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 Summary 
 Previous  research  in  our  lab  found  impaired  long-term  poten�a�on  (LTP)  of  CA3-CA1  synapses,  a 
 fundamental  process  for  learning  and  memory,  in  transient  receptor  poten�al  vanilloid  1  (TRPV1) 
 knockout  (KO)  mice.  The  TRPV1  channel  is  specifically  expressed  in  oriens  lacunosum  moleculare 
 (OLM)  interneurons  in  the  hippocampus,  where  it  controls  their  excitatory  innerva�on.  OLM  neurons 
 par�cipate  in  sharp  wave  ripples  (SWRs),  another  phenomenon  known  for  its  importance  in  memory 
 consolida�on.  During  SWRs,  which  occur  during  sleep  and  rest,  neuronal  firing  sequences 
 represen�ng  a  previous  waking  experience  are  reac�vated,  leading  to  consolida�on  of  the  memory 
 by  strengthening  the  connec�ons  between  firing  neurons,  i.e.,  LTP.  We  therefore  hypothesized  that 
 TRPV1 KO mice will have impaired SWRs, mirroring LTP deficits. 

 The  TRPV1  channel  is  ac�vated  by  a  mul�tude  of  signals,  including  temperature,  which  decreases 
 during  sleep,  when  SWRs  occur.  We  therefore  first  studied  SWRs  in  hippocampal  slices  at  different 
 temperatures.  Slices  from  TRPV1  KO  mice  had  enhanced  SWRs,  with  the  most  prominent  effect  being 
 increased  dura�on  and  rate  of  occurrence  at  36  o  C.  We  then  examined  SWRs  in  vivo  in  behaving  mice 
 during  rest  periods  before  and  a�er  explora�on  of  two  open  fields,  and  saw  a  similar  enhancement 
 of  SWRs,  this  �me  manifested  as  increased  ripple  magnitude  and  frequency.  Theta  oscilla�ons,  which 
 are  involved  in  memory  encoding,  had  a  higher  frequency  but  lower  power  in  TRPV1  KO  mice,  and 
 delta  oscilla�ons  were  also  affected.  Spa�al  tuning  was  impaired  in  TRPV1  KO  mice,  as  place  cells  had 
 larger  place  fields  and  were  less  stable  than  in  wild-type  (WT)  mice.  Memory  was  examined  using  the 
 cheeseboard  maze  task.  Both  WT  and  TRPV1  KO  mice  learned  the  first  reward  loca�on  at  similar 
 rates,  but  KO  mice  took  longer  to  reach  a  new  reward  when  its  loca�on  was  moved.  This  could  hint  at 
 an impairment in memory ex�nc�on, but further analysis is required to confirm this. 

 SWRs  can  transform  into  epilep�form  discharges  and  pathological  ripples.  Febrile  seizures  develop  in 
 young  children  due  to  fever,  and  since  the  TRPV1  channel  is  temperature  sensi�ve,  we  hypothesized 
 it  might  alter  suscep�bility  to  seizure  induc�on.  Temperature  eleva�on  increased  epilep�form 
 ac�vity  (EA)  in  a  similar  percentage  of  slices  from  young  WT  and  TRPV1  KO  mice.  However,  a  lower 
 percentage  of  TRPV1  KO  slices  had  EA  at  31  o  C,  consistent  with  a  protec�ve  effect  of  TRPV1  inhibi�on 
 in seizure suscep�bility. 

 Another  goal  of  this  study  was  to  inves�gate  the  rela�onship  between  LTP  and  SWRs.  High-frequency 
 s�mula�on  (HFS)  that  induces  LTP  increased  SW  dura�on,  but  decreased  SW  incidence.  Anisomycin, 
 which  blocks  protein  synthesis  and  LTP  maintenance,  had  no  effect  on  SWRs.  SAHA,  which  on  the 
 other  hand  enhances  LTP,  had  only  minimal  effects  on  SWRs  with  short-term  applica�on,  and 
 decreased  SWRs  with  long-term  applica�on,  possibly  due  to  excitotoxicity.  Our  results  suggest  that 
 SWRs and LTP are therefore not always posi�vely correlated. 

 LTP  and  SWRs  are  impaired  in  Alzheimer’s  disease  (AD),  the  most  prominent  type  of  demen�a.  Tau 
 aggrega�on  is  a  hallmark  of  AD  pathogenesis  and  tau  applica�on  on  slices  causes  LTP  deficits.  We 
 tested  SWRs  in  the  presence  of  tau,  and  found  that  tau  oligomers  only  moderately  affect  SWRs,  while 
 larger  tau  aggregates  significantly  reduced  SWRs  in  hippocampal  slices,  consistent  with  SWR  changes 
 in AD mouse models and subsequent learning and memory deficits. 
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 In  summary,  we  provide  evidence  that  the  TRPV1  channel  is  involved  in  hippocampal  SWRs,  theta 
 and  delta  oscilla�ons,  place  cell  spa�al  tuning,  and  possibly  memory  ex�nc�on,  and  expand 
 knowledge of the associa�on between SWRs and LTP in normal and pathological states. 
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 1.  Introduction 

 1.1 Memory 
 Memory  is  a  fundamental  process  of  the  human  experience.  Through  memory  we  learn,  associate 
 experiences,  understand  the  world,  and  build  our  own  life  stories.  Memory  impairment  has  indeed 
 detrimental  effects  on  life  quality  as  seen  by  demen�a  pa�ents.  For  these  reasons,  memory  is  a 
 process  that  has  been  extensively  studied.  It  can  be  separated  into  different  sub-categories  based  on 
 a variety of factors. 

 The  first  factor  is  the  stage  of  the  memory,  which  is  based  on  the  length  of  �me  the  informa�on 
 remains  available  to  us  and  includes  sensory,  short-term,  and  long-term  types  (Stangor  &  Walinga, 
 2014).  Sensory  memory  is  brief,  immediate,  automa�c,  and  has  a  large  capacity.  It  consists  of 
 unprocessed  sensory  informa�on  and,  despite  its  short  dura�on,  it  has  broad  importance.  For 
 example,  auditory  sensory  memory  allows  us  to  remember  the  start  of  a  long  sentence  (Hall  & 
 Stewart,  2010).  If  paid  a�en�on  to,  sensory  memory  is  transferred  to  short-term  memory  for 
 processing.  While  sensory  memory  only  lasts  for  a  few  seconds  at  maximum,  short-term  memory  can 
 last  up  to  30  seconds  (Atkinson  &  Shiffrin,  1968).  A  limited  amount  of  informa�on  can  be  stored  in 
 short-term  memory  and  only  temporarily,  but  it  makes  the  informa�on  available  for  processing.  This 
 processing  is  o�en  called  working  memory,  which  is  not  exactly  a  memory  store  in  itself;  it  is  rather  a 
 set  of  mental  opera�ons  such  as  solving  sequen�al  mathema�cal  equa�ons  and  using  the  output  of 
 the  first  as  the  input  to  the  second  equa�on.  Techniques  such  as  maintenance  rehearsal,  i.e., 
 repea�ng  informa�on  mentally  or  aloud,  and  chunking,  i.e.,  separa�ng  informa�on  into  smaller 
 groups,  have  been  shown  to  increase  the  dura�on  and  amount  of  informa�on  held  in  short-term 
 memory,  respec�vely  (Stangor  &  Walinga,  2014).  Lastly,  long-term  memories  are  those  that  last  days, 
 months,  or  years,  or  may  even  be  permanent.  Long-term  memory  has  a  large  capacity  with  unknown 
 limits  (Stangor  &  Walinga,  2014).  Different  mechanisms  support  these  dis�nct  types  of  memory  (Citri 
 &  Malenka,  2008).  For  example,  paired-pulse  facilita�on,  the  increased  excitatory  postsynap�c 
 response  to  the  second  of  two  consecu�ve  s�mula�ons,  is  a  short-term  ac�vity-dependent  form  of 
 synap�c  plas�city  (Santschi  &  Stanton,  2003)  that  might  underlie  short-term  memory.  On  the  other 
 hand,  longer  las�ng  changes  are  required  for  long-term  memory,  such  as  structural  changes  of 
 synap�c-bouton  morphology,  cellular  ac�vity,  and  network  connec�vity  and  synchrony  (Citri  & 
 Malenka, 2008; Rao-Ruiz et al., 2021). 

 The  second  type  of  memory  categoriza�on  concerns  long-las�ng  memories  and  is  based  on  the  type 
 of  memory  itself.  Declara�ve  or  explicit  memory  includes  informa�on  about  one’s  own  life,  a 
 subdivision  known  as  episodic  memory,  as  well  as  general  facts  and  informa�on  about  the  world 
 (e.g.,  the  capital  of  Germany  or  historical  events),  also  known  as  seman�c  memory.  It  involves 
 conscious  remembering  of  events  a�er  inten�onal  retrieval.  Non-declara�ve  or  implicit  memory,  on 
 the  other  hand,  is  not  consciously  recollected.  Rather,  it  shows  how  current  behavior  is  influenced  by 
 past  experiences.  It  includes  procedural  memory  (e.g.,  playing  the  piano),  priming  (e.g.,  being  more 
 likely  to  use  a  word  that  was  heard  recently),  and  associa�ve  memory  such  as  condi�oning  (e.g., 
 saliva�ng  at  the  sound  of  a  bell  that  is  associated  with  food  access)  (Stangor  &  Walinga,  2014).  These 
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 types  of  memories  emerge  due  to  varied  cellular  and  network  mechanisms  and  depend  on  different 
 brain  structures.  The  hippocampus  is  mainly  involved  in  declara�ve  memories,  while  non-declara�ve 
 memories  depend  on  structures  such  as  the  basal  ganglia  and  the  cerebellum  (Camina  &  Güel,  2017). 
 In  addi�on,  some  types  of  memories,  like  associa�on  memories,  require  communica�on  between 
 different  brain  areas,  such  as  the  hippocampus  and  amygdala  in  the  case  of  contextual  fear 
 condi�oning (Kim & Cho, 2020). 

 Memory  is  also  subdivided  based  on  the  processes  underlying  it:  encoding,  storage,  and  retrieval 
 (Stangor  &  Walinga,  2014).  Encoding  represents  the  first  stage,  during  which  a  memory  is  formed 
 a�er  an  experience.  Cells  represen�ng  different  aspects  of  the  event  are  co-ac�vated,  and  hence 
 linked  to  each  other,  forming  memory  engrams.  The  Hebbian  theory  that  is  described  in  the 
 following  sec�on  provides  the  suggested  framework  for  how  this  linking  occurs.  Some  mechanisms 
 involved  in  memory  encoding,  such  as  synap�c  poten�a�on,  are  also  involved  in  memory 
 consolida�on.  Consolida�on  refers  to  the  process  of  memory  storage  during  which  previously 
 formed  memory  engrams  are  reac�vated.  This  strengthens  the  exis�ng  connec�ons  of  the  network, 
 while  also  recrui�ng  new  cells  and  synchronizing  ac�vity  in  other  brain  areas,  allowing  the  transfer  of 
 the  memory  from  ini�al,  temporary  stores  (in  the  hippocampus)  to  permanent  stores  (in  the  cortex) 
 (Ortega-de  San  Luis  &  Ryan,  2022).  Memory  retrieval  involves  accessing  these  stored  memories  and 
 is  also  associated  with  reac�va�on  of  the  memory  engrams.  Importantly,  this  reinstates  the  engram’s 
 malleability, so new experiences can alter and be linked to old ones (Bisaz et al., 2014). 

 The  converse  of  memory  retrieval  (remembering)  is  memory  erasure  or  forge�ng.  This  can  be 
 caused  by  erasure  of  the  memory  itself  or  the  inability  to  access  an  exis�ng  memory.  In  the  la�er 
 case  where  the  memory  trace  exists  but  is  temporarily  unavailable,  it  might  become  available  again 
 if,  for  example,  cues  (cued  recall)  are  given  (Frankland  et  al.,  2019).  F  orge�ng  involves  mul�ple 
 mechanisms,  which  differ  in  terms  of  reversibility  and  �me  course  (  Ryan  &  Frankland,  2022).  One 
 such  mechanism  is  intrinsic  forge�ng,  which  is  hypothesized  to  be  the  default  state  of  the  brain  and 
 involves  con�nually  ac�ve  signaling  systems  that  gradually  deteriorate  memory  traces  (Davis  & 
 Zhong,  2017).  Another  mechanism  is  memory  ex�nc�on,  which  involves  acquiring  a  new  memory 
 that  suppresses  ac�va�on  and  expression  of  the  original  memory  trace  and  associated  response 
 (  Myers  &  Davis,  2007;  Tovote  et  al.,  2015;  Davis  &  Zhong  2017)  and  allows  behavioral  flexibility 
 (Nicholls  et  al.,  2008).  Forge�ng  might  be  a  form  of  learning  with  many  similari�es  to  ex�nc�on, 
 whereby  memories  that  are  no  longer  needed  are  replaced  by  more  relevant  memories  (  Ryan  & 
 Frankland, 2022). 

 1.2 The hippocampus 

 1.2.1 Anatomy and connec�vity 

 The  hippocampus  is  one  of  the  most  extensively  studied  brain  areas,  mainly  for  its  importance  in 
 memory  processes  (Knierim,  2015).  It  was  first  described  in  1587  by  Julius  Caesar  Aranzi,  a  pioneer 
 anatomist  and  surgeon  (  Bir  et  al.,  2015  ).  The  name  comes  from  the  Greek  word  for  seahorse 
 (ιππoκαµπoς),  due  to  the  resemblance  of  the  human  hippocampus  to  the  animal.  In  mice,  it  has  a 

 19 



 C-shape  and  occupies  a  large  part  of  the  rodent  brain.  The  hippocampus  is  conserved  across 
 mammals  (  Manns  &  Eichenbaum,  2006  ),  which  have  one  in  each  temporal  lobe.  It  is  part  of  the 
 archicortex and the limbic system, which supports memory and emo�onal regula�on. 

 The  hippocampus  includes  the  dentate  gyrus  (DG)  and  the  cornu  ammonis  (which  is  roughly 
 subdivided  into  CA1,  CA2,  and  CA3,  with  CA2  o�en  omi�ed  due  to  its  small  size).  The  cornu  ammonis 
 consists  of  the  layers  stratum  oriens,  stratum  pyramidale,  stratum  radiatum,  and  stratum  lacunosum 
 moleculare,  from  most  superficial  to  the  deepest  (Li  &  Pleasure  ,  2013).  A  large  variety  of  inhibitory 
 cells  are  found  in  the  hippocampus  across  all  layers.  The  pyramidal  cells  are  the  principal  cells  of  the 
 hippocampus  and  have  their  somata  in  the  pyramidal  layer.  Their  dendrites  extend  into  all  layers  of 
 the  hippocampus  (  Pelkey  et  al.,  2017)  ,  while  their  axons  make  both  intra-  and  extra-hippocampal 
 connec�ons, as described below. 

 The  major  input  and  output  region  of  the  hippocampus  is  the  entorhinal  cortex  (EC).  The  EC  targets 
 all  hippocampal  subregions  through  the  perforant  path.  EC  layer  II  cells  project  to  the  DG  and  then 
 through  mossy  fibers  to  CA3.  CA3  pyramidal  cells  are  reciprocally  connected  and  also  receive  direct 
 input  from  pyramidal  cells  of  EC  layer  II.  A�er  local  processing,  the  signal  is  transmi�ed  from  CA3  to 
 CA1  stratum  radiatum  through  axons  called  Schaffer  collaterals  (  van  Strien  et  al.,  2009  ).  EC  layer  III 
 cells,  on  the  other  hand,  project  to  the  distal  apical  dendrites  of  CA1  in  stratum  lacunosum 
 moleculare  and  to  the  subiculum;  this  input  is  called  the  temporoammonic  pathway.  Interes�ngly, 
 temporoammonic  axons  also  target  hippocampal  interneurons  (  Dvorak-Carbone  &  Schuman,  1999  ). 
 Input  to  the  hippocampus  comes  from  addi�onal  sources  such  as  the  contralateral  hippocampus 
 (  Finnerty  &  Jefferys,  1993  ),  cor�cal  areas  such  as  the  anterior  cingulate  cortex  (  Rajasethupathy  et  al., 
 2015)  and  retrosplenial  cortex  (Wyss  &  van  Groen,  1992),  and  subcor�cal  areas  such  as  the  thalamus 
 (  Bertram  &  Zhang,  1999;  Jankowski  et  al.,  2013  ),  the  hypothalamus  (  Robert  et  al.,  2021  ),  and  the 
 amygdala  (  Felix-Or�z  et  al.,  2013  ).  CA1  pyramidal  cells  are  the  major  output  of  the  hippocampus. 
 They  innervate  the  subiculum  and  deeper  layers  of  the  EC,  as  well  as  the  amygdala,  hypothalamus, 
 nucleus  accumbens,  olfactory  regions,  visual  cortex,  auditory  cortex,  cingulate  cortex,  and  more 
 (  Arszovszki  et  al.,  2014;  van  Groen  &  Wyss,  1990;  Cenquizca  &  Swanson,  2007  ).  Some  also  consider 
 the  subiculum  as  part  of  the  hippocampal  forma�on  (  O'Mara  et  al.,  2001),  establishing  it  as  another 
 main  hippocampal  output  source.  The  subiculum  has  extensive  projec�ons,  some  shared  with  CA1 
 (e.g.,  to  the  EC,  prefrontal  cortex,  and  amygdala)  and  some  unique  (e.g.,  to  the  retrosplenial  cortex, 
 anterior  thalamic  nuclei,  and  mammillary  bodies;  Aggleton  &  Chris�ansen,  2015).  Figure  1  shows  a 
 diagram of hippocampal anatomy and connec�vity. 
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 Figure  1:  The  hippocampal  circuitry.  The  hippocampus  includes  the  dentate  gyrus  (DG)  and  cornu 
 ammonis  (CA3,  CA2,  CA1).  The  DG  consists  of  the  hilus  (H),  stratum  moleculare  (SM),  and  stratum 
 granulosum  (SG).  The  CA  consists  of  stratum  oriens  (SO),  stratum  pyramidale  (SP),  stratum  radiatum 
 (SR),  and  stratum  lacunosum-moleculare  (SLM).  The  main  input  to  the  hippocampus  comes  from  the 
 entorhinal  cortex  (EC).  Hippocampal  output  projects  from  CA1  and  the  subiculum  (Sub).  These 
 regions  both  project  to  the  EC,  the  amygdala  (AM),  the  hypothalamus  (hypoTH),  and  the  anterior 
 cingulate  cortex  (ACC),  but  only  the  subiculum  projects  to  the  retrosplenial  cortex  (RSC)  and  the 
 anterior  thalamic  nuclei  (aThN).  The  RSC,  aThN,  AM,  HypoTh,  and  ACC  also  send  direct  projec�ons 
 back to the hippocampus. Figure adapted from  Li &  Pleasure, 2013. 

 1.2.2 Func�on 

 The  involvement  of  the  hippocampus  in  memory  forma�on  became  apparent  a�er  assessment  of 
 pa�ent  H.M.,  whose  hippocampi  and  surrounding  structures  were  removed  bilaterally  as  a  treatment 
 for  severe  epilepsy.  Even  though  seizures  improved,  pa�ent  H.M.  experienced  anterograde  amnesia 
 a�er  the  surgery,  the  inability  to  form  new  episodic  memories,  and  temporally-graded  retrograde 
 amnesia,  the  inability  to  remember  recent  memories,  while  remote  memories  were  rela�vely  intact. 
 The  procedure,  however,  spared  short-term  memory,  motor  learning,  and  intellectual  abili�es 
 (Penfield  &  Milner,  1958;  Kensinger  et  al.,  2001;  Corkin,  2002).  Work  with  other  pa�ents  revealed 
 that  the  hippocampus  is  not  only  important  for  past  ac�ons,  but  is  also  involved  in  planning  and 
 imagining future experiences (  Addis & Schacter, 2012; Schacter et al., 2008). 
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 Later  studies  further  inves�gated  the  importance  of  the  hippocampus  in  memory  forma�on, 
 consolida�on,  and  retrieval  (  Frankland  et  al.,  1998;  Brasted  et  al.,  2003  ;  Girardeau  et  al.,  2009;  Roux 
 et  al.,  2017;  Kim  &  Fanselow,  1992;  Squire  et  al.,  2001;  Moser  &  Moser  &  Andersen,  1993  ).  It  is  o�en 
 challenging  to  differen�ate  whether  the  effect  of  hippocampal  inac�va�on  is  due  to  a  failure  of 
 memory  reten�on  or  failure  to  access  the  memory,  as  retrograde  amnesia  due  to  post-learning 
 hippocampal  lesions  could  be  a�ributed  to  a  defect  of  either  process.  It  is  generally  accepted  though 
 that  memory  consolida�on  is  hippocampal  dependent  (Buzsáki,  2015),  and  that  memory  retrieval  is 
 hippocampal  dependent  for  at  least  some  �me  a�er  an  ini�al  experience  (  For�n  et  al.,  2004;  Carr  et 
 al.,  2011  ).  Two  different  models  emerged  for  the  involvement  of  the  hippocampus  in  memory 
 consolida�on  and  subsequent  retrieval.  The  “standard  model”  postulates  that  memories  become 
 independent  of  the  hippocampus  once  they  are  transferred  to  the  neocortex,  while  the 
 “mul�ple-trace theory” posits that the hippocampus remains involved (Moscovitch et al, 2005). 

 A  vast  number  of  electrophysiological  studies  revealed  that  pyramidal  cells  in  the  hippocampus 
 respond  to  spa�al  features  of  the  environment.  Most  well-known  are  “place  cells”,  termed  as  such 
 a�er  the  discovery  that  they  fire  ac�on  poten�als  when  the  animal  occupies  a  specific  loca�on  in 
 space,  making  the  hippocampus  important  for  forming  an  internal  representa�on  of  one’s  own 
 environment  (O'Keefe  &  Dostrovsky,  1971;  O'Keefe  &  Nadel,  1978).  This  is  in  agreement  with 
 impaired  spa�al  learning  in  rodents  a�er  hippocampal  lesions  (Moser  &  Moser  &  Andersen,  1993  )  . 
 Interes�ngly,  place  cells  were  also  found  in  humans  during  explora�on  of  virtual  space  (  Miller  et  al., 
 2013)  .  The  familiarity  of  an  environment  seems  to  affect  place  fields,  as  they  tend  to  be  more  diffuse 
 during  explora�on  of  a  novel  environment  and  tend  to  become  smaller,  carrying  more  spa�al 
 informa�on  during  familiariza�on  (Cacucci  et  al.,  2007).  Following  the  discovery  of  place  cells,  other 
 spa�ally  modulated  cells  have  been  discovered  in  the  hippocampal  forma�on,  such  as  grid  cells, 
 head-direc�on  cells,  border  cells,  and  cells  encoding  the  animal’s  speed  (  Ha�ing  et  al.,  2005;  Rubin  et 
 al., 2014; Lever et al., 2009; Kropff et al., 2015). 

 Some  studies  also  suggest  that  the  func�on  of  the  hippocampus  varies  across  its  dorsoventral  (also 
 known  as  the  septotemporal  or  longitudinal)  axis.  This  is  supported  by  both  anatomical  and 
 behavioral  data.  For  example,  while  both  the  dorsal  (posterior  in  primates)  and  ventral  (anterior  in 
 primates)  part  of  the  hippocampus  is  populated  by  place  fields,  their  size  becomes  gradually  larger 
 along  the  axis  towards  the  ventral  part,  sugges�ng  that  they  might  be  involved  in  spa�al  orienta�on 
 and  naviga�on  at  different  scales  (Harland  et  al.,  2017).  A  topographical  connec�on  between  the  EC 
 and  the  hippocampus  exists,  with  the  caudolateral  band  of  the  EC,  which  receives  most  visuospa�al 
 informa�on,  targe�ng  the  dorsal  hippocampus,  while  the  medial  band  of  the  EC,  which  receives 
 olfactory,  gustatory,  and  visceral  inputs,  projects  to  the  ventral  hippocampus  (Fanselow  &  Dong, 
 2010).  Moreover,  Tao  and  colleagues  (2021)  report  that  the  amygdala,  olfactory  area,  and  thalamic 
 nuclei  such  as  the  paraventricular  nucleus,  target  ventral  but  not  dorsal  CA1.  A  similar  topographic 
 organiza�on  is  seen  in  the  output  projec�ons  from  the  hippocampus  to  the  EC  (Fanselow  &  Dong, 
 2010).  Dorsal  projec�ons  target  the  retrosplenial  and  anterior  cingulate  cor�ces,  which  carry 
 visuospa�al  informa�on,  but  also  selec�vely  target  the  mammillary  nuclei  and  anterior  thalamic 
 cortex.  Conversely,  the  ventral  hippocampus  sends  direct  projec�ons  to  the  olfactory  area,  amygdala, 
 insular  cortex,  and  hypothalamus  (Fanselow  &  Dong,  2010).  The  dis�nct  connec�vity  pa�erns  of  the 
 two  areas  is  reflected  in  their  func�on.  Results  from  lesion,  gene  expression,  and  fMRI  studies 
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 suggest  that  the  dorsal  hippocampus  is  more  important  for  spa�al  naviga�on  and  contextual 
 associa�on  memory  (e.g.,  contextual  fear  condi�oning),  while  the  ventral  hippocampus  is  important 
 for  both  contextual  (Kim  &  Cho,  2020;  Jimenez  et  al.  2020)  and  cued  (Herbst  et  al.,  2022)  fear 
 condi�oning,  as  well  as  emo�onal  processing  as  shown  by  decreased  anxiety  and  altered  stress 
 responses  a�er  ventral-hippocampal  lesions  (Bannerman  et  al.,  2003;  McHugh  et  al.,  2004;  Chang  & 
 Gean, 2019; Scopinho et al., 2013). 

 1.2.3 Alzheimer’s disease and the tau protein 

 Memory  impairment  is  a  hallmark  of  a  vast  repertoire  of  pathologies.  Alzheimer’s  disease  (AD)  is  the 
 most  prevalent  kind  of  demen�a,  affec�ng  6%  of  the  popula�on  over  the  age  of  65  (  Burns  &  Iliffe, 
 2009).  The  hippocampus  is  one  of  the  first  and  most  affected  brain  areas  in  AD  (Coupé  et  al.,  2019). 
 Two  histological  hallmarks  characterize  the  pathology:  extracellular  deposi�on  of  amyloid-β  (Aβ) 
 plaques  and  intracellular  tau-containing  neurofibrillary  tangles  (Bloom,  2014).  However,  various 
 oligomeric  forms  of  the  two  proteins  contribute  to  neurodegenera�on  (Verma  et  al.,  2015;  Shafiei  et 
 al., 2017). 

 Although  they  only  represent  a  minority  of  AD  cases,  some  forms  of  the  disease  are  hereditary  and 
 are  characterized  by  early  onset  (Wu  et  al.,  2012).  In  these  familial  AD  pa�ents,  muta�ons  were 
 iden�fied  and  used  to  develop  animal  models.  The  first  group  of  muta�ons  targets  Aβ,  for  example 
 by  causing  overproduc�on,  increased  aggrega�on,  or  altered  cleavage  of  Aβ.  The  second  family 
 replicates  tau  pathophysiology  by  increasing  tau  phosphoryla�on  or  aggrega�on.  Some  models 
 combine  Aβ  and  tau  related  muta�ons  to  replicate  more  features  of  AD  (Yokoyama  et  al.,  2022; 
 Myers  &  McGonigle,  2019).  Contrary  to  familial  AD  cases,  the  third  group  of  mouse  models  targets 
 the  apolipoprotein-E  (APOE)  gene,  which  is  the  strongest  risk  factor  associated  with  AD.  Even  a  single 
 copy of the ε4 allele increases AD risk 4-fold (Hall & Roberson, 2012). 

 Abnormal  tau  protein  deposi�on  is  associated  with  a  large  cluster  of  neurodegenera�ve  disorders 
 called  tauopathies,  with  a  major  clinical  symptom  being  frontotemporal  demen�a  (Kovacs,  2017). 
 Tau  is  a  microtubule-associated  protein,  which  under  physiological  condi�ons  plays  a  role  in 
 microtubule  assembly  and  stabiliza�on  (Mandelkow  &  Mandelkow,  2012).  Exogenously  applied  tau  is 
 uptaken  into  cells  and  can  seed  intracellular  inclusions  of  endogenous  tau  (Jiang  et  al.,  2020),  which 
 can further propagate the pathology. 

 1.3 Synap�c transmission 
 The  brain  is  made  up  of  a  complex  network  of  neurons  that  transmit  electrical  signals.  This  neuronal 
 communica�on  is  essen�al  for  the  func�on  of  the  network,  including  memory  forma�on,  and  takes 
 place  at  synapses,  connec�ons  between  the  presynap�c  and  the  postsynap�c  cell.  Inputs  from 
 mul�ple  neurons  arrive  at  axonal  presynap�c  boutons  connec�ng  to  the  postsynap�c  dendrites  of  a 
 neuron.  Signals  are  then  integrated  in  the  axon  ini�al  segment  of  this  postsynap�c  neuron  and,  if  a 
 threshold  is  surpassed,  an  electrical  signal  (ac�on  poten�al)  is  transmi�ed  along  the  axon  of  the 
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 neuron.  When  an  ac�on  poten�al  reaches  a  presynap�c  bouton,  it  ac�vates  the  release  of  chemicals, 
 called  neurotransmi�ers,  that  are  stored  there  in  vesicles,  which  then  travel  across  the  synap�c  cle� 
 and  ac�vate  receptors  on  dendrites  of  postsynap�c  cells.  These  chemical  synapses  form  the  basis  of 
 synap�c  transmission  in  the  central  nervous  system  (CNS).  In  response  to  an  ac�on  poten�al,  a  large 
 number  of  synap�c  vesicles  release  neurotransmi�ers  synchronously  from  the  presynap�c  terminal 
 (  Hammond  &  Esclapez,  2015)  .  However,  neurotransmi�ers  can  also  be  released  spontaneously  in  the 
 absence  of  an  ac�on  poten�al  due  to  stochas�c  fusion  of  single  synap�c  vesicles  (  Ramirez  &  Kavalali, 
 2011)  . 

