LPS-‐induced	   pro-‐inflammatory	   cytokine	  

production	   in	   chronic	   fatigue	   syndrome.	   Psychoneuroendocrinology	   30,	  

188-‐198.	  

Garcia-‐Fernandez,	  L.,	  Iniguez,	  M.,	  Eguchi,	  N.,	  Fresno,	  M.,	  Urade,	  Y.,	  Munoz,	  A.,	  2000.	  

Dexamethasone	   induces	   lipocalin-‐type	   prostaglandin	   D	   synthease	   gene	  

expression	  in	  mouse	  neuronal	  cells.	  J	  Neurochem	  75,	  460-‐467.	  



	   114	  

Gerety,	  S.J.,	  Clatch,	  R.J.,	  Lipton,	  H.L.,	  Goswami,	  R.G.,	  Rundell,	  M.K.,	  Miller,	  S.D.,	  1991.	  

Class	   II-‐restricted	   T	   cell	   responses	   in	   Theiler's	   murine	   encephalomyelitis	  

virus-‐induced	   demyelinating	   disease.	   IV.	   Identification	   of	   an	  

immunodominant	   T	   cell	   determinant	   on	   the	   N-‐terminal	   end	   of	   the	   VP2	  

capsid	  protein	  in	  susceptible	  SJL/J	  mice.	  J	  Immunol	  146,	  2401-‐2408.	  

Gerety,	  S.J.,	  Karpus,	  W.J.,	  Cubbon,	  A.R.,	  Goswami,	  R.G.,	  Rundell,	  M.K.,	  Peterson,	   J.D.,	  

Miller,	   S.D.,	   1994.	   Class	   II-‐restricted	   T	   cell	   responses	   in	   Theiler's	   murine	  

encephalomyelitis	   virus-‐induced	   demyelinating	   disease.	   V.	   Mapping	   of	   a	  

dominant	   immunopathologic	  VP2	  T	  cell	  epitope	  in	  susceptible	  SJL/J	  mice.	   J	  

Immunol	  152,	  908-‐918.	  

Golan,	  D.,	  Somer,	  E.,	  Dishon,	  S.,	  Cuzin-‐Disegni,	  L.,	  Miller,	  A.,	  2008.	  Impact	  of	  exposure	  

to	   war	   stress	   on	   exacerbations	   of	  multiple	   sclerosis.	   Ann	   Neurol	   64,	   143-‐

148.	  

Gold,	   R.,	   Buttgereit,	   F.,	   Toyka,	   K.V.,	   2001.	   Mechanism	   of	   action	   of	  

glucocorticosteroid	   hormones:	   possible	   implications	   for	   therapy	   of	  

neuroimmunological	  disorders.	  J	  Neuroimmunol	  117,	  1-‐8.	  

Gornikiewicz,	   A.,	   Sautner,	   T.,	   Brostjan,	   C.,	   Schmierer,	   B.,	   Fugger,	   R.,	   Roth,	   E.,	  

Muhlbacher,	   F.,	   Bergmann,	   M.,	   2000.	   Catecholamines	   up-‐regulate	  

lipopolysaccharide-‐induced	   IL-‐6	   production	   in	   human	   microvascular	  

endothelial	  cells.	  FASEB	  J	  14,	  1093-‐1100.	  



	   115	  

Grant,	  I.,	  Brown,	  G.W.,	  Harris,	  T.,	  McDonald,	  W.I.,	  Patterson,	  T.,	  Trimble,	  M.R.,	  1989.	  

Severely	   threatening	  events	  and	  marked	   life	  difficulties	  preceding	  onset	  or	  

exacerbation	  of	  multiple	  sclerosis.	  J	  Neurol	  Neurosurg	  Psychiatry	  52,	  8-‐13.	  

Gregory,	  S.G.,	  Schmidt,	  S.,	  Seth,	  P.,	  Oksenberg,	   J.,R.,	  Hart,	   J.,	  Prokop,	  A.,	  Caillier,	  S.J.,	  

Ban,	   M.,	   Goris,	   A.,	   Barcellos,	   L.F.,	   Lincoln,	   R.,	   McCauley,	   J.L.,	   Sawcer,	   S.J.,	  

Compston,	  D.A.S.,	  Dubois,	  B.,	  Hauser,	  S.L.,	  Garcia-‐Blanco,	  M.A.,	  Pericak-‐Vance,	  

M.A.,	  Haines,	   J.L.,	  2007.	   Interleukin	  7	   receptor	  α	  chain	   (IL7R)	  shows	  allelic	  

and	  functional	  association	  with	  multiple	  sclerosis.	  Nat	  Genet	  39,	  1083-‐1091.	  	  

Guliani,	  S.,	  Smith,	  G.A.,	  Young,	  P.L.,	  Mattick,	  J.S.,	  Mahony,	  T.J.,	  1999.	  Reactivation	  of	  a	  

macropodid	   herpesvirus	   from	   the	   eastern	   grey	   kangaroo	   (Macropus	  

giganteus)	  following	  corticosteroid	  treatment.	  Vet	  Microbiol	  68,	  59-‐69.	  

Hafler,	  D.A.,	  Compston,	  A.,	  Sawcer,	  S.,	  Landr,	  E.S.,	  Daly,	  M.J.,	  De	  Jager,	  P.L.,	  De	  Bakker,	  

P.I.W.,	   Gabriel,	   S.B.,	   Mirel,	   D.B.,	   Ivinson,	   A.J.,	   Pericak-‐Vance,	   M.A.,	   Gregory,	  

S.G.,	  Rioux,	  J.D.,	  McCauley,	  J.L.,	  Haines,	  J.L.,	  Barcellos,	  L.F.,	  Cree,	  B.,	  Oksenber,	  

J.R.,	   Hauser,	   S.L.,	   2007.	   Risk	   alleles	   for	   multipls	   sclerosis	   identified	   by	   a	  

genomewide	  study.	  N	  Engl	  J	  Med	  357,	  851-‐862.	  	  

Haines,	  J.L.,	  Terwedow,	  H.A.,	  Burgess,	  K.,	  Pericak-‐Vance,	  M.A.,	  Rimmler,	  J.B.,	  Martin,	  

E.R.,	  Oksenberg,	  J.R.,	  Lincoln,	  R.,	  Zhang,	  D.Y.,	  Banatao,	  D.R.,	  Gatto,	  N.,	  Goodkin,	  

D.E.,	   Hauser,	   S.L.,	   1998.	   Linkage	   of	   the	   MHC	   to	   familial	   multiple	   sclerosis	  

suggests	  genetic	  heterogeneity.	  The	  Multiple	  Sclerosis	  Genetics	  Group.	  Hum	  

Mol	  Genet	  7,	  1229-‐1234.	  



	   116	  

Hansen,	  T.,	  Skytthe,	  A.,	  Stenager,	  E.,	  Petersen,	  H.C.,	  Bronnum-‐Hansen,	  H.,	  Kyvik,	  K.O.,	  

2005.	   Concordance	   for	   multiple	   sclerosis	   in	   Danish	   twins:	   an	   update	   of	   a	  

nationwide	  study.	  Mult	  Scler	  11,	  504-‐510.	  

Hansson,	   G.K.,	   Robertson,	   A.K.,	   Soderberg-‐Naucler,	   C.,	   2006.	   Inflammation	   and	  

atherosclerosis.	  Annu	  Rev	  Pathol	  1,	  297-‐329.	  

Hart,	  B.L.,	  1988.	  Biological	  basis	  of	  the	  behavior	  of	  sick	  animals.	  Neurosci	  Biobehav	  

Rev	  12,	  123-‐137.	  

Hauser,	  S.L.,	  2006.	  Multiple	  sclerosis:	  tip	  of	  the	  iceberg?	  Ann	  Neurol	  59,	  11A-‐12A.	  

Hauser,	   S.L.,	   Oksenberg,	   J.R.,	   2006.	   The	   neurobiology	   of	  multiple	   sclerosis:	   genes,	  

inflammation,	  and	  neurodegeneration.	  Neuron	  52,	  61-‐76.	  

Herman,	   J.P.,	   Cullinan,	  W.E.,	   1997.	  Neurocircuitry	   of	   stress:	   central	   control	   of	   the	  

hypothalamo-‐pituitary-‐adrenocortical	  axis.	  Trends	  Neurosci	  20,	  78-‐84.	  

Hernan,	   M.A.,	   Zhang,	   S.M.,	   Lipworth,	   L.,	   Olek,	   M.J.,	   Ascherio,	   A.,	   2001.	   Multiple	  

sclerosis	  and	  age	  at	   infection	  with	  common	  viruses.	  Epidemiology	  12,	  301-‐

306.	  

Herrmann,	   M.,	   Sholmerich,	   J.,	   Straub,	   R.H.,	   2000.	   Stress	   and	   rheumatic	   disease,	  

Rheum	  Dis	  Clin	  Nor	  Amer	  26,	  4.	  

Hirtz,	  D.,	  Thurman,	  D.J.,	  Gwinn-‐Hardy,	  K.,	  Mohamed,	  M.,	  Chaudhuri,	  A.R.,	  Zalutsky,	  

R.,	  2007.	  How	  common	  are	  the	  "common"	  neurologic	  disorders?	  Neurology	  

68,	  326-‐337.	  



	   117	  

Hou,	  W.,	  Kang,	  H.S.,	  Kim,	  B.S.,	  2009.	  Th17	  cells	  enhance	  viral	  persistence	  and	  inhibit	  

T	  cell	  cytotoxicity	  in	  a	  model	  of	  chronic	  virus	  infection.	  J	  Exp	  Med	  206,	  313-‐

328.	  