 There  is  a  large  number  of  neurotransmi�er  molecules  and  neurotransmi�er  receptors  in  the  CNS. 
 The  most  common  excitatory  neurotransmi�er  is  L-glutamic  acid  or  glutamate  (  Zhou  &  Danbolt, 
 2014)  ,  while  the  main  inhibitory  neurotransmi�er  is  γ-aminobutyric  acid  (GABA;  Allen  &  Sabir  & 
 Sharma,  2022  ).  Both  of  these  neurotransmi�ers  ac�vate  ionotropic  and  metabotropic  receptors. 
 Ionotropic  receptors  are  membrane  proteins  that  change  conforma�on  a�er  neurotransmi�er 
 binding,  leading  to  the  opening  of  a  pore  that  allows  ions  to  flow  in  and  out  of  the  cell.  Some 
 receptors  are  non-selec�ve,  while  others  only  allow  specific  ions  to  pass  through.  Glutamate 
 ac�vates  two  types  of  ionotropic  receptors,  α-amino-3-hydroxy-5-methyl-4-  isoxazolepropionic  acid 
 (AMPA),  and  N-methyl-D-aspar�c  acid  (NMDA)  receptors.  These  are  formed  by  different  subunits, 
 and  subunit  composi�on  affects  receptor  func�on.  For  example,  most  AMPA  receptors  are  only 
 permeable  to  sodium  and  potassium  ca�ons,  but  those  lacking  the  edited  form  of  the  GluA2  subunit 
 are  also  permeable  to  calcium  (  Henley  &  Wilkinson,  2016;  Traynelis  et  al.,  2010  ).  NMDA  receptors,  on 
 the  other  hand,  allow  calcium  to  pass  through,  but  at  res�ng  membrane  poten�als  their  pore  is 
 blocked  by  magnesium  ions.  Therefore,  NMDA  receptor  ac�va�on  is  only  achieved  when  glutamate 
 binding  coincides  with  a  depolarized  membrane  poten�al  (e.g.,  due  to  previous  AMPA  receptor 
 ac�va�on),  hence  ac�ng  as  a  coincidence  detector  (  Collingridge  et  al.,  1983;  Lee  et  al.,  2014)  . 
 Conversely,  metabotropic  receptors  do  not  directly  permit  ionic  flow,  but  upon  ac�va�on  they 
 ini�ate  a  cascade  of  intracellular  events  in  the  postsynap�c  cell.  Metabotropic  glutamate  receptors 
 (mGluRs)  comprise  a  large  and  diverse  family  with  a  variety  of  func�ons  in  the  CNS  (  Ferragu�  & 
 Shigemoto,  2006)  .  GABA  also  exerts  its  func�on  through  ionotropic  and  metabotropic  receptors, 
 called  GABA  A  and  GABA  B  receptors,  respec�vely.  Many  other  neurotransmi�ers  exist,  such  as 
 dopamine,  serotonin,  adrenaline,  and  more,  which  can  in  turn  modulate  glutamatergic  and 
 GABAergic transmission. 

 An  alterna�ve  type  of  synap�c  transmission  through  electrical  synapses  also  exists.  These  synapses 
 are  formed  by  gap  junc�ons,  channels  that  directly  connect  the  cytoplasm  of  two  neurons,  allowing 
 direct  flow  of  ions  between  them.  While  this  is  useful  in  synchronizing  neuronal  ac�vity  (  Pereda, 
 2014)  ,  it  doesn’t  allow  synap�c  integra�on  and  reduces  flexibility  of  response.  The  main  form  of 
 neuronal communica�on in the CNS is therefore chemical synapses. 

 1.4 Hebbian theory and synap�c plas�city 
 A  mammalian  neuron  makes  roughly  8,000  connec�ons  with  other  neurons  in  the  brain  (Schüz  & 
 Palm,  1989),  but  not  all  are  equally  strong.  A  strong  synapse  would  be  more  likely  to  ini�ate  an  ac�on 
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 poten�al  in  the  postsynap�c  cell  a�er  firing  of  the  presynap�c  cell,  while  probabili�es  would  be 
 lower  for  a  weak  connec�on.  Synapses  are  able  to  modulate  their  strength  in  a  specific  and 
 ac�vity-dependent  manner,  which  is  termed  synap�c  plas�city.  Stronger  synapses  have  more 
 neurotransmi�er  release  and/or  more  postsynap�c  receptors.  Some  connec�ons  of  one  neuron 
 might  get  stronger  (synap�c  poten�a�on)  while  others  get  weaker  (synap�c  depression)  as  a 
 consequence  of  network  ac�vity.  This  is  believed  to  be  the  synap�c  correlate  of  learning  and 
 memory. 

 Donald  Hebb,  a  Canadian  psychologist,  was  the  first  to  suggest  that  if  a  neuron  fires  at  the  same  �me 
 as  another  neuron,  then  either  a  new  synapse  is  created  or  the  strength  of  an  already  exis�ng 
 synapse  is  enhanced.  If  the  ac�vi�es  of  a  presynap�c  and  a  postsynap�c  cell  do  not  match,  the 
 synapse  should  in  turn  be  weakened  (Hebb,  1949).  Long-term  synap�c  strengthening  was  first 
 demonstrated  in  rabbits  (Bliss  &  Lomo,  1973),  where  high-frequency  s�mula�on  of  presynap�c  fibers 
 increased  postsynap�c  poten�als  for  hours  and  was  therefore  called  long-term  poten�a�on  (LTP). 
 Later  studies  stressed  the  importance  of  the  precise  �ming  of  ac�va�on  for  such  poten�a�on  to 
 occur  (Taylor,  1973).  Long-term  depression  (LTD),  the  weakening  of  synapses  caused  by 
 low-frequency  s�mula�on,  was  first  shown  in  the  cerebellum  (Ito  &  Kano,  1982).  Many  forms  of 
 synap�c  plas�city  depend  on  the  coincidence  of  ac�vity  of  the  pre-  and  the  postsynap�c  cells.  Since 
 the  NMDA  receptors  act  as  coincidence  detectors  (Collingridge  et  al.,  1983;  Lee  et  al.,  2014),  they  are 
 o�en  cri�cal  in  the  process  (  Lüscher  &  Malenka,  2012  ).  Several  types  of  synap�c  plas�city  are  now 
 known, some of which will be outlined below. 

 1.4.1 LTP, LTD, and depoten�a�on 

 In  the  hippocampus,  if  an  electric  pulse  is  delivered  extracellularly  to  axonal  presynap�c  afferents,  it 
 leads  to  ac�va�on  of  a  popula�on  of  postsynap�c  cells,  and  such  a  field  excitatory  postsynap�c 
 poten�al  (fEPSP)  can  be  measured  extracellularly  by  a  recording  electrode.  A  series  of  such  pulses 
 given  at  one  to  two  minute  intervals  determines  the  baseline  postsynap�c  response  to  presynap�c 
 s�mula�on.  Following  an  LTP  induc�on  protocol  (a  train  of  100  Hz  s�mula�on,  for  example),  LTP  is 
 seen  as  an  increased  fEPSP  compared  to  baseline  fEPSP  in  response  to  a  pulse  of  the  same  strength, 
 while a decreased fEPSP is seen a�er an LTD protocol (a train of 1 Hz s�mula�on, for example). 

 If  LTP  lasts  more  than  1-2  hours,  it  is  called  strong-  or  late-LTP,  which  has  been  found  both  in  vitro 
 and  in  vivo.  It  requires  ac�va�on  of  NMDA  receptors  for  its  ini�a�on  and  de  novo  protein  synthesis 
 for  its  stability  and  longevity  (Park  et  al.,  2013).  LTP  cellular  mechanisms  include  increased 
 presynap�c  neurotransmi�er  release  a�er  an  ac�on  poten�al,  for  example  through  increasing 
 release  probability  from  synap�c  vesicles  (Schulz,  1997),  or  increased  number  of  postsynap�c 
 receptors  through  inser�on  of  new  receptors  into  the  plasma  membrane  (Bliss  &  Collingridge,  2013). 
 Similarly,  decreased  probability  of  neurotransmi�er  release  (Choi  &  Lovinger,  1997)  and  decreased 
 number  of  postsynap�c  receptors  (Granger  &  Nicoll,  2014)  are  mechanisms  of  LTD.  The  most 
 common  LTP  protocols,  at  least  for  poten�a�on  of  Schaffer  collateral-CA1  synapses,  are  high 
 frequency  s�mula�on  (HFS),  which  usually  involves  3  trains  of  100  pulses  at  100  Hz  with  10-minutes 
 between  trains,  and  theta  burst  s�mula�on  (TBS),  for  example  4  pulses  at  100  Hz  repeated  10  �mes 
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 at  5  Hz  (Park  et  al.,  2013).  In  weak-  or  early-LTP  on  the  other  hand,  the  fEPSP  returns  to  baseline 
 levels  a�er  1-2  hours.  Weak-LTP  induc�on  protocols  employ  fewer  trains  or  pulses  per  train  of 
 s�mula�on.  Weak-LTP  is  believed  to  be  the  early  phase  of  strong-LTP,  so  it  is  also  NMDA  receptor 
 dependent,  but  without  de  novo  protein  synthesis  it  decays.  LTD  is  also  NMDA  receptor  and  protein 
 synthesis  dependent  (Dong  et  al.,  2015;  Park  et  al.,  2013;  Raymond,  2007).  A  common  LTD  protocol  is 
 low  frequency  s�mula�on  (LFS),  which  uses  pulses  delivered  at  1  Hz  for  15  minutes  (Collingridge  et 
 al.,  2010).  Depoten�a�on  is  induced  by  similar  protocols  and  has  similar  mechanisms  to  LTD,  but  it 
 refers  to  LTP  reversal,  when  fEPSPs  return  back  to  baseline  levels  a�er  first  having  been  enhanced 
 (Fujii et al., 1991). 

 1.4.2 Homeosta�c plas�city 

 The  forms  of  plas�city  above  are  synapse-specific.  Homeosta�c  plas�city,  also  known  as 
 metaplas�city  or  synap�c  scaling,  on  the  other  hand,  is  a  form  of  homeosta�c  regula�on,  where  a 
 neuron  modulates  the  strength  of  all  or  mul�ple  connec�ons  simultaneously.  This  allows  the  neuron 
 to  maintain  and  stabilize  its  ac�vity,  preven�ng  uncontrolled  poten�a�on.  First  described  in  the 
 primary  visual  cortex,  the  Bienenstock  Cooper  Munro  (BCM;  Bienenstock  &  Cooper  &  Munro,  1982) 
 theory  of  sliding  plas�city  thresholds  posits  that  the  threshold  for  poten�a�on  and  depression  of  a 
 synapse  changes  based  on  the  overall  ac�vity  of  a  network.  For  instance,  the  threshold  for  LTP  is 
 higher  in  a  more  ac�ve  network,  hence  stronger  s�muli  are  needed  to  induce  it.  This  can  be  achieved 
 through  mechanisms  including  changing  the  number  or  composi�on  of  postsynap�c  NMDA 
 receptors (Philpot et al., 2007). 

 1.5 Memory engrams and place cells 
 When  a  new  experience  is  acquired,  popula�ons  of  cells  represen�ng  it  are  simultaneously  ac�ve. 
 Such  popula�ons  are  called  neuronal  ensembles,  neural  assemblies,  or  engrams.  Engram  forma�on 
 and  synap�c  plas�city  are  associated  with  each  other,  as  synap�c  density  and  spine  size  between 
 CA3-CA1  engram  cells  are  increased  a�er  memory  forma�on  (  Choi  et  al.,  2018)  .  By  labeling  proteins 
 whose  expression  is  ac�vity  dependent  (e.g.,  c-fos),  scien�sts  are  able  to  iden�fy,  label,  and 
 modulate  memory  engrams  (  Liu  et  al.,  2012  ).  As  a  proof  of  concept  for  neural  ensembles  being  the 
 cellular  signature  of  memories,  Ramirez  and  colleagues  (2013)  labeled  DG  cells  ac�ve  in  context-A 
 (context-A  engram  cells)  and  reac�vated  them  during  fear  condi�oning  in  another  context 
 (context-B).  This  led  to  the  crea�on  of  a  false  associa�on  of  fear  memory  with  context-A,  as  shown 
 by increased freezing in context-A. 

 Memory  engrams  have  been  studied  par�cularly  using  hippocampal  place  cells.  Neural  ensembles  of 
 such  cells  are  believed  to  map  the  environment,  hence  forming  a  place  code  or  a  cogni�ve  map 
 (O'Keefe  &  Dostrovsky,  1971;  O'Keefe  &  Nadel,  1978).  Place  cells  o�en  change  the  posi�on  (or  firing 
 rate)  of  their  place  fields  to  a  different  loca�on  when  recorded  in  different  rooms  or  environments. 
 This  phenomenon  is  called  remapping,  and  impaired  remapping  is  seen  in  animal  models  of  AD  (Jun 
 et al., 2020), which may lead to poor discrimina�on between environments. 
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 Ac�va�on  of  one  neuronal  assembly  can  propagate  and  ac�vate  other  popula�ons,  leading  to 
 crea�on  of  phase  sequences  and  associa�on  between  different  concepts  (  Hebb,  1949;  Almeida-Filho 
 et  al.,  2014  ).  It  is  also  widely  accepted  that  engram  reac�va�on  represents  the  mechanism  behind 
 memory  consolida�on  and  recall  (  Wilson  &  McNaughton,  1994  ;  Lee  &  Wilson,  2002;  Diba  &  Buzsáki, 
 2007;  Carr  et  al.,  2011;  Foster  &  Wilson,  2006;  Ecker  et  al.,  2022;  Wikenheiser  &  Redish,  2013  ). 
 Engram  forma�on  and  reac�va�on  occurs  during  hippocampal  oscilla�ons  of  different  frequencies, 
 which are the focus of the next sec�on. 

 1.6 Oscilla�ons of the hippocampus 
 Brain  oscilla�ons  are  generally  thought  to  reflect  synchronized  network  ac�vity  and  are  closely 
 associated  with  different  behavioral  states.  Various  types  are  seen  in  the  hippocampus  and  have 
 been  studied  for  their  role  in  memory  processes.  Sharp  wave  ripples  are  the  focus  of  this  study,  so 
 they  will  be  extensively  discussed  below,  with  a  shorter  introduc�on  for  other  hippocampal 
 oscilla�ons. 

 It  is  important  to  men�on  that  the  cortex  also  exhibits  different  types  of  oscillatory  network  ac�vity. 
 Simultaneous  recordings  from  the  hippocampus  and  various  cor�cal  areas  suggest  that  the  two  can 
 be  coupled  in  �me  through  synchronized  oscillatory  ac�vity  ,  leading  to  the  hippocampal-cor�cal 
 communica�on  that  is  essen�al  for  memory  consolida�on  (  Todorova  &  Zugaro,  2019;  Colgin,  2011; 
 Çalışkan & Stork, 2019)  . 

 1.6.1 Sharp wave ripples 

 1.6.1.1 History and characteriza�on 

 Sharp  wave  ripples  (SWRs)  were  first  observed  by  Jouvet  and  Michel  in  1959  (Jouvet  &  Michel,  1959; 
 Buzsáki,  1986)  in  cats  as  electroencephalogram  (EEG)  spikes  and  were  regarded  as  a  subcor�cal 
 electrophysiological  correlate  of  slow  wave  sleep  (SWS).  Cornelius  Vanderwolf  (1969)  recorded  EEGs 
 from  rats  and  described  large  amplitude  irregular  ac�vity  (LIA)  in  the  hippocampus  during  awake 
 immobility  and  consummatory  behaviors  such  as  drinking,  grooming,  and  chewing.  Many  studies 
 since  have  inves�gated  SWRs  in  both  awake  and  sleep  states.  It  is  now  known  that  SWRs  exist  in 
 humans  (Bragin  et  al.,  1999a;  Axmacher  et  al.,  2008b),  non-human  primates  (Kaplan  et  al.,  2016), 
 rodents  (  Vanderwolf,  1969  ),  zebrafish  (Vargas  et  al.,  2012),  and  lizards  (  Shein-Idelson  et  al.,  2016  ), 
 but not in birds (  Vorster & Born, 2015  ). 

 In  vitro,  SWRs  spontaneously  occur  in  slices  from  the  ventral  hippocampus,  while  s�mula�on  is 
 necessary  to  elicit  them  in  dorsal  hippocampal  slices  (Buzsáki,  2015).  They  are  found  by  local  field 
 poten�al  (LFP)  recordings.  Sharp  waves  (SWs)  have  a  rela�vely  large  amplitude  and  their  occurrence 
 is  non-periodic.  They  have  a  slow  frequency,  which  in  some  cases  is  reported  as  5-15  Hz  (Oliva  et  al., 
 2018)  or  even  as  low  as  0.01-3  Hz  (Colgin,  2016)  and  dura�on  of  40-100  ms  (Buzsáki  et  al.,  1983). 
 SWs  are  thought  to  reflect  synchronous  ac�vity  of  the  network  and  their  polarity  changes  across 
 different  layers  of  the  hippocampus;  they  are  posi�ve  in  stratum  oriens  and  pyramidale  of  CA3  and 
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 CA1,  the  hilus  of  the  DG,  and  layers  II-IV  of  the  subiculum,  while  nega�ve  polarity  is  seen  in  stratum 
 radiatum  of  CA1,  stratum  lucidum  of  CA3,  layer  I  of  the  subiculum,  and  the  molecular  layer  of  the  DG 
 (Buzsáki, 1986). 

 SWs  usually  occur  simultaneously  with  fast  120-250  Hz  (Pangalos  et  al.,  2013)  oscilla�ons  called 
 ripples.  Even  though  SWs  and  ripples  are  coupled  in  �me,  they  are  considered  separate  events,  as 
 the  mechanisms  and  networks  responsible  for  their  genera�on  differ  and  one  may  exist  without  the 
 other  (Colgin,  2016;  Buzsáki,  2015).  During  SWRs  50,000-100,000  neurons  discharge  together, 
 making  SWRs  one  of  the  most  synchronous  neuronal  signals  (Buzsáki,  2006).  According  to  Ylinen  and 
 colleagues,  the  number  of  simultaneously  firing  units  during  SWRs  varies  from  0-40%,  with  an 
 average  of  10%  of  the  recorded  neurons  firing.  Different  neurons  have  different  probability  of 
 par�cipa�on  in  SWRs;  some  pyramidal  cells  discharged  in  up  to  40%  of  consecu�ve  SWRs  while 
 others  are  only  seldom  associated  with  SWRs.  Furthermore,  pyramidal  cell  firing  is  phase  locked  to 
 the nega�ve peaks of the ripples recorded from the CA1 pyramidal layer (Ylinen et al, 1995). 

 1.6.1.2 Mechanisms of genera�on, propaga�on, and termina�on 

 A  lot  remains  unknown  about  the  mechanisms  behind  SWRs.  SWRs  appear  to  be  the  default,  intrinsic 
 state  of  the  hippocampus,  as  they  emerge  spontaneously  in  hippocampal  slices  (  Buzsáki,  2015  ). 
 Therefore,  some  models  suggest  that  SWRs  are  “released”  rather  than  triggered.  This  release  comes 
 in  the  form  of  disinhibi�on,  where  extrahippocampal  input  that  suppresses  SWRs  is  removed 
 (  Buzsáki,  2015  ).  SWs  are  believed  to  originate  in  CA3  (  Csicsvari  et  al.,  2000  )  by  the  dense  recurrent 
 excita�on  circuit  there  that  synchronizes  hippocampal  ac�vity  (Buzsáki,  2015;  Wi�ner  &  Miles, 
 2007).  Accordingly,  SWs  in  CA1  follow  SWs  in  CA3  on  average  4.0  ±  0.2  ms  later  and  are  eliminated 
 when  the  connec�on  between  the  two  areas  is  surgically  removed  (Colgin  et  al.,  2004).  This 
 procedure  does  not  affect  baseline  responses  in  CA1,  LTP  induc�on,  or  CA3  SWs.  Contrary  to  this,  a 
 different  study  reports  the  presence  of  CA1  SWs  in  CA1  minislices,  sugges�ng  that  SWs  can  be  locally 
 generated  in  CA1,  albeit  at  a  much  lower  frequency  of  occurrence  (Maier  et  al.,  2003).  In  the  same 
 study,  it  has  been  demonstrated  that  applica�on  of  the  AMPA/kainate  receptor  antagonist 
 6-cyano-7-nitroquinoxaline-2,3-dione  (CNQX),  but  not  the  NMDA  receptor  antagonist 
 2-amino-5-phosphonopentanoic  acid  (APV),  blocks  SWRs,  sugges�ng  a  differen�al  dependance  of 
 SWR  genera�on  on  different  types  of  glutamate  receptors.  However,  NMDA  receptors  are  involved  in 
 SWR  modula�on,  as  is  seen  by  suppression  of  clusters  of  SWs  in  the  presence  of  NMDA  receptor 
 antagonists (Papatheodoropoulos, 2010). 

 When  it  comes  to  inhibitory  transmission,  gabazine,  a  GABA  A  receptor  antagonist,  transforms  SWRs 
 to  epilep�form  discharges  (Maier  et  al.,  2003),  indica�ng  the  importance  of  a  balance  between 
 excita�on  and  inhibi�on  for  physiological  SWRs.  Conversely,  low  concentra�ons  of  bicuculline,  a 
 different  GABA  A  receptor  antagonist,  do  not  elicit  epilep�form  ac�vity  and  result  in  suppression  of 
 secondary  SWs  (and  hence  SW  clusters)  to  a  greater  extent  compared  to  primary  SWs 
 (Papatheodoropoulos,  2010).  Interes�ngly,  enhanced  GABAergic  transmission  by  the  use  of  allosteric 
 GABA  A  receptor  modulators  thiopental  and  diazepam  also  decreases  the  occurrence  of  SW  clusters 
 (Papatheodoropoulos,  2010),  poin�ng  to  a  precise  regula�on  of  SWRs  by  GABAergic  transmission. 
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 During  in  vivo  SWRs,  inhibi�on  dominates  over  excita�on  in  terms  of  peak  conductance,  the 
 amplitude  of  IPSCs  but  not  EPSCs  is  correlated  with  SWR  magnitude,  and  IPSCs  but  not  EPSCs  are 
 phase-locked  to  ripples,  suppor�ng  an  even  bigger  role  for  inhibi�on  compared  to  excita�on  in 
 shaping SWRs (  Gan et al., 2017). 

 While  CA3  input  is  cri�cal  for  SW  genera�on,  CA1  ripples  are  preserved  a�er  CA3  silencing.  However, 
 intrinsic  ripple  frequency  decreases,  as  well  as  the  ripple-associated  reac�va�on  of  CA1  cell  pairs, 
 which  is  crucial  for  memory  consolida�on  (Nakashiba  et  al.,  2009).  Moreover,  CA1  ripples  have  a 
 higher  frequency  than  CA3  ripples  (Sullivan  et  al.,  2011).  Ripples  are  therefore  believed  to  not  only 
 be  transmi�ed  from  CA3,  but  also  to  be  locally  generated  in  CA1  (Csicsvari  et  al.,  1999;  Nakashiba  et 
 al.,  2009;  Buzsáki,  2015  ;  Sullivan  et  al.,  2011).  Pyramidal  cell  depolariza�on  is  sufficient  to  elicit 
 ripples,  while  silencing  pyramidal  cells  abolishes  ripples  (Stark  et  al.,  2014).  The  nega�ve  peaks  of  the 
 ripple  seem  to  represent  the  superimposed  ac�on  poten�als  of  synchronously  discharging  cells, 
 while  the  posi�ve  peaks  emerge  from  the  outward  membrane  currents  of  pyramidal  cell  somata, 
 which are hyperpolarized due to interneuron firing (  Buzsáki, 2015  ). 

 The  hippocampus  includes  different  types  of  interneurons  with  varied  par�cipa�on  in  SWRs. 
 Bistra�fied  cells  fire  with  high  frequency  during  the  ascending  phase  of  ripples  (Klausberger  et  al., 
 2004).  Parvalbumin  (PV)-posi�ve  basket  cells  fire  at  the  troughs  of  ripples,  while  PV-posi�ve 
 axo-axonic  cells  fire  at  the  beginning  of  the  ripple  event  and  are  silent  a�erwards  (Klausberger  et  al., 
 2003).  To  further  stress  the  importance  of  inhibitory  cells  in  SWR  ini�a�on,  optogene�c  ac�va�on  of 
 PV-posi�ve  interneurons  is  sufficient  to  generate  SWRs  even  in  the  absence  of  excita�on  (  Schlingloff 
 et  al.,  2014  ).  Silencing  these  cells  interrupts  or  inhibits  SWRs  (  Schlingloff  et  al.,  2014  ),  similar  to  the 
 effects  of  pharmacological  blockade  of  GABA  A  receptors  (Stark  et  al.,  2014).  However,  ac�va�on  of  PV 
 or  somatosta�n  expressing  cells  during  an  ongoing  spontaneous  SWR  event  interrupts  SWRs, 
 highligh�ng  the  significance  of  temporally  precise  interac�ons  between  excitatory  and  inhibitory  cells 
 for  SWR  genera�on  (Stark  et  al.,  2014).  Cholecystokinin  (CCK)-expressing  interneurons,  on  the  other 
 hand,  par�cipate  only  in  some  ripple  events,  which  might  be  affected  by  the  recent  history  of  the 
 network.  Thus,  it  is  suggested  that  CCK-expressing  cells  may  be  involved  in  selec�ng  which  pyramidal 
 cells  will  par�cipate  in  a  specific  SWR  event  and  which  not,  so  that  only  cells  that  are  part  of  the 
 same  memory  engram  are  co-ac�vated  (Klausberger  et  al.,  2005).  Contrary  to  these  cell  types, 
 calbindin-expressing  interneurons  (Lasztóczi  et  al.,  2011)  and  axo-axonic  interneurons  (Viney  et  al., 
 2013)  seem  to  be  silent  during  SWRs.  The  silencing  of  the  axo-axonic  cells  is  due  to  input  from  medial 
 septal  GABAergic  cells,  leading  to  disinhibi�on  of  pyramidal  cells  (Viney  et  al.,  2013).  While  the 
 precise  network  underlying  SWRs  remains  elusive,  evidence  seems  to  agree  that  transient  silencing 
 of  inhibitory  cells  leads  to  a  buildup  of  synchronized  excita�on,  which  in  turn  ac�vates  different 
 classes  of  interneurons  that  block  excitatory  transmission  in  a  feedback  loop,  leading  to  the 
 appearance of SWRs. 

 In  addi�on  to  synap�c  transmission,  gap  junc�ons  have  been  suggested  to  be  crucial  for  the 
 synchrony  underlying  SWRs.  Carbenoxolone  and  octanol,  two  gap  junc�on  blockers,  decrease  SWR 
 occurrence  in  both  CA1  and  CA3,  while  also  decreasing  the  percentage  of  SWs  with  superimposed 
 ripples  (Maier  et  al.,  2003).  In  addi�on  to  these  agents,  halothane,  a  third  gap  junc�on  blocker, 
 abolishes  ripples,  while  NH  4  Cl,  a  drug  that  enhances  gap  junc�on  coupling  through  intracellular 
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 alkaliniza�on,  prolongs  and  increases  the  occurrence  of  ripples  (  Draguhn  et  al.,  1998  ).  Connexin-36,  a 
 gap  junc�on  subunit,  has  been  studied  in  terms  of  SWR  involvement,  but  results  from  knockout  mice 
 remain controversial (Maier et al., 2002;  Hormuzdi  et al., 2001; Buhl et al., 2003  ). 

 While  SWRs  are  present  during  sleep  and  consummatory  behaviors,  they  are  absent  during 
 theta-associated  preparatory  behaviors  such  as  ac�ve  explora�on.  The  cholinergic  system  is  involved 
 in  theta  oscilla�ons,  as  optogene�c  ac�va�on  of  septal  cholinergic  neurons  abolishes  SWRs  while 
 increasing  the  power  and  coherence  of  theta  waves  (  Vandecasteele  et  al.,  2014  ).  In  vitro  studies 
 suggest  that  both  muscarinic  and  nico�nic  acetylcholine  receptors  (AChRs)  are  involved  in  the 
 balance  between  theta  oscilla�ons  and  SWRs  (Fischer  et  al.,  2014;  Norimoto  et  al.,  2012).  Indeed, 
 ACh  levels  are  high  during  ac�ve  wakefulness  and  low  during  quiet  wakefulness  and  slow-wave-sleep 
 (Hasselmo,  1999).  ACh  is  therefore  hypothesized  to  gate  the  oscillatory  ac�vity  of  the  hippocampus, 
 with  ACh  enhancing  theta  oscilla�ons  and  suppressing  SWRs  during  wakefulness,  and  SWRs  taking 
 over in the absence of ACh during sleep. 

 1.6.1.3 Func�onal significance of sharp wave ripples 

 Various  lines  of  evidence  implicate  SWRs  in  memory  consolida�on.  Firstly,  rats  that  learned 
 successfully  a  discrimina�on  task  have  increased  SWR  incidence,  ripple  magnitude,  and  ripple 
 dura�on  in  subsequent  res�ng  periods  (  Eschenko  et  al.,  2  008;  Fernández-Ruiz  et  al.,  2019),  while  in 
 an  AD  mouse  model  the  opposite  SWR  changes  are  seen  (  Prince  et  al.,  2021)  .  Moreover,  electrical 
 disrup�on  of  SWRs  impairs  memory  performance  (Girardeau  et  al.,  2009;  Ego-Stengel  &  Wilson, 
 2010). 