Ishizu,	  T.,	  Osoegawa,	  M.,	  Mei,	  F.J.,	  Kikuchi,	  H.,	  Tanaka,	  M.,	  Takakura,	  Y.,	  Minohara,	  M.,	  

Murai,	  H.,	  Mihara,	  F.,	  Taniwaki,	  T.,	  Kira,	  J.,	  2005.	  Intrathecal	  activation	  of	  the	  

IL-‐17/IL-‐8	  axis	  in	  opticospinal	  multiple	  sclerosis.	  Brain	  128,	  988-‐1002.	  

Jacobsen,	  M.,	  Cepok,	  S.,	  Quak,	  E.,	  Happel,	  M.,	  Gaber,	  R.,	  Ziegler,	  A.,	  Schock,	  S.,	  Oertel,	  

W.H.,	  Sommer,	  N.,	  Hemmer,	  B.,	  2002.	  Oligoclonal	  expansion	  of	  memory	  CD8+	  

T	   cells	   in	   cerebrospinal	   fluid	   from	   multiple	   sclerosis	   patients.	   Brain	   125,	  

538-‐550.	  

Jean	   Harry,	   G.,	   Bruccoleri,	   A.,	   Lefebvre	   d'Hellencourt,	   C.,	   2003.	   Differential	  

modulation	   of	   hippocampal	   chemical-‐induced	   injury	   response	   by	   ebselen,	  

pentoxifylline,	  and	  TNFalpha-‐,	  IL-‐1alpha-‐,	  and	  IL-‐6-‐neutralizing	  antibodies.	  J	  

Neurosci	  Res	  73,	  526-‐536.	  

Jilek,	  S.,	  Schluep,	  M.,	  Meylan,	  P.,	  Vingerhoets,	  F.,	  Guignard,	  L.,	  Monney,	  A.,	  Kleeberg,	  

J.,	  Le	  Goff,	  G.,	  Pantaleo,	  G.,	  Du	  Pasquier,	  R.A.,	  2008.	  Strong	  EBV-‐specific	  CD8+	  

T-‐cell	   response	   in	   patients	  with	   early	  multiple	   sclerosis.	   Brain	   131,	   1712-‐

1721.	  

Jin,	   Y.H.,	   Hou,	  W.,	   Kim,	   S.J.,	   Fuller,	   A.C.,	   Kang,	   B.,	   Goings,	   G.,	  Miller,	   S.D.,	   Kim,	   B.S.,	  

2010.	  Type	  I	  interferon	  signals	  control	  Theiler's	  virus	  infection	  site,	  cellular	  

infiltration	  and	  T	  cell	  stimulation	  in	  the	  CNS.	  J	  Neuroimmunol	  226,	  27-‐37.	  



	   118	  

Johnson,	   J.D.,	   O'Connor,	   K.A.,	   Deak,	   T.,	   Stark,	   M.,	   Watkins,	   L.R.,	   Maier,	   S.F.,	   2002.	  

Prior	   stressor	   exposure	   sensitizes	   LPS-‐induced	   cytokine	   production.	   Brain	  

Behav	  Immun	  16,	  461-‐476.	  

Johnson,	  J.D.,	  O'Connor,	  K.A.,	  Hansen,	  M.K.,	  Watkins,	  L.R.,	  Maier,	  S.F.,	  2003.	  Effects	  of	  

prior	  stress	  on	  LPS-‐induced	  cytokine	  and	  sickness	  responses.	  Am	  J	  Physiol	  

Regul	  Integr	  Comp	  Physiol	  284,	  R422-‐432.	  

Johnson,	  J.D.,	  O'Connor,	  K.A.,	  Watkins,	  L.R.,	  Maier,	  S.F.,	  2004a.	  The	  role	  of	  IL-‐1beta	  in	  

stress-‐induced	   sensitization	   of	   proinflammatory	   cytokine	   and	  

corticosterone	  responses.	  Neuroscience	  127,	  569-‐577.	  

Johnson,	  R.R.,	  Prentice,	  T.W.,	  Bridegam,	  P.,	  Young,	  C.R.,	   Steelman,	  A.J.,	  Welsh,	  T.H.,	  

Welsh,	  C.J.,	  Meagher,	  M.W.,	  2006.	  Social	  stress	  alters	  the	  severity	  and	  onset	  

of	  the	  chronic	  phase	  of	  Theiler's	  virus	  infection.	  J	  Neuroimmunol	  175,	  39-‐51.	  

Johnson,	   R.R.,	   Storts,	   R.,	  Welsh,	   T.H.,	   Jr.,	  Welsh,	   C.J.,	  Meagher,	  M.W.,	   2004b.	   Social	  

stress	  alters	  the	  severity	  of	  acute	  Theiler's	  virus	  infection.	  J	  Neuroimmunol	  

148,	  74-‐85.	  

Kaminsky,	   S.G.,	   Milisauskas,	   V.,	   Chen,	   P.B.,	   Nakamura,	   I.,	   1987.	   Defective	  

differentiation	   of	   natural	   killer	   cells	   in	   SJL	   mice.	   Role	   of	   the	   thymus.	   J	  

Immunol	  138,	  1020-‐1025.	  

Kang,	  B.S.,	  Lyman,	  M.A.,	  Kim,	  B.S.,	  2002.	  The	  majority	  of	  infiltrating	  CD8+	  T	  cells	  in	  

the	  central	  nervous	  system	  of	  susceptible	  SJL/J	  mice	  infected	  with	  Theiler’s	  

virus	  are	  specific	  and	  fully	  functional.	  J	  Virol	  76,	  6577-‐6585.	  



	   119	  

Kang,	   B.S.,	   Palma,	   J.P.,	   Lyman,	   M.A.,	   Dal	   Canto,	   M.,	   Kim,	   B.S.,	   2005.	   Antibody	  

response	   is	   required	   for	   protection	   from	   Theiler's	   virus-‐induced	  

encephalitis	   in	  C57BL/6	  mice	   in	  the	  absence	  of	  CD8+	  T	  cells.	  Virology	  340,	  

84-‐94.	  

Kantarci,	   O.H.,	   Weinshenker,	   B.G.,	   2005.	   Natural	   history	   of	   multiple	   sclerosis.	  

Neurol	  Clin	  23,	  17-‐38.	  

Kargiotis,	  O.,	  Paschali,	  A.,	  Messinis,	  L.,	  Papathanasopoulous,	  P.,	  2010.	  Quality	  of	  life	  

in	  multiple	  sclerosis:	  effects	  of	  current	  treatment	  options.	  Int	  Rev	  Psychiatry	  

22,	  67-‐82.	  

Kent,	   S.,	   Bluthe,	   R.M.,	   Kelley,	   K.W.,	   Dantzer,	   R.,	   1992.	   Sickness	   behavior	   as	   a	   new	  

target	  for	  drug	  development.	  Trends	  Pharmacol	  Sci	  13,	  24-‐28.	  

Khasar,	   S.G.,	   Green,	   P.G.,	   Levine,	   J.D.,	   2005.	   Repeated	   sound	   stress	   enhances	  

inflammatory	  pain	  in	  the	  rat.	  Pain	  116,	  79-‐86.	  

Kibler,	   R.F.,	   Fritz,	   R.B.,	   Chou,	   F.,	   Jen	   Chou,	   C.H.,	   Peacocke,	   N.Y.,	   Brown,	   N.M.,	  

McFarlin,	  D.E.,	  1977.	  Immune	  response	  of	  Lewis	  rats	  to	  peptide	  C1	  (residues	  

68-‐88)	   of	   guinea	   pig	   and	   rat	  myelin	   basic	   proteins.	   J	   Exp	  Med	   146,	   1323-‐

1331.	  

Kiecolt-‐Glaser,	   J.K.,	   Preacher,	   K.J.,	   MacCallum,	   R.C.,	   Atkinson,	   C.,	   Malarkey,	   W.B.,	  

Glaser,	   R.,	   2003.	   Chronic	   stress	   and	   age-‐related	   increases	   in	   the	  

proinflammatory	  cytokine	  IL-‐6.	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  100,	  9090-‐9095.	  

Kleinschek,	  M.A.,	   Owyang,	   A.M.,	   Joyce-‐Shaikh,	   B.,	   Langrish,	   C.L.,	   Chen,	   Y.,	   Gorman,	  

D.M.,	   Blumenschein,	   W.M.,	   McClanahan,	   T.,	   Brombacher,	   F.,	   Hurst,	   S.D.,	  



	   120	  

Kastelein,	  R.A.,	  Cua,	  D.J.,	  2007.	  IL-‐25	  regulates	  Th17	  function	  in	  autoimmune	  

inflammation.	  J	  Exp	  Med	  204,	  161-‐170.	  

Komiyama,	  Y.,	  Nakae,	   S.,	  Matsuki,	  T.,	  Nambu,	  A.,	   Ishigame,	  H.,	  Kakuta,	   S.,	   Sudo,	  K.,	  

Iwakura,	   Y.,	   2006.	   IL-‐17	   plays	   an	   important	   role	   in	   the	   development	   of	  

experimental	  autoimmune	  encephalomyelitis.	  J	  Immunol	  177,	  566-‐573.	  

Kreutzberg,	   G.W.,	   1996.	   Microglia:	   a	   sensor	   for	   pathological	   events	   in	   the	   CNS.	  

Trends	  Neurosci	  19,	  312-‐318.	  