 During  both  awake  and  sleep  SWRs,  theta  sequences  that  were  formed  during  ac�ve  explora�on  are 
 reac�vated,  although  20-fold  temporally  compressed,  in  both  forward  and  reverse  direc�ons.  This 
 replay  is  thought  to  be  the  founda�on  of  memory  consolida�on  (  Wilson  &  McNaughton,  1994  ;  Lee  & 
 Wilson,  2002;  Diba  &  Buzsáki,  2007;  Carr  et  al.,  2011;  Foster  &  Wilson,  2006;  Ecker  et  al.,  2022; 
 Wikenheiser  &  Redish,  2013  ).  Accordingly,  disrup�on  of  SWR-associated  place  cell  reac�va�on 
 prevents  refinement  and  stabiliza�on  of  place  maps  (Roux  et  al.,  2017;  van  de  Ven  et  al.,  2016). 
 Awake  SWR-associated  reac�va�on  may  reflect  both  recent  (Foster  &  Wilson,  2006)  and  remote 
 (Karlsson  &  Frank,  2009)  experiences.  This  is  par�cularly  important  for  making  associa�ons  (Lewis  & 
 Durrant,  2011),  as  it  allows  neural  ensembles  represen�ng  past  experiences  to  be  reac�vated  and 
 coupled  to  present  experiences,  and  is  theorized  to  be  important  for  crea�vity  (  Buzsáki,  2015  ).  Some 
 researchers  suggest  that  the  same  mechanism  is  involved  in  memory  retrieval  (Carr  et  al.,  2011), 
 while  others  believe  that  theta  are  primarily  responsible  for  conscious  recollec�on  of  past 
 experiences  and  SWRs  for  involuntary  recall  such  as  subconscious  priming  (  Buzsáki,  2015  ). 
 Reac�va�on  of  neuronal  ensembles  during  SWRs  makes  established  memories  malleable,  which  is 
 also  important  for  inhibitory  learning.  A  new  neural  ensemble  is  formed  that  blocks  ac�va�on  of  the 
 original  memory  trace  in  a  compe��ve  manner,  leading  to  memory  ex�nc�on  (  Çalışkan  &  Stork, 
 2019).  Sierra  and  colleagues  (2022)  ac�vated  the  medial  forebrain  bundle  during  SWRs  and  found 
 accelerated  ex�nc�on,  further  suppor�ng  SWR  involvement  in  the  process.  SWR-associated  replay  is 
 also  cri�cal  for  emo�onal  memory  (Girardeau  et  al.,  2017),  spa�al-working  memory,  and 
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 memory-guided  ac�on  (Jadhav  et  al.,  2012).  SWR-associated  replay  might  thus  represent  a  general 
 mechanism  not  just  for  learning  and  memory,  but  also  for  cogni�ve  processes  such  as  planning 
 (Pfeiffer  &  Foster,  2013;  Ólafsdó�r  et  al.,  2018),  decision  making  (Yu  &  Frank,  2015),  and  imagina�on 
 (Joo  &  Frank,  2018).  Replay  in  the  ventral  CA1  in  par�cular  has  been  linked  to  social  cogni�on.  There, 
 cells  responding  to  memorized  individuals,  termed  social  memory  neurons,  are  co-ac�vated  during 
 SWRs if they share social representa�ons (  Tao et  al., 2022). 

 Replay  of  cell  assemblies  can  couple  cellular  representa�ons  of  events  that  were  separated  in  �me. 
 Their  co-ac�va�on  during  off-states  allows  synap�c  plas�city  to  take  place.  In  a  compelling 
 experiment,  Sadowski  and  colleagues  (2016)  recorded  SWR-associated  place  cell  ac�vity  in  vivo  and 
 then  replayed  that  ac�vity  in  vitro.  This  s�mula�on  led  to  LTP  between  CA3-CA1  synapses  only  in  the 
 presence  of  SWRs.  Interes�ngly,  one  method  for  LTP  induc�on  in  slices  is  through  tetanic  s�mula�on, 
 which  could  be  thought  of  as  mimicking  physiological  SWRs  (Buzsáki,  2015;  Buzsáki,  1989).  The 
 process might be bidirec�onal, as LTP-inducing s�muli can also generate SWRs (  Behrens et al., 2005). 

 SWRs  were  also  studied  for  their  rela�onship  with  synap�c  depoten�a�on.  SWR  facilita�on  through 
 increased  gap  junc�on  coupling  or  GABA  A  receptor  ac�va�on  led  to  decreased  synap�c  strength  and 
 widespread,  long-las�ng  synap�c  depression  (  Bukalo  et  al.,  2013)  .  In  agreement,  Norimoto  and 
 colleagues  (  2018)  showed  that  silencing  SWRs  during  slow-wave  sleep  states  prevents  spontaneous 
 synap�c depression and impairs memory encoding  . 

 The  involvement  of  SWRs  in  both  poten�a�on  and  depoten�a�on  processes  reveals  a  dual  role  for 
 these  oscilla�ons.  Synap�c  downscaling  may  func�on  to  erase  older  or  irrelevant  memories, 
 preven�ng  network  satura�on  and  rese�ng  it  to  a  naïve  state  that  can  par�cipate  in  later  memory 
 forma�on.  When  this  is  combined  with  synap�c  poten�a�on,  the  signal-to-noise  ra�o  is  increased 
 such that synapses that are part of memory engrams are specifically targeted. 

 1.6.1.4 Sharp wave ripples as a therapeu�c target 

 Since  strong  evidence  connects  SWRs  and  memory,  it  is  expected  that  they  have  been  studied  for 
 their  involvement  in  Alzheimer’s  disease  (AD),  a  progressive  neurodegenera�ve  disease  that  causes 
 memory  loss.  Various  altera�ons  in  SWRs  were  observed  in  different  AD  models,  for  example  a 
 decrease  in  SWR  abundance  (Gillespie  et  al.,  2016;  Ciupek  et  al.,  2015),  SWR-associated  slow-gamma 
 power  (Gillespie  et  al.,  2016;  Iaccarino  et  al.,  2016),  or  SWR  amplitude  (Wi�on  et  al.,  2016),  or 
 altered  SWR  temporal  structure  and  SWR-associated  spike  dynamics  (Wi�on  et  al.,  2016),  as  well  as 
 absence  of  a  learning-induced  increase  in  SWR  occurrence  (Nicole  et  al.,  2016).  Addi�onally,  it  has 
 been  suggested  that  decreased  SWR-associated  slow-gamma  power  in  young  APOE4  (an  AD 
 associated  gene)  knockin  mice  can  be  used  as  a  predictor  for  later  learning  impairment  (Jones  et  al., 
 2019).  This  has  poten�al  diagnos�c  value,  but  the  origin  and  behavioral  relevance  of  such 
 SWR-associated  gamma  oscilla�ons  remains  controversial  (  Oliva  et  al.,  2018  ).  A  role  for  SWRs  in 
 memory  problems  associated  with  normal  aging  has  also  been  suggested,  as  sequence  reac�va�on 
 was  impaired  in  aged  animals  and  the  degree  of  reac�va�on  correlated  with  spa�al  memory  scores 
 (  Gerrard et al., 2008). 
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 The  hippocampus  is  a  highly  epileptogenic  structure  and  is  involved  in  temporal  lobe  epilepsy,  the 
 most  common  variant  of  epilepsy  in  adults  (  Avoli,  2007).  The  synchronized  network  ac�vity 
 underlying  SWRs  might  therefore  be  involved  in  seizures,  as  the  same  anatomical  substrates  and 
 physiological  mechanism  might  account  for  the  genera�on  of  both  SWRs  and  epilep�c  ac�vity 
 (Buzsáki,  2015).  As  previously  men�oned,  pharmacological  inac�va�on  of  the  GABA  A  receptor 
 transforms  SWRs  in  slices  into  epilep�form  discharges  (Maier  et  al.,  2003).  The  similari�es  between 
 SWRs  and  epilep�c  ac�vity  are  intriguing.  Like  SWRs,  interictal  epilep�form  discharges  (IEDs)  and 
 pathological  ripples  (p-ripples)  are  usually  coupled  in  �me,  but  they  can  also  occur  independently 
 (  Buzsáki,  2015  ).  In  some  cases,  IEDs  also  share  the  depth  profile  of  SW  polarity  across  hippocampal 
 layers  (Buzsáki  et  al.,  1989),  and  due  to  their  o�en  larger  amplitude,  they  are  described  as 
 “exaggerated  SWs”  (  Buzsáki,  2015  ).  However,  despite  amplitude,  dura�on,  and  frequency  o�en  being 
 used  to  dis�nguish  between  physiological  and  pathological  oscilla�ons,  there  is  an  overlap  between 
 the  two  that  makes  straigh�orward  separa�on  challenging  (  Buzsáki,  2015  ).  Addi�onally,  p-ripples 
 might  co-exist  with  normal  SWRs  (  Buzsáki,  2015  ).  P-ripples  have  been  well  documented  in  both 
 epilep�c  humans  (Jacobs  et  al.,  2012;  Bragin  et  al.,  1999b)  and  animal  models  such  as  the  kainic  acid 
 model  (Bragin  et  al.,  1999b),  the  pilocarpine  model  (Lévesque  et  al.,  2012),  and  the  tetanus  toxin 
 model  (Jiruska  et  al.,  2010)  of  epilepsy.  SWR  impairment  is  also  found  in  a  mouse  model  of  Dravet 
 syndrome,  a  severe  early  onset  epilepsy  caused  by  loss  of  func�on  muta�ons  in  the  SCN1  gene 
 (Cheah  et  al.,  2019).  Importantly,  the  faster  the  p-ripples  that  are  detected,  the  higher  the  rate  of 
 spontaneous  seizures  and  the  faster  their  development  a�er  kainic  acid  injec�on  (Bragin  et  al., 
 2004).  P-ripples  might  be  useful  in  iden�fying  the  seizure  locus  in  the  brain,  which  can  then  inform 
 surgical  interven�on  in  drug-resistant  pa�ents  (  Buzsáki,  2015  ).  On  the  other  hand,  IEDs  might  be 
 involved  in  the  cogni�ve  impairments  o�en  accompanying  epilepsy,  such  as  memory  deficits, 
 reac�on  �me  deficits,  and  visual  percep�on  deficits  (Holmes  &  Lenck-San�ni,  2006;  Shewmon  & 
 Erwin,  1988;  Buzsáki,  2015).  It  is  important  to  men�on,  however,  that  IEDs  and  p-ripples  might  occur 
 in  the  absence  of  seizures,  or  they  might  act  as  a  predictor  of  seizures  rather  than  being  iden�cal 
 (Buzsáki, 2015). 

 SWR  involvement  in  social  memory  could  also  suggest  an  impairment  in  au�sm  spectrum  disorders 
 (ASDs).  One  mouse  model  of  ASD  is  SH3  and  mul�ple  ankyrin  repeat  domains  3  (Shank3)  KO  mice. 
 Shank3,  a  gene  encoding  for  a  scaffolding  protein,  is  iden�fied  as  an  ASD-suscep�bility  gene  in 
 humans  (Durand  et  al.,  2007)  and  Shank3  KO  mice  show  deficits  in  social  novelty  recogni�on  and 
 decreased  social  interac�on  (Peça  et  al.,  2011).  Shank3  KO  mice  not  only  show  a  decreased 
 propor�on  of  social  memory  neurons  in  the  ventral  hippocampus,  but  they  also  have  disrupted 
 ripple  phase  locking  and  SWR-associated  reac�va�on  of  sequences  (Tao  et  al.,  2022).  The 
 contac�ng-associated  protein  like  2  (CNTNAP2)  gene,  encoding  for  a  synap�c  cell  adhesion  molecule, 
 is  also  an  ASD-suscep�bility  gene,  as  its  polymorphism  has  been  associated  with  increased  ASD  risk 
 (Arking  et  al.,  2008)  and  CNTNAP2  KO  mice  show  au�sm-related  abnormali�es  (Peñagarikano  et  al., 
 2011).  Spa�al  memory  is  also  affected  in  CNTNAP2  KO  mice,  which  could  result  from  reduced  SWR 
 incidence  and  ripple  power  (Paterno  et  al.,  2021)  Interes�ngly,  CNTNAP2  is  also  involved  in  epilepsy 
 (Peñagarikano  et  al.,  2011),  further  sugges�ng  a  role  for  the  gene  in  both  physiological  and 
 pathological ripples. 
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 Sharp  wave  ripples  have  been  implicated  in  other  condi�ons,  for  example  chronic  stress  which  was 
 shown  to  increase  neuronal  synchrony  during  SWRs  (Tomar  et  al.,  2021).  Chronic  stress  is  associated 
 with  memory  deficits  and  mood  disorders  (Grizzell  et  al.,  2014).  Accordingly,  SWR  reinforcement  by 
 neuronal  s�mula�on  is  absent  in  stress  or  depression  mouse  models,  an  effect  that  is  rescued  with 
 the  an�depressant  fluoxe�ne  (Ishikawa  et  al.,  2014).  Addi�onally,  hippocampal  oscilla�ons  and  their 
 coordina�on  with  oscilla�ons  in  the  amygdala  and  prefrontal  cortex  are  implicated  in  innate  anxiety 
 and  generalized  disorders,  such  as  post-trauma�c  stress  disorder  (  Çalışkan  &  Stork,  2019  ).  Specific 
 SWR  dysfunc�on  is  also  seen  in  schizophrenia  mouse  models.  For  example,  the  DN-DISC1  transgenic 
 model,  in  which  a  dominant-nega�ve  DISC1  gene,  which  is  associated  with  depression  and 
 schizophrenia  in  humans  (Blackwood  et  al.,  2001),  is  expressed,  shows  increased  incidence  of  SWRs 
 while  other  hippocampal  oscilla�ons  are  spared  (Al�mus  et  al.,  2015).  Similar  findings  are  reported 
 in  the  calcineurin  KO  mouse  model,  where  KO  mice  also  lack  the  SWR-associated  replay  of  place  cell 
 ac�vity  (Suh  et  al.,  2013).  Lastly,  a  rat  neurodevelopmental  model  of  schizophrenia  shows 
 fragmented  NREM  sleep  and  disrupted  coordina�on  between  hippocampal  SWRs  and  cor�cal 
 spindles,  sugges�ng  impaired  cor�co-hippocampal  communica�on  as  an  addi�onal  disease 
 mechanism (Phillips et al., 2012). 

 1.6.2 Theta  waves 

 In  the  hippocampus,  theta  (4-12  Hz)  oscilla�ons  dominate  during  ac�ve  behavior  and  are  hence 
 hypothesized  to  be  important  for  memory  encoding  (  Hasselmo  &  Stern,  2014)  .  When  an  animal 
 moves  across  a  place  field  of  a  given  place  cell,  the  firing  of  this  cell  shi�s  to  earlier  phases  of  the 
 theta  cycle,  a  process  called  theta  phase  precession.  This  phenomenon  is  believed  to  contribute  to 
 the  emergence  of  theta  sequences,  as  sequen�al  place  cells  along  a  path  will  precess  and  maintain 
 their  temporal  firing  rela�onship  within  each  theta  cycle  (  Foster  &  Wilson,  2007)  .  Interes�ngly,  the 
 past,  present,  and  future  loca�on  of  an  animal  can  be  predicted  by  the  place  cell  spiking  sequence 
 within  individual  theta  cycles  (Chadwick  et  al.,  2015).  This  rela�ve  �ming  of  cell  firing  with  respect  to 
 the  network  oscilla�on  might  therefore  also  be  used  to  carry  informa�on  about  the  environment 
 (temporal  code)  in  addi�on  to  the  firing  rate  code.  Theta  phase  precession  can  act  as  a  bridge 
 between  the  different  �me  scales  of  synap�c  plas�city  (milliseconds  to  tens  of  milliseconds)  and 
 behavior  (seconds).  Theta  oscilla�ons  have  also  been  implicated  in  synap�c  plas�city,  since  theta 
 burst  s�mula�on  can  induce  LTP  in  slices  (Sheridan  et  al.,  2014).  Moreover,  a  single  burst  s�mula�on 
 (4  pulses,  100  Hz)  can  lead  to  poten�a�on,  if  given  at  the  peak  of  cholinergically  induced  theta,  and 
 to depoten�a�on, if given at the trough (Huerta & Lisman, 1995). 

 While  theta  oscilla�ons  are  mostly  studied  during  ac�ve  explora�on,  they  are  also  present  during 
 rapid-eye  movement  (REM)  sleep.  Less  is  known  about  this  type  of  theta,  but  it  has  been 
 hypothesized  that  it  is  involved  in  memory  consolida�on  in  a  similar  fashion  to  SWRs  and  NREM 
 sleep  (Çalışkan  &  Stork,  2019).  Some  suggest  a  special  role  for  REM  sleep  and  associated  theta 
 oscilla�ons in strengthening and modula�on of emo�onal memories (Hutchison & Rathore, 2015). 

 Based  on  pharmacological  sensi�vity,  two  types  of  theta  oscilla�ons  are  reported:  type  1,  which  are 
 atropine-resistant  but  sensi�ve  to  anesthesia  by  urethane  or  ether,  and  type  2,  which  are 
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 atropine-sensi�ve  and  resistant  to  anesthesia.  Type  1  theta  (7-12  Hz)  have  a  slightly  higher  frequency 
 than  type  2  (4-7  Hz)  and  are  associated  with  explora�on  and  voluntary  movement,  while  type  2  are 
 seen  during  immobility  and  are  linked  to  emo�onally  laden  contexts  like  the  presence  of  a  predator 
 (Kramis  et  al.,  1975;  Mikulovic  et  al.,  2018  ).  Lesion  of  the  EC  renders  the  remaining  hippocampal 
 theta  oscilla�ons  atropine-sensi�ve,  sugges�ng  that  entorhinal  inputs  are  necessary  for 
 atropine-resistant  theta  (Montoya  &  Sainsbury,  1985).  This  indicates  that  awake  and  sleep  theta 
 might have different func�ons, generators, and pharmacology. 

 It  should  be  noted  that  while  theta  oscilla�ons  and  phase-locked  neuronal  discharge  are  seen  in 
 other  structures  such  as  the  EC,  the  cingulate  cortex,  and  the  amygdala,  these  brain  areas  are  not 
 capable  of  genera�ng  theta  independently  (  Buzsáki,  2002)  .  Theta  oscilla�ons  are  abolished  a�er 
 inac�va�on  of  the  medial  septum,  the  area  tradi�onally  thought  of  as  the  theta  pacemaker.  Such 
 abolishment  spares  place  fields  but  disrupts  theta  phase  precession,  thus  leading  to  impaired 
 performance  in  memory  tasks.  Indeed,  septal  glutamatergic,  cholinergic,  and  GABAergic  projec�ons 
 reach  the  hippocampus  and  are  hypothesized  to  be  involved  in  theta  genera�on  (  Nuñez  &  Buño, 
 2021  ). 

 It  remains  unclear  how  septal  inputs  and  ACh  lead  to  genera�on  of  theta  oscilla�ons,  but  direct 
 excitatory  ac�va�on  of  hippocampal  pyramidal  cells  seems  unlikely.  Rather,  tonic  cholinergic 
 excita�on  and  phasic  septal  GABAergic  inhibi�on  of  hippocampal  interneurons  leads  to  their 
 rhythmic  discharge,  which  subsequently  leads  to  rhythmic  IPSPs  on  pyramidal  cells  (  Buzsáki,  2002). 
 The  recurrent  network  of  CA3  has  also  been  suggested  as  a  rhythm  generator,  since  a�er  lesion  of 
 the  EC,  remaining  theta  depends  on  CA3  integrity  and  theta  ac�vity  becomes  highly  coherent  across 
 all  hippocampal  layers.  Thus,  it  is  possible  to  study  this  EC  independent,  ACh-dependent  form  of 
 theta  in  hippocampal  slices  a�er  their  pharmacological  induc�on,  for  example  by  the  cholinomime�c 
 carbachol  (Bland  et  al.,  1988).  Using  this  method,  theta  are  generated  in  CA3,  are  a�enuated  by 
 AMPA  receptor  inhibitors,  and  do  not  require  interneurons  for  their  maintenance,  an  important 
 difference  from  the  in  vivo  condi�on.  In  vitro  theta  oscilla�ons  also  differ  in  that  they  consist  of  only 
 a  limited  number  of  cycles  and  the  induced  synchrony  is  larger  than  that  seen  in  vivo  (  Buzsáki,  2002). 
 NMDA  applica�on,  tetanic  s�mula�on  of  Schaffer  collaterals,  and  microiontophoresis  of  glutamate  at 
 apical  dendrites  of  CA1  pyramidal  cells  also  evoke  theta-like  oscilla�ons  in  hippocampal  slices  (  Nuñez 
 &  Buño,  2021  ),  further  demonstra�ng  the  importance  of  the  hippocampal  circuitry  in  theta 
 genera�on. 

 1.6.3 Gamma waves 

 Gamma  oscilla�ons  (25-100  Hz)  are  also  seen  during  awake  state  and  REM  sleep  (  Nuñez  &  Buño, 
 2021  ).  They  are  o�en  nested  into  theta  and  the  theta  phase  has  been  shown  to  modulate  gamma 
 amplitude  (  Lisman  &  Jensen,  2013  ).  Similar  interac�ons  have  been  reported  between  gamma  and 
 SWRs  (Sullivan  et  al.,  2011)  or  gamma  and  delta  (Furtunato  et  al.,  2022).  Gamma  oscilla�ons  are  very 
 diverse  in  terms  of  frequency  and  amplitude.  They  are  o�en  subdivided  into  categories  such  as  high- 
 or  fast-gamma  and  low-  or  slow-gamma,  which  are  suggested  to  support  different  func�ons,  are 
 coupled  to  different  inputs,  and  dominate  different  areas  of  the  hippocampus  (  Nuñez  &  Buño,  2021  ). 
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 For  example,  fast-gamma  are  suggested  to  support  memory  encoding  (Zheng  et  al.,  2016)  and  are 
 coupled  to  EC  inputs,  while  slow-gamma  are  coupled  to  CA3  input  and  promote  memory  retrieval 
 (  Nuñez  &  Buño,  2021  )  .  Impaired  gamma  oscilla�ons  have  been  reported  in  diseases  such  as  AD  and 
 Fragile  X  syndrome,  sugges�ng  that  they  might  cons�tute  a  therapeu�c  target  (Mably  &  Colgin  , 
 2018).  Iaccarino  et  al.,  (2016)  went  a  step  further,  showing  that  driving  fast  spiking  parvalbumin 
 posi�ve  interneurons  at  gamma  frequency  (40  Hz)  specifically,  leads  to  decreased  levels  of  Aβ,  which 
 could  have  therapeu�c  poten�al.  Gamma  oscilla�ons  can  originate  locally;  in  the  hippocampus  both 
 DG  and  CA3-CA1  were  reported  as  generators  (Csicsvari  et  al.,  2003),  and  inhibitory  networks  seem 
 to have a prominent role in the process (Colgin, 2016). 

 1.6.4 Delta waves 

 Delta  oscilla�ons  have  a  high  amplitude,  frequency  up  to  4  Hz,  and  are  most  commonly  associated 
 with  deep  sleep  (  delta  power  has  been  used  to  infer  sleep  quality;  Johnson  &  Durrant,  2021)  ,  even 
 though  other  func�ons  in  the  awake  state,  such  as  mental  calcula�on  and  seman�c  tasks  ,  have  been 
 reported  to  involve  delta  waves  (Malik  &  Amin,  2017;  Harmony,  2013).  Research  on  the  func�on  and 
 importance  of  delta  oscilla�ons  usually  concerns  cor�cal  areas;  hippocampal  delta  oscilla�ons  have 
 not  been  studied  extensively.  SWRs  are  locked  to  the  phase  of  hippocampal  delta  oscilla�ons,  which 
 might  be  important  for  the  subsequent  phase-locking  to  neocor�cal  delta  and  memory  consolida�on 
 (  Axmacher  et  al.,  2008b).  Similar  to  theta,  awake  hippocampal  delta  oscilla�ons  are  modulated  by 
 speed.  They  are  most  prominent  when  rats  are  moving  slowly  or  are  sta�onary,  with  high  delta 
 coherence  during  sta�onary  bouts  and  high  theta  coherence  between  the  hippocampus  and  the 
 medial  prefrontal  cortex  during  running  (Schultheiss  et  al.,  2020).  The  rela�onship  between  delta 
 oscilla�ons  and  velocity  appears  to  be  different  on  the  sta�onary  treadmill  compared  to  normal 
 movement,  since  delta  power  and  peak  frequency  on  a  treadmill  are  higher  at  faster  speeds.  Delta 
 oscilla�ons  co-occur  with  but  are  independent  from  theta,  and  delta  oscilla�ons  phase  modulate  the 
 amplitude  of  slow-gamma  waves  (  Furtunato  et  al.,  2022  ).  In  hyperglycemic  animals,  which  have 
 increased  cor�cal  and  hippocampal  phosphorylated  tau  and  perform  worse  on  long  delay  trials  in  a 
 spa�al  delayed  alterna�on  task,  hippocampal  delta  power  is  increased  while  theta  power  is 
 decreased,  leading  to  altered  theta/delta  ra�os  and  implica�ng  delta  oscilla�ons  in  memory  (Wirt  et 
 al.,  2021).  Interes�ngly,  some  researchers  propose  that  during  REM  sleep,  delta  frequencies  are  the 
 human  analog  of  rodent  theta  oscilla�ons,  as  delta-gamma  rather  than  theta-gamma  coupling  is 
 observed (  Ferrara et al., 2012). 

 1.7 Brain temperature fluctua�ons 
 Drops  in  core  and  brain  temperature  have  been  observed  during  NREM  sleep  (  Harding  et  al.,  2019  ), 
 when  delta  oscilla�ons  and  SWRs  occur.  In  the  rat  hippocampus,  temperatures  between  36-38  o  C 
 have  been  reported  (Andersen  &  Moser,  1995).  The  exact  magnitude  of  brain  temperature  change 
 depends  on  various  factors,  such  as  ambient  temperature  (Alfoeldi  et  al.,  1990),  �me  of  day  (DeBow 
 &  Colbourne,  2003),  the  loca�on  the  temperature  was  recorded  from,  or  presence  of  arousing 
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 s�muli  like  social  interac�on  (Kiyatkin,  2019).  Addi�onally,  external  warming  is  associated  with 
 improved  sleep  quality  (  Raymann  et  al.,  2008  )  and  decreased  latency  to  sleep  onset  (  Raymann  et  al., 
 2005  ), while sleep-wake states can be predic�ve of  brain temperature (Sela et al., 2021). 

 In  awake  subjects,  increased  temperature  is  associated  with  improved  working  memory,  visual 
 a�en�on,  subjec�ve  awareness,  and  slower  reac�on  �me  (  Wright  et  al.,  2002).  The  func�on  of  such 
 fluctua�ons  in  sleep  is  less  well  understood,  but  a  role  in  energy  consump�on,  metabolism,  and 
 facilita�on  of  immune  defense  has  been  suggested  (  McGinty  &  Szymusiak,  1990  ).  Brain  temperature 
 was  found  to  be  correlated  with  frequency  of  sleep  spindles,  while  nega�vely  correlated  to  their 
 dura�on  (  Csernai  et  al.,  2019)  .  Andersen  and  Moser  (1995)  report  mul�ple  electrophysiological 
 changes  in  hippocampal  response  to  s�mula�on  upon  temperature  fluctua�ons.  Furthermore, 
 temperature  has  been  shown  to  influence  SWRs  in  vitro.  Ripple  frequency  increases  at  37  o  C  and 
 decreases  at  27  o  C,  while  the  �me  between  SWs  increases  at  27  o  C  compared  to  32  o  C.  At  37  o  C,  SW 
 clusters  appear,  consis�ng  of  consecu�ve  SWs  at  short  intervals,  with  longer  �me  between  clusters 
 (  Papatheodoropoulos  et  al.,  2007  ).  Cheah  and  colleagues  (2021)  also  report  increased  ripple 
 frequency  from  36  o  C  to  38  o  C,  with  no  change  in  SW  amplitude.  Theta  oscilla�ons  are  also 
 modulated  by  temperature,  as  cooling  of  the  medial  septum  decreased  hippocampal  theta  power 
 and frequency and increased the number of errors in a spa�al task (Petersen & Buzsáki, 2020). 

 Given  these  correla�ons  and  the  importance  of  NREM  sleep  and  SWRs  in  memory  consolida�on,  it  is 
 possible  that  temperature  might  also  influence  memory  consolida�on.  Suppor�ng  this  hypothesis, 
 distorted  thermoregula�on  has  been  linked  to  AD-like  pathology,  and  increasing  body  temperature 
 of  AD  mice  via  exposure  to  a  thermoneutral  environment  improved  memory  performance  (  Vandal  et 
 al., 2016  ). 

 1.8 The transient receptor poten�al vanilloid 1 (TRPV1) 
 channel 

 1.8.1 Structure and regula�on of channel ac�vity 

 The  TRPV1  channel  is  a  non-specific  ca�on  channel  that  senses  temperature.  It  is  a  tetramer,  with 
 each  subunit  consis�ng  of  six  transmembrane  alpha-helices  (TM1-6)  and  a  loop  between  TM5  and 
 TM6.  The  pore  is  made  of  TM5,  TM6,  and  the  loop  from  each  of  the  four  subunits  (Liao  et  al.,  2013). 
 TRPV1  receptors  have  similari�es  in  3D  structure  to  voltage-gated  ion  channels,  despite  dissimilar 
 ga�ng  mechanisms  (  Cao  et  al.,  2013b).  It  is  ac�vated  by  heat  (>  43  o  C,  but  lipids  modulate  the 
 channel’s  temperature  sensi�vity  so  that  ac�va�on  at  physiological  ranges  is  observed;  Cao  et  al., 
 2013a  ),  protons,  and  vanilloids  such  as  capsaicin  (Tominaga  et  al.,  1998).  It  is  part  of  a  larger  family  of 
 TRP  channels  found  in  many  vertebrates  and  invertebrates.  In  mammals,  birds,  amphibians,  and 
 teleost  fishes,  the  heat  sensi�vity  of  the  TRPV1  channel  is  conserved,  although  it  might  be  less  in 
 some  species.  In  contrast,  the  capsaicin  sensi�vity  of  the  channel  varies  widely  among  vertebrates 
 and  evolu�onary  diversifica�on  of  channel  proper�es  is  suggested  (Saito  &  Tominaga,  2017). 
 Moreover,  human  TRPV1  has  86%  amino-acid  homology  with  rat  TRPV1,  is  similarly  ac�vated  by 
 capsaicin,  temperature,  and  low  pH  (Hayes  et  al.,  2000),  and  shows  similar  expression  profiles  across 
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 species  (Hayes  et  al.,  2000;  Cavanaugh  et  al.,  2011a),  indica�ng  that  results  and  possible  therapeu�c 
 interven�ons iden�fied in rodent models might hold transla�onal value. 