Krupp,	   L.B.,	   Serafin,	   D.J.,	   Christodoulou,	   C.,	   2010.	   Multiple	   sclerosis-‐associated	  

fatigue.	  Expert	  Rev	  Neurother	  10,	  1437-‐1447.	  

Kurtzke,	  J.F.,	  1983.	  Rating	  neurologic	  impairment	  in	  multiple	  sclerosis:	  an	  expanded	  

disability	  status	  scale	  (EDSS).	  Neurology	  33,	  1444-‐1452.	  

Kurtzke,	  J.F.,	  Hyllested,	  K.,	  Heltberg,	  A.,	  1995.	  Multiple	  sclerosis	  in	  the	  Faroe	  Islands:	  

transmission	  across	  four	  epidemics.	  Acta	  Neurol	  Scand	  91,	  321-‐325.	  

Laatsch,	  R.H.,	  Kies,	  M.W.,	  Gordon,	   S.,	  Alvord,	  E.C.,	   Jr.,	   1962.	  The	  encephalomyelitic	  

activity	  of	  myelin	  isolated	  by	  ultracentrifugation.	  J	  Exp	  Med	  115,	  777-‐788.	  

Laye,	  S.,	  Gheusi,	  G.,	  Cremona,	  S.,	  Combe,	  C.,	  Kelley,	  K.,	  Dantzer,	  R.,	  Parnet,	  P.,	  2000.	  

Endogenous	   brain	   IL-‐1	   mediates	   LPS-‐induced	   anorexia	   and	   hypothalamic	  

cytokine	  expression.	  Am	  J	  Physiol	  Regul	  Integr	  Comp	  Physiol	  279,	  R93-‐98.	  

Li,	   J.,	   Johansen,	  C.,	  Bronnum-‐Hansen,	  H.,	  Stenager,	  E.,	  Koch-‐Henriksen,	  N.,	  Olsen,	   J.,	  

2004.	   The	   risk	   of	   multiple	   sclerosis	   in	   bereaved	   parents:	   a	   nationwide	  

cohort	  study	  in	  Denmark.	  Neurology	  62,	  726-‐729.	  



	   121	  

Lipton,	   H.L.,	   1975.	   Theiler's	   virus	   infection	   in	   mice:	   an	   unusual	   biphasic	   disease	  

process	  leading	  to	  demyelination.	  Infect	  Immun	  11,	  1147-‐1155.	  

Lipton,	  H.L.,	  Kumar,	  A.S.,	  Trottier,	  M.,	  2005.	  Theiler's	  virus	  persistence	  in	  the	  central	  

nervous	  system	  of	  mice	  is	  associated	  with	  continuous	  viral	  replication	  and	  a	  

difference	   in	   outcome	   of	   infection	   of	   infiltrating	   macrophages	   versus	  

oligodendrocytes.	  Virus	  Res	  111,	  214-‐223.	  

Lipton,	  H.L.,	  Melvold,	  R.,	  1984.	  Genetic	  analysis	  of	  susceptibility	  to	  Theiler's	  virus-‐

induced	  demyelinating	  disease	  in	  mice.	  J	  Immunol	  132,	  1821-‐1825.	  

Lipton,	   H.L.,	   Melvold,	   R.,	   Miller,	   S.D.,	   Dal	   Canto,	   M.C.,	   1995.	   Mutation	   of	   a	   major	  

histocompatibility	  class	  I	  locus,	  H-‐2D,	  leads	  to	  an	  increased	  virus	  burden	  and	  

disease	   susceptibility	   in	   Theiler's	   virus-‐induced	   demyelinating	   disease.	   J	  

Neurovirol	  1,	  138-‐144.	  

Liu,	   B.,	   Hong,	   J.S.,	   2003.	   Role	   of	   microglia	   in	   inflammation-‐mediated	  

neurodegenerative	   diseases:	   mechanisms	   and	   strategies	   for	   therapeutic	  

intervention.	  J	  Pharmacol	  Exp	  Ther	  304,	  1-‐7.	  

Lock,	  C.,	  Hermans,	  G.,	  Pedotti,	  R.,	  Brendolan,	  A.,	  Schadt,	  E.,	  Garren,	  H.,	  Langer-‐Gould,	  

A.,	   Strober,	   S.,	   Cannella,	   B.,	   Allard,	   J.,	   Klonowski,	   P.,	   Austin,	   A.,	   Lad,	   N.,	  

Kaminski,	   N.,	   Galli,	   S.J.,	   Oksenberg,	   J.R.,	   Raine,	   C.S.,	   Heller,	   R.,	   Steinman,	   L.,	  

2002.	   Gene-‐microarray	   analysis	   of	   multiple	   sclerosis	   lesions	   yields	   new	  

targets	  validated	  in	  autoimmune	  encephalomyelitis.	  Nat	  Med	  8,	  500-‐508.	  

Lundmark,	   F.,	   Duvefelt,	   K.,	   Iacobaeus,	   E.,	   Kockum,	   I.,	   Wallström,	   E.,	   Khademi,	   M.,	  

Oturai,	  A.,	  Ryder,	  L.P.,	  Saarela,	  J.,	  Harbo,	  H.F.,	  Celius,	  E.G.,	  Salter,	  H.,	  Olsson,	  T.,	  



	   122	  

Hillert,	  J.,	  2007.	  Variation	  in	  interleukin	  7	  receptor	  α	  chain	  (IL7R)	  influences	  

risk	  of	  multiple	  sclerosis.	  Nat	  Genet	  39,	  1108-‐1113.	  

Maes,	  M.,	  Lin,	  A.H.,	  Delmeire,	  L.,	  Van	  Gastel,	  A.,	  Kenis,	  G.,	  De	  Jongh,	  R.,	  Bosmans,	  E.,	  

1999.	  Elevated	  serum	  interleukin-‐6	  (IL-‐6)	  and	  IL-‐6	  receptor	  concentrations	  

in	   posttraumatic	   stress	   disorder	   following	   accidental	  man-‐made	   traumatic	  

events.	  Biol	  Psychiatry	  45,	  833-‐839.	  

Maes,	  M.,	   Song,	   C.,	   Lin,	   A.,	   De	   Jongh,	   R.,	   Van	   Gastel,	   A.,	   Kenis,	   G.,	   Bosmans,	   E.,	   De	  

Meester,	  I.,	  Benoy,	  I.,	  Neels,	  H.,	  Demedts,	  P.,	  Janca,	  A.,	  Scharpe,	  S.,	  Smith,	  R.S.,	  

1998.	  The	  effects	  of	  psychological	  stress	  on	  humans:	  increased	  production	  of	  

pro-‐inflammatory	   cytokines	   and	   a	   Th1-‐like	   response	   in	   stress-‐induced	  

anxiety.	  Cytokine	  10,	  313-‐318.	  

Maier,	   S.F.,	   Watkins,	   L.R.,	   1998.	   Cytokines	   for	   psychologists:	   implications	   of	  

bidirectional	   immune-‐to-‐brain	   communication	   for	  understanding	  behavior,	  

mood,	  and	  cognition.	  Psychol	  Rev	  105,	  83-‐107.	  

Martino,	  G.,	  Adorini,	  L.,	  Rieckmann,	  P.,	  Hillert,	   J.,	  Kallmann,	  B.,	  Comi,	  G.,	  Filippi,	  M.,	  

2002.	  Inflammation	  in	  multiple	  sclerosis:	  the	  good,	  the	  bad,	  and	  the	  complex.	  

Lancet	  Neurol	  1,	  499-‐509.	  

Matsumoto,	  T.,	  Komori,	  T.,	  Yamamoto,	  M.,	  Shimada,	  Y.,	  Nakagawa,	  M.,	  Shiroyama,	  T.,	  

Inui,	  K.,	  Okazaki,	  Y.,	  2006.	  Prior	  intraperitoneal	  injection	  of	  rat	  recombinant	  

IL-‐6	   increases	   hypothalamic	   IL-‐6	   contents	   in	   subsequent	   forced	   swim	  

stressor	  in	  rats.	  Neuropsychobiology	  54,	  186-‐194.	  



	   123	  

Matusevicius,	  D.,	  Kivisakk,	  P.,	  He,	  B.,	  Kostulas,	  N.,	  Ozenci,	  V.,	  Fredrikson,	  S.,	  Link,	  H.,	  

1999.	  Interleukin-‐17	  mRNA	  expression	  in	  blood	  and	  CSF	  mononuclear	  cells	  

is	  augmented	  in	  multiple	  sclerosis.	  Mult	  Scler	  5,	  101-‐104.	  

Mayer,	   S.V.,	   Quadros,	   V.L.,	   Vogel,	   F.S.,	  Winkelmann,	   E.R.,	   Arenhart,	   S.,	  Weiblen,	   R.,	  

Flores,	   E.F.,	   2006.	   Dexamethasone-‐induced	   reactivation	   of	   bovine	  

herpesvirus	  type	  5	  latent	  infection	  in	  experimentally	  infected	  rabbits	  results	  

in	  a	  broader	  distribution	  of	  latent	  viral	  DNA	  in	  the	  brain.	  Braz	  J	  Med	  Biol	  Res	  

39,	  335-‐343.	  

Mays,	   J.W.,	   Bailey,	   M.T.,	   Hunzeker,	   J.T.,	   Powell,	   N.D.,	   Papenfuss,	   T.,	   Karlsson,	   E.A.,	  

Padgett,	   D.A.,	   Sheridan,	   J.F.,	   2010.	   Influenza	   virus-‐specific	   immunological	  

memory	  is	  enhanced	  by	  repeaded	  social	  defeat.	  J	  Immunol	  184,	  2014-‐2025.	  	  