 TRPV1  ac�va�on  is  not  straigh�orward.  For  example,  low  pH  not  only  ac�vates  the  channel  directly, 
 but  it  also  decreases  the  temperature  threshold  leading  to  channel  ac�va�on  even  at  room 
 temperature  (Tominaga  et  al.,  1998)  and  sensi�zes  the  channel  to  capsaicin  (Ryu  et  al.,  2003).  In 
 addi�on,  the  channel  gets  desensi�zed  a�er  ac�va�on,  a  state  that  may  be  both  acute  and  long-term 
 (Sanz-Salvador  et  al.,  2012).  Many  endogenous  TRPV1  agonists  have  been  found,  including  products 
 from  polyunsaturated  fa�y  acids,  endocannabinoids,  N-acyl  amides,  N-acylethanolamines,  oxytocin, 
 hydrogen  sulfide,  glycerophospholipids  (Benítez-Angeles  et  al.,  2020),  histamine,  and  cyclic 
 phospha�dic  acid  (  Morales-Lázaro  et  al.,  2016),  with  varied  potencies.  In  the  brain,  the  main 
 endovanilloid  ligands  of  TRPV1  appear  to  be  unsaturated  N-acyldopamines,  lipoxygenase  products  of 
 arachidonic  acid,  and  the  endocannabinoid  anandamide  (Van  Der  Stelt  &  Di  Marzo,  2004).  Omega-3 
 fa�y  acids,  of  which  docosahexaenoic  acid  is  par�cularly  interes�ng  due  to  its  abundance  in  the 
 brain,  are  especially  intriguing,  as  they  are  shown  to  act  both  as  direct  agonists  of  the  channel  and 
 inhibitors  of  channel  ac�va�on  by  vanilloids  (Ma�a  et  al.,  2007).  Endovanilloids  are  not  released  by 
 classical  chemical  vesicular  transmission;  they  are  rather  believed  to  act  locally  in  a 
 paracrine/autocrine  or  intracellular  fashion  (Edwards,  2014).  The  ac�va�on  of  the  channel  by 
 mul�ple  s�muli  and  the  ability  of  different  agonists  to  enhance  the  ac�on  of  other  agonists  suggest 
 that the channel might integrate mul�ple s�muli and act as a coincidence detector. 

 Of  note  here  is  that  many  endovanilloids  such  as  anandamide  also  act  on  cannabinoid  receptors 
 (Scherma  et  al.,  2019),  thus  sugges�ng  an  interplay  between  the  two  systems.  The  same  molecules 
 might  therefore  exert  opposing  func�ons  through  ac�va�on  of  TRPV1  or  cannabinoid  receptors.  For 
 instance,  synap�c  plas�city  is  enhanced  by  TRPV1  and  reduced  by  CB1  ac�va�on  in  the 
 hypothalamus (Jamieson et al., 2022). 

 In  addi�on  to  mul�ple  agonists,  there  is  a  vast  repertoire  of  TRPV1  modulators.  Phospha�dylinositol 
 4,5-bisphosphate  (PIP2),  for  example,  regulates  the  thermal  threshold  and  the  dynamic  sensi�vity 
 range  of  the  channel  (Presco�  &  Julius,  2003).  Moreover,  TRPV1  Ca  2+  -calmodulin  dependent 
 desensi�za�on  might  be  regulated  by  PIP2  and  adenosine  triphosphate  (  ATP)  (Lishko  et  al.,  2007). 
 Other  modulators  include  the   GABA  B1  receptor  subunit  (Hanack  et  al.,  2015),  GABA  A  receptor 
 associated  protein  (Laínez  et  al.,  2010), kinases  such  as  protein  kinase  A  (De  Petrocellis  et  al.,  2001), 
 protein  kinase  C  (Bhave  et  al.,  2003),  and  c-Src  kinase  (Jin  et  al.,  2004),  pro-algesic  agents  such  as 
 bradykinin  and  nerve  growth  factor  (Chuang  et  al.,  2001),  enzymes  such  as  phospholipase  C  (Chuang 
 et  al.,  2001),  and  polyamines  (Ahern  et  al.,  2006).  Various  endogenous  TRPV1  antagonists  also  exist, 
 including  indole  alkaloids  (Dessaint  et  al.,  2004),  N  -arachidonoyl-serotonin  (Maione  et  al.,  2007),  and 
 omega-9  fa�y  acids  (Morales-Lázaro  et  al.,  2016).  Many  synthe�c  TRPV1  antagonists  have  been 
 developed,  some  of  which  exhibit  brain  penetra�on  (Brito  et  al.,  2014)  and  might  hence  hold 
 poten�al  therapeu�c  value.  This  broad  modula�on  of  TRPV1  ac�vity  further  highlights  TRPV1 
 involvement in mul�ple pathways and func�ons. 
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 1.8.2 TRPV1 expression in the brain and hippocampus 

 TRPV1  expression  in  the  peripheral  nervous  system  and  involvement  in  nocicep�on  and 
 inflamma�on  is  well  documented  (  Togne�o  et  al.,  2001;  Szallasi  &  Blumberg,  1991;  Michael  & 
 Priestley,  1999;  Helliwell  et  al.,  1998;  Caterina  et  al.,  2000;  Ji  et  al.,  2002;  Malin  et  al.,  2006;  Schwartz 
 et  al.,  2011).  Brain  expression,  however,  has  been  par�cularly  controversial.  Originally,  TRPV1  was 
 thought  to  be  widespread  in  the  brain.  A  1996  study  used  [3H]resiniferatoxin  (RTX),  which  is  thought 
 to  specifically  bind  TRPV1,  to  indirectly  infer  TRPV1  expression  in  the  preop�c  area,  locus  coeruleus, 
 thalamus,  and  re�cular  forma�on,  but  not  in  midbrain  central  gray  ma�er,  somatosensory  cortex,  or 
 cerebellum  (Acs  et  al.,  1996).  Later  studies  used  immunohistochemistry  and  documented  TRPV1 
 expression  in  the  hippocampus,  cortex,  cerebellum,  olfactory  bulb,  mesencephalon,  and  hindbrain, 
 where  TRPV1  was  found  in  synapses  but  also  astrocytes  and  pericytes  (Tóth  et  al.,  2005). 
 Addi�onally,  mRNA  for  the  TRPV1  receptor  has  been  reported  in  layers  3  and  5  of  the  cortex,  the 
 hippocampus,  amygdala,  habenula,  striatum,  hypothalamus,  thalamus,  substan�a  nigra,  cerebellum, 
 inferior  olive,  re�cular  forma�on,  and  locus  coeruleus  (Mezey  et  al.,  2000).  Cris�no  et  al.  (2006) 
 reported  TRPV1  expression  in  the  hippocampus,  basal  ganglia,  thalamus,  hypothalamus,  cerebral 
 peduncle,  pon�ne  nuclei,  periaqueductal  gray  ma�er,  cerebellar  cortex,  and  dentate  cerebellar 
 nucleus.  Despite  many  papers  sugges�ng  a  broad  TRPV1  expression  in  the  brain,  later  studies  found 
 only  limited  expression,  restricted  to  the  hypothalamus,  accessory  olfactory  bulb,  and  only  a  small 
 frac�on  of  hippocampal  neurons  (Cavanaugh  et  al.,  2011a).  Here,  the  authors  argue  that  TRPV1  is 
 transiently  expressed  widely  in  the  brain  during  development,  but  the  high  expression  is  gone  in 
 adults.  A  similar  developmental  downregula�on  of  TRPV1  is  seen  in  the  peripheral  nervous  system 
 (Cavanaugh  et  al.,  2011b).  Interes�ngly,  TRPV1  expression  was  also  reported  in  hippocampal 
 Cajal-Retzius cells, sugges�ng a possible developmental role for the channel (Anstötz et al., 2018). 

 Hippocampal  expression  of  TRPV1  has  likewise  been  a  topic  of  debate.  While  Cris�no  and  colleagues 
 (2006)  originally  found  a  broad  expression  of  TRPV1  across  CA1-CA3  pyramidal  neurons  and  the 
 molecular  layer  of  the  DG,  more  recent  evidence  pointed  towards  a  more  restricted  expression  only 
 in  a  subset  of  nonpyramidal  neurons  (Cavanaugh  et  al.,  2011a).  Our  lab  combined  qPCR, 
 immunohistochemistry,  calcium  imaging,  and  electrophysiology  comparing  wild-type  (WT)  and 
 TRPV1  KO  mice,  and  found  a  subpopula�on  of  hippocampal  neurons  with  their  somata  in  stratum 
 oriens  that  were  TRPV1  posi�ve.  Their  co-expression  of  somatosta�n,  GAD-65,  and  reelin  and 
 innerva�on  by  presynap�c  terminals  expressing  the  metabotropic  glutamate  receptor  7  (mGluR7) 
 further  iden�fied  these  TRPV1-posi�ve  cells  as  oriens  lacunosum  moleculare  (OLM)  interneurons 
 (Hurtado-Zavala  et  al.,  2017).  These  results  also  point  towards  a  restricted  expression  of  TRPV1  in  the 
 hippocampus. 

 1.8.3 Func�onal significance of the TRPV1 channel 

 The  TRPV1  channel  was  first  iden�fied  and  extensively  studied  in  the  peripheral  nervous  system  for 
 its  involvement  in  nocicep�on,  especially  noxious  heat  (Caterina  et  al.,  2000),  and  as  a  possible  target 
 for  analgesia  (  Brederson  et  al.,  2013  ).  Many  neurogenic  and  non-neurogenic  func�ons  of  the  TRPV1 
 channel  have  been  studied,  such  as  synap�c  plas�city,  astrocyte  mobiliza�on,  microglia  ac�va�on, 
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 muscle  constric�on,  metabolism,  and  T-cell  ac�va�on  (  Shuba,  2021).  This  has  made  TRPV1  a  target 
 for  drug  development  with  possible  therapeu�c  effect  in  many  disorders  (Carnevale  &  Rohacs,  2016). 
 Here, we focus on possible TRPV1 func�ons in the brain in physiology and disease. 

 Brain  TRPV1  is  reported  to  affect  synap�c  transmission  and  plas�city  with  both  presynap�c  and 
 postsynap�c  mechanisms.  In  the  locus  coeruleus,  presynap�c  TRPV1  ac�va�on  by  capsaicin 
 enhances  glutamate  and  adrenaline/noradrenaline  release  (Marinelli  et  al.,  2002).  A  similar 
 facilita�on  of  glutamatergic  transmission  by  TRPV1  ac�va�on  is  reported  in  the  striatum  (Musella  et 
 al.,  2009).  Addi�onally,  a  role  in  spike-�ming-dependent  LTP  has  been  found  in  the  pyramidal  cells  of 
 the  cortex  (Cui  et  al.,  2018).  In  the  amygdala,  TRPV1  ac�va�on  has  been  reported  as  being  able  to 
 both  enhance  and  reduce  LTP,  an  effect  that  is  influenced  by  the  type  of  anesthe�c  used 
 (Zschenderlein  et  al.,  2011).  Dopaminergic  signaling  is  also  affected  by  TRPV1  ac�va�on.  In  the 
 ventral  tegmental  area  it  ac�vates  dopaminergic  cells,  leading  to  increased  dopamine  release  in  the 
 nucleus  accumbens  (  Marinelli  et  al.,  2005).  On  the  other  hand,  also  in  the  nucleus  accumbens, 
 postsynap�c  TRPV1  ac�va�on  leads  to  AMPA  receptor  internaliza�on  and  synap�c  LTD  via  an 
 mGluR5-dependent  mechanism  (Grueter  et  al.,  2010).  Moreover,  a  TRPV1-dependent  LTD  has  been 
 found  in  neurons  from  the  bed  nucleus  of  the  stria  terminalis,  whereby  anandamide  ac�vates 
 postsynap�c  TRPV1  a�er  mGluR5  receptor  ac�va�on  (Puente  et  al.,  2011).  TRPV1  also  par�cipates  in 
 superior  colliculus  LTD,  which  is  absent  a�er  P25,  indica�ng  that  TRPV1  might  be  involved  in  synap�c 
 refinement during development (Maione et al., 2009). 

 TRPV1  has  been  specifically  implicated  in  synap�c  transmission  and  plas�city  in  the  hippocampus.  An 
 increase  in  pair-pulsed  depression  of  CA1  popula�on  responses  has  been  reported  a�er  TRPV1 
 ac�va�on  with  exogenous  and  endogenous  agonists  (Al-Hayani  et  al.,  2001),  while  Marsch  and 
 colleagues  (  2007)  have  found  reduced  CA1  LTP  in  TRPV1  KO  mice  .  A  role  in  synap�c  depression  in  the 
 DG  has  also  been  demonstrated,  as  postsynap�c  TRPV1  ac�va�on  leads  to  LTD  of  excitatory 
 transmission  through  Ca  2+  -calcineurin  and  clathrin-dependent  AMPA  receptor  internaliza�on  (Chávez 
 et  al.,  2010).  TRPV1  has  also  been  found  to  be  involved  in  LTD  of  excitatory  synapses  on  CA1  stratum 
 radiatum  hippocampal  interneurons  (Gibson  et  al.,  2008).  The  authors  demonstrate  dependance  of 
 this  process  on  group  I  mGluRs,  whose  postsynap�c  ac�va�on  has  previously  been  shown  to 
 generate  endocannabinoids  and  eicosanoid  metabolites  of  arachidonic  acid,  which  in  turn  act  as 
 retrograde  messengers  by  ac�va�ng  presynap�c  TRPV1.  Another  study  supports  TRPV1  involvement 
 in  both  synap�c  poten�a�on  and  depoten�a�on,  as  TRPV1  ac�va�on  facilitated  LTP,  decreased  the 
 threshold  for  LTP,  and  reduced  LTD  (Li  et  al.,  2008).  It  is  therefore  evident  that  TRPV1  is  associated 
 with both LTP and LTD in different structures, including the hippocampus. 

 Besides  glutamatergic  transmission,  TRPV1  has  also  been  studied  regarding  inhibitory  currents. 
 Drebot  and  colleagues  (2006)  have  shown  that  capsaicin  in  hippocampal  cultures  decreases  the 
 frequency  and  amplitude  of  spontaneous  IPSCs,  although  they  haven’t  ruled  out  poten�al 
 TRPV1-independent  effects.  A  role  for  TRPV1  in  GABAergic  transmission  has  also  been  reported  in 
 the  DG,  where  TRPV1  ac�va�on  reduces  inhibitory  transmission  postsynap�cally,  in  a  mGluR  and 
 Ca  2+  -calmodulin  dependent  manner.  Here,  the  authors  predict  that  the  mechanism  is 
 clathrin-dependent  internaliza�on  of  GABA  receptors  (  Chávez  et  al.,  2014).  Moreover,  Brown  and 
 coauthors  (2013)  have  found  that  decreased  pyramidal  LTP  in  CA1  of  TRPV1  KOs  is  rescued  by 
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 blocking  GABA  A  receptors  with  picrotoxin,  in  agreement  with  Bennion  et  al.,  2011,  who  have  shown 
 that  LTP  enhancement  of  CA1  pyramidal  cells  induced  by  TRPV1  ac�va�on  is  absent  a�er  picrotoxin 
 applica�on. These further point to an interplay between TRPV1-mediated and GABAergic signals. 

 Our  lab  has  also  reported  LTP  deficits  in  CA3-CA1  synapses  of  the  hippocampus  in  TRPV1  KO  mice. 
 This  was  due  to  decreased  excitatory  innerva�on  of  OLM  cells  (in  which  the  TRPV1  channel  was 
 found  to  be  expressed)  and  was  rescued  by  specific  OLM  cell  ac�va�on  through  alpha2  nico�nic 
 acetylcholine  receptors  (α2nAChRs)  (  Hurtado-Zavala  et  al.,  2017).  Therefore,  TRPV1  plays  a  role  not 
 only in synap�c plas�city, but also synaptogenesis - specifically in excitatory innerva�on of OLM cells. 

 While  most  studies  focus  on  TRPV1  expression  in  neurons,  it  is  worth  men�oning  that  TRPV1  in  the 
 brain  might  exert  several  different  func�ons  through  microglia.  In  the  anterior  cingulate  cortex,  for 
 example,  microglial  TRPV1  ac�va�on  indirectly  enhances  glutamatergic  transmission,  hence 
 par�cipa�ng  in  microglial-neuron  communica�on.  The  authors  of  this  study  also  demonstrate  a 
 proinflammatory role of TRPV1 in the brain (Marrone et al., 2017). 

 In  a  lot  of  studies  reported  here,  capsaicin  was  used  to  ac�vate  TRPV1  and  infer  its  func�on.  It  should 
 therefore  be  men�oned  that  TRPV1-independent  effects  of  capsaicin  have  been  documented  (  Zhang 
 et  al.,  2022a  ).  For  example,  Benninger  and  colleagues  (2008)  suggest  that  the  effects  of  capsaicin  on 
 excitatory  synap�c  transmission  of  the  DG  are  TRPV1-independent.  In  most  cases,  confidence  in 
 a�ribu�ng  effects  of  capsaicin  applica�on  on  TRPV1  ac�va�on  is  gained  by  preven�ng  the  effect  of 
 capsaicin with TRPV1 antagonists or showing that the effect is absent in TRPV1 KOs. 

 1.8.4  TRPV1 in behavior and CNS diseases 

 1.8.4.1  Memory and  Alzheimer’s disease 

 The  importance  of  the  TRPV1  channel  in  memory  forma�on,  consolida�on,  and  recall  is  not  well 
 understood,  but  it  has  been  suggested  by  a  few  lines  of  evidence.  TRPV1  KO  mice  freeze  less  in  the 
 auditory  fear  condi�oning  test  compared  to  WTs,  while  for  contextual  fear  condi�oning  assessed  1 
 day  or  1  month  a�er  training,  freezing  is  less  in  TRPV1  KOs  a�er  a  strong  condi�oning  protocol,  but 
 not  a�er  a  weak  one  (Marsch  et  al.,  2007).  The  importance  of  the  aversiveness  of  the  condi�oning 
 procedure  on  TRPV1  KO  memory  has  also  been  demonstrated  by  Genro  and  colleagues  (2012).  While 
 Marsch  et  al.  a�ribute  these  effects  to  deficits  of  hippocampal  LTP,  these  tests  mainly  assess 
 amygdala  func�on,  with  par�al  hippocampal  dependence  in  the  case  of  contextual  fear  memory. 
 Interes�ngly,  Li  et  al.,  2008,  suggest  that  TRPV1  ac�va�on  rescues  memory  performance  a�er  stress, 
 but  has  no  effect  under  baseline  condi�ons.  Riera  and  colleagues  (2014),  who  were  studying  the 
 effect  of  TRPV1  KO  on  metabolism  and  longevity,  used  the  Barnes  maze  to  assess  memory  of  TRPV1 
 KO  mice  and  found  improved  performance.  They  note,  however,  that  TRPV1  KO  mice  had  decreased 
 mo�va�on  to  hide,  hence  the  result  could  also  be  a�ributed  to  reduced  anxiety.  A  different  study 
 reports  reduced  short-term  memory  but  normal  long-term  memory  of  TRPV1  KO  mice  as  assessed  in 
 the  novel  object  recogni�on  test  and  the  passive  avoidance  test  (You  et  al.,  2012).  Here,  many  other 
 altera�ons  in  behavior  have  been  reported.  Therefore,  while  a  role  for  the  channel  is  suggested  in 
 memory  processes,  it  is  challenging  to  separate  it  from  other  effects  in  behavior;  and  hence,  its 
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 precise  func�on  is  unclear.  Lastly,  since  endocannabinoids  also  act  as  TRPV1  ligands  (Li  et  al.,  2021) 
 and  the  endocannabinoid  system  is  implicated  in  memory  ex�nc�on  (  de  Oliveira  Alvares  et  al.,  2008), 
 the  TRPV1  channel  might  also  be  important  for  inhibitory  learning  and  behavioral  flexibility,  but  fear 
 memory ex�nc�on is not impaired in TRPV1 KO mice (Marsch et al., 2007). 

 A  func�onal  role  for  the  TRPV1  channel  in  memory  is  suggested  by  disease  models.  In  a  mouse 
 model  of  AD,  TRPV1  expression  in  the  brain  is  significantly  decreased  and  gene�cally  upregula�ng 
 TRPV1  reduced  Aβ  genera�on  and  rescued  CA1  LTP  and  memory  decline  (Du  et  al.,  2020).  The  TRPV1 
 channel  has  been  associated  with  brain  oscilla�ons,  as  TRPV1  ac�va�on  with  capsaicin  rescued 
 gamma  power  reduc�on,  as  well  as  CA3  pyramidal  cell  desynchroniza�on  caused  by  incuba�on  of 
 hippocampal  slices  with  Aβ  (Balleza-Tapia  et  al.,  2018).  These  data  indicate  that  the  TRPV1  channel 
 might  cons�tute  a  poten�al  therapeu�c  target  for  AD.  Interes�ngly,  as  men�oned  before,  impaired 
 thermoregula�on  has  been  reported  in  AD  mice  (  Vandal  et  al.,  2016  )  and  the  temperature 
 dependance of the TRPV1 channel might play a role in this. 

 1.8.4.2 Anxiety and stress 

 The  TRPV1  channel  has  been  described  as  a  CNS  stress  protein  (  Ho  et  al.,  2012).  Slices  from  stressed 
 rats  show  impairments  in  LTP  and  enhanced  LTD  in  hippocampal  slices,  which  are  associated  with 
 decreased  memory  performance;  and  TRPV1  ac�va�on  ameliorated  effects  of  stress  in  both  behavior 
 and  synap�c  plas�city  (Li  et  al.,  2008).  Marsch  and  colleagues  (2007)  describe  decreased  anxiety  in 
 TRPV1  KOs  as  shown  by  performance  in  the  light-dark  test  and  elevated  plus  maze.  The  la�er  was 
 also  used  to  assess  anxiety  by  Hakimizadeh  and  coauthors  (2012),  who  show  reduced  anxiety  in  mice 
 a�er  intra-CA1  injec�on  of  TRPV1  antagonist  and  increased  anxiety  when  capsaicin  is  used.  The  same 
 has  been  found  when  a  TRPV1  antagonist  was  infused  in  the  ventral  hippocampus  (Santos  et  al., 
 2008)  .  Other  tests,  such  as  the  novelty-suppressed  feeding  test  used  for  anxiety-like  and 
 depression-like  responses,  also  suggest  an  anxioly�c  func�on  for  TRPV1  inac�va�on  (You  et  al., 
 2012)  .  The  effect  of  hippocampal  TRPV1  ac�va�on  in  rescuing  effects  of  stress  is  somehow  in 
 opposi�on  with  findings  of  decreased  anxiety  in  KOs  or  a�er  TRPV1  inhibi�on,  which  might  be  due  to 
 the  effect  of  TRPV1  in  different  brain  areas  (in  the  case  of  KO),  TRPV1  desensi�za�on  by  capsaicin 
 leading  to  TRPV1  inhibi�on,  or  different  TRPV1  func�on  in  baseline  emo�onal  regula�on  compared 
 to  emo�onal  regula�on  a�er  stressful  events.  Fear  memory  is  also  impaired  in  TRPV1  KO  mice 
 (Marsch  et  al.,  2007),  which  might  be  due  to  deficits  in  memory  or  emo�onal  processing.  TRPV1  in 
 other  brain  areas  has  also  been  implicated  in  anxiety.  Microinjec�ons  of  TRPV1  antagonist  in  the 
 medial  prefrontal  cortex,  for  example,  also  have  an  anxioly�c  effect  as  assessed  by  the  elevated  plus 
 maze and the Vogel conflict test (Aguiar et al., 2009). 

 1.8.4.3 Epilepsy 

 TRPV1  expression  is  increased  in  the  cortex  and  hippocampus  from  mesial  temporal  lobe  epilepsy 
 pa�ents  (Sun  et  al.,  2013).  The  same  is  seen  in  the  DG  of  mice  a�er  pilocarpine-induced  status 
 epilep�cus,  and  capsaicin  in  this  model  enhanced  spontaneous  miniature  EPSC  frequency  (  Bhaskaran 
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 &  Smith,  2010).  In  agreement,  TRPV1  ac�va�on  increases  the  dura�on  of  loss  of  equilibrium  and 
 decreases  the  onset  of  bilateral  forelimb  clonus  in  mice  injected  with  subconvulsive  doses  of 
 pentylenetetrazole,  sugges�ng  a  facilita�on  of  seizure  ac�vity  (Shirazi  et  al.,  2014).  TRPV1  inhibi�on 
 reduces  dura�on  of  loss  of  equilibrium  and  a�er-discharge  dura�on  in  rats  with  amygdala-induced 
 kindling  (Shirazi  et  al.,  2014),  and  increases  the  threshold  for  myoclonic  twitches  and  generalized 
 clonic  seizures  (Socała  et  al.,  2015),  poin�ng  to  a  possible  an�convulsive  role.  Similarly, 
 intraperitoneal  injec�on  of  TRPV1  antagonists  reduces  seizure  severity  in  male  and  completely 
 suppresses  seizure  suscep�bility  in  female  GERP-3  rats  that  are  gene�cally  prone  to  epilepsy  (Cho  et 
 al., 2018). 

 Contrary  to  the  results  men�oned  above,  Lee  and  colleagues  (2011)  found  a  protec�ve  effect  of 
 capsaicin  against  kainic-acid  induced  epileptogenesis,  with  the  capsaicin-treated  group  experiencing 
 less  behavioral  seizure  ac�vity,  high-frequency  seizure  discharges,  oxidant  ac�vity,  and  apopto�c  cell 
 death.  Similar  an�-seizure  proper�es  have  been  reported  for  piperine,  another  TRPV1  agonist,  which 
 delays  the  onset  of  myoclonic  jerks  and  generalized  clonic  seizures  (Chen  et  al.,  2013).  This  effect  is 
 absent  if  TRPV1  receptor  antagonists  are  applied,  so  it  cannot  be  a�ributed  to  receptor 
 desensi�za�on.  Results  by  Suemaru  and  coauthors  (2018)  also  support  an  an�convulsive  effect  of 
 TRPV1  ac�va�on,  as  the  protec�ve  effect  of  acetaminophen  against  seizures  was  blocked  by  TRPV1 
 antagonists.  Thus,  it  remains  unclear  whether  protec�ve  effects  come  from  TRPV1  ac�va�on  or 
 inhibi�on.  It  is  possible  that  differences  are  due  to  ac�ons  of  TRPV1  agonists  and  antagonists  on 
 different  areas  or  due  to  homeosta�c  mechanisms  taking  effect  a�er  prolonged  altera�on  of 
 neuronal ac�vity (Storozhuk et al., 2019). 

 A  special  men�on  should  be  made  here  about  febrile  seizures.  These  are  convulsions  ini�ated  by 
 fever  in  children  between  6  months  and  5  years  old  (Leung  et  al.,  2018).  In  rodents  aged  8-11  days, 
 seizures  can  be  induced  by  increasing  ambient  temperature  to  48  °C  for  1  hour,  with  latency  to 
 seizures  around  30  minutes  (Schuchmann  et  al.,  2006).  TRPV1  KO  mice  have  longer  latency  and 
 decreased  dura�on  and  severity  of  febrile  seizures  in  vivo  through  mechanisms  suggested  to  involve 
 cytokines  and  microglia  (Huang  et  al.,  2015;  Kong  et  al.,  2019),  but  effects  on  hippocampal  circuitry 
 were not tested in these studies. 

 1.8.4.4  Au�sm spectrum disorders (ASD) 

 Altered  social  behavior  has  been  reported  in  TRPV1  KO  mice.  You  et  al.,  2012,  report  enhanced 
 aggressiveness  in  a  social  dominance  test  and  decreased  social  interac�ons  within  TRPV1  KOs.  ASD  is 
 also  frequently  associated  with  abnormal  pain  sensi�vity  involving  SHANK3  deficiency.  TRPV1 
 interacts  with  SHANK3  and  par�al  SHANK3  knockdown  impairs  TRPV1  signaling  in  human  dorsal  root 
 ganglion  neurons,  indica�ng  that  TRPV1  might  be  involved  in  different  symptoms  of  ASD  (Han  et  al., 
 2016). 
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 1.8.4.5 Addic�on 

 The  TRPV1  channel  is  believed  to  be  involved  in  mechanisms  underlying  addic�on  to  diverse 
 substances,  which  are  o�en  similar  to  mechanisms  underlying  learning  and  memory.  TRPV1 
 inhibi�on  in  rat  nucleus  accumbens  blocks  expression  of  persistent  morphine  condi�oned  place 
 preference  (  Heng  et  al.,  2014)  and  decreases  morphine-induced  c-fos  expression  (Ma  et  al.,  2017).  In 
 addi�on,  repeated  morphine  administra�on  increases  TRPV1  expression  in  the  dorsal  striatum, 
 where  TRPV1  inhibi�on  also  blocks  morphine  condi�oned  place  preference  and  morphine-induced 
 gene  expression  changes  (  Nguyen  et  al.,  2014).  Moreover,  systemic  injec�on  of  TRPV1  antagonists 
 reduces morphine self-administra�on as well (Ma et al., 2017). 

 Repeated  daily  administra�on  of  cocaine  leads  to  increased  behavioral  sensi�za�on,  a  form  of 
 drug-induced  behavioral  plas�city,  in  TRPV1  KOs  (Grueter  et  al.,  2010).  Intraperitoneal  injec�ons  of  a 
 TRPV1  antagonist  decreases  cocaine-induced  reinstatement  of  cocaine-seeking  behavior  (  Adamczyk 
 et al., 2012).  

 Alcohol  consump�on  is  also  altered  in  TRPV1  KOs,  which  have  higher  preference  for  and 
 consump�on  of  ethanol.  TRPV1  KO  mice  and  WT  mice  treated  with  a  TRPV1  antagonist  recover  faster 
 from  ethanol-induced  motor  incoordina�on  and  loss  of  righ�ng  reflex  (Blednov  &  Harris,  2009). 
 Furthermore, ethanol avoidance is reduced in TRPV1 KO mice (Ellingson et al., 2009). 

 Repeated  exposure  to  methamphetamine  also  increases  TRPV1  mRNA  expression  in  the  frontal 
 cortex (Tian et al., 2010). 

 Since  many  substances  can  ac�vate  both  vanilloid  and  cannabinoid  receptors,  it  is  not  surprising  that 
 TRPV1  is  implicated  in  both  nega�ve  effects  of  cannabis  consump�on,  such  as  apathe�c  and 
 impulsive  pa�erns  of  choice  (Fatahi  et  al.,  2018),  as  well  as  posi�ve  outcomes,  such  as  anxioly�c 
 effects (Campos & Guimarães, 2009) and an�hyperalgesia (Anand et al., 2020; Costa et al., 2004). 

 1.9 Oriens lacunosum moleculare interneurons 
 Our  lab  found  that  in  the  hippocampus,  the  TRPV1  channel  is  specifically  expressed  in  OLM 
 interneurons  (Hurtado-Zavala  et  al.,  2017).  OLM  cells  represent  4.3%  of  CA1  interneurons  (Bezaire  & 
 Soltesz,  2013).  They  express  somatosta�n  and  in  CA1  they  selec�vely  express  the  nico�nic 
 acetylcholine  receptor  5  α2  subunit  (α2nAChR)  (  Leão  et  al.,  2012).  Their  cell  bodies  are  found  in 
 stratum  oriens,  with  axons  projec�ng  to  stratum  lacunosum  moleculare,  which  is  where  their  name 
 comes  from.  Their  dendrites  project  horizontally  across  stratum  oriens  without  entering  other  CA1 
 layers.  The  main  input  to  OLM  interneurons  comes  from  CA1  pyramidal  cells.  Their  GABAergic 
 connec�ons  remain  obscure,  but  they  seem  to  be  innervated  by  other  OLM  cells,  bistra�fied  cells, 
 and  interneurons  that  innervate  other  interneurons.  They  are  also  hypothesized  as  direct  targets  for 
 medial septum afferents (Müller & Remy, 2014;  Haam  et al., 2018;  Bell et al., 2013  ). 

 89%  of  OLM  axons  target  pyramidal  cells  (Bezaire  &  Soltesz,  2013).  In  CA1,  OLM  axons  mainly  project 
 to  distal  pyramidal  apical  dendrites,  which  is  where  input  from  the  entorhinal  cortex  arrives  into  the 
 hippocampus  (  Leão  et  al.,  2012).  Since  CA1  pyramidal  cells  are  both  the  main  input  and  output 
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 popula�on  of  OLM  signals,  OLM  neurons  might  promote  feedback  inhibi�on,  decreasing  the 
 effec�veness  of  EC  input  in  ac�va�ng  CA1  excitatory  cells.  This  in  turn  decreases  CA1  output  on  the 
 EC  (Haam  et  al.,  2018)  .  OLM  cells  also  target  bistra�fied  cells,  disinhibi�ng  CA3  input  on  CA1 
 pyramidal  cells  (Müller  &  Remy,  2014;  Leão  et  al.,  2012;  Figure  2).  Because  OLM  ac�va�on 
 suppresses  the  influence  of  extrahippocampal  while  promo�ng  the  influence  of  intrahippocampal 
 ac�vity  in  elici�ng  firing  in  CA1,  it  is  said  that  they  gate  the  flow  of  informa�on  in  the  hippocampal 
 circuit  (  Leão et al., 2012). 

 OLM  cells  are  involved  in  memory  processes.  Ac�va�on  of  OLM  neurons  in  the  intermediate 
 (between  dorsal  and  ventral)  hippocampus  has  been  found  to  cause  deficits  in  encoding  of  object 
 and  fear  memories,  while  their  inhibi�on  specifically  during  training  enhances  object  recogni�on 
 (Siwani  et  al.,  2018).  Others  report  impaired  performance  in  the  object-loca�on  task  but  intact 
 object-recogni�on  a�er  OLM  cell  abla�on  in  the  ventral  hippocampus  (Haam  et  al.,  2018).  This 
 suggests  differen�al  func�on  of  OLM  neurons  across  the  dorsoventral  axis  of  the  hippocampus  or 
 compensatory  mechanisms  a�er  long-term  OLM  inac�va�on.  Addi�onally,  in  a  mouse  model  of  AD, 
 ACh-dependent  learning-induced  synap�c  rewiring  of  OLM  neurons  is  impaired  (Schmid  et  al.,  2016). 
 Because  cholinergic  signaling  is  par�cularly  affected  in  AD  and  is  the  main  target  of  current 
 treatments  (Davies  &  Maloney,  1976;  Weller  &  Budson,  2018),  it  is  possible  that  disrupted  ACh 
 regula�on of OLM neuron plas�city accounts for some aspects of the pathology. 

 The  involvement  of  OLM  interneurons  in  theta  waves  is  well  established.  Not  only  do  OLM  cells  fire 
 rhythmically  on  the  trough  of  theta  oscilla�ons  (Klausberger  et  al.,  2003),  but  CA1  OLM  ac�va�on  in 
 the  ventral  hippocampus  of  anesthe�zed  mice  can  generate  theta.  This  genera�on  was  absent  in  the 
 presence  of  atropine,  a  muscarinic  receptor  antagonist,  sugges�ng  that  these  are  type  2  theta 
 oscilla�ons,  which  are  ACh-dependent  and  associated  with  emo�onal  states  like  anxiety  and 
 responses  to  predator  odor.  The  authors  found  that  OLM  ac�va�on  and  genera�on  of  theta  2 
 reduces  anxiety  and  increases  risk-taking  behavior,  as  mice  approached  the  zone  with  the  predator 
 odor more frequently and for longer �mes compared to controls (Mikulovic et al., 2018). 
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 Figure  2:  OLM  interneurons  gate  the  flow  of  informa�on  in  the  hippocampus.  OLM  cells  project  to 
 the  distal  apical  dendrites  of  CA1  pyramidal  cells.  This  is  where  input  from  the  EC  arrives.  OLM 
 interneurons  also  project  to  PV-posi�ve  bistra�fied  cells  (BC),  which  inhibit  pyramidal  cells  in  stratum 
 radiatum  (Sik  et  al.,  1995;  Maccaferri  et  al.,  2000),  where  CA3  input  arrives.  PC  =  pyramidal  cell,  BC  = 
 bistra�fied  cell,  EC  =  entorhinal  cortex,  SO  =  stratum  oriens,  SP  =  stratum  pyramidale,  SR  =  stratum 
 radiatum, SLM = stratum lacunosum moleculare. 

 OLM  cell  par�cipa�on  in  SWRs  is  controversial.  Earlier  studies  in  anesthe�zed  mice  suggested  that 
 OLM  cells  are  silenced  during  SWRs  (Klausberger  et  al.,  2003),  while  a  later  study  in  awake, 
 head-fixed  animals  showed  that  OLM  neurons  fired  during  half  of  the  recorded  SWR  events  (Varga  et 
 al.,  2012).  In  agreement  with  these  later  findings,  it  has  been  shown  in  vitro  that  OLM  cells  receive 
 phasic,  ripple-associated  input.  59%  of  recorded  OLM  cells  fired  during  SWRs,  with  peak  spike 
 probability  at  6.5  ms  a�er  the  maximum  ripple  peak  in  the  ascending  ripple  phase  (  Pangalos  et  al., 
 2013  ). This suggests that OLM cells are involved in  SWRs in addi�on to theta. 

 OLM  interneurons  are  also  present  in  CA3,  but  their  morphology  differs.  In  CA3,  OLM  dendrites  span 
 all  layers  of  the  hippocampus  except  stratum  lacunosum  moleculare.  Interes�ngly,  the  dendri�c 
 laminar  distribu�on  of  OLM  cells  in  both  CA1  and  CA3  mirrors  that  of  recurrent  collaterals  of  local 
 pyramidal cells (  Freund & Buzsáki, 1996). 
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 1.10 Scope and hypothesis 
 In  the  present  thesis,  SWRs  in  TRPV1  KO  and  WT  mice  were  studied  in  vivo  and  in  vitro.  We 
 hypothesized  that  TRPV1  KO  mice,  which  show  impaired  hippocampal  LTP,  would  have  decreased 
 SWRs,  as  the  two  processes  are  both  posi�vely  correlated  with  memory  consolida�on.  First,  we 
 compared  SWRs  from  TRPV1  KO  and  WT  slices  at  different  temperatures  to  test  the  temperature 
 sensi�vity  of  the  TRPV1  channel’s  poten�al  involvement  in  SWRs.  This  could  be  relevant  to  brain 
 temperature  fluctua�ons  observed  during  sleep,  when  SWRs  occur  to  consolidate  memory 
 forma�on.  We  also  recorded  SWRs  in  vivo  from  mice  during  sleep  and  explora�on  of  two 
 environments  under  both  novel  and  familiar  condi�ons.  Cellular  ac�vity  and  place  fields  were 
 compared  between  the  two  genotypes,  as  well  as  the  remapping  of  place  fields  in  different 
 environments.  From  these  recordings,  theta  and  delta  ac�vity  was  also  analyzed.  We  an�cipated 
 impaired  remapping  or  decreased  place  field  stability  in  TRPV1  KOs,  as  well  as  altered  LFP  oscilla�on 
 pa�erns,  which  would  indicate  compromised  spa�al  naviga�on  and  memory.  The  cheeseboard  maze 
 task,  a  dry  land  version  of  the  water  maze  with  a  decreased  anxiety  component,  was  therefore 
 employed  to  study  spa�al  learning,  while  an  open  field  test  was  performed  to  assess  anxiety  levels  in 
 WT  and  KO  mice.  We  expected  impaired  performance  in  the  memory  task  and  decreased  anxiety 
 levels in TRPV1 KOs. 

 Under  epilep�c  condi�ons,  SWRs  change  into  p-ripples  and/or  epilep�form  discharges.  The  TRPV1 
 channel  is  temperature  sensi�ve  and  hence  might  be  involved  in  febrile  seizures  caused  by  fever. 
 A�er  confirming  that  increased  temperature  could  lead  to  epilep�form  ac�vity  in  hippocampal  slices, 
 we  compared  TRPV1  KO  and  WT  slices  for  rela�ve  suscep�bility  to  such  induc�on  of  pathologic 
 ac�vity.  We  expected  decreased  temperature-dependent  genera�on  of  epilep�form  ac�vity  in  the 
 KOs  if  the  TRPV1  channel  is  involved  in  febrile  seizure  genera�on,  or  increased  suscep�bility  if  TRPV1 
 has a protec�ve role. 

 It  has  been  previously  shown  that  TRPV1  KO  mice  have  LTP  deficits.  Both  SWRs  and  LTP  are  important 
 in  memory  consolida�on  and  a  connec�on  between  the  two  has  been  suggested,  but  their  exact 
 rela�onship  and  mechanis�c  correlates  remain  elusive.  We  therefore  inves�gated  this 
 pharmacologically,  by  recording  SWRs  from  WT  slices  exposed  to  drugs  known  to  affect  LTP  such  as 
 anisomycin  and  SAHA.  Addi�onally,  we  studied  the  effect  of  LTP  induc�on  by  high-frequency 
 s�mula�on  on  spontaneously  occurring  SWRs.  Lastly,  the  effect  of  bath-applied  tau  oligomers,  a 
 hallmark  in  AD  that  has  been  shown  to  decrease  LTP  (Acquarone  et  al.,  2019;  Fá  et  al.,  2016),  on 
 SWRs was also examined. 
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 2. Methods 

 2.1 Mice 
 All  procedures  described  here  were  in  accordance  with  the  German  animal  welfare  laws 
 (Tierschutzgesetz),  the  direc�ve  2010/63/EU  of  the  European  Parliament  and  of  the  council  of  22 
 September  2010  on  the  protec�on  of  animals  used  for  scien�fic  purposes,  as  well  as  the  ethic 
 commi�ee  of  the  Charité  under  the  guidelines  of  the  Berlin  state  authori�es  (T-CH  0013/20  for  in 
 vitro, G-0047/21 for in vivo experiments)  . 

 TRPV1  KO  mice  on  the  C57BL6/J  background  were  acquired  from  Jackson  Laboratories  and  bred  at 
 the  European  Neuroscience  Ins�tute  animal  facility  in  Gö�ngen,  Germany.  They  were  later  crossed 
 with  C57BL6/J  from  Janvier  laboratories,  Germany,  to  generate  heterozygous  parents  to  produce 
 TRPV1  KO  and  WT  li�ermates.  When  our  lab  moved  to  Berlin,  the  TRPV1  KO  line  was  re-derived  and 
 TRPV1  KO  founders  crossed  again  with  C57BL6/J  mice  from  Charles  River,  Germany,  to  propagate  the 
 mouse  line  at  the  Forschungseinrichtungen  für  Experimentelle  Medizin  (FEM)  at  the  Charité 
 University  Medical  School  in  Berlin.  For  pharmacological  experiments  where  only  WT  mice  were 
 used,  C57BL6/J  mice  were  acquired  either  internally  from  Charité-FEM  or  externally  from  Charles 
 River. 

 Exact  informa�on  on  mouse  number,  age,  and  sex  used  in  each  experiment  can  be  found  in  Table  1. 
 Animals  were  kept  on  a  12-hour  light-dark  cycle  with  ad  libitum  access  to  food  and  water,  except 
 mice  that  par�cipated  in  the  cheeseboard  maze  and  open  field  tests,  which  were  under  food 
 restric�on  (2-3  g  per  day  per  mouse,  so  that  body  weight  decreased  to  no  less  than  90%  of  the 
 original  body  weight)  un�l  the  end  of  the  behavioral  experiments.  Adult  mice  for  in  vitro 
 electrophysiology  were  4-11  weeks  old,  while  P18-P25  mice  were  used  for  in  vitro  induc�on  of  febrile 
 seizures.  During  behavioral  tests  and  in  vivo  electrophysiology,  mice  were  9-15  weeks  old  and  15-26 
 weeks  old,  respec�vely.  The  same  mice  were  used  in  both  behavioral  and  in  vivo  experiments,  but 
 three  WT  mice  could  not  be  recorded  (mice  either  died  or  lost  the  microdrive  implant)  and  two  KO 
 mice  were  excluded  from  analysis  a�er  histological  examina�on  of  tetrode  loca�on  (see  below), 
 resul�ng  in  different  sample  sizes.  Tails  from  these  mice  were  kept  and  used  for  genotyping  a�er 
 experiments,  during  which  it  was  found  that  two  WT  females  were  actually  heterozygous,  and  were 
 therefore  excluded  from  analysis.  Mice  were  group  housed,  except  those  used  for  in  vivo 
 electrophysiology  that  were  single-housed  a�er  tetrode  implanta�on.  Both  male  and  female  mice 
 were used in most experiments (Table 1). 

 Table  1:  Mouse  informa�on  per  experiment.  Mouse  genotype,  background,  age,  sex,  and  number 
 for each experiment. 

 Experiment  Genotype and 
 background 

 Age  Sex and number 
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 In  vitro:  TRPV1  KO  and  WT  SWRs  at  different 
 temperatures - sleep simula�on 

 TRPV1  KO  and 
 WT (C57BL6J) 

 6-9 weeks  WT: 4 male, 3 female 

 KO: 4 male, 4 female 

 In vivo: Cheeseboard maze and open field  TRPV1  KO  and 
 WT (C57BL6J) 

 9-15 
 weeks 

 WT: 3 male, 3 female 

 KO: 4 male, 4 female 

 In vivo: LFP and single-unit recordings  TRPV1  KO  and 
 WT (C57BL6J) 

 15-26 
 weeks 

 WT: 1 male, 2 female 

 KO: 2 male, 4 female 

 In  vitro:  suscep�bility  to  induc�on  of  febrile 
 seizures 

 TRPV1  KO  and 
 WT (C57BL6J) 

 P18-P25  WT: 3 male, 5 female 

 KO: 4 male, 4 female 

 In  vitro:  SWR  recordings  before  and  a�er  LTP 
 protocol 

 WT, C57BL6J  7-10 
 weeks 

 8 male 

 In  vitro:  SWRs  a�er  incuba�on  with 
 anisomycin 

 WT, C57BL6J  7 weeks  2 male, 1 female 

 In  vitro:  anisomycin  applica�on  a�er 
 spontaneous SWR genera�on and recording 

 WT, C57BL6J  5-6 weeks  2 male, 3 female 

 In vitro: SWRs a�er incuba�on with SAHA  WT, C57BL6J  5-7 weeks  2 male, 3 female 

 In  vitro:  SAHA  applica�on  a�er  spontaneous 
 SWR genera�on and recording 

 WT, C57BL6J  5-6 weeks  2 female 

 In  vitro:  SWRs  a�er  incuba�on  with 
 ohtau40-H  2  O  2 

 WT, C57BL6J  9-11 
 weeks 

 2 female 

 In  vitro:  ohtau40-H  2  O  2  applica�on  a�er 
 spontaneous SWR genera�on and recording 

 WT, C57BL6J  8-10 
 weeks 

 3 male, 3 female 

 In  vitro:  ohtau40-heparin  applica�on  a�er 
 spontaneous SWR genera�on and recording 

 WT, C57BL6J  8 weeks  4 male, 4 female 
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 2.2 Genotyping 
 Genotyping  was  originally  performed  in  our  lab  using  the  protocol  detailed  below.  Tissue  from  mice 
 used  in  experiments  was  kept  and  samples  were  later  sent  to  GVG  Gene�c  Monitoring  GmbH,  which 
 confirmed  genotypes.  The  procedure  has  been  widely  used  since  its  discovery  (  Mullis,  1990;  Davis  & 
 Dibner & Ba�ey, 1986; Shehadul Islam et al., 2017). 

 2.2.1 Tissue lysis and DNA extrac�on 

 The  �ssue  (ear  punch  or  tail  sample)  was  incubated  while  shaking  for  at  least  6  hours  or  overnight  at 
 55  o  C  in  lysis  solu�on  (100  mM  Tris-HCl  (pH  8.5),  5  mM  EDTA  (pH  8.0),  0.2%  or  2%  (w/v)  SDS  and  200 
 mM  NaCl)  containing  3.5  μL  of  20  mg/ml  Proteinase  K  (Thermo  Fisher  Scien�fic  cat.  #AM2546).  DNA 
 extrac�on  started  the  following  day  with  10  minutes  of  centrifuga�on  at  maximum  speed,  so  that  the 
 �ssue  remained  stuck  at  the  bo�om  and  the  supernatant  transferred  to  a  new  tube.  There,  500  μL  of 
 >  98%  isopropanol  were  added  and  the  mixture  centrifuged  for  another  10  minutes  at  maximum 
 speed,  allowing  the  DNA  to  precipitate  at  the  bo�om.  The  supernatant  was  then  removed  and  the 
 tube  washed  with  1  mL  70%  ethanol  during  a  last  10  minute  centrifuga�on.  Ethanol  was  then 
 removed  from  the  tube,  which  was  le�  to  dry  for  10-20  minutes.  The  DNA  pellet  was  then  dissolved 
 in 100 μL dis�lled H  2  O. 

 2.2.2. Polymerase chain reac�on (PCR) and gel electrophoresis 

 The  polymerase  chain  reac�on  (PCR)  mixture  contained,  in  μL:  1.5  WT  forward  primer,  1.5  KO 
 forward  primer,  1.5  reverse  primer,  0.75  10  mM  dNTP  mixture  (Thermo  Fisher  Scien�fic  cat.  #R0192), 
 0.75  Phire  Hot  Start  II  DNA  Polymerase  (Thermo  Fisher  Scien�fic  cat.  #F122),  7.5  Phire  green  reac�on 
 buffer  (Thermo  Fisher  Scien�fic  cat.  #F527L),  23.5  H  2  O,  and  3  DNA  extracted  as  described  above.  The 
 primers used were synthesized and ordered from Sigma-Aldrich and their sequences were: 

 WT forward, VR1-For-MC: 5’- TGG CTC ATA TTT GCC TTC AG 

 KO forward, VR1-TA1-MC: 5’- CTG TCC ATC TGC ACG AGA CT 

 Common reverse, VR1-Rev-MC: 5’- CAG AAT CTC TTT CAG CCC CTG 

 The PCR protocol used is outlined below: 

 The  PCR  product  was  loaded  in  gels  that  were  made  from  1.8  g  Agarose  (Invitrogen  cat.  #16500)  and 
 10  μL  Ro�-Safe  (Carl  Roth  cat.  #3865)  per  100  mL  1x  TAE  buffer  (40  mM  Tris,  20  mM  ace�c  acid,  1 
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 mM  EDTA).  GeneRuler  1  kb  Plus  DNA  Ladder  (Thermo  Fisher  Scien�fic  cat.  #SM1333)  was  used  as  a 
 reference.  Gels  were  run  un�l  bands  were  separated  and  visualized  using  UV-light.  WT  mice  were 
 iden�fied  by  having  a  single  band  at  400  bp,  TRPV1  KO  a  single  band  at  500  bp,  and  heterozygous 
 mice by having both 400 bp and 500 bp bands. 

 2.3 In vitro electrophysiology 

 2.3.1 Slice prepara�on 

 Hippocampal  slice  prepara�on  and  SWR  recordings  were  performed  similar  to  previous  descrip�ons 
 (Schneiderman,  1986;  Papatheodoropoulos  &  Kostopoulos,  2002).  Mice  were  anesthe�zed  using 
 isoflurane  (Forene,  AbbVie  cat.  #B506)  inhala�on  before  being  decapitated  and  having  their  brains 
 extracted.  The  brains  were  then  moved  to  a  cold  plate  with  ice-cold  (0.5-2  o  C)  ar�ficial  cerebrospinal 
 fluid (aCSF). Three types of aCSF were used. 

 F4, in mM: 119 NaCl, 2.5 KCl, 1 NaH  2  PO  4  , 1.3 MgSO  4  ,  2.5 CaCl  2  , 26 NaHCO  3  , and 10 D-glucose. 

 F1, in mM: 124 NaCl, 4.9 KCl, 1.2 KH  2  PO  4  , 2 MgSO  4  ,  2 CaCl  2  , 25.6 NaHCO  3  , and 10 D-glucose. 

 LTP-aCSF, in mM: 124 NaCl, 4.8 KCl, 1.2 KH  2  PO  4  , 2  MgSO  4  , 2 CaCl  2  , 25.6 NaHCO  3  , and 10 D-glucose. 

 Due  to  the  higher  concentra�on  of  potassium,  F1  promotes  slice  excitability  while  F4  is  closer  to 
 physiological  condi�ons  (basal  level  ~  3  mM;  Larsen  et  al.,  2016  ).  Therefore,  F4  was  used  in  all 
 experiments  except  those  inves�ga�ng  febrile  seizures,  where  F1  was  used  to  increase  suscep�bility. 
 The  LTP-aCSF  was  used  in  experiments  where  SWRs  were  recorded  before  and  a�er  HFS,  as  it  was 
 found  to  be  be�er  for  synap�c  poten�a�on  compared  to  F4  and  had  been  used  successfully  in  our 
 lab before for LTP induc�on. 

 Once  the  hippocampus  was  excised  free,  the  ventral  part  was  placed  perpendicular  to  the  blade  of 
 the  �ssue  chopper  (Stoel�ng  cat.  #51425  )  and  four  slices  were  taken.  Both  le�  and  right  hippocampi 
 were  used  and  slice  thickness  was  450  μm.  They  were  then  transferred  to  an  interface  chamber 
 where  they  were  le�  to  incubate  at  31  +/-  1  o  C  for  at  least  two  hours  before  recordings.  The  aCSF  was 
 oxygenated  by  bubbling  with  95%  oxygen  and  5%  CO  2  ,  at  31-33  L/h,  with  pH  under  these  condi�ons 
 being 7.3-7.4. 

 2.3.2 SWR recordings 

 Spontaneously  evoked  SWRs  were  recorded  from  CA1  stratum  pyramidale,  where  SW  polarity  is 
 posi�ve.  Unless  stated  otherwise  (e.g.,  in  temperature  or  febrile  seizure  induc�on  experiments)  slices 
 were  kept  at  30-32  o  C  during  recordings.  SPIKE  2  v8.18  (Cambridge  Electronic  Design  Limited)  was 
 used  for  signal  acquisi�on.  The  microelectrodes  used  were  Pla�num/Iridium  with  0.1  MΩ  impedance 
 (  Microprobes  cat.  #PI20030.1A3  and  #PI2PT30.1H5)  and  were  inserted  into  glass  tubes  for  be�er 
 isola�on.  Both  the  incuba�on  aCSF  and  the  recording  chamber  aCSF  were  oxygenated  by  bubbling 
 95%  oxygen  and  5%  CO  2  at  32  +/-  1  L/h.  The  bath-applied  aCSF  was  flowing  at  a  rate  of  1.3-1.5  ml  per 
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 minute  in  all  experiments  except  those  where  the  effect  of  LTP  induc�on  protocol  on  SWRs  was 
 studied,  for  which  flow  rate  was  1.1-1.3  ml/min.  The  CA1  pyramidal  layer  was  iden�fied  using  a  light 
 microscope  (Leica).  A�er  SWRs  were  found  in  a  slice  and  the  loca�on  in  the  CA1  pyramidal  layer 
 where  SWs  had  the  highest  amplitude  was  selected,  the  electrode  was  inserted  roughly  in  the  middle 
 of  the  sec�on.  The  recording  �me  used  for  analysis  was  always  at  least  20  minutes  a�er  electrode 
 inser�on,  except  in  experiments  in  which  epilep�form  ac�vity  was  induced  by  increased  temperature 
 where  recordings  were  made  from  the  surface  of  the  slices;  see  sec�on  below.  The  signal  was 
 amplified  10,000-fold  using  a  differen�al  AC  amplifier  (A-M  Systems  cat.  #1700)  and  frequencies 
 between  0.1  Hz  and  5000  Hz  were  recorded.  A  data  acquisi�on  board  (micro3  1401,  Cambridge 
 Electronic Design Limited  ) was used to digi�ze the  signal at 10 kHz. 

 2.3.3 In vitro  temperature  experiments 

 Slices  from  TRPV1  KO  and  WT  adult  mice  were  prepared  and  incubated  for  at  least  two  hours  in  F4 
 aCSF  at  31  o  C.  A�erwards,  slices  with  SWRs  were  iden�fied  and  recorded  at  31  o  C  baseline 
 temperature  for  at  least  25  minutes.  Temperature  varia�on  during  sleep  is  between  36  o  C  and  38  o  C, 
 so  two  “wake-sleep-cycles”  followed,  in  which  the  temperature  was  increased  to  36  o  C,  then  to  38  o  C, 
 then  back  to  36  o  C,  and  finally  to  38  o  C  again.  A�er  the  end  of  the  two  36-38  o  C  cycles,  the 
 temperature  was  increased  to  an  extreme  of  40  o  C  (simula�ng  high  fever),  before  being  returned  to 
 31  o  C  for  poten�al  recovery  effects.  Temperature  varied  by  +/-  1  o  C  and  slices  were  kept  in  each 
 temperature  for  at  least  22  minutes  and  no  more  than  35  minutes.  Two  two-minute  recording 
 sec�ons  were  extracted  for  analysis  -  one  at  the  beginning  (maximum  7  minutes  a�er  the 
 temperature  was  reached)  and  another  at  the  end  (a�er  at  least  18  minutes  at  a  given  temperature) 
 of each temperature step. 

 2.3.4 Pharmacological experiments 
 2.3.4.1 Experiments where slices were pre-incubated with drugs 

 Slices  were  prepared  in  F4  aCSF  in  the  absence  of  drugs.  They  were  then  separated  into  2  groups, 
 one  in  which  slices  were  incubated  in  normal  aCSF  and  one  in  which  slices  were  incubated  in  aCSF 
 containing  the  pharmacological  agent.  A�er  at  least  two  hours  of  incuba�on,  slices  with  SWRs  were 
 found  and  recorded  for  35  minutes  each  in  the  presence  of  normal  aCSF  or  aCSF  containing  the 
 pharmacological  agent.  Two  minutes  of  the  last  27-35  minutes  were  used  for  analysis,  so  the  results 
 indicate  a  minimum  total  incuba�on  of  2.5  hours  in  the  drug.  The  aCSF  (control:  DMSO-aCSF  or 
 tau-free  aCSF,  and  experimental:  SAHA-aCSF  or  tau-aCSF)  was  reused  during  the  first  day  of 
 experiments  involving  pre-incuba�on  with  SAHA  and  for  all  experimental  days  involving 
 pre-incuba�on with tau. 
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 2.3.4.2 Experiments where drugs were applied a�er baseline recording of SWRs 

 Slices  were  prepared  and  incubated  for  at  least  two  hours  in  F4  aCSF  in  the  absence  of  drugs.  A�er 
 incuba�on,  slices  with  SWRs  were  found,  the  electrode  was  inserted  in  the  middle  of  the  slices,  and  a 
 35  minute  baseline  recording  was  taken.  Then,  aCSF  was  switched  to  F4  aCSF  containing  the  drugs 
 and  a  second  recording  was  taken  for  35  minutes.  Lastly,  aCSF  was  switched  back  to  drug-free  aCSF 
 for  a  final  35  minute  recording.  This  protocol  means  that  for  every  pharmacological  agent  there  were 
 three  condi�ons:  baseline,  drug  applica�on  (for  which  2  �me  points  were  analyzed,  the  first  at  the 
 beginning  of  drug  applica�on  (2  minutes  selected  from  the  first  3-12  minutes  of  applica�on)  and  the 
 other  at  the  end  of  drug  applica�on  (2  minutes  selected  between  27-35  minutes  of  applica�on))  and 
 wash. 

 2.3.5 Sharp wave ripple recordings a�er LTP 

 These  experiments  were  performed  in  collabora�on  with  my  colleague,  Dmytro  Nesterenko,  in 
 Camin  Dean’s  lab.  Slices  from  the  ventral  hippocampus  were  prepared  as  described  above  and 
 incubated  in  LTP-aCSF  for  2  h.  Slices  with  spontaneously  occurring  SWRs  were  then  iden�fied  and 
 baseline  recordings  were  taken  for  35  minutes,  a�er  a  bipolar  s�mula�on  electrode  was  inserted 
 between  stratum  radiatum  and  stratum  pyramidale  in  CA1.  Slices  were  then  s�mulated  with  a  single 
 10  ms  pulse  every  minute  with  an  increasing  current,  star�ng  at  20  μA  and  increasing  by  20  μA  in 
 each  step  un�l  the  fEPSP  slope  reached  a  plateau  (which  equals  to  maximum  response)  to  record  an 
 input-output  curve  of  fEPSP  responses  to  s�mula�on.  Then,  SWRs  were  recorded  again  for  at  least  10 
 minutes.  To  establish  a  baseline  for  fEPSP  responses  to  s�mula�on,  slices  were  then  s�mulated  with 
 a  single  10  ms  pulse  every  two  minutes  for  20  minutes,  with  a  current  corresponding  to  40%  of  the 
 maximum  fEPSP  of  the  input-output  curve.  SWRs  were  recorded  again  for  at  least  10  minutes 
 following  baseline,  before  proceeding  with  a  compressed  LTP  induc�on  protocol  (3  trains  of  100 
 pulses  at  100  Hz,  with  10  s  between  trains;  Yamazaki  et  al.,  2012  ).  Early-LTP  was  then  confirmed  by 
 again  giving  a  single  pulse  every  2  minutes  and  recording  fEPSP  responses  for  1  hour.  Only  slices 
 where  LTP  induc�on  was  successful  (fEPSP  slope  was  increased  by  115-235%  for  at  least  1  hour  a�er 
 HFS  compared  to  baseline)  were  included  in  the  analysis.  Following  LTP,  SWRs  were  again  recorded 
 for  at  least  10  minutes.  Temperature  was  30-32  o  C  and  flow  rate  of  perfused,  bubbled  aCSF  was  1.2  ± 
 0.1 mL/min. 