McEwen,	   B.S.,	   2000.	   Allostasis	   and	   allostatic	   load:	   implications	   for	  

neuropsychopharmacology.	  Neuropsychopharmacology	  22,	  108-‐124.	  

McGavern,	   D.B.,	   Murray,	   P.D.,	   Rivera-‐Quinones,	   C.,	   Schmelzer,	   J.D.,	   Low,	   P.A.,	  

Rodriguez,	   M.,	   2000.	   Axonal	   loss	   results	   in	   spinal	   cord	   atrophy,	  

electrophysiological	   abnormalities	   and	   neurological	   deficits	   following	  

demyelination	  in	  a	  chronic	   inflammatory	  model	  of	  multiple	  sclerosis.	  Brain	  

123	  Pt	  3,	  519-‐531.	  

McGavern,	   D.B.,	   Murray,	   P.D.,	   Rodriguez,	   M.,	   1999.	   Quantitation	   of	   spinal	   cord	  

demyelination,	   remyelination,	   atrophy,	   and	   axonal	   loss	   in	   a	   model	   of	  

progressive	  neurologic	  injury.	  J	  Neurosci	  Res	  58,	  492-‐504.	  



	   124	  

Meagher,	   M.W.,	   Johnson,	   R.R.,	   Young,	   E.E.,	   Vichaya,	   E.G.,	   Lunt,	   S.,	   Hardin,	   E.A.,	  

Connor,	  M.A.,	  Welsh,	  C.J.,	  2007.	  Interleukin-‐6	  as	  a	  mechanism	  for	  the	  adverse	  

effects	  of	  social	  stress	  on	  acute	  Theiler's	  virus	  infection.	  Brain	  Behav	  Immun	  

21,	  1083-‐1095.	  

Merlot,	   E.,	   Moze,	   E.,	   Dantzer,	   R.,	   Neveu,	   P.J.,	   2003.	   Importance	   of	   fighting	   in	   the	  

immune	  effects	  of	  social	  defeat.	  Physiol	  Behav	  80,	  351-‐357.	  

Merlot,	  E.,	  Moze,	  E.,	  Dantzer,	  R.,	  Neveu,	  P.J.,	  2004a.	  Cytokine	  production	  by	  spleen	  

cells	  after	  social	  defeat	  in	  mice:	  activation	  of	  T	  cells	  and	  reduced	  inhibition	  

by	  glucocorticoids.	  Stress	  7,	  55-‐61.	  

Merlot,	  E.,	  Moze,	  E.,	  Dantzer,	  R.,	  Neveu,	  P.J.,	  2004b.	  Immune	  alterations	  induced	  by	  

social	   defeat	   do	  not	   alter	   the	   course	  of	   an	  on-‐going	  BCG	   infection	   in	  mice.	  

Neuroimmunomodulation	  11,	  414-‐418.	  

Mi,	  W.,	  Belyavskyi,	  M.,	   Johnson,	  R.R.,	   Sieve,	  A.N.,	   Storts,	  R.,	  Meagher,	  M.W.,	  Welsh,	  

C.J.,	   2004.	   Alterations	   in	   chemokine	   expression	   following	   Theiler's	   virus	  

infection	  and	  restraint	  stress.	  J	  Neuroimmunol	  151,	  103-‐115.	  

Mi,	  W.,	  Prentice,	  T.W.,	  Young,	  C.R.,	  Johnson,	  R.R.,	  Sieve,	  A.N.,	  Meagher,	  M.W.,	  Welsh,	  

C.J.,	   2006a.	   Restraint	   stress	   decreases	   virus-‐induced	   pro-‐inflammatory	  

cytokine	   mRNA	   expression	   during	   acute	   Theiler's	   virus	   infection.	   J	  

Neuroimmunol	  178,	  49-‐61.	  

Mi,	  W.,	  Young,	  C.R.,	   Storts,	  R.W.,	   Steelman,	  A.J.,	  Meagher,	  M.W.,	  Welsh,	  C.J.,	   2006b.	  

Restraint	   stress	   facilitates	   systemic	   dissemination	   of	   Theiler's	   virus	   and	  

alters	  its	  pathogenecity.	  Microb	  Pathog	  41,	  133-‐143.	  



	   125	  

Miller,	  G.E.,	  Chen,	  E.,	  2006.	  Life	  stress	  and	  diminished	  expression	  of	  genes	  encoding	  

glucocorticoid	   receptor	   and	   beta2-‐adrenergic	   receptor	   in	   children	   with	  

asthma.	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  103,	  5496-‐5501.	  

Miller,	   G.E.,	   Cohen,	   S.,	   Ritchey,	   A.K.,	   2002.	   Chronic	   psychological	   stress	   and	   the	  

regulation	   of	   pro-‐inflammatory	   cytokines:	   a	   glucocorticoid-‐resistance	  

model.	  Health	  Psychol	  21,	  531-‐541.	  

Millstein,	  R.A.,	  Ralph,	  R.J.,	  Yang,	  R.J.,	  Holmes,	  A.,	  2006.	  Effects	  of	  repeated	  maternal	  

separation	   on	   prepulse	   inhibition	   of	   startle	   across	   inbred	   mouse	   strains.	  

Genes	  Brain	  Behav	  5,	  346-‐354.	  

Minami,	   M.,	   Kuraishi,	   Y.,	   Yamaguchi,	   T.,	   Nakai,	   S.,	   Hirai,	   Y.,	   Satoh,	   M.,	   1991.	  

Immobilization	   stress	   induces	   interleukin-‐1	   beta	   mRNA	   in	   the	   rat	  

hypothalamus.	  Neurosci	  Lett	  123,	  254-‐256.	  

Minghetti,	  L.,	  2005.	  Role	  of	  inflammation	  in	  neurodegenerative	  diseases.	  Curr	  Opin	  

Neurol	  18,	  315-‐321.	  

Miyahara,	   S.,	   Komori,	   T.,	   Fujiwara,	   R.,	   Shizuya,	   K.,	   Yamamoto,	   M.,	   Ohmori,	   M.,	  

Okazaki,	  Y.,	   2000.	  Effects	  of	   repeated	   stress	  on	  expression	  of	   interleukin-‐6	  

(IL-‐6)	  and	  IL-‐6	  receptor	  mRNAs	  in	  rat	  hypothalamus	  and	  midbrain.	  Life	  Sci	  

66,	  PL93-‐98.	  

Mohamed-‐Ali,	   V.,	   Armstrong,	   L.,	   Clarke,	   D.,	   Bolton,	   C.H.,	   Pinkney,	   J.H.,	   2001.	  

Evidence	   for	   the	   regulation	   of	   levels	   of	   plasma	   adhesion	   molecules	   by	  

proinflammatory	  cytokines	  and	  their	  soluble	  receptors	  in	  type	  1	  diabetes.	  J	  

Intern	  Med	  250,	  415-‐421.	  



	   126	  

Mohr,	  D.C.,	  2007.	  Stress	  and	  multiple	  sclerosis.	  J	  Neurol	  254	  Suppl	  2,	  II65-‐68.	  

Mohr,	   D.C.,	   Goodkin,	   D.E.,	   Bacchetti,	   P.,	   Boudewyn,	   A.C.,	   Huang,	   L.,	   Marrietta,	   P.,	  

Cheuk,	   W.,	   Dee,	   B.,	   2000.	   Psychological	   stress	   and	   the	   subsequent	  

appearance	  of	  new	  brain	  MRI	  lesions	  in	  MS.	  Neurology	  55,	  55-‐61.	  

Mohr,	   D.C.,	   Hart,	   S.L.,	   Julian,	   L.,	   Cox,	   D.,	   Pelletier,	   D.,	   2004.	   Association	   between	  

stressful	  life	  events	  and	  exacerbation	  in	  multiple	  sclerosis:	  a	  meta-‐analysis.	  

BMJ	  328,	  731.	  

Movahedi,	  K.,	   Guilliams,	  M.,	   Van	  den	  Bossche,	   J.,	   Van	  den	  Bergh,	  R.,	   Gysemans,	   C.,	  

Beschin,	  A.,	  De	  Baetselier,	  P.,	  Van	  Ginderachter,	   J.A.,	   2008.	   Identification	  of	  

discrete	   tumor-‐induced	   myeloid-‐derived	   suppressor	   cell	   subpopulations	  

with	  distinct	  T	  cell-‐suppressive	  activity.	  Blood	  111,	  4233-‐4244.	  

Muhling,	   J.,	   Sablotzki,	   A.,	   Fuchs,	   M.,	   Krull,	   M.,	   Dehne,	   M.G.,	   Weiss,	   S.,	   Gonter,	   J.,	  

Quandt,	  D.,	  Hempelmann,	  G.,	  2001.	  Effects	  of	  diazepam	  on	  neutrophil	  (PMN)	  

free	   amino	   acid	   profiles	   and	   immune	   functions	   in	   vitro.	   Metabolical	   and	  

immunological	   consequences	   of	   L-‐alanyl-‐L-‐glutamine	   supplementation.	   J	  

Nutr	  Biochem	  12,	  46-‐54.	  

Murray,	   M.J.,	   Murray,	   A.B.,	   1979.	   Anorexia	   of	   infection	   as	   a	   mechanism	   of	   host	  

defense.	  Am	  J	  Clin	  Nutr	  32,	  593-‐596.	  