 2.3.6 Analysis of SWR proper�es 

 Two  minutes  from  each  recording  were  extracted  for  analysis  using  SPIKE  2v8.11.  These  were  then 
 analyzed  on  MATLAB  version  2020b  (The  Mathworks,  Inc.,  Massachuse�s  ,  USA)  using  a  custom 
 wri�en  code  available  at  request.  All  filtering  was  done  using  the  eegfilt  func�on  (  Makeig  et  al., 
 1997  ).  Ini�ally,  raw  data  were  high-pass  filtered  at  0.5  Hz.  Then,  for  SWs,  the  signal  was  low-pass 
 filtered  at  40  Hz,  while  a  bandpass  filter  between  140-250  Hz  was  used  for  ripples.  A  histogram  of  the 
 amplitude  of  each  point  from  the  SW  filtered  channel  was  plo�ed  and  the  mode  of  the  distribu�on 
 taken.  This  mode  was  then  subtracted  from  all  points  to  correct  the  baseline  of  SWs  to  zero.  All 
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 points  with  amplitude  less  than  or  equal  to  zero,  which  is  the  new  mode,  were  taken  and  the 
 standard  devia�on  of  this  distribu�on,  called  le�branch,  was  calculated.  Points  smaller  than  four 
 �mes  the  standard  devia�on  of  le�branch  were  removed  from  the  le�branch  popula�on  to  exclude 
 extreme  values.  All  points  from  the  SW  filtered  channel  with  amplitude  between  -3.5*std(le�branch) 
 and  +3.5*std(le�branch)  were  then  taken  as  baseline  noise  (b_noise)  and  SW-amplitude  threshold 
 was  defined  as  3,  3.5,  or  4  (see  Table  2)  �mes  the  standard  devia�on  of  the  b_noise  popula�on.  The 
 full  width  at  half  maximum  (FWHM)  for  each  possible  SW  was  calculated  using  an  adapted  version  of 
 the  fwhm  func�on  (  Egan,  2022).  Possible  SWs  with  FWHM  less  than  15  ms  and  more  than  150  ms 
 were  excluded  from  further  analysis.  SW  start  and  end  was  found  by  finding  the  closest  minimum 
 before  and  a�er  each  SW  peak  that  was  either  the  last  minimum  before  another  SW,  or  had  an 
 amplitude  less  than  2*std(b_noise).  A  maximum  of  three  minima  before  each  peak  and  5  minima 
 a�er  each  peak  were  checked,  if  none  sa�sfied  these  condi�ons  then  the  closest  minimum  to  the 
 peak  was  selected.  If  a  SW  was  cut  at  the  start  or  the  end  of  the  recording  snippet,  the  start  or  end  of 
 the  recording  were  taken  as  SW  start  and  end  respec�vely.  SW  peak,  start,  and  end  detec�on  was 
 visually  confirmed.  If  the  difference  between  the  star�ng  �me  of  a  SW  and  the  ending  �me  of  the 
 previous  SW  was  less  than  50  ms,  they  were  defined  as  clusters  (consis�ng  of  1  primary  and  1  or 
 more  secondary  SWs).  Single  SWs  were  also  defined  as  primary  SWs.  For  each  SW  event,  the 
 amplitude  and  dura�on  (SW  end  �me  -  SW  start  �me)  were  taken  and  averaged  for  each  slice.  The 
 probability  of  cluster  occurrence  (number  of  clusters  /  number  of  primary  SWs)  and  the  number  of 
 SWs  per  minute  were  also  measured.  If  there  were  no  SWs  in  a  recording,  the  slice  was  excluded 
 from analysis of all SW parameters except number of SWs per minute. 

 Analysis  of  ripples  was  performed  similarly.  The  distribu�on  of  amplitude  for  all  points  in  the  ripple 
 filtered  channel  was  plo�ed  and  the  mode  and  standard  devia�on  of  the  distribu�on  taken.  All 
 points  with  amplitude  larger  than  the  mode  minus  two  �mes  the  standard  devia�on  and  smaller 
 than  the  mode  plus  two  �mes  the  standard  devia�on  were  taken  as  baseline  noise  in  the  ripple 
 channel.  Then,  the  threshold  for  ripple  peaks  was  set  at  3  or  3.5  (see  Table  2)  �mes  the  standard 
 devia�on  of  the  baseline  noise  in  the  ripple  channel.  Ripple  peaks  were  detected  a�er  rec�fica�on  of 
 the  ripple  filtered  channel.  Peaks  less  than  10  ms  apart  were  a�ributed  to  the  same  ripple  event  and 
 events  with  less  than  4  peaks  were  excluded  from  further  analysis.  Ripple  dura�on  was  found  by 
 subtrac�ng  the  �me  of  the  last  peak  of  each  event  from  the  �me  of  the  first  peak  of  that  event.  For 
 power  analysis,  130  ms  sweeps  were  taken  from  the  ripple-filtered  channel,  each  centered  at  the 
 middle  of  one  ripple  event.  Wavelet  transforma�on  for  each  sweep  took  place  using  the  wavelet 
 func�on  by  Torrence  and  Compo  (1998)  with  parameters  set  as  follows:  amount  of  �me  between 
 each  Y  value  (dt)  =  1/sampling  frequency,  zero  padding  on,  spacing  between  discrete  scales  (dj)  = 
 0.01,  smallest  scale  of  the  wavelet  =  10*dt,  number  of  scales  minus  one  =  10/dj,  and  mother  wavelet 
 func�on  set  to  “Morlet”.  Power  was  calculated  by  taking  the  square  of  the  absolute  value  of  the 
 wave  output.  Peak  frequency  for  each  ripple  event  was  defined  as  the  frequency  in  the  ripple  range 
 (140-250  Hz)  with  the  highest  power  (=  peak  power).  Ripple  events  were  excluded  from  analysis  of 
 peak  frequency  and  peak  power  if  the  �me  of  the  maximum  power  was  more  than  15  ms  from  the 
 middle  of  the  event  and  more  than  15  ms  from  the  maximum  ripple  peak  of  the  event  or  if  the  event 
 had  a  dura�on  longer  than  110ms.  Peak  frequency,  peak  power,  dura�on,  and  number  of  peaks  of 
 each  ripple  event  were  taken  and  averaged  for  each  2-minute  recording.  Average  ripple  amplitude 
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 was  calculated  as  the  mean  amplitude  of  all  ripple  peaks  of  a  recording.  If  a  recording  had  no  ripples, 
 the  slice  was  excluded  from  analysis  of  all  ripple  variables  except  for  the  number  of  ripple  events  per 
 minute. 

 During  one  day  of  the  ohtau40-H  2  O  2  applica�on  experiment  a�er  naive  SWRs  were  recorded,  a  high 
 number  of  ar�facts  were  present  in  all  four  recorded  slices  simultaneously  (ensuring  these  were 
 ar�facts  and  making  their  iden�fica�on  obvious).  These  started  appearing  around  20  minutes  a�er 
 beginning  of  tau  applica�on  and  persisted  un�l  near  the  end  of  wash,  making  it  impossible  to  select 
 two  minutes  that  were  ar�fact-free  for  the  tau-end  condi�on.  In  this  case,  the  MergeFiles  Spike2 
 script was used to cut snippets with ar�facts out and merge the remaining sec�ons of the recording. 

 Sta�s�cal  analysis  was  performed  in  MATLAB.  For  drug  experiments  where  the  drug  was  applied 
 a�er  SWRs  were  recorded  in  drug-free  aCSF  and  for  the  LTP  experiment,  a  repeated  measures 
 analysis  of  variance  (RMANOVA)  was  used  with  condi�on  (“baseline”,  “start  of  drug  applica�on”, 
 “end  of  drug  applica�on”,  “wash”,  or  “baseline”,  “a�er  input/output  curve”,  “a�er  fEPSP  baseline”, 
 “a�er  LTP”,  respec�vely)  as  within  subjects  factor.  For  the  temperature  experiment,  a  RMANOVA  was 
 again  used,  with  temperature  (“31  o  C  baseline”,  “36  o  C”,“38  o  C”,“36  o  C  2nd”,  “38  o  C  2nd”,  “40  o  C”,  “31 
 o  C  recovery”)  as  within  subjects  factor  and  genotype  (“WT”,  “KO”)  as  between  subjects  factor.  If  the 
 sphericity  assump�on  of  the  RMANOVA  was  violated,  the  Greenhouse-Geissner  correc�on  was 
 applied.  Tukey’s  honestly  significant  difference  (HSD)  post-hoc  test  with  mul�ple  comparisons 
 correc�on  was  used  to  determine  which  specific  condi�ons  were  significantly  different  from  each 
 other.  In  drug  experiments  where  slices  were  pre-incubated  with  the  drug,  a  Mann-Whitney  U-test 
 was performed. 

 Table  2:  SW  and  ripple  detec�on  threshold  details  per  experiment.  Values  by  which  the  respec�ve 
 standard  devia�on  (as  described  above)  was  mul�plied  in  each  in  vitro  experiment  for  SW  and  ripple 
 detec�on thresholds. 

 Experiment  SW threshold  Ripple threshold 

 Temperature  4  3.5 

 HFS  3  3 

 Anisomycin pre-incuba�on  3.5  3.5 

 Anisomycin applica�on a�er SWR genera�on  3.5  3.5 

 SAHA pre-incuba�on  3  3.5 

 SAHA applica�on a�er SWR genera�on  3.5  3.5 
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 ohtau40-H  2  O  2  pre-incuba�on  3  3.5 

 ohtau40-H  2  O  2  applica�on a�er SWR genera�on  4  3.5 

 ohtau40-heparin  applica�on a�er SWR genera�on  4  3 

 2.3.7 In vitro induc�on of febrile seizures 

 Hippocampal  slices  from  eight  P18-P25  WT  and  eight  P18-P25  KO  mice  from  WT  and  TRPV1  KO 
 parents,  respec�vely,  were  prepared  as  described  above  and  incubated  for  at  least  two  hours  in  F1 
 aCSF  at  1.4  ml/min  flow  rate  and  30-32  o  C  temperature.  Recordings  were  made  from  two  slices 
 simultaneously.  Each  recording  was  10  minutes  long  and  consisted  of  5  min  recording  LFP  from 
 different  areas  of  CA1,  changing  loca�on  every  10-30  seconds,  followed  by  5  min  stable  recording  in 
 mid  CA1  near  the  pyramidal  layer.  Recordings  were  made  from  the  surface  of  the  slice  to  avoid 
 damaging  the  slices  by  mul�ple  punctures.  A�er  the  first  two  slices  were  recorded,  the  second  pair 
 followed  un�l  all  eight  slices  were  recorded.  Then,  the  temperature  was  increased  to  38.2  +/-  0.6  o  C. 
 Two  to  five  minutes  a�er  the  desired  temperature  was  reached,  high  temperature  LFP  recordings 
 were  made  in  a  similar  manner  to  baseline  recordings  (  5  min  recording  from  different  areas  followed 
 by  5  min  stable  recording  in  mid  CA1).  Two  slices  were  recorded  at  a  �me,  un�l  all  eight  slices  were 
 recorded  for  10  minutes  each  pair.  In  one  experiment,  only  seven  slices  were  used  as  one  slice  was 
 destroyed.  Analysis  was  done  manually,  by  examining  each  10  minute  recording  and  no�ng  the 
 number  and  type  of  epilep�form  events  found.  The  following  types  of  events  were  included  as 
 epilep�form ac�vity: 

 -  Con�nuous epilep�form discharges (EDs) 

 -  Groups or bursts of EDs or SWs and EDs 

 EDs  were  defined  as  SW-like  events  in  terms  of  shape,  but  with  amplitude  more  than  0.5  mV.  A  group 
 of  such  events  would  consist  of  at  least  3  SW-like  events,  of  which  at  least  one  passes  the  amplitude 
 criterion  (Figure  3A).  A  burst  was  similar  to  a  group,  but  events  followed  each  other  directly  (Figure 
 3B).  If  EDs  or  SWs  and  EDs  were  seen  con�nuously  before  moving  to  a  new  loca�on,  they  were 
 considered  con�nuous  EDs  (Figure  3C).  When  quan�fying  whether  epilep�form  responses  were 
 present,  and  increased,  decreased,  or  stayed  the  same  in  response  to  the  temperature  change, 
 con�nuous  EDs  counted  as  higher  epilep�form  ac�vity  (EA)  than  a  single  ED  or  SW/ED  group  or 
 burst,  but  were  considered  equal  to  more  than  one  group  or  burst  present  in  a  10-minute  recording. 
 Similarly,  two  ED  bursts  were  counted  as  higher  EA  than  a  single  burst.  Groups  and  bursts  were 
 considered  equal.  The  percentage  of  slices  with  EA  at  baseline  and  at  high  temperature  was 
 calculated  for  each  mouse,  as  well  as  the  percentage  of  slices  where  EA  increased  (either  because 
 there  was  EA  at  high  temperature  and  not  at  baseline,  or  there  was  EA  in  both  condi�ons  but  more 
 EA  events  at  high  temperature  compared  to  baseline).  Sta�s�cal  analysis  was  performed  in  GraphPad 
 Prism  9  (GraphPad  So�ware,  USA).  The  percentage  of  slices  with  EA  at  31  o  C  and  38.2  o  C  was 
 compared  between  WT  and  TRPV1  KO  mice  using  RMANOVA,  with  genotype  as  between  subjects 
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 factor  and  temperature  as  within  subjects  factor,  followed  by  Šidák’s  post-hoc  test.  The  percentage  of 
 slices  where  EA  increased  from  31  o  C  to  38.2  o  C  was  compared  between  genotypes  using  a  chi-square 
 test,  and  a�er  averaging  per  animal  using  a  Mann-Whitney  U-test.  Lastly,  all  slices  per  genotype  were 
 pooled  together  to  show  the  total  percentage  of  slices  that  increased,  decreased,  or  had  no  change 
 in their EA with increased temperature. 

 Figure  3:  Examples  of  epilep�form  ac�vity  (EA)  included  in  our  experiment.  (A)  SW/ED  group,  (B) 
 SW/ED burst, and  (C)  ED con�nuous. 
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 2.4 Drugs 

 2.4.1  Anisomycin 

 Anisomycin  was  purchased  from  Sigma  -Aldrich  (cat.  #A9789)  and  dissolved  in  water  at  a 
 concentra�on  of  1  mM.  This  was  used  to  make  a  solu�on  of  20  μM  anisomycin  final  concentra�on  in 
 aCSF, which was used in our experiments. 

 2.4.2 Suberoylanilide hydroxamic acid (  SAHA) 

 SAHA  (also  known  as  Vorinostat  and  Zolinza)  was  obtained  from  Cayman  Chemical  Co.  (cat. 
 #10009929)  and  was  dissolved  in  dimethyl  sulfoxide  (DMSO,  Sigma-Aldrich  cat.  #276855).  This  was 
 then  used  to  make  a  solu�on  of  10  μM  SAHA  in  aCSF.  The  same  amount  of  DMSO  was  added  in 
 control  aCSF  and  in  SAHA-aCSF  to  account  for  DMSO  effects.  The  amount  of  DMSO  used  in  aCSF  was 
 no more than 1:1000. 

 2.4.3  Human tau oligomers 

 2.4.3.1 Prepara�on 

 Human  tau  (htau40)  oligomers  were  prepared  and  assessed  by  Susanne  Wegmann’s  lab.  Two  types 
 of  tau-oligomer  prepara�ons  were  used,  one  using  H  2  O  2  following  Acquarone  et  al.  (2019),  which 
 reported  impaired  LTP  a�er  tau  applica�on  (see  also  Fá  et  al.,  2016)  and  another  using  heparin, 
 which  increases  aggrega�on  (see  Figure  4).  We  will  call  the  first  ohtau40-H  2  O  2  and  the  second 
 ohtau40-heparin for simplicity. 

 The  ohtau40-H  2  O  2  was  prepared  in  two  batches.  In  short  ,  htau40  monomers  in  phosphate-buffered 
 saline  (PBS),  1  mM  dithiothreitol  (DTT)  were  used  and  buffer  was  exchanged  with  sterile  PBS  to 
 remove  DTT  at  least  2  x  2  h  at  4  o  C,  with  a  12  kDa  molecular  weight  cut  off  (MWCO)  (Dialyse 
 devices-Pur-A-Lyzer,  Sigma-Aldrich)  and  further  concentrated  with  a  filter  device  (Pierce  protein 
 concentrators,  Thermo  Fisher  Scien�fic)  at  3  kDa  MWCO  (at  10,000  x  g  4  °C)  if  needed.  Next,  1  mM 
 H  2  O  2  ,  1x  Halt  Protease  inhibitor  mix  (Thermo  Fisher  Scien�fic  cat.  #78429),  and  0.01%  NaN3  were 
 added  to  8.5  mg/ml  htau40.  The  mixture  was  incubated  at  25  °C  in  a  Thermoblock,  at  250  rpm  for  20 
 hours.  Buffer  was  then  exchanged  as  before  and  the  sample  was  centrifuged  for  20  minutes  at 
 10,000  x  g,  a�er  which  the  supernatant  containing  the  tau  oligomers  was  taken.  The  seeds  were 
 sonicated  for  15  minutes  in  a  water  bath  and  final  stock  protein  concentra�on  was  determined  by  a 
 bicinchoninic  acid  (BCA;  Smith  et  al.,  1985  )  assay  (198.4  μM  =  9.1  mg/ml  and  87  μM  =  4  mg/ml).  The 
 aliquots were stored at -80 °C. 

 For  ohtau40-heparin  ,  60  μM  =  2.75  mg/ml  of  tau  monomers  were  mixed  with  0.7  mg/ml  heparin 
 (Applichem;  MW=  8-25  kDa)  in  PBS,  2  mM  DTT  and  incubated  at  37  o  C  for  6  days.  Every  second  day, 
 fresh  2  mM  DTT  was  added.  The  buffer  was  exchanged  by  dialysis  using  a  10  kDa  MWCO  and  sterile 
 PBS.  Then,  the  samples  were  sonicated  for  30  minutes  and  a  BCA  assay  was  used  to  determine 
 protein  concentra�on,  here  56.7  μM  =  2.6  mg/ml.  The  aliquots  were  flash  frozen  with  liquid  nitrogen 
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 and  stored  at  -80  o  C.  Experiments  with  ohtau40-heparin  were  done  with  Ana  Carolina  Odebrecht 
 Vergne de Abreu as part of her lab rota�on. 

 The  presence  of  oligomers  was  confirmed  by  SDS-PAGE  and  semi-na�ve-PAGE.  Increased 
 fluorescence  intensity  of  ohtau40-heparin  compared  to  tau  monomers  and  ohtau40-H  2  O  2  in  the 
 Thioflavin-T  aggrega�on  endpoint  assay  showed  the  presence  of  tau  β-sheets  in  ohtau40-heparin 
 only  (Figure  4).  For  all  tau  experiments,  the  htau40  stocks  described  above  were  diluted  in  aCSF  at  a 
 concentra�on of 25 nM = 1.15 μg/ml and bath applied to the slices. 

 2.4.3.2 SDS-PAGE and semi-na�ve-PAGE 

 These  two  procedures  were  performed  according  to  Hochmair  et  al.,  2022,  by  Susanne  Wegmann’s 
 lab.  For  SDS-PAGE,  6X  reducing  SDS-containing  loading  buffer  was  added  to  the  protein  samples, 
 which  were  then  boiled  at  95  °C  for  5 minutes  and  separated  by  SDS-PAGE  (NuPAGE  4-12%  Bis-Tris, 
 Thermo  Fisher  Scien�fic).  For  semi-na�ve-PAGE,  6X  loading  buffer  without  SDS  and  reducing  agents 
 (BioLabs  cat.  #B7025S)  was  used.  The  samples  were  not  boiled  and  instead  loaded  directly  onto 
 Na�ve-PAGE  gels  (Na�vePAGE,  Thermo  Fisher  Scien�fic).  For  both  prepara�ons,  MES-buffer  was  used 
 as  running  buffer  (addi�onally  containing  0.1%  SDS  (Thermo  Fisher  Scien�fic)  and  1 µg  tau  was 
 loaded  per  well.  A�er  separa�on,  protein  bands  were  stained  with  SYPRO  Ruby  (Thermo  Fisher 
 Scien�fic)  and  visualized  with  a  Typhoon  scanner  (Trio,  GE  Healthcare)  using  the  532 nm  laser  and  a 
 610 nm bandpass filter. 

 2.4.3.3 Thioflavin-T aggrega�on endpoint assay 

 The  aggrega�on  state  of  tau  was  monitored  by  adding  50  μM  Thioflavin-T  (ThioT,  Sigma-Aldrich)  to  4 
 μM  (0.18  mg/ml)  of  htau40.  Samples  were  prepared  in  triplicates  in  clear  bo�om  384-well  µClear 
 plates  (Greiner)  and  ThioT  fluorescence  (λEx = 440 nm,  λEm = 485 nm)  was  recorded  at  37  °C  in  a 
 plate  reader  (Infinite  M  Plex,  Tecan)  a�er  a  5 s  shake.  The  procedure  was  performed  by  Susanne 
 Wegmann’s lab (Hochmair et al., 2022). 
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 Figure  4:  Presence  of  oligomers  and  β-sheets  in  the  two  ohtau40  prepara�ons  .  Results  from  (A) 
 SDS-PAGE  and  (B)  semi-na�ve-PAGE  showing  the  presence  of  htau40  monomers  (black  arrows), 
 dimers  (blue  arrows),  oligomers  (orange  arrows),  and  higher  order  aggregates  (green  arrows)  in  the 
 different  prepara�ons.  No�ce  that  ohtau40-heparin  had  less  monomers  and  more  oligomers  and 
 higher  order  aggregates  compared  to  ohtau40-H  2  O  2  .  (C)  Thioflavin-T  aggrega�on  endpoint  assay 
 showing  presence  of  tau  β-sheets  only  in  ohtau40-heparin.  Figure  was  provided  by  Janine  Hochmair 
 from Susanne Wegmann’s lab and subsequently adapted. 

 2.5 Behavioral tests 

 2.5.1 Cheeseboard maze 

 This  is  a  dry  land  version  of  the  water  maze  task  (Morris,  1981;  Vorhees  &  Williams,  2006  ).  It  lacks 
 the  aversive  component  of  the  water  maze,  but  requires  mild  food  restric�on  to  mo�vate  the  mice  to 
 look  for  the  reward.  Llano  Lopez  and  colleagues  (2010)  have  compared  the  two  before.  Our  protocol 
 was similar to the one used by Kesner and colleagues (1991). 

 2.5.1.1 Pla�orm 

 The  apparatus  used  for  the  cheeseboard  maze  task  was  custom-made  by  the  Viana  da  Silva  lab.  The 
 maze  was  comprised  of  a  plas�c,  circular,  black  arena  of  80  cm  diameter  and  1.5  cm  thickness, 
 standing  51.5  cm  above  the  floor  in  the  recording  room  at  the  Neurowissenscha�liches 
 Forschungszentrum  (NWFZ)  at  the  Campus  Charité  Mi�e  in  Berlin.  The  pla�orm  had  a  total  of  140 
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 plas�c  wells,  each  being  5.3  mm  deep,  with  12.5  mm  external  and  7.5  mm  internal  diameter.  These 
 wells  were  placed  in  evenly  spaced  rows  (5.5  cm  from  row  to  row,  6  cm  from  well  to  well  in  the  same 
 row).  The  start  loca�on  for  each  trial  was  constant  and  consisted  of  a  10  cm  x  10  cm  square  area  on 
 one side of the maze (Figure 5). 

 2.5.1.2 Experimental protocol 

 2.5.1.2.1 Habitua�on and training 

 Before  training,  mice  were  habituated  to  the  pla�orm  for  two  days.  This  was  done  by  placing  each 
 mouse  alone  on  the  pla�orm,  in  the  absence  of  any  rewards,  for  10  minutes.  Food  restric�on  began 
 on  habitua�on  day  1,  with  mice  losing  no  more  than  10%  of  their  original  body  weight.  During  the 
 training  phase,  a  liquid  reward  (diluted  chocolate  oat  milk:  ~  25%  chocolate  oat  milk,  12.5%  soy  milk, 
 62.5%  tap  water)  was  placed  in  30  of  the  140  wells.  The  reward-containing  wells  changed  between 
 different  training  days;  a  diagram  of  the  combina�ons  used  can  be  found  in  Figure  6.  Mice  were 
 placed  on  the  start  loca�on  of  the  pla�orm  and  had  10  minutes  to  find  and  consume  the  rewards. 
 The  training  phase  was  completed  when  a  mouse  ate  the  rewards  from  at  least  21  out  of  the  30  wells 
 (70% criterion) for two days in a row. Mice took 3-6 days to pass the criterion. 

 2.5.1.2.2 Learning phase 

 The  learning  phase  followed,  which  lasted  fourteen  days.  For  the  first  seven  of  these,  mice  were 
 learning  the  first  reward  loca�on,  which  was  well  25  for  half  of  the  mice  and  116  for  the  other  half 
 (Figure  5).  Mice  were  assigned  in  groups  as  follows:  well  25  =  2  male  and  2  female  TRPV1  KOs,  1  male 
 and  2  female  WTs;  well  116  =  2  male  and  2  female  TRPV1  KOs,  2  male  and  1  female  WTs.  During  the 
 following  seven  days,  the  reward  loca�on  was  changed  to  the  opposite  well  (well  116  for  mice  whose 
 original  reward  loca�on  was  well  25  and  vice  versa)  and  reverse  learning  took  place.  Each  day,  each 
 animal  had  four  trials,  with  60-80  seconds  inter-trial  interval.  Each  trial  lasted  for  a  maximum  of  3.5 
 minutes;  if  a  mouse  didn’t  find  the  reward  during  this  �me,  it  was  guided  to  it  using  a  glass  beaker 
 and  taken  out  of  the  pla�orm  a�er  the  reward  was  consumed  or  a�er  the  mouse  licked  the  reward 
 and  moved  away.  In  trials  where  the  mouse  successfully  found  the  reward,  the  mouse  was  removed 
 from  the  maze  a�er  consump�on  or  a�er  the  mouse  walked  away  from  the  reward.  The  trial  ended 
 when  the  mouse  was  removed  from  the  maze.  The  first  trial  of  day  6  and  of  day  13  (day  6  of  reverse 
 learning)  were  probe  trials.  During  a  probe  trial,  no  reward  was  present  and  the  mouse  was  allowed 
 to  explore  the  pla�orm  for  3.5  minutes.  For  each  trial,  the  posi�on  of  the  animal  was  recorded  by  a 
 camera  (  15  frames  per  second  (fps),  acA1300-75gc,  operated  using  pylon  Viewer,  Basler  AG)  placed 
 on  the  ceiling  above  the  pla�orm,  and  performance  was  assessed  offline  using  the  animal’s  tracking 
 data  (see  below).  To  prevent  the  use  of  odor  cues,  the  same  milk  that  was  used  as  reward  was  spread 
 evenly  across  the  surface  of  the  pla�orm  using  a  wet  �ssue  a�er  each  trial.  Ethanol  was  used  to 
 clean  the  maze  from  other  possible  odor  cues  between  different  mice,  but  not  between  different 
 trials  of  the  same  mouse.  We  considered  features  of  the  room,  such  as  a  small  lamp,  a  computer,  and 
 a  Scantainer,  as  distal  cues.  No  proximal  cues  were  used  in  this  task.  We  did  not  differen�ate 

 60 



 between  allocentric  and  egocentric  naviga�on.  Trials  took  place  during  the  light  phase,  but  dim  light 
 was used to ensure low levels of anxiety. 

 2.5.1.2.3 Markerless tracking of subject’s body parts 
 This  step  was  performed  by  Dejana  Mitrovic  from  the  Viana  da  Silva  lab.  Behavioral  experiments  on 
 the  cheeseboard  maze  were  recorded  with  one  video  per  trial.  The  videos  were  recorded  at  15  fps. 
 Some  of  these  video  recordings  were  processed  post-experimentally  to  adjust  for  orienta�on  of  the 
 open  field  and  cheeseboard  maze  such  that  it  was  the  same  throughout  all  the  trials,  which  was 
 important later on for the analysis. 

 The  body  parts  used  for  loca�ng  the  animals  were  the  nose,  le�  and  right  ears,  and  tail  base.  This 
 was  done  using  a  markerless  tracking  method  called  DeepLabCut  (DLC;  Mathis  et  al.,  2018).  DLC  was 
 run on a computer with Windows 10 opera�ng system with the GTX 3070 founders edi�on GPU. 

 Two  different  DLC  projects  were  used  for  tracking  in  open  field  and  cheeseboard  maze  recordings. 
 One  video  per  mouse  was  used  in  both  projects  for  selec�on  of  frames.  The  frames  used  for  labeling 
 the  body  parts  of  interest  were  extracted  by  clustering  based  on  visual  appearance  (k-means). 
 250-300  frames  per  DLC  project  were  used  for  training  the  deep  neural  network  to  recognize  the 
 body  parts.  Addi�onally,  the  neural  network  for  both  projects  was  refined  twice  by  extrac�ng 
 outliers,  where  a  par�cular  body  part  or  all  body  parts  jumped  more  than  the  pixel  threshold  defined 
 by  DeepLabCut  compared  to  the  last  frame.  ResNet50  was  used  for  training  with  500,000  itera�ons. 
 A�er  the  deep  neural  networks  were  trained,  the  videos  were  analyzed  by  extrac�ng  all  body  parts’ 
 coordinates  for  each  frame  and  saved  for  each  video  in  an  .h5  file.  To  make  sure  the  deep  neural 
 networks  were  trained  well  enough,  one  random  video  was  chosen  for  crea�ng  labeled  video  to 
 visually  assess  the  quality  of  the  tracking.  If  during  analysis  it  appeared  that  the  tracking  was  not 
 good enough, the network was refined and retrained. 

 The  commands  for  execu�ng  all  the  steps  described  above  can  be  found  at  DeepLabCut’s  GitHub 
 documenta�on page: 

 h�ps://deeplabcut.github.io/DeepLabCut/docs/standardDeepLabCut_UserGuide.html  . 

 The  files  were  organized  in  a  manner  that  is  compa�ble  with  the  BikiPy  Python  package 
 (h�ps://pypi.org/project/bikipy/) which provides results for various parameters. 