Murray,	   P.D.,	   Pavelko,	   K.D.,	   Leibowitz,	   J.,	   Lin,	   X.,	   Rodriguez,	  M.,	   1998.	   CD4(+)	   and	  

CD8(+)	  T	  cells	  make	  discrete	  contributions	  to	  demyelination	  and	  neurologic	  

disease	  in	  a	  viral	  model	  of	  multiple	  sclerosis.	  J	  Virol	  72,	  7320-‐7329.	  



	   127	  

Nadeau,	   S.,	  Rivest,	   S.,	   2003.	  Glucocorticoids	  play	  a	   fundamental	   role	   in	  protecting	  

the	  brain	  during	  innate	  immune	  response.	  J	  Neurosci	  23,	  5536-‐5544.	  

Nair,	  A.,	  Bonneau,	  R.H.,	  2006.	  Stress-‐induced	  elevation	  of	  glucocorticoids	  increases	  

microglia	  proliferation	  through	  NMDA	  receptor	  activation.	  J	  Neuroimmunol	  

171,	  72-‐85.	  

Neema,	  M.,	   Stankiewicz,	   J.,	   Arora,	   A.,	   Guss,	   Z.D.,	   Bakshi,	   R.,	   2007.	  MRI	   in	  multiple	  

sclerosis:	  what's	  inside	  the	  toolbox?	  Neurotherapeutics	  4,	  602-‐617.	  

New,	   K.J.,	   Eaton,	   S.,	   Elliott,	   K.R.,	   Spitz,	   L.,	   Quant,	   P.A.,	   2001.	   Effect	   of	  

lipopolysaccharide	   and	   cytokines	   on	   oxidative	  metabolism	   in	   neonatal	   rat	  

hepatocytes.	  J	  Pediatr	  Surg	  36,	  338-‐340.	  

Nguyen,	  K.T.,	  Deak,	  T.,	  Owens,	  S.M.,	  Kohno,	  T.,	  Fleshner,	  M.,	  Watkins,	  L.R.,	  Maier,	  S.F.,	  

1998.	   Exposure	   to	   acute	   stress	   induces	   brain	   interleukin-‐1beta	   protein	   in	  

the	  rat.	  J	  Neurosci	  18,	  2239-‐2246.	  

Nguyen,	  K.T.,	  Deak,	  T.,	  Will,	  M.J.,	  Hansen,	  M.K.,	  Hunsaker,	  B.N.,	  Fleshner,	  M.,	  Watkins,	  

L.R.,	   Maier,	   S.F.,	   2000.	   Timecourse	   and	   corticosterone	   sensitivity	   of	   the	  

brain,	   pituitary,	   and	   serum	   interleukin-‐1beta	   protein	   response	   to	   acute	  

stress.	  Brain	  Res	  859,	  193-‐201.	  

Nisipeanu,	   P.,	   Korczyn,	   A.D.,	   1993.	   Psychological	   stress	   as	   risk	   factor	   for	  

exacerbations	  in	  multiple	  sclerosis.	  Neurology	  43,	  1311-‐1312.	  

Njenga,	  M.K.,	  Asakura,	  K.,	  Hunter,	  S.F.,	  Wettstein,	  P.,	  Pease,	  L.R.,	  Rodriguez,	  M.,	  1997.	  

The	   immune	   system	   preferentially	   clears	   Theiler's	   virus	   from	   the	   gray	  

matter	  of	  the	  central	  nervous	  system.	  J	  Virol	  71,	  8592-‐8601.	  



	   128	  

Noisakran,	   S.,	   Halford,	  W.P.,	   Veress,	   L.,	   Carr,	   D.J.,	   1998.	   Role	   of	   the	   hypothalamic	  

pituitary	   adrenal	   axis	   and	   IL-‐6	   in	   stress-‐induced	   reactivation	   of	   latent	  

herpes	  simplex	  virus	  type	  1.	  J	  Immunol	  160,	  5441-‐5447.	  

Noonan,	  C.W.,	  Kathman,	  S.J.,	  White,	  M.C.,	  2002.	  Prevalence	  estimates	  for	  MS	  in	  the	  

United	  States	  and	  evidence	  of	  an	  increasing	  trend	  for	  women.	  Neurology	  58,	  

136-‐138.	  

Noseworthy,	   J.H.,	   Lucchinetti,	   C.,	  Rodriguez,	  M.,	  Weinshenker,	  B.G.,	   2000.	  Multiple	  

sclerosis.	  N	  Engl	  J	  Med	  343,	  938-‐952.	  

Nurmikko,	  T.J.,	  Gupta,	   S.,	  Maciver,	  K.,	  2010.	  Multiple	   sclerosis-‐related	  central	  pain	  

disorders.	  Curr	  Pain	  Headache	  Rep	  14,	  189-‐195.	  

O'Connor,	   K.A.,	   Johnson,	   J.D.,	   Hammack,	   S.E.,	   Brooks,	   L.M.,	   Spencer,	   R.L.,	  Watkins,	  

L.R.,	  Maier,	  S.F.,	  2003a.	  Inescapable	  shock	  induces	  resistance	  to	  the	  effects	  of	  

dexamethasone.	  Psychoneuroendocrinology	  28,	  481-‐500.	  

O'Connor,	   K.A.,	   Johnson,	   J.D.,	   Hansen,	   M.K.,	   Wieseler	   Frank,	   J.L.,	   Maksimova,	   E.,	  

Watkins,	   L.R.,	   Maier,	   S.F.,	   2003b.	   Peripheral	   and	   central	   proinflammatory	  

cytokine	  response	  to	  a	  severe	  acute	  stressor.	  Brain	  Res	  991,	  123-‐132.	  

O’Doherty,	   C.,	   Kantarci,	   O.,	   Vandenbroek,	   K.,	   2008.	   IL7RA	   polymorphisms	   and	  

susceptibility	  to	  multiple	  sclerosis.	  N	  Engl	  J	  Med	  358,	  773-‐754.	  

Oleszak,	   E.L.,	   Chang,	   J.R.,	   Friedman,	   H.,	   Katsetos,	   C.D.,	   Platsoucas,	   C.D.,	   2004.	  

Theiler's	   virus	   infection:	   a	  model	   for	  multiple	   sclerosis.	  Clin	  Microbiol	  Rev	  

17,	  174-‐207.	  



	   129	  

Oleszak,	  E.L.,	  Kuzmak,	  J.,	  Good,	  R.A.,	  Platsoucas,	  C.D.,	  1995.	  Immunology	  of	  Theiler's	  

murine	  encephalomyelitis	  virus	  infection.	  Immunol	  Res	  14,	  13-‐33.	  

Olson,	  J.K.,	  Miller,	  S.D.,	  2009.	  The	  innate	  immune	  response	  affects	  the	  development	  

of	   the	   autoimmune	   response	   in	   Theiler's	   virus-‐induced	   demyelinating	  

disease.	  J	  Immunol	  182,	  5712-‐5722.	  

Panitch,	   H.S.,	   1994.	   Influence	   of	   infection	   on	   exacerbations	   of	   multiple	   sclerosis.	  

Ann	  Neurol	  36	  Suppl,	  S25-‐28.	  

Panitch,	  H.S.,	  Hirsch,	  R.L.,	  Haley,	  A.S.,	  Johnson,	  K.P.,	  1987.	  Exacerbations	  of	  multiple	  

sclerosis	  in	  patients	  treated	  with	  gamma	  interferon.	  Lancet	  1,	  893-‐895.	  

Pare,	   W.P.,	   Glavin,	   G.B.,	   1986.	   Restraint	   stress	   in	   biomedical	   research:	   a	   review.	  

Neurosci	  Biobehav	  Rev	  10,	  339-‐370.	  

Pastoret,	  P.P.,	  Babiuk,	  L.A.,	  Misra,	  V.,	  Griebel,	  P.,	  1980.	  Reactivation	  of	  temperature-‐

sensitive	   and	   non-‐temperature-‐sensitive	   infectious	   bovine	   rhinotracheitis	  

vaccine	  virus	  with	  dexamethasone.	  Infect	  Immun	  29,	  483-‐488.	  

Perry,	  V.H.,	  2007.	  Stress	  primes	  microglia	  to	  the	  presence	  of	  systemic	  inflammation:	  

implications	  for	  environmental	  influences	  on	  the	  brain.	  Brain	  Behav	  Immun	  

21,	  45-‐46.	  

Perry,	  V.H.,	  Newman,	  T.A.,	  Cunningham,	  C.,	  2003.	  The	  impact	  of	  systemic	  infection	  

on	  the	  progression	  of	  neurodegenerative	  disease.	  Nat	  Rev	  Neurosci	  4,	  103-‐

112.	  

Pettinelli,	   C.B.,	   McFarlin,	   D.E.,	   1981.	   Adoptive	   transfer	   of	   experimental	   allergic	  

encephalomyelitis	  in	  SJL/J	  mice	  after	  in	  vitro	  activation	  of	  lymph	  node	  cells	  



	   130	  

by	   myelin	   basic	   protein:	   requirement	   for	   Lyt	   1+	   2-‐	   T	   lymphocytes.	   J	  

Immunol	  127,	  1420-‐1423.	  

Phadke,	   J.G.,	   1987.	   Survival	   pattern	   and	   cause	   of	   death	   in	   patients	  with	  multiple	  

sclerosis:	   results	   from	   an	   epidemiological	   survey	   in	   north	   east	   Scotland.	   J	  

Neurol	  Neurosurg	  Psychiatry	  50,	  523-‐531.	  

Pollak,	   Y.,	   Ovadia,	   H.,	   Goshen,	   I.,	   Gurevich,	   R.,	   Monsa,	   K.,	   Avitsur,	   R.,	   Yirmiya,	   R.,	  

2000.	  Behavioral	  aspects	  of	  experimental	  autoimmune	  encephalomyelitis.	   J	  

Neuroimmunol	  104,	  31-‐36.	  

Powell,	  N.D.,	  Mays,	  J.W.,	  Bailey,	  M.T.,	  Hanke,	  M.L.,	  Sheridan,	  J.F.,	  2011.	  Immunogenic	  

dendritic	   cells	   primed	   by	   social	   defeat	   enhance	   adaptive	   immunity	   to	  

influenza	  A	  virus.	  Brain	  Behav	  Immun	  25,	  46-‐52.	  

Pugh,	   C.R.,	  Nguyen,	  K.T.,	   Gonyea,	   J.L.,	   Fleshner,	  M.,	  Wakins,	   L.R.,	  Maier,	   S.F.,	   Rudy,	  

J.W.,	   1999.	   Role	   of	   interleukin-‐1	   beta	   in	   impairment	   of	   contextual	   fear	  

conditioning	  caused	  by	  social	  isolation.	  Behav	  Brain	  Res	  106,	  109-‐118.	  

Pullen,	   L.C.,	   Miller,	   S.D.,	   Dal	   Canto,	   M.C.,	   Van	   der	   Meide,	   P.H.,	   Kim,	   B.S.,	   1994.	  

Alteration	   in	   the	   level	   of	   interferon-‐gamma	   results	   in	   acceleration	   of	  

Theiler’s	   virus-‐induced	   demyelinating	   disease.	   J	   Neuroimmunol	   55,	   143-‐

152.	  

Quan,	  N.,	  Avitsur,	  R.,	  Stark,	  J.L.,	  He,	  L.,	  Shah,	  M.,	  Caligiuri,	  M.,	  Padgett,	  D.A.,	  Marucha,	  

P.T.,	   Sheridan,	   J.F.,	   2001.	   Social	   stress	   increases	   the	   susceptibility	   to	  

endotoxic	  shock.	  J	  Neuroimmunol	  115,	  36-‐45.	  



	   131	  

Raison,	  C.L.,	  Miller,	  A.H.,	  2003.	  When	  not	  enough	  is	  too	  much:	  the	  role	  of	  insufficient	  

glucocorticoid	   signaling	   in	   the	  pathophysiology	  of	   stress-‐related	  disorders.	  

Am	  J	  Psychiatry	  160,	  1554-‐1565.	  

Reed,	  L.J.,	  Muench,	  H.,	  1938.	  A	  simple	  method	  of	  estimating	  fifty	  percent	  endpoints.	  

Am	  J	  Hygiene	  27,	  493-‐497.	  

Rhen,	   T.,	   Cidlowski,	   J.A.,	   2005.	   Antiinflammatory	   action	   of	   glucocorticoids-‐-‐new	  

mechanisms	  for	  old	  drugs.	  N	  Engl	  J	  Med	  353,	  1711-‐1723.	  

Riise,	  T.,	  Gronning,	  M.,	  Aarli,	  J.A.,	  Nyland,	  H.,	  Larsen,	  J.P.,	  Edland,	  A.,	  1988.	  Prognostic	  

factors	   for	   life	   expectancy	   in	  multiple	   sclerosis	   analysed	   by	   Cox-‐models.	   J	  

Clin	  Epidemiol	  41,	  1031-‐1036.	  

Rimón,	   R.,	   Laakso,	   R.-‐L.,	   1985.	   Life	   stress	   and	   rheumatoid	   arthritis:	   a	   15-‐year	  

follow-‐up	  study.	  Psychother	  Psychosom	  43,	  38-‐43.	  

Rodriguez,	  M.,	  David,	  C.S.,	  1985.	  Demyelination	  induced	  by	  Theiler's	  virus:	  influence	  

of	  the	  H-‐2	  haplotype.	  J	  Immunol	  135,	  2145-‐2148.	  

Rodriguez,	   M.,	   Pavelko,	   K.D.,	   Njenga,	   M.K.,	   Logan,	  W.C.,	  Wettstein,	   P.J.,	   1996.	   The	  

balance	   between	   persistent	   virus	   infection	   and	   immune	   cells	   determines	  

demyelination.	  J	  Immunol	  157,	  5699-‐5709.	  

Rodriguez,	   M.,	   Siegel,	   L.M.,	   Hovanec-‐Burns,	   D.,	   Bologa,	   L.,	   Graves,	   M.C.,	   1988.	  

Theiler's	   virus-‐associated	   antigens	   on	   the	   surfaces	   of	   cultured	   glial	   cells.	  

Virology	  166,	  463-‐474.	  



	   132	  

Sheridan,	   J.F.,	   Dobbs,	   C.,	   Jung,	   J.,	   Chu,	   X.,	   Konstantinos,	   A.,	   Padgett,	   D.,	   Glaser,	   R.,	  

1998.	  Stress-‐induced	  neuroendocrine	  modulation	  of	  viral	  pathogenesis	  and	  

immunity.	  Ann	  N	  Y	  Acad	  Sci	  840,	  803-‐808.	  

Sheridan,	  J.F.,	  Stark,	  J.L.,	  Avitsur,	  R.,	  Padgett,	  D.A.,	  2000.	  Social	  disruption,	  immunity,	  

and	  susceptibility	   to	  viral	   infection.	  Role	  of	  glucocorticoid	   insensitivity	  and	  

NGF.	  Ann	  N	  Y	  Acad	  Sci	  917,	  894-‐905.	  

Shintani,	  F.,	  Nakaki,	  T.,	  Kanba,	  S.,	  Kato,	  R.,	  Asai,	  M.,	  1995a.	  Role	  of	   interleukin-‐1	  in	  

stress	  responses.	  A	  putative	  neurotransmitter.	  Mol	  Neurobiol	  10,	  47-‐71.	  

Shintani,	   F.,	  Nakaki,	  T.,	  Kanba,	   S.,	   Sato,	  K.,	   Yagi,	  G.,	   Shiozawa,	  M.,	  Aiso,	   S.,	  Kato,	  R.,	  

Asai,	   M.,	   1995b.	   Involvement	   of	   interleukin-‐1	   in	   immobilization	   stress-‐

induced	   increase	   in	  plasma	  adrenocorticotropic	  hormone	  and	   in	  release	  of	  

hypothalamic	  monoamines	  in	  the	  rat.	  J	  Neurosci	  15,	  1961-‐1970.	  

Sibley,	   W.A.,	   Bamford,	   C.R.,	   Clark,	   K.,	   1985.	   Clinical	   viral	   infections	   and	   multiple	  

sclerosis.	  Lancet	  1,	  1313-‐1315.	  

Sieve,	  A.N.,	   Steelman,	  A.J.,	  Young,	  C.R.,	   Storts,	  R.,	  Welsh,	  T.H.,	  Welsh,	  C.J.,	  Meagher,	  

M.W.,	   2004.	   Chronic	   restraint	   stress	   during	   early	   Theiler's	   virus	   infection	  

exacerbates	   the	   subsequent	   demyelinating	   disease	   in	   SJL	   mice.	   J	  

Neuroimmunol	  155,	  103-‐118.	  

Skulina,	  C.,	  Schmidt,	  S.,	  Dornmair,	  K.,	  Babbe,	  H.,	  Roers,	  A.,	  Rajewsky,	  K.,	  Wekerle,	  H.,	  

Hohlfeld,	  R.,	  Goebels,	  N.,	  2004.	  Multiple	   sclerosis:	  brain-‐infiltrating	  CD8+	  T	  

cells	  persist	  as	  clonal	  expansions	  in	  the	  cerebrospinal	  fluid	  and	  blood.	  Proc	  

Natl	  Acad	  Sci	  USA	  101,	  2428-‐2433.	  



	   133	  

Smith,	   J.B.,	   Herschman,	   H.R.,	   1997.	   Identification	   of	   inflammatory	   mediators	   by	  

screening	   for	   glucocorticoid-‐attenuated	   response	   genes.	  Methods	   Enzymol	  

287,	  250-‐265.	  

Sommershof,	  A.,	  Basler,	  M.,	  Riether,	  C.,	  Engler,	  H.,	  Groettrup,	  M.,	  2011.	  Attenuation	  

of	   the	   cytotoxic	   T	   lymphocyte	   response	   to	   lymphocytic	   choriomeningitis	  

virus	  in	  mice	  subjected	  to	  chronic	  social	  stress.	  Brain	  Behav	  Immun	  25,	  340-‐

8.	  

Sospedra,	   M.,	   Martin,	   R.,	   2005.	   Immunology	   of	   multiple	   sclerosis.	   Annu	   Rev	  

Immunol	  23,	  683-‐747.	  

Stark,	  J.L.,	  Avitsur,	  R.,	  Hunzeker,	  J.,	  Padgett,	  D.A.,	  Sheridan,	  J.F.,	  2002.	  Interleukin-‐6	  

and	  the	  development	  of	  social	  disruption-‐induced	  glucocorticoid	  resistance.	  

J	  Neuroimmunol	  124,	  9-‐15.	  

Stark,	   J.L.,	  Avitsur,	  R.,	  Padgett,	  D.A.,	  Campbell,	  K.A.,	  Beck,	  F.M.,	  Sheridan,	   J.F.,	  2001.	  