 For  the  cheeseboard  maze,  each  mouse  had  its  own  directory  with  subdirectories  for  each  day  of 
 experiments.  The  rewards  were  marked  only  once  per  reward  loca�on.  The  point  of  reward  loca�on 
 and  rectangular  start  box  was  also  marked  as  a  rectangle  which  was  used  to  mark  the  start  of  the 
 explora�on  and  search  for  the  reward.  These  loca�ons  were  marked  using  makesense.ai,  where 
 reward  loca�ons  were  marked  as  points  and  the  start  box  as  a  rectangle.  The  start  box  dimensions 
 were used to convert pixels to meters. 

 From  the  animal’s  trajectory,  the  distance  and  �me  to  reward  loca�on  in  the  cheeseboard  maze  were 
 calculated  using  a  python  code  custom  wri�en  by  Can  Tartanoglu  from  the  Viana  da  Silva  lab. 
 Distance  and  �me  to  reward  loca�on  started  coun�ng  a�er  the  mouse  le�  the  start  box  (10  x  10  cm) 
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 and  ended  when  the  mouse’s  nose  was  detected  inside  the  reward  area  (a  circular  area  2  cm  in 
 diameter  centered  on  the  well  containing  the  reward).  A  mo�on  subpackage 
 (features.mo�on.Mo�on)  computed  the  mouse’s  track  according  to  maze  coordinates.  The 
 coordinates were smoothened with the use of a SARIMAX model: 

 h�ps://www.statsmodels.org/dev/generated/statsmodels.tsa.statespace.sarimax.SARIMAX.html 

 If  �me  to  reward  loca�on  was  more  than  the  maximum  dura�on  of  a  trial  (210  s),  the  value  was 
 changed to 210 s. 

 For  five  trials  in  the  cheeseboard  maze,  the  code  did  not  give  a  value  for  displacement  and  �me  to 
 reward  loca�on.  In  two  of  these,  �me  was  manually  measured  by  watching  the  video  with  a 
 stopwatch,  and  distance  was  manually  measured  by  drawing  the  animal’s  trajectory  from  the  video 
 and  calcula�ng  distance  by  conver�ng  number  of  pixels  to  cm  using  the  start  box  dimensions  in  FIJI 
 (Schindelin  et  al.,  2012).  The  manual  tracking  of  distance  was  performed  by  Dr.  Camin  Dean.  In  the 
 remaining  three  trials,  mice  were  guided  to  the  reward  using  a  beaker,  which  made  the  detec�on  of 
 the  mouse  challenging.  For  these  trials,  maximum  trial  dura�on  (210  s)  was  used  as  �me  to  reward 
 loca�on.  For  distance  to  reward  loca�on,  Dr.  Camin  Dean  measured  distance  traveled  from  the  start 
 of  the  video  (which  shows  the  mouse  s�ll  in  my  hand  before  being  put  on  the  maze  and  hence 
 overes�mates  total  displacement)  un�l  the  mouse  le�  the  start-box  using  FIJI,  and  then  this  value 
 was subtracted from the total displacement to determine the actual displacement. 

 2.5.1.2.4 Analysis 

 The  �me  and  distance  to  reward  loca�on  in  each  trial  were  extracted  from  tracking  data.  GraphPad 
 Prism  9  (GraphPad  So�ware,  USA)  was  used  for  sta�s�cal  analysis.  Outliers  on  days  6,  7,  13,  and  14 
 (days  13  and  14  correspond  to  days  6  and  7  of  the  new  reward  loca�on)  were  iden�fied  using  the 
 ROUT  method  with  Q  =  1%.  All  trials  from  each  day  were  analyzed  separately  for  each  genotype  (24 
 WT  and  32  TRPV1  KO  trials  from  6  and  8  mice,  respec�vely,  4  trials  per  mouse).  Outlier  trials  were 
 removed  and  the  remaining  trials  were  averaged  per  mouse.  Sta�s�cs  and  graphs  show  results  with 
 and  without  outliers.  Learning  curves  and  performance  level  per  genotype  were  analyzed  using 
 simple  linear  regression  analysis.  Mouse  average  daily  performance  was  used  to  calculate  a  mean 
 daily  performance  per  genotype.  The  line  of  best  fit  for  each  genotype  was  determined  using  the 
 mean  daily  performance  per  genotype,  with  R  2  indica�ng  goodness  of  fit,  a  slope  significantly 
 different  from  zero  deno�ng  learning,  and  differences  in  slope  and  eleva�on  between  the  two  lines 
 sugges�ng  differences  between  genotypes.  Original  and  new  reward  loca�ons  were  analyzed 
 separately.  For  distance  to  original  reward  loca�on,  averages  per  mouse  for  days  1  and  5  were  also 
 analyzed with a one-tailed paired t-test. 
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 Figure  5:  Representa�on  of  the  cheeseboard  maze.  The  maze  was  80  cm  in  diameter.  The  start 
 loca�on  (10  cm  x  10  cm)  on  the  le�  and  the  two  reward  loca�ons  used  for  reference  memory  and 
 reverse  learning  (in  circles)  are  marked.  In  half  of  the  animals,  well  25  was  used  for  reference  and 
 well  116  for  reverse  learning,  while  in  the  other  half  of  the  animals  the  sequence  of  reward  loca�ons 
 was  reversed.  Figure  was  provided  by  Rina  Patel  from  Silvia  Viana  da  Silva‘s  lab  and  subsequently 
 adapted. 
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 Figure  6:  Reward  loca�ons  used  for  the  training  phase  on  the  cheeseboard  maze.  The  wells 
 containing  a  reward  (displayed  here  with  their  corresponding  numbers)  were  different  for  each  day. 
 The  training  phase  ended  when  mice  consumed  at  least  21  out  of  30  rewards  for  two  days  in  a  row, 
 which took mice 3-6 days. Figure was provided by Rina Patel from  Silvia Viana da Silva‘s lab  . 
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 2.5.2 Open field 

 This  is  a  widely  known  behavioral  test  for  anxiety  based  on  the  animal’s  exploratory  behavior  (  Hall  & 
 Ballachey,  1932;  Hall,  1934;  Seibenhener  &  Wooten,  2015  ).  The  open  field  consisted  of  a  plas�c,  75.5 
 cm  x  75.5  cm  square  arena,  with  gray  floor  and  black  40  cm  high  walls.  Three  cues  (a  yellow  star,  a 
 blue  circle,  and  a  green  rectangle)  were  placed  on  three  different  walls  surrounding  the  arena  as 
 proximal  visual  cues.  The  arena  was  standing  71  cm  above  the  floor  in  the  recording  room  at  the 
 Neurowissenscha�liches  Forschungszentrum  (NWFZ)  at  the  Campus  Charité  Mi�e  in  Berlin.  The  open 
 field  test  was  done  one  day  a�er  the  last  day  of  reversal  learning  in  the  cheeseboard  maze,  when  the 
 animals  s�ll  had  restricted  access  to  food.  The  open  field  test  took  place  during  the  light  phase,  but 
 only  dim  light  was  used  while  mice  were  inside.  During  the  open  field  test,  each  mouse  was  placed  in 
 the  open  field  near  the  wall  without  a  cue  and  le�  to  explore  for  15  minutes.  A  camera  (15  fps, 
 acA1300-75gc,  operated  using  pylon  Viewer,  Basler  AG  )  above  the  arena  was  again  used  to  record 
 the  animal’s  loca�on.  Tracking  was  performed  as  described  above  with  one  video  recording  per 
 mouse.  T  he  length  of  the  diagonal  of  the  open  field  was  marked  using  makesense.ai  to  convert  pixels 
 to  meters  and  to  define  periphery  (the  area  15  cm  from  the  walls).  Loca�on  of  the  mouse  to  the 
 center  was  tolerance  modeled,  such  that  the  mouse  must  spend  at  least  0.5  seconds  within  the 
 center  to  be  considered  center-located.  Loca�on  in  the  periphery  is  then  tolerance  modeled  using 
 the  same  criteria  (at  least  0.5  seconds  within  the  periphery  to  be  considered  periphery-located).  The 
 �me  in  the  center  and  periphery  of  the  open  field  was  calculated  from  the  animal’s  trajectory  using  a 
 python  code  custom  wri�en  by  Can  Tartanoglu  from  the  Viana  da  Silva  lab.  The  percentage  of  total 
 �me  spent  in  the  middle  of  the  maze  compared  to  the  periphery  was  used  to  determine  anxiety 
 levels  in  TRPV1  KO  and  WT  mice.  The  number  of  entries  into  the  center  and  the  total  displacement 
 were  also  quan�fied.  A  Mann-Whitney  U-test  was  used  to  compare  differences  in  �me  spent  in  the 
 center, entries in the center, and total distance moved between genotypes. 

 2.6 In vivo electrophysiology 

 2.6.1 Microdrives 

 The  in  vivo  recording  devices  (microdrives)  used  in  this  study  were  similar  to  those  developed  and 
 validated  by  Anikeeva  and  colleagues  (2011;  Figure  7).  Pla�num/iridium  (90%/10%)  wire  (California 
 Fine  Wire  Company)  was  used  to  make  the  tetrodes  by  coiling  and  hea�ng  the  wire  at  140  o  C  for  1 
 minute  at  the  top  and  1  minute  at  the  bo�om  of  the  cable.  Each  drive  was  loaded  with  four  tetrodes 
 (with  4  channels  each).  The  base  of  the  drive  was  made  using  a  3D-printed  housing,  a  vented  screw, 
 and  a  thumbnut  that  allowed  the  tetrodes  to  be  lowered.  Through  the  screw,  two  metal  cannulas 
 were  placed  on  top  of  each  other  and  a  single  plas�c  cannula  was  placed  inside  the  metal  ones  to 
 protect  the  tetrodes  in  the  center.  The  EID  board,  where  the  tetrodes  connected  and  signal 
 transmission  occurred,  was  placed  on  top  of  a  3D-printed  stability  board.  The  tetrodes  were  glued  on 
 an  op�c  fiber  that  provided  support  for  the  tetrodes  and  the  drive  was  covered  with  rubber  cement 
 and  epoxy  glue  to  protect  the  sensi�ve  parts.  The  tetrode  �ps  were  plated  with  pla�num  to  reduce 
 impedance  to  150-250  kΩ  at  1  kHz.  Support  for  building  the  microdrives  used  in  this  study  was 
 provided by Dr. Silvia Viana da Silva, Rina Patel, and Shimon Jude Swer. 
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 Figure  7:  Sketch  of  the  microdrives.  Ver�cal  cross  sec�on  of  the 
 microdrives used in this study. Figure by Anikeeva et al., 2011. 

 2.6.2 Microdrive implanta�on surgery 

 Mice  were  anesthe�zed  with  5%  isoflurane  (Isofluran  CP,  CP-Pharma  cat.  #1214)  at  0.4  L/min  O  2  in  a 
 plexiglass  chamber  and  then  placed  on  a  stereotac�c  frame.  There,  anesthesia  was  maintained  by 
 delivering  ~  2%  isoflurane  at  0.4  L/min  O  2  through  a  mask,  while  analgesia  was  applied  by  injec�ng 
 carprofen  subcutaneously  (5  mg/kg,  Carprosol,  CP-Pharma  cat.  #114).  A  lubrica�ng  ophthalmic  gel 
 was  used  to  prevent  the  mice’s  eyes  from  drying,  and  a  hea�ng  pad  was  placed  underneath  the  mice 
 to  keep  them  warm  throughout  the  procedure.  Subcutaneous  saline  injec�ons  were  given  during 
 surgery  every  ~  1  h  to  keep  the  mice  hydrated.  A�er  shaving  and  disinfec�on  of  the  skin  on  top  of  the 
 skull  with  iodine  and  ethanol,  a  ~  3  mm  incision  was  made,  exposing  the  skull.  Bregma  and  lambda 
 were  iden�fied  and  correct  posi�oning  of  the  head  on  the  frame  was  confirmed  by  checking  that  the 
 difference  in  the  coordinates  of  bregma  and  lambda  in  the  z-axis  and  x-axis  was  less  than  0.2  mm. 
 Four  stability  screws  were  implanted  on  the  skull.  The  ground  wire  was  a�ached  to  a  fi�h  screw 
 placed  in  the  le�  hemisphere,  making  contact  with  the  cortex.  Vetbond  was  used  to  glue  the  screws 
 in  place.  The  craniotomy  was  on  the  right  hemisphere  and  the  coordinates  for  targe�ng  the  CA1 
 pyramidal  layer  were  -1.8  mm  anteroposterior  (AP)  and  +1.7  mm  mediolateral  (ML)  from  Bregma. 
 The  drive  was  then  lowered  0.2-0.5  mm  from  Bregma.  The  craniotomy  was  closed  with  silicone  gel  to 
 protect  the  tetrodes  and  the  exposed  brain  from  the  dental  cement  that  was  then  used  to  cover 
 everything  and  stabilize  the  implant.  Carprofen  and  lidocaine  (0.05  mL  of  1%  lidocaine,  Lidocain  HCl, 
 PZN  03676850,  B.Braun)  were  injected  subcutaneously  as  painkillers  during  surgery,  while 
 buprenorphine  (0.1  mg/kg  injected  subcutaneously,  Temgesic,  Indivior)  and  metamizol  (1.25  mg/mL 
 in  drinking  water,  Novaminsulfon,  PZN  03530394,  Ra�opharm)  were  used  for  post-opera�ve  pain 
 relief.  Following  surgery,  the  mice  were  placed  back  in  their  home  cage,  which  was  le�  over  a  hea�ng 
 pad  un�l  they  woke  from  the  anesthesia.  They  were  then  le�  to  recover  for  5  days,  during  which 
 daily wellness checks were performed to ensure proper recovery. 
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 2.6.3 In vivo SWR recordings 

 2.6.3.1 Behavioral protocol and data acquisi�on 

 The  tetrodes  were  lowered  slowly  (no  more  than  ~  0.112  mm  in  4  hours)  into  the  hippocampus,  to 
 avoid  damaging  the  �ssue,  over  the  course  of  5-10  days  a�er  surgery.  To  examine  local  field  poten�al 
 (LFP)  and  single-unit  ac�vity,  the  microdrive  was  plugged  into  a  16-channel,  head-mounted 
 preamplifier  linked  to  a  digital  Neuralynx  data  acquisi�on  system  (Digital  Lynx  4SX,  Neuralynx,  USA). 
 From  each  tetrode,  con�nuous  LFP  or  spikes  were  recorded  by  first  amplifying  (5,000-20,000×)  and 
 then  band-pass  filtering  (1-1000  Hz  for  LFP  or  0.6-6  kHz  for  spikes).  Sampling  frequency  was  32  kHz. 
 Spike waveforms above 30-45 µV were �me-stamped and digi�zed at 32 kHz for 1 ms. 

 Recordings  started  once  SWRs  and  clustered  unit  ac�vity  were  present  in  at  least  one  tetrode, 
 indica�ng  that  the  tetrode  was  in  the  CA1  layer  of  the  hippocampus.  On  day  1,  LFP  and  cellular 
 spiking  ac�vity  were  recorded  during  a  1  hour  rest  (r1),  followed  by  a  20  minute  explora�on  of  novel 
 open  field  1  (of1),  then  a  20  minute  explora�on  of  novel  open  field  2  (of2),  a  second  20  minute 
 explora�on  of  open  field  1  (called  for  simplicity  of3),  and  finally  a  second  1  hour  rest  (r2).  The  mice 
 were  then  given  40  more  minutes  to  explore  of2  divided  in  2  sessions  on  day  1,  and  20  more  minutes 
 to  explore  of1.  These  weren’t  recorded,  but  allowed  the  animal  to  become  familiarized  with  the  two 
 environments.  For  the  same  reason,  they  were  given  20  more  minutes  in  each  field  on  day  2  before 
 con�nuing  with  recordings.  A�er  this,  both  fields  were  considered  familiar.  The  tetrodes  weren’t 
 lowered  between  day  1  and  day  2  to  allow  recording  of  the  same  cells  in  both  novel  (day  1)  and 
 familiar  (day  2)  condi�ons.  On  day  2,  the  same  protocol  was  used  for  recordings,  but  rest  sessions 
 were  reduced  to  20  minutes  each.  Following  each  successful  recording,  tetrodes  were  lowered  1/16 
 of  a  turn  (~  0.028  mm).  When  new  cells  were  found,  they  were  recorded  again  during  r1,  of1,  of2, 
 of3,  and  r2  for  20  minutes  each.  The  experimental  protocol  for  recordings  can  be  seen  on  Figure  8. 
 Mice  were  recorded  following  this  protocol  for  3-10  days,  un�l  either  the  tetrodes  could  not  be 
 lowered  more  because  the  maximum  number  of  turns  was  achieved,  or  it  was  determined  that  all 
 tetrodes  had  passed  the  CA1  pyramidal  layer  based  on  the  presence  of  posi�ve  polarity  SWs,  large 
 theta,  and  absence  of  cell  clusters.  During  rest  sessions,  food  was  removed  from  the  home  cage,  but 
 animals  s�ll  had  ad  libitum  access  to  water.  Between  open  field  sessions,  animals  were  put  back  in 
 their  home  cages  for  5-10  minutes,  so  they  weren’t  deprived  of  water  access  for  more  than  20 
 minutes  each  �me.  Sugar  pellets  and  cereal  were  spread  in  the  open  fields  to  mo�vate  mice  to 
 explore  the  environment,  but  no  food  restric�on  was  used  at  this  stage.  The  recordings  were  done  in 
 dim  light  condi�ons  and  the  animal’s  posi�on  was  recorded  by  a  camera  (at  30  fps,  acA1300-75gc, 
 Basler  AG)  mounted  on  the  ceiling  above  the  pla�orm,  which  tracked  the  loca�on  of  the  mouse  using 
 a red and a green LED located on either side of the head-mounted preamplifier. 

 Open  field  1  was  a  50  cm  x  50  cm  x  50  cm  square  black  box  with  a  single  cue  on  one  wall  (white 
 cross)  and  was  cleaned  with  soap  before  each  explora�on.  Open  field  2  was  a  50  cm  x  50  cm  x  50  cm 
 square  box  with  gray  walls  and  a  striped  gray  and  black  floor.  A  single  visual  cue  (concentric  green 
 ovals  with  an  empty  square  in  the  middle)  was  placed  on  one  wall  and  it  was  cleaned  with  ethanol 
 before  each  explora�on.  Lemon  juice  was  also  wiped  across  the  floor  and  walls  of  open  field  2  to  give 
 it a dis�nct smell. 
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 B  Day  Protocol 

 1  Novelty recording: 
 r1 (1 h) -> of1 (20 mins) -> of2 (20 mins) -> of3 (20 mins) -> r2 (1 h) 

 To get familiarized, no recording: of2 (20 mins) -> of1 (20 mins) -> of2 (20 mins) 

 2  To get familiarized, no recording: of1 (20 mins) -> of2 (20 mins) 

 Familiar environment recording: 
 r1 (20 mins) -> of1 (20 mins) -> of2 (20 mins) -> of3 (20 mins) -> r2 (20 mins) 

 3-10  Familiar environment recording: 
 r1 (20 mins) -> of1 (20 mins) -> of2 (20 mins) -> of3 (20 mins) -> r2 (20 mins) 

 Figure  8:  Experimental  protocol  for  in  vivo  electrophysiology  .  (A)  Each  recording  session  consisted 
 of  a  first  rest  session  in  the  home  cage,  followed  by  explora�on  of  open  field  1  (of1),  explora�on  of 
 of2  (of2),  re-explora�on  of  of1  (of3),  and  a  second  rest  session  in  the  home  cage.  (B)  Recording 
 sessions  and  familiariza�on  with  the  open  fields  across  days.  Open  fields  were  novel  during  day  1 
 recordings  and  rest  sessions  lasted  for  one  hour.  Mice  were  allowed  to  explore  the  open  fields  in 
 addi�onal  sessions,  which  were  not  recorded,  in  order  to  get  completely  familiarized  with  both  open 
 fields  before  proceedings  with  day  2  recording.  Thus,  open  fields  were  considered  familiar  for  day  2 
 and all following recordings (for which rest sessions only lasted 20 minutes). 

 2.6.3.2 Data analysis 

 From  the  in  vivo  recordings,  SWRs,  theta,  and  delta  oscilla�ons  were  analyzed.  In  addi�on,  the  day 
 with  the  highest  number  of  cluster  units  that  could  be  seen  during  recording  for  each  animal  (except 
 the  1st  day,  during  which  the  open  fields  were  novel)  was  selected  for  cluster  cu�ng  and  cell 
 analysis.  All  analysis  was  performed  using  custom  wri�en  MATLAB  (The  Mathworks,  Inc.)  code 
 provided  by  Silvia  Viana  da  Silva’s  lab.  For  LFP  analysis,  the  tetrode  with  the  best  signal  (largest 
 SWRs)  was  chosen  for  analysis  for  each  recording  session,  unless  the  tetrode  loca�on  (determined 
 via  histological  processing)  was  not  op�mal.  In  the  la�er  case,  the  signal  was  examined  and  the 
 tetrode  best  located  in  the  CA1  pyramidal  layer  was  chosen,  assuming  that  this  is  the  tetrode 
 showing  the  highest  change  in  theta  amplitude  and  number  of  cells  across  days  (Figure  10).  LFPs 
 were  analyzed  both  per  recording  session  (one  recording  session  consis�ng  of  the  five  stages:  r1,  of1, 
 of2,  of3,  r2)  and  per  animal  (each  of  the  five  stages  -  r1,  of1,  of2,  of3,  r2  -  averaged  per  animal  across 
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 recording  days).  The  first  day  of  recording  for  each  animal  (novelty  day)  was  analyzed  separately  from 
 the rest. For cell spike analysis, all tetrodes of the selected familiar recording day were used. 

 2.6.3.3 Analysis of SWRs 

 Only  SWRs  that  occurred  during  periods  of  immobility  were  analyzed  (defined  as  periods  during  r1 
 and  r2  when  the  velocity  of  the  mouse  was  less  than  2  cm/s).  Ripples  were  detected  using  a  method 
 adapted  from  Blanco  et  al.,  2011,  which  took  the  raw  LFP  and  bandpass  filtered  the  data  between 
 150-200  Hz  using  a  filter  numerator  and  zero-phase  forward  and  reverse  digital  filtering  (  FILTFILT 
 func�on).  The  running  root  mean  square  (RMS)  of  the  en�re  LFP  in  3  ms  bins  was  created  and 
 candidate  regions  that  were  more  than  3.5  standard  devia�ons  larger  than  the  RMS  mean  were 
 selected.  The  start  and  end  of  a  ripple  event  were  taken  as  the  �mes  where  RMS  passed  and 
 dropped  below  this  threshold,  and  ripple  dura�on  was  calculated  by  subtrac�ng  the  two.  Events 
 were  included  if  they  were  at  least  6  ms  and  less  than  500  ms  in  length.  If  events  were  closer  than  10 
 ms  apart,  they  were  combined.  Events  with  less  than  8  peaks  above  3  standard  devia�ons  from  the 
 mean  rec�fied  bandpassed  channel  were  rejected.  Ripple  rate  was  calculated  by  dividing  the  number 
 of  ripple  events  by  the  �me  of  immobility  (mouse  velocity  <  2  cm/s).  Ripple  magnitude  was 
 calculated  a�er  rec�fying  the  150-200  Hz  bandpassed  LFP  channel  and  normalizing  the  values  by 
 dividing  with  the  standard  devia�on  of  the  channel.  The  maximum  peak  from  each  ripple  event  was 
 then  selected  and  an  average  was  taken  for  each  session.  For  ripple  peak  frequency  and  power,  the 
 raw  LFP  was  normalized  using  the  normalize  MATLAB  func�on  that  uses  the  ‘zscore’  method  (centers 
 the  data  to  have  mean  equal  to  zero  and  scales  it  to  have  standard  devia�on  equal  to  one).  Then  the 
 normalized  LFP  was  bandpass  filtered  between  150-200  Hz  using  the  �bandpass  func�on  by  Jensen 
 (2000),  which  uses  an  acausal  Fast  Fourier  Transform  (FFT)  algorithm  (i.e.,  no  phase  shi�)  and 
 constructs  the  filter  func�on  from  a  hamming  window.  Snippets  were  then  taken,  each  star�ng  120 
 ms  before  the  start  of  the  ripple  event  and  ending  120  ms  a�er  the  end  of  the  ripple  event.  The 
 power  spectral  density  (PSD)  es�mate  for  each  snippet  was  calculated  via  Welch's  averaged  modified 
 periodogram  method  using  the  PWELCH  MATLAB  func�on  with  window  set  at  50  ms  and  window 
 overlap  set  at  25  ms.  Peak  power  was  taken  as  the  maximum  of  the  resul�ng  PSD  es�mate  and  peak 
 frequency  as  the  frequency  with  the  maximum  power,  then  means  were  calculated  for  each  rest 
 session. 

 2.6.3.4 Analysis of theta and delta oscilla�ons 

 For  each  session,  the  LFP  from  the  selected  tetrode  was  downsampled  at  16  Hz.  Segments  where  the 
 velocity  of  the  mouse  was  more  than  2  cm/s  were  used  for  analysis  in  open  fields,  while  segments 
 where  the  velocity  was  less  than  2  cm/s  were  used  for  rest  sessions.  The  LFP  signal  was 
 downsampled  again  at  1  Hz  and  the  wavelet  transforma�on  for  each  sweep  took  place  using  the 
 wavelet  func�on  by  Torrence  and  Compo  (1998)  with  parameters  set  as  follows:  amount  of  �me 
 between  each  Y  value  (dt)  =  1/sampling  frequency  a�er  downsampling,  zero  padding  on,  spacing 
 between  discrete  scales  (dj)  =  log2(fpassHigh/fpassLow)/round(log2(fpassHigh/fpassLow))/freqRes, 
 smallest  scale  of  the  wavelet  =  1/fpassHigh,  number  of  scales  minus  one  = 
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 round(log2(fpassHigh/fpassLow)/df),  and  mother  wavelet  set  to  “Morlet”,  with  fpassHigh  (high 
 frequency  threshold  for  bandpass  filter)  =  200  Hz,  fpassLow  (low  frequency  threshold  for  bandpass 
 filter)  =  0.5  Hz  and  freqRes  (resolu�on  in  the  frequency  axis)  =  30.  The  absolute  value  of  the  resul�ng 
 waveform  was  then  also  downsampled  at  1  Hz  and  smoothed  with  a  smoothing  window  =  20  ms. 
 Power  was  calculated  by  taking  the  square  of  the  absolute  value  of  the  smoothed  waveform  and 
 then  by  taking  the  mean  of  the  values  .  For  analysis  of  peak  frequency  and  power,  defined  frequency 
 bands  were  plo�ed  against  their  respec�ve  powers  as  calculated  above,  with  the  peak  of  the  plot 
 taken  as  peak  power  and  the  x-value  of  the  peak  taken  as  peak  frequency.  If  no  clear  peak  was 
 detected  on  the  plot,  for  example  due  to  noise  or  because  the  mouse  did  not  explore  well  in  the  case 
 of  theta  oscilla�ons,  the  value  for  the  session  was  missing.  The  theta  frequency  band  was  defined  as 
 being 4-12 Hz, while for delta it was defined as 0.5-4 Hz. 

 2.6.3.5 Sta�s�cal analysis of LFP parameters 

 Results  from  each  recording  session  (one  session  consis�ng  of  the  r1,  of1,  of2,  of3,  and  r2  phases), 
 and  results  averaged  across  all  recording  days  per  animal  were  exported  from  MATLAB  version  2020b 
 and  imported  into  GraphPad  Prism  9  (GraphPad  So�ware),  which  was  used  for  sta�s�cal  analysis  and 
 making  graphs.  Only  rest  sessions  were  analyzed  for  SWRs,  while  for  theta  and  delta  waves  the  two 
 rest  sessions  were  analyzed  separately  from  the  three  open  field  sessions.  Variables  were  analyzed 
 using  a  repeated  measures  ANOVA  (RMANOVA)  test  with  rest  session  (r1,  r2)  or  open  field  session 
 (of1,  of2,  of3)  as  within  subjects  factor  and  genotype  (WT,  KO)  as  between  subjects  factor.  If  there 
 were  missing  values  in  the  dataset,  a  mixed  effects  model  was  used  instead.  A  Šídák's  post-hoc  test 
 with  mul�ple  comparisons  correc�on  was  then  performed  to  iden�fy  specific  differences.  Main 
 sta�s�cs,  including  post-hoc  tests,  were  based  on  recording  sessions,  but  the  results  of  the 
 RMANOVAs  using  animals  as  experimental  units  are  also  reported  in  respec�ve  figure  legends.  If  the 
 sphericity  assump�on  of  the  RMANOVA  was  violated,  the  Greenhouse-Geissner  correc�on  was 
 applied. 

 2.6.3.6 Analysis of puta�ve pyramidal cells, place cells, and interneurons: 

 2.6.3.6.1 Spike sor�ng and cell classifica�on 

 The  data  from  each  recording  were  split  into  the  five  phases  of  our  protocol  (rest  1  (r1),  open  field  1 
 (of1),  open  field  2  (of2),  second  explora�on  of  open  field  1  (of3),  and  rest  2  (r2))  using  the 
 EventSessionSpli�er  so�ware  (2008,  Neuralynx  Inc.).  The  NlxVideoFix  so�ware  version  1.3 
 (Skjerpeng,  2007)  was  used  to  cut  out  reflec�ons  of  the  LEDs  on  the  walls  of  the  open  fields.  Clusters 
 were  selected  manually  using  the  MClust  so�ware  (MATLAB  version  2009b)  by  looking  at  2D 
 projec�ons  of  waveform  amplitude,  energy,  and  peak-to-valley  ra�o.  The  spike  waveform, 
 auto-correlogram,  and  peak  plot  were  checked  to  reject  clusters  that  might  represent  noise.  Single 
 units  with  an  average  firing  rate  above  6  Hz  in  all  phases  (r1,  of1,  of2,  of3,  r2)  were  classified  as 
 puta�ve  interneurons,  while  the  remaining  cells  were  considered  puta�ve  pyramidal  cells.  Place  cells 
 were defined as puta�ve pyramidal cells with at least one place field defined as described below. 
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 2.6.3.6.2 Spa�al proper�es of puta�ve pyramidal cells, place cells, and interneurons 

 Analysis  was  performed  on  MATLAB  version  2020b.  The  scripts  assigned  each  detected  cell  spike  to 
 the  x-y  loca�on  of  the  open  field  in  which  they  occurred,  and  a  rate  map  was  created  for  of1,  of2, 
 and  of3  using  3  cm  spa�al  bins  to  calculate  firing  rate.  A  boxcar  averaging  procedure  followed,  during 
 which  each  pixel  was  replaced  by  the  average  of  itself  and  its  neighbors,  and  the  resul�ng  firing  rate 
 map  matrix  was  smoothed.  The  maximum  firing  rate  of  a  spa�al  bin  in  any  of  the  open  fields  was 
 taken  as  the  peak  firing  rate  of  the  cell.  To  define  a  place  field,  the  peak  firing  rate  of  a  cell  should  be 
 at  least  3  Hz  in  a  spa�al  bin,  which  should  be  surrounded  by  at  least  seven  bins  in  which  the  firing 
 rate  was  more  than  30%  of  the  peak  firing  rate.  If  place  fields  were  less  than  2  bins  apart,  they  were 
 merged.  A  Pearson  correla�on  analysis  was  used  to  calculate  spa�al  correla�ons  between  the  rate 
 maps  of  the  three  open  field  sessions,  with  a  high  correla�on  between  of1  and  of3  (2nd  explora�on 
 of  of1)  sugges�ng  high  place  field  stability  and  a  high  correla�on  between  of1  and  of2  sugges�ng  low 
 remapping  of  place  fields.  The  informa�on  index  was  calculated  as  described  by  Skaggs  and 
 colleagues  (1992)  and  describes  how  much  informa�on  about  the  loca�on  of  a  mouse  is  conveyed  by 
 the firing rate of a cell. 