Social	  stress	  induces	  glucocorticoid	  resistance	  in	  macrophages.	  Am	  J	  Physiol	  

Regul	  Integr	  Comp	  Physiol	  280,	  R1799-‐1805.	  

Steelman,	  A.J.,	  Dean,	  D.D.,	  Young,	  C.R.,	  Smith,	  R.,	  3rd,	  Prentice,	  T.W.,	  Meagher,	  M.W.,	  

Welsh,	   C.J.,	   2009.	   Restraint	   stress	   modulates	   virus	   specific	   adaptive	  

immunity	   during	   acute	   Theiler's	   virus	   infection.	   Brain	   Behav	   Immun	   23,	  

830-‐843.	  

Steptoe,	  A.,	  Willemsen,	  G.,	  Owen,	  N.,	  Flower,	  L.,	  Mohamed-‐Ali,	  V.,	  2001.	  Acute	  mental	  

stress	  elicits	  delayed	   increases	   in	   circulating	   inflammatory	   cytokine	   levels.	  

Clin	  Sci	  (Lond)	  101,	  185-‐192.	  



	   134	  

Stojic-‐Vukanic,	   Z.,	   Rauski,	   A.,	   Kosec,	   D.,	   Radojevic,	   K.,	   Pilipovic,	   I.,	   Leposavic,	   G.,	  

2009.	   Dysregulation	   of	   T-‐cell	   development	   in	   adrenal	   glucocorticoid-‐

deprived	  rats.	  Exp	  Biol	  Med	  (Maywood)	  234,	  1067-‐1074.	  

Stüve,	  O.,	  Oksenberg,	  J.,	  2010.	  Multiple	  Sclerosis	  Overview.	  In:	  Pagon,	  R.A.,	  Bird,	  T.C.,	  

Dolan,	   C.R.,	   Stephens,	   K.	   (Eds.),	   GeneReviews	   [Internet],	   University	   of	  

Washington,	  Seattle,	  WA.	  

Sugama,	  S.,	  Fujita,	  M.,	  Hashimoto,	  M.,	  Conti,	  B.,	  2007.	  Stress	  induced	  morphological	  

microglial	   activation	   in	   the	   rodent	   brain:	   involvement	   of	   interleukin-‐18.	  

Neuroscience	  146,	  1388-‐1399.	  

Sweitzer,	   S.M.,	   Colburn,	   R.W.,	   Rutkowski,	   M.,	   DeLeo,	   J.A.,	   1999.	   Acute	   peripheral	  

inflammation	   induces	   moderate	   glial	   activation	   and	   spinal	   IL-‐1beta	  

expression	  that	  correlates	  with	  pain	  behavior	  in	  the	  rat.	  Brain	  Res	  829,	  209-‐

221.	  

Takaki,	   A.,	   Huang,	   Q.H.,	   Somogyvari-‐Vigh,	   A.,	   Arimura,	   A.,	   1994.	   Immobilization	  

stress	   may	   increase	   plasma	   interleukin-‐6	   via	   central	   and	   peripheral	  

catecholamines.	  Neuroimmunomodulation	  1,	  335-‐342.	  

Tan,	  K.S.,	  Nackley,	  A.G.,	  Satterfield,	  K.,	  Maixner,	  W.,	  Diatchenko,	  L.,	  Flood,	  P.M.,	  2007.	  

Beta2	  adrenergic	  receptor	  activation	  stimulates	  pro-‐inflammatory	  cytokine	  

production	   in	   macrophages	   via	   PKA-‐	   and	   NF-‐kappaB-‐independent	  

mechanisms.	  Cell	  Signal	  19,	  251-‐260.	  

Terabe,	  M.,	   Matsui,	   S.,	   Park,	   J.M.,	  Mamura,	  M.,	   Noben-‐Trauth,	   N.,	   Donaldson,	   D.D.,	  

Chen,	   W.,	   Wahl,	   S.M.,	   Ledbetter,	   S.,	   Pratt,	   B.,	   Letterio,	   J.J.,	   Paul,	   W.E.,	  



	   135	  

Berzofsky,	   J.A.,	   2003.	   Transforming	   growth	   factor-‐beta	   production	   and	  

myeloid	   cells	   are	   an	   effector	  mechanism	   through	  which	   CD1d-‐restricted	  T	  

cells	   block	   cytotoxic	   T	   lymphocyte-‐mediated	   tumor	   immunosurveillance:	  

abrogation	  prevents	  tumor	  recurrence.	  J	  Exp	  Med	  198,	  1741-‐1752.	  

Theil,	  D.J.,	  Tsunoda,	  I.,	  Libbey,	   J.E.,	  Derfuss,	  T.J.,	  Fujinami,	  R.S.,	  2000.	  Alterations	  in	  

cytokine	   but	   not	   chemokine	   mRNA	   expression	   during	   three	   distinct	  

Theiler's	  virus	  infections.	  J	  Neuroimmunol	  104,	  22-‐30.	  

Theiler,	   M.,	   1934.	   Spontaneous	   encephalomyelitis	   of	   mice—a	   new	   virus	   disease.	  

Science	  80,	  122.	  

Theiler,	   M.,	   1937.	   Spontaneous	   encephalomyelitis	   of	  mice,	   a	   new	   virus	   disease.	   J	  

Exp	  Med	  65,	  705-‐719.	  

Trottier,	   M.,	   Schlitt,	   B.P.,	   Kung,	   A.Y.,	   Lipton,	   H.L.,	   2004.	   Transition	   from	   acute	   to	  

persistent	   Theiler's	   virus	   infection	   requires	   active	   viral	   replication	   that	  

drives	   proinflammatory	   cytokine	   expression	   and	   chronic	   demyelinating	  

disease.	  J	  Virol	  78,	  12480-‐12488.	  

Turnbull,	  A.V.,	  Rivier,	  C.L.,	  1999.	  Regulation	  of	   the	  hypothalamic-‐pituitary-‐adrenal	  

axis	  by	  cytokines:	  actions	  and	  mechanisms	  of	  action.	  Physiol	  Rev	  79,	  1-‐71.	  

Turrin,	   N.P.,	   2008.	   Central	   nervous	   system	   Toll-‐like	   receptor	   expression	   in	  

response	   to	   Theiler’s	   murine	   encephalomyelitis	   virus-‐induced	  

demyelination	  disease	   in	  resistant	  and	  susceptible	  mouse	  strains.	  Virol	   J	  5,	  

154.	  



	   136	  

Uno,	   H.,	   Tarara,	   R.,	   Else,	   J.G.,	   Suleman,	   M.A.,	   Sapolsky,	   R.M.,	   1989.	   Hippocampal	  

damage	  associated	  with	  prolonged	  and	  fatal	  stress	  in	  primates.	  J	  Neurosci	  9,	  

1705-‐1711.	  

Urrows,	   S.,	   Affleck,	   G.,	   Tennen,	   H.,	   Higgins,	   P.,	   1994.	   Unique	   clinical	   and	  

psychological	  correlates	  of	  fibromyalgia	  tenderness	  in	  rheumatoid	  arthritis.	  

Arthritis	  Rheum	  37,	  1513-‐1520.	  

Van	   Dam,	   A.M.,	   Bauer,	   J.,	   Tilders,	   F.J.,	   Berkenbosch,	   F.,	   1995.	   Endotoxin-‐induced	  

appearance	   of	   immunoreactive	   interleukin-‐1	   beta	   in	   ramified	  microglia	   in	  

rat	  brain:	  a	  light	  and	  electron	  microscopic	  study.	  Neuroscience	  65,	  815-‐826.	  

Viswanathan,	   K.,	   Dhabhar,	   F.S.,	   2005.	   Stress-‐induced	   enhancement	   of	   leukocyte	  

trafficking	  into	  sites	  of	  surgery	  or	  immune	  activation.	  Proc	  Natl	  Acad	  Sci	  U	  S	  

A	  102,	  5808-‐5813.	  

Vollmer,	  T.L.,	   Liu,	  R.,	   Price,	  M.,	  Rhodes,	   S.,	   La	  Cava,	  A.,	   Shi,	   F.D.,	   2005.	  Differential	  

effects	   of	   IL-‐21	   during	   initiation	   and	   progression	   of	   autoimmunity	   against	  

neuroantigen.	  J	  Immunol	  174,	  2696-‐2701.	  

Warnke,	  C.,	  Wiendl,	  H.,	  Hartung,	  H.P.,	  Stuve,	  O.,	  Kieseier,	  B.C.,	  2010.	  Identification	  of	  

targets	  and	  new	  developments	  in	  the	  treatment	  of	  multiple	  sclerosis-‐-‐focus	  

on	  cladribine.	  Drug	  Des	  Devel	  Ther	  4,	  117-‐126.	  

Warren,	  S.A.,	  Warren,	  K.G.,	  Greenhill,	  S.,	  Paterson,	  M.,	  1982.	  How	  multiple	  sclerosis	  

is	  related	  to	  animal	   illness,	  stress	  and	  diabetes.	  Can	  Med	  Assoc	   J	  126,	  377-‐

382,	  385.	  



	   137	  

Watkins,	  L.R.,	  Maier,	  S.F.,	  2000.	  The	  pain	  of	  being	  sick:	  implications	  of	  immune-‐to-‐

brain	  communication	  for	  understanding	  pain.	  Annu	  Rev	  Psychol	  51,	  29-‐57.	  

Watkins,	   L.R.,	   Maier,	   S.F.,	   2005.	   Immune	   regulation	   of	   central	   nervous	   system	  

functions:	   from	   sickness	   responses	   to	   pathological	   pain.	   J	   Intern	  Med	  257,	  

139-‐155.	  

Watkins,	  L.R.,	  Wiertelak,	  E.P.,	  Goehler,	  L.E.,	  Smith,	  K.P.,	  Martin,	  D.,	  Maier,	  S.F.,	  1994.	  

Characterization	  of	  cytokine-‐induced	  hyperalgesia.	  Brain	  Res	  654,	  15-‐26.	  

Weber,	   F.,	   Fontaine,	   B.,	   Cournu-‐Rebeix,	   I.,	   Kroner,	   A.,	   Knop,	   M.,	   Lutz.,	   S.,	   Müller-‐

Sarnowski,	  R.,	  Uhr,	  M.,	  Bettecken,	  T.,	  Kohi,	  M.,	  Ripke,	  S.,	  Ising,	  M.,	  Rieckmann,	  

P.,	  Brassat,	  D.,	  Semana,	  G.,	  Babron,	  M.-‐C.,	  Mrejen,	  S.,	  Gout,	  C.,	  Lyon-‐Caen,	  O.,	  

Yaouang,	   J.,	   Edan,	   G.,	   Clanet,	   M.,	   Holsboer,	   F.,	   Clerget-‐Darpoux,	   F.,	   Müller-‐

Myhsok,	  B.,	  2008.	  IL2RA	  and	  IL7RA	  genes	  confer	  susceptibility	  for	  multiple	  

sclerosis	   in	   two	   independent	   European	  populations,	   Genes	   Immun	  9,	   259-‐

263.	  	  

Weinshenker,	   B.G.,	   Bass,	   B.,	   Rice,	   G.P.,	   Noseworthy,	   J.,	   Carriere,	  W.,	   Baskerville,	   J.,	  

Ebers,	  G.C.,	  1989.	  The	  natural	  history	  of	  multiple	  sclerosis:	  a	  geographically	  

based	  study.	  I.	  Clinical	  course	  and	  disability.	  Brain	  112	  (	  Pt	  1),	  133-‐146.	  

Weinshenker,	   B.G.,	   Sibley,	   W.A.,	   1992.	   Natural	   history	   and	   treatment	   of	   multiple	  

sclerosis.	  Curr	  Opin	  Neurol	  Neurosurg	  5,	  203-‐211.	  

Welsh,	  C.J.,	  Bustamante,	  L.,	  Nayak,	  M.,	  Welsh,	  T.H.,	  Dean,	  D.D.,	  Meagher,	  M.W.,	  2004.	  

The	   effects	   of	   restraint	   stress	   on	   the	   neuropathogenesis	   of	   Theiler's	   virus	  



	   138	  

infection	   II:	   NK	   cell	   function	   and	   cytokine	   levels	   in	   acute	   disease.	   Brain	  

Behav	  Immun	  18,	  166-‐174.	  

Welsh,	  C.J.,	   Tonks,	  P.,	  Nash,	  A.A.,	  Blakemore,	  W.F.,	   1987.	  The	  effect	   of	   L3T4	  T	   cell	  

depletion	   on	   the	   pathogenesis	   of	   Theiler's	  murine	   encephalomyelitis	   virus	  

infection	  in	  CBA	  mice.	  J	  Gen	  Virol	  68	  (	  Pt	  6),	  1659-‐1667.	  

Wen,	  Y.R.,	   Suter,	  M.R.,	   Ji,	  R.R.,	   Yen,	  G.C.,	  Wu,	  Y.S.,	  Wang,	  K.C.,	  Kohno,	  T.,	   Sun,	  W.Z.,	  

Wang,	   C.C.,	   2009.	   Activation	   of	   p38	   mitogen-‐activated	   protein	   kinase	   in	  

spinal	   microglia	   contributes	   to	   incision-‐induced	   mechanical	   allodynia.	  

Anesthesiology	  110,	  155-‐165.	  

WHO,	  MSIF,	  2008.	  Atlas:	  Multiple	  Sclerosis	  Resourses	  in	  the	  World,	  Atlas:	  Multiple	  

Sclerosis.	  International	  Federation,	  London.	  

Willenborg,	   D.O.,	   Fordham,	   S.,	   Bernard,	   C.C.,	   Cowden,	   W.B.,	   Ramshaw,	   I.A.,	   1996.	  

IFN-‐gamma	   plays	   a	   critical	   down-‐regulatory	   role	   in	   the	   induction	   and	  

effector	  phase	  of	  myelin	  oligodendrocyte	  glycoprotein-‐induced	  autoimmune	  

encephalomyelitis.	  J	  Immunol	  157,	  3223-‐3227.	  

Willer,	   C.J.,	   Dyment,	   D.A.,	   Risch,	   N.J.,	   Sadovnick,	   A.D.,	   Ebers,	   G.C.,	   2003.	   Twin	  

concordance	   and	   sibling	   recurrence	   rates	   in	   multiple	   sclerosis.	   Proc	   Natl	  

Acad	  Sci	  U	  S	  A	  100,	  12877-‐12882.	  

Willott,	   J.F.,	   Tanner,	   L.,	   O'Steen,	   J.,	   Johnson,	   K.R.,	   Bogue,	   M.A.,	   Gagnon,	   L.,	   2003.	  

Acoustic	  startle	  and	  prepulse	  inhibition	  in	  40	  inbred	  strains	  of	  mice.	  Behav	  

Neurosci	  117,	  716-‐727.	  



	   139	  

Wynn,	  D.R.,	  Rodriguez,	  M.,	  O'Fallon,	  W.M.,	  Kurland,	  L.T.,	  1990.	  A	  reappraisal	  of	  the	  

epidemiology	  of	  multiple	  sclerosis	  in	  Olmsted	  County,	  Minnesota.	  Neurology	  

40,	  780-‐786.	  

Young,	  E.E.,	  Vichaya,	  E.G.,	  Meagher,	  M.W.,	  in	  preparation.	  Prior	  exposure	  to	  chronic	  

social	  stress	  sensitizes	  zymosan-‐induced	  mechanical	  allodynia.	  

Zang,	  Y.C.,	  Skinner,	  S.M.,	  Robinson,	  R.R.,	  Li,	  S.,	  Rivera,	  V.M.,	  Hutton,	  G.J.,	  Zhang,	   J.Z.,	  

2004.	  Regulation	  of	  differentiation	  and	   functional	  properties	  of	  monocytes	  

and	   monocyte-‐derived	   dendritic	   cells	   by	   interferon	   beta	   in	   multiple	  

sclerosis.	  Mult	  Scler	  10,	  499-‐506.	  

Zheng,	   L.,	   Calenoff,	  M.A.,	   Dal	   Canto,	  M.C.,	   2001.	   Astrocytes,	   not	  microglia,	   are	   the	  

main	   cells	   responsible	   for	   viral	   persistence	   in	   Theiler's	   murine	  

encephalomyelitis	  virus	  infection	  leading	  to	  demyelination.	  J	  Neuroimmunol	  

118,	  256-‐267.	  

Zou,	  W.,	  Restifo,	  N.P.,	  2010.	  T(H)17	  cells	  in	  tumour	  immunity	  and	  immunotherapy.	  

Nat	  Rev	  Immunol	  10,	  248-‐256.	  



	   140	  

VITA	  

Name:	   Elisabeth	  Good	  Vichaya	  

Address:	   Dept.	  of	  Psychology,	  MS	  4235,	  College	  Station,	  TX	  77845	  	  

Email	  Address:	   elisabeth.vichaya@tamu.com	  

Education:	   B.S.,	  Psychology,	  Wayland	  Baptist	  University,	  2000	  

	   M.S.,	  Psychology,	  Texas	  A&M	  University,	  2003	  

	   Ph.D.,	  Psychology,	  Texas	  A&M	  University,	  2011	  

Selected	   NSF	  Research	  Experience	  for	  Undergraduates	  Participant,	  2003	  

Honors:	   NSF	  Graduate	  Research	  Fellowship,	  2005-‐2008	  

	   Excellence	  in	  Master’s	  Research	  Award	  from	  TAMU,	  2008	  

	   APA	  CARE	  Imprinting	  Award,	  2009	  

	   TAMU	  Department	  of	  Liberal	  Arts	  Dissertation	  Award,	  2009	  	  

Selected	   	   Young,	  E.E.,	  Vichaya,	  E.G.,	  et	  al.,	  (in	  preparation).	  Social	  stress	  

Publications:	   	   disrupts	  virus-‐specific	  adaptive	  immunity	  during	  acute	  TMEV.	  

Vichaya,	  E.G.,	  et	  al.,	  (submitted).	  Social	  Disruption	  Primes	  the	  

Inflammatory	  Response	  to	  Theiler’s	  Virus	  Infection.	  

Young,	  E.E.,	  Sieve,	  A.N.,	  Vichaya,	  E.G.,	  et	  al.,	  	  (2010).	  Chronic	  

restraint	  stress	  during	  early	  Theiler's	  virus	  infection	  exacerbates	  

the	  subsequent	  demyelinating	  disease	  in	  SJL	  mice:	  II.	  CNS	  disease	  

severity.	  JNI,	  220,	  79-‐89.	  

	   	   Vichaya,	  E.G.,	  et	  al.,	  (2009).	  Spinal	  glia	  modulate	  both	  adaptive	  

and	  pathological	  processes.	  BBI,	  23,	  969-‐76.	  	  