 2.6.3.6.3 Sta�s�cal analysis 

 Results  for  each  cell,  as  well  as  averages  of  each  cell  type  per  animal,  were  exported  from  MATLAB 
 and  imported  into  GraphPad  Prism  9  (GraphPad  So�ware)  which  was  used  for  sta�s�cal  analysis  and 
 for  making  graphs.  A  Mann-Whitney  U-test  was  used  to  compare  WT  and  TRPV1  KO  cells  and 
 animals,  while  a  chi-square  test  was  used  in  addi�on  to  compare  propor�ons  of  pyramidal  cells  that 
 are or are not place cells in the two genotypes. 

 2.6.4 Histological iden�fica�on of tetrode loca�on 

 2.6.4.1 Perfusion 

 Mice  were  anesthe�zed  in  a  plexiglass  chamber  with  4%  isoflurane  in  O  2  at  a  rate  of  0.4  L/min  and 
 then  given  a  lethal  injec�on  of  Ketamine/Xylasine  (160  mg/Kg  Ketamine,  Ketamin,  CP-Pharma  cat. 
 #1202,  20  mg/Kg  Xylasine,  Xyvalet,  CP-Pharma  cat.  #1205)  intraperitoneally.  Once  the  breathing  rate 
 was  sufficiently  slow  and  toe-pinch  reflex  was  absent,  mice  were  first  perfused  with  PBS  (10  mM 
 Na  2  HPO  4  ,  137  mM  NaCl,  2.7  mM  KCl,  1.8  mM  KH  2  PO  4  ;  pH  7.4)  containing  0.3%  Heparin 
 (Heparin-Natrium,  B.  Braun  cat.  #2147217)  and  then  with  4%  Paraformaldehyde  in  PBS  (PFA,  Thermo 
 Fisher  Scien�fic  cat.  #J19943.K2)  for  7-8  minutes.  The  success  of  the  perfusion  was  assessed  by  the 
 amount  of  s�ffness  of  the  neck  and  tail  and  presence  of  a  pale  liver.  If  the  perfusion  was  not  deemed 
 successful,  heads  were  removed  and  placed  in  4%  PFA  for  at  least  3  days  at  4  o  C  before  proceeding 
 with  brain  extrac�on,  otherwise  they  were  le�  in  4%  PFA  at  room  temperature  for  3-6  hours  to 
 improve  �ssue  fixa�on  around  the  tetrodes.  The  tetrodes  were  then  slowly  moved  upwards  before 
 carefully  extrac�ng  the  brain  from  the  skull  and  placing  it  in  4%  PFA  for  at  least  1  day.  The  brain  was 
 then switched to 1x PBS, where it stayed un�l sec�oning. 
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 2.6.4.2 Brain slicing and �ssue staining 

 The  brains  were  mounted  on  a  vibratome  (VT1000S,  Leica)  and  40  μm  coronal  slices  were  taken, 
 star�ng  with  slices  containing  lesions  caused  by  the  grounding  screw  and  ending  with  slices 
 containing  superficial  lesions  from  posterior  stability  screws,  to  ensure  all  slices  with  the  craniotomy 
 for  tetrode  inser�on  were  collected.  The  slices  were  placed  in  PBS  and  subsequently  mounted  on 
 adhesive  microscope  slides  (SuperFrost  Plus,  Menzel  glasses,  Thermo  Fisher  Scien�fic  cat. 
 #J1800AMNZ), where they were le� to dry for 2-6 days. 

 2.6.4.3 Cresyl-violet staining and imaging 

 Staining  started  with  a  2  minute  rehydra�on  step  by  placing  the  slides  with  the  mounted  brain  slices 
 in  dis�lled  H  2  O.  Dehydra�on  followed  by  dipping  the  slides  10  �mes  each  in  increasing 
 ethanol-concentra�on  solu�ons  (50%,  70%,  80%,  90%,  100%,  and  100%).  The  slides  were  then 
 placed  in  Xylene  (Applichem,  cat  #AP211769.2711)  solu�on  for  at  least  2  minutes  and  then 
 rehydrated  by  being  dipped  10  �mes  each  in  decreasing  ethanol-concentra�on  solu�ons  (100%, 
 100%,  90%,  80%,  70%,  50%)  followed  by  1-2  dips  in  dis�lled  H  2  O.  Then,  the  slides  were  placed  in 
 cresyl  violet  (Sigma-Aldrich,  cat.  #1.05235.0025,  0.1  g  cresyl  violet  acetate,  100  mL  H  2  O,  250  μL 
 glacial  ace�c  acid,  s�rring  overnight  at  room  temperature  and  filtered  before  use)  for  1-2  minutes 
 and  the  intensity  of  the  staining  was  checked  roughly  every  30  s.  If  the  staining  was  excessive,  the 
 slides  were  quickly  dipped  once  in  ace�c  acid-ethanol  (1:2)  solu�on.  A  final  dehydra�on  step  as 
 described  above  followed,  before  placing  the  slides  for  at  least  two  more  minutes  in  Xylene.  The 
 slides  were  then  either  directly  cover-slipped  with  moun�ng  medium  (Invitrogen™Fluoromount-G™ 
 Moun�ng  Medium,  cat.  #00495802,  Thermo  Fisher  Scien�fic  )  and  le�  to  dry  before  imaging,  or  le� 
 to  dry  overnight,  imaged,  and  then  cover-slipped  for  long-term  storage.  Imaging  was  done  using  a 
 Thorlabs  Cerna  Microscope  for  epifluorescence  and  bright-field  with  XY  pla�orm  microscope,  using  a 
 4x  magnifica�on  lens  (Thorlabs  Inc.)  and  manual  iden�fica�on  of  the  lesions  caused  by  the  tetrodes 
 followed to confirm recordings were made from the CA1 pyramidal layer. 

 Figure  9  shows  representa�ve  examples  of  recording  loca�ons  from  two  WT  and  two  KO  mice.  One 
 of  the  recorded  WT  mice  (WT-461)  had  tetrodes  located  in  CA2  and  CA3  in  addi�on  to  CA1  (Figure 
 10).  The  tetrode  with  the  biggest  change  in  number  of  cells  and  theta  amplitude  across  recording 
 days  was  inferred  to  be  the  track  in  Figure  10B,  which  is  the  one  best  located  in  CA1,  and  was 
 therefore  selected  for  LFP  analysis  for  this  mouse.  The  last  three  recording  days  for  WT-461  were  also 
 excluded  from  analysis  to  avoid  recordings  from  CA3;  and  for  the  same  reason,  the  first  familiar  day 
 for  this  mouse  was  selected  for  cell  analysis,  even  though  cells  from  all  tetrodes  were  included  here. 
 Two  TRPV1  KO  mice  were  excluded  from  analysis  due  to  having  large  hippocampal  lesions,  which 
 might  have  been  caused  by  gliosis,  large  craniotomy,  or  movement  of  one  of  the  cannulas  inside  the 
 hippocampus  (Figure  11).  The  CA1  area  was  destroyed  in  these  mice,  so  we  could  not  confirm 
 recordings there. 
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 Figure  9:  Representa�ve  examples  of  tetrode  tracks.  Tetrode  loca�ons  (yellow  arrows)  iden�fied  by 
 manual histological examina�on are shown for two TRPV1 KO (top) and two WT (bo�om) mice. 
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 Figure  10:  Tetrode  loca�on  for  WT-461  in  CA1,  CA2,  and  CA3.  (A)  Tetrode  passed  near  CA2  and  then 
 reached  CA3  as  it  was  lowered  into  the  hippocampus.  (B)  Tetrode  in  the  CA1  pyramidal  layer.  (C)  Two 
 tetrodes  crossed  the  CA1/CA2  pyramidal  layer  when  they  first  reached  the  hippocampus,  and  at  least 
 one  reached  CA3  later.  Yellow  arrows  indicate  tetrode  tracks.  The  tetrode  that  had  the  biggest 
 change  in  number  of  cells  and  theta  amplitude  across  recording  days  was  inferred  to  be  the  one  in 
 (B)  ;  and  as  the  one  best  located  in  CA1  was  selected  for  LFP  analysis  for  all  days.  The  last  three 
 recording  days  of  this  mouse  were  excluded  to  avoid  including  recordings  from  CA3.  Because  we 
 assumed  that  during  day  2  (the  first  day  of  the  familiar  condi�on)  all  tetrodes  were  located  in  CA1/2 
 and not CA3, it was selected for cell analysis and cells from all tetrodes were used. 

 Figure  11:  Representa�ve  pictures  of  tetrode  loca�on  from  the  two  TRPV1  KO  mice  that  were 
 excluded  from  analysis.  Large  hippocampal  lesions  were  seen,  caused  by  gliosis,  large  craniotomy,  or 
 movement  of  one  of  the  cannulas  inside  the  hippocampus.  The  CA1  area  was  destroyed,  and  hence 
 we could not confirm recordings were taken from here. Yellow arrows indicate tetrode tracks. 
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 3. Results: 

 3.1 The TRPV1 channel and hippocampal oscilla�ons 

 3.1.1 Effect of temperature and TRPV1 KO on SWRs: sleep simula�on 

 The  TRPV1  channel  is  ac�vated  by  physiological  ranges  of  heat  in  the  presence  of  lipids  and  agonists 
 found  in  the  brain  (Cao  et  al.,  2013a).  To  test  if  the  TRPV1  channel  might  sense  heat,  and  thereby 
 modify  SWRs  in  the  hippocampus  (poten�ally  by  its  presence  in  OLM  neurons),  we  measured  SWRs 
 in  a  “sleep  simula�on”  experiment.  SWRs  were  recorded  at  a  baseline  31  o  C.  Temperature  was  then 
 increased  to  36  o  C  (to  mimic  brain  temperature  that  occurs  in  sleep),  then  38  o  C  (waking  brain 
 temperature),  followed  by  a  second  cycle  from  36  o  C  to  38  o  C.  Temperature  was  then  increased  to  an 
 extreme  of  40  o  C,  simula�ng  fever,  before  being  returned  to  31  o  C  to  see  recovery.  Two  �me  points 
 were  analyzed,  one  soon  a�er  each  temperature  step  was  reached,  and  one  a�er  at  least  18  minutes 
 at  that  temperature  had  passed.  Analysis  of  SW  parameters  showed  no  difference  between  TRPV1 
 KO  and  WT  slices  in  terms  of  SW  amplitude  (Figure  12),  dura�on  (Figure  13),  or  rate  of  occurrence 
 (Figure  14)  at  start  or  end  of  temperature  steps.  However,  there  was  a  significant  interac�on  of 
 genotype  and  temperature  for  the  probability  of  SW  cluster  occurrence  at  the  start  of  each 
 temperature  step  and  a  tendency  at  the  end  (p  genotype*temperature  =  0.041,  0.060  at  start  and  end, 
 respec�vely;  Figure  15).  There  was  no  significant  difference  in  cluster  occurrence  at  specific 
 temperatures,  but  the  biggest  tendency  was  a  higher  occurrence  of  SW  clusters  in  KO  slices  at  31  o  C 
 baseline  (p  31_baseline  =  0.011,  0.0097  at  start  and  end;  Figure  15).  All  parameters  were  significantly 
 affected  by  temperature  (p  temperature  for  SW  amplitude  =  0.00036,  <  0.0001  at  start  and  end;  SW 
 dura�on  =  0.018,  0.049  at  start  and  end;  number  of  SWs  per  minute  <  0.0001  at  both  �me  points; 
 probability  of  cluster  occurrence  =  0.014,  0.023  at  start  and  end).  Figure  16  shows  representa�ve 
 SWR  traces  from  a  WT  and  a  TRPV1  KO  slice  at  31  o  C  baseline,  demonstra�ng  the  increased  presence 
 of clusters in the TRPV1 KOs. 

 Ripple  amplitude  was  similar  in  WT  and  TRPV1  KO  slices  (  Figure  17  )  ,  as  was  peak  ripple  frequency 
 (  Figure  18  )  .  Ripple  dura�on  significantly  increased  in  TRPV1  KO  slices  at  the  beginning  of  the  first 
 temperature  step  to  36  o  C  as  shown  by  the  post-hoc  test  (p  36_1st_start  =  0.0017),  even  though  only  a 
 tendency  was  seen  on  the  interac�on  of  genotype  and  temperature  effects  from  the  main  RMANOVA 
 test  (p  genotype*temperature  =  0.07).  The  same  tendency  was  seen  at  the  end  of  the  36  o  C  temperature  step 
 (  p  36_1st_end  =  0.011)  and  other  temperatures  (p  38_1st_start  =  0.021;  Figure  19).  Similar  to  ripple  dura�on, 
 the  post-hoc  test  iden�fied  a  significant  increase  in  the  number  of  ripple  peaks  per  ripple  event  in 
 TRPV1  KOs  at  36  o  C  1  st  at  the  beginning  of  temperature  steps  (p  36_1st_start  =  0.0015  ),  with  a  similar 
 tendency  seen  at  the  end  (  p  36_1st_end  =  0.016)  and  at  other  temperatures  (  p  38_1st_start  =  0.018),  even 
 though  the  main  RMANOVA  test  did  not  indicate  any  significant  differences  (Figure  20).  There  was  a 
 significant  effect  of  genotype  for  maximum  ripple  power  at  the  beginning  of  temperature  steps,  but 
 not  at  the  end  (  p  genotype  =  0.030,  0.22  at  start  and  end,  respec�vely;  Figure  21).  This  is  probably 
 because  KO  slices  tended  to  have  higher  ripple  power  in  general,  but  there  was  no  difference 
 between  WT  and  KO  slices  at  specific  temperatures.  TRPV1  KO  mice  had  higher  ripple  incidence  at 
 both  the  start  and  end  of  temperature  steps  (  p  genotype  =  0.028,  0.038  at  start  and  end,  respec�vely; 
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 Figure  22).  The  Bonferroni  post-hoc  test  shows  a  significant  increase  in  number  of  ripple  events  per 
 minute  only  at  the  end  of  36  o  C  1  st  step  (p  36_1st_end  =  0.0062  ),  but  the  same  trend  was  seen  at  the  start 
 of  36  o  C  1  st  step  (  p  36_1st_start  =  0.039)  and  other  temperatures  (p  38_1st_end  =  0.037).  All  ripple  parameters 
 were  significantly  affected  by  temperature  or  showed  a  tendency  for  a  temperature  effect  at  both 
 �me  points  (ripple  amplitude,  dura�on,  frequency,  ripple  peaks  per  ripple  event,  number  of  ripple 
 events  per  minute,  p  temperature  <  0.0001  at  start  and  end  of  temperature  steps;  ripple  power  p  temperature  = 
 0.053  at  start,  <  0.0001  at  end).  Figure  23  shows  ripple  events  from  TRPV1  KO  and  WT  slices  from  the 
 ini�al  minutes  at  36  o  C  1  st  ,  with  increased  dura�on  and  number  of  ripple  peaks  per  event  in  the 
 TRPV1  KOs,  while  Figure  24  shows  a  10  s  ripple  trace  during  the  last  minutes  at  36  o  C  1  st  to  indicate 
 the increased incidence of ripple events in the TRPV1 KOs. 
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 Figure  12:  SW  amplitude  was  similar  in  WT  and  TRPV1  KO  slices.  There  was  no  significant  effect  of 
 genotype  on  SW  amplitude  at  any  temperature.  Results  are  shown  for  both  (A)  the  ini�al  minutes 
 that  each  temperature  was  reached  and  (B)  the  last  minutes  at  each  temperature.  At  both  �me 
 points,  temperature  had  a  significant  effect  on  both  genotypes,  as  SW  amplitude  seemed  to  decrease 
 across  the  experiment.  Graphs  show  mean  and  SEM  with  individual  values.  N  start  =  18  WT  (green),  16 
 KO  (magenta)  slices,  N  end  =  17  WT,  16  KO  slices  from  7  WT  and  8  KO  mice.  The  results  of  the 
 RMANOVAs  are  shown  at  the  bo�om:  p(G)  =  main  effect  of  genotype,  p(T)  =  main  effect  of 
 temperature, p(G*T) = genotype * temperature interac�on effect. 
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 Figure  13:  SW  dura�on  was  similar  in  WT  and  TRPV1  KO  slices.  There  was  no  significant  effect  of 
 genotype  on  SW  dura�on  at  any  temperature.  Results  are  shown  for  both  (A)  the  ini�al  minutes  a�er 
 each  temperature  was  reached  and  (B)  the  last  minutes  at  each  temperature.  At  both  �me  points, 
 temperature  had  a  significant  effect  independent  of  genotype.  Graphs  show  mean  and  SEM  with 
 individual  values.  N  start  =  18  WT  (green),  16  KO  (magenta)  slices,  N  end  =  17  WT,  16  KO  slices  from  7  WT 
 and  8  KO  mice.  The  results  of  the  RMANOVAs  are  shown  at  the  bo�om:  p(G)  =  main  effect  of 
 genotype, p(T) = main effect of temperature, p(G*T) = genotype * temperature interac�on effect. 
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 Figure  14:  The  number  of  SWs  per  minute  was  similar  in  WT  and  TRPV1  KO  slices.  There  was  no 
 significant  effect  of  genotype  on  SW  rate  of  occurrence  at  any  temperature.  Results  are  shown  for 
 both  (A)  the  ini�al  minutes  a�er  each  temperature  was  reached  and  (B)  the  last  minutes  at  each 
 temperature.  At  both  �me  points,  temperature  had  a  significant  effect  independent  of  genotype  as 
 rate  decreased  across  the  experiment.  Graphs  show  mean  and  SEM  with  individual  values.  N  =  19  WT 
 (green)  and  19  KO  (magenta)  slices  from  7  WT  and  8  KO  mice.  The  results  of  the  RMANOVAs  are 
 shown  at  the  bo�om:  p(G)  =  main  effect  of  genotype,  p(T)  =  main  effect  of  temperature,  p(G*T)  = 
 genotype * temperature interac�on effect. 
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 Figure  15:  The  probability  of  SW  cluster  occurrence  tended  to  be  higher  in  the  TRPV1  KOs  at 
 specific  temperatures.  Results  are  shown  for  (A)  the  ini�al  minutes  a�er  each  temperature  was 
 reached  and  (B)  the  last  minutes  at  each  temperature.  Ini�ally,  there  was  a  tendency  for  an  effect  of 
 genotype,  which  was  not  there  at  the  end  of  temperature  steps.  The  interac�on  of  genotype  and 
 temperature  was  significant  at  the  start,  with  a  similar  tendency  at  the  end  of  temperature  steps. 
 This  is  because  at  some  temperatures  the  probability  of  SW  occurrence  was  higher  in  KO  slices,  but 
 not  in  others.  The  effect  seemed  to  be  mainly  at  31  o  C  baseline,  but  the  result  of  the  Bonferroni 
 post-hoc  test  was  not  significant  at  any  specific  temperature  (but  p  31_baseline  is  0.0107  at  start  and 
 0.0097  at  end  of  temperature  steps,  with  alpha  Bonferroni  =  0.05/7  =  0.00714).  Graphs  show  mean  and 
 SEM  with  individual  values.  N  start  =  18  WT  (green),  16  KO  (magenta)  slices,  N  end  =  17  WT,  16  KO  slices 

 80 



 from  7  WT  and  8  KO  mice.  The  results  of  the  RMANOVAs  are  shown  at  the  bo�om:  p(G)  =  main  effect 
 of genotype, p(T) = main effect of temperature, p(G*T) = genotype * temperature interac�on effect. 

 Figure  16:  Representa�ve  SWR  traces  from  a  WT  and  a  TRPV1  KO  slice  at  31  o  C  baseline.  Both  blue 
 and  orange  traces  were  high-pass  filtered  at  0.5  Hz.  Orange  trace  was  then  low-pass  filtered  at  40  Hz 
 showing  SWs,  while  the  blue  trace  was  bandpass  filtered  at  140-250  Hz,  isola�ng  ripples.  Asterisks 
 indicate  SWs  (pink  =  primary,  green  =  secondary  SWs  of  a  cluster)  and  ripple  (black)  peaks  detected 
 by  the  code.  A  10-second  snippet  is  shown  from  each  genotype.  No�ce  the  increased  incidence  of 
 secondary  SWs,  and  hence  SW  clusters,  in  the  KO  slice  (probability  of  cluster  for  this  slice  =  0.079) 
 compared to the WT slice (probability of cluster for this slice = 0.03). 
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 Figure  17:  Mean  ripple  amplitude  was  similar  in  WT  and  TRPV1  KO  slices.  There  was  no  significant 
 effect  of  genotype  on  ripple  amplitude  at  any  temperature.  Results  are  shown  for  both  (A)  the  ini�al 
 minutes  a�er  each  temperature  was  reached  and  (B)  the  last  minutes  at  each  temperature.  At  both 
 �me  points,  temperature  had  a  significant  effect  independent  of  genotype,  as  ripple  amplitude 
 decreased  across  the  experiment.  Graphs  show  mean  and  SEM  with  individual  values.  N  =  19  WT 
 (green)  and  19  KO  (magenta)  slices  from  7  WT  and  8  KO  mice.  The  results  of  the  RMANOVAs  are 
 shown  at  the  bo�om:  p(G)  =  main  effect  of  genotype,  p(T)  =  main  effect  of  temperature,  p(G*T)  = 
 genotype * temperature interac�on effect. 
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 Figure  18:  Peak  ripple  frequency  was  similar  in  WT  and  TRPV1  KO  slices.  There  was  no  significant 
 effect  of  genotype  on  peak  ripple  frequency  at  any  temperature.  Results  are  shown  for  both  (A)  the 
 ini�al  minutes  a�er  each  temperature  was  reached  and  (B)  the  last  minutes  at  each  temperature.  At 
 both  �me  points,  temperature  had  a  significant  effect  independent  of  genotype.  Graphs  show  mean 
 and  SEM  with  individual  values.  N  =  19  WT  (green)  and  19  KO  (magenta)  slices  from  7  WT  and  8  KO 
 mice.  The  results  of  the  RMANOVAs  are  shown  at  the  bo�om:  p(G)  =  main  effect  of  genotype,  p(T)  = 
 main effect of temperature, p(G*T) = genotype * temperature interac�on effect. 
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 Figure  19:  TRPV1  KO  slices  had  longer  ripples  at  specific  temperatures.  Results  are  shown  for  both 
 (A)  the  ini�al  minutes  a�er  each  temperature  was  reached  and  (B)  the  last  minutes  at  each 
 temperature.  At  the  ini�al  minutes  at  each  temperature  step,  there  was  a  tendency  for  an  interac�on 
 effect  between  genotype  and  temperature  and  the  comparison  between  genotypes  at  36  o  C  1  st  was 
 significant  a�er  Bonferroni  correc�on  (p  36_1st_start  =  0.0017)  .  The  same  tendency  was  seen  at  the  end 
 of  36  o  C  1  st  (p  36_1st_end  =  0.0108)  and  other  temperatures  (p  38_1st_start  =  0.021).  At  both  �me  points, 
 temperature  had  a  significant  effect.  Graphs  show  mean  and  SEM  with  individual  values.  N  =  19  WT 
 (green)  and  19  KO  (magenta)  slices  from  7  WT  and  8  KO  mice.  The  results  of  the  RMANOVAs  are 
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 shown  at  the  bo�om:  p(G)  =  main  effect  of  genotype,  p(T)  =  main  effect  of  temperature,  p(G*T)  = 
 genotype * temperature interac�on effect, * = p < 0.00714. 

 Figure  20:  TRPV1  KO  slices  had  more  ripple  peaks  per  ripple  event  at  specific  temperatures.  Results 
 are  shown  for  both  (A)  the  ini�al  minutes  a�er  each  temperature  was  reached  and  (B)  the  last 
 minutes  at  each  temperature.  At  the  start  of  the  36  o  C  1  st  step,  the  post-hoc  test  showed  significantly 
 more  peaks  in  KO  ripples  (p  36_1st_start  =  0.0015)  ,  but  the  RMANOVA  showed  only  a  significant  effect  of 
 temperature  and  not  genotype.  The  same  trend  was  seen  at  other  temperatures  (e.g.,  p  38_1st_start  = 
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 0.018  with  alpha  Bonferroni  =  0.05/7  =  0.00714)  and  at  the  second  �me  point  (p  36_1st_end  =  0.0164).  Graphs 
 show  mean  and  SEM  with  individual  values.  N  =  19  WT  (green)  and  19  KO  (magenta)  slices  from  7  WT 
 and  8  KO  mice.  The  results  of  the  RMANOVAs  are  shown  at  the  bo�om:  p(G)  =  main  effect  of 
 genotype,  p(T)  =  main  effect  of  temperature,  p(G*T)  =  genotype  *  temperature  interac�on  effect,  *  = 
 p < 0.00714. 

 Figure  21:  TRPV1  KO  slices  had  higher  maximum  ripple  power  during  the  ini�al  minutes  at  each 
 temperature.  Maximum  ripple  power  is  shown  for  (A)  the  ini�al  minutes  a�er  each  temperature  was 
 reached  and  (B)  the  last  minutes  at  each  temperature.  When  the  ini�al  minutes  a�er  each 
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 temperature  step  was  reached  were  examined,  there  was  a  significant  effect  of  genotype  due  to  KOs 
 having  higher  power  throughout  the  experiment,  but  a�er  Bonferroni  correc�on  no  differences  were 
 iden�fied  at  specific  temperatures.  The  effect  of  temperature  on  power  was  only  significant  at  the 
 end  �me  point,  but  the  tendency  was  also  there  at  the  start  of  temperature  steps.  In  both,  ripple 
 power  seemed  to  decrease  throughout  the  experiment.  Graphs  show  mean  and  SEM  with  individual 
 values.  N  =  19  WT  (green)  and  19  KO  (magenta)  slices  from  7  WT  and  8  KO  mice.  The  results  of  the 
 RMANOVAs  are  shown  at  the  bo�om:  p(G)  =  main  effect  of  genotype,  p(T)  =  main  effect  of 
 temperature, p(G*T) = genotype * temperature interac�on effect. 
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 Figure  22:  TRPV1  KO  slices  had  more  ripple  events  per  minute  at  most  temperatures.  Results  are 
 shown  for  both  (A)  the  ini�al  minutes  a�er  each  temperature  was  reached  and  (B)  the  last  minutes 
 at  each  temperature.  The  RMANOVA  iden�fied  a  significant  effect  of  genotype  at  both  �me  points 
 and  a  significant  genotype*temperature  interac�on  effect  at  the  second  �me  point,  deno�ng  that 
 the  effect  was  stronger  in  some  and  weaker  in  other  temperatures.  The  Bonferroni  post-hoc  test 
 iden�fied  a  significantly  higher  ripple  occurrence  only  at  36  o  C  1  st  at  the  second  �me  point  (p  36_1st_end 

 =  0.0062  )  ,  but  the  same  trend  was  seen  at  the  first  �me  point  and  other  temperatures  (  p  36_1st_start  = 
 0.039,  p  38_1st_end  =  0.037  with  alpha  Bonferroni  =  0.05/7  =  0.00714).  The  effect  of  temperature  was 
 significant  at  both  �me  points.  Graphs  show  mean  and  SEM  with  individual  values.  N  =  19  WT  (green) 
 and  19  KO  (magenta)  slices  from  7  WT  and  8  KO  mice.  The  results  of  the  RMANOVAs  are  shown  at 
 the  bo�om:  p(G)  =  main  effect  of  genotype,  p(T)  =  main  effect  of  temperature,  p(G*T)  =  genotype  * 
 temperature interac�on effect, * = p < 0.00714. 

 Figure  23:  Representa�ve  ripple  events  from  TRPV1  KO  and  WT  slices  at  36  o  C  1  st  start.  The  LFP  was 
 first  high-pass  filtered  at  0.5  Hz  and  then  bandpass  filtered  at  140-250  Hz  to  isolate  ripples.  A 
 representa�ve  ripple  event  example  from  each  recording  is  shown.  Red  asterisks  indicate  ripple 
 peaks  detected  by  the  code.  No�ce  the  increased  ripple  dura�on  and  number  of  ripple  peaks  per 
 ripple  event  for  KO  ripples  (mean  for  this  slice:  dura�on  =  17  ms,  number  of  ripple  peaks  per  ripple 
 event  =  9.4)  compared  to  WT  ripple  events  (mean  for  this  slice:  dura�on  =  10  ms,  number  of  ripple 
 peaks per ripple event = 5.6). 

 88 



 Figure  24:  Representa�ve  ripple  traces  from  TRPV1  KO  and  WT  slices  at  36  o  C  1  st  end.  LFP  was  first 
 high-pass  filtered  at  0.5  Hz  and  then  bandpass  filtered  at  140-250  Hz  to  isolate  ripples.  Red  asterisks 
 indicate  ripple  peaks  detected  by  the  code.  A  10-second  snippet  is  shown  from  each  slice  a�er  at 
 least  18  minutes  at  36  o  C  for  the  first  �me.  No�ce  the  increased  number  of  ripple  events  in  the  KO 
 recording  (mean  for  this  slice  =  104  events  per  minute)  compared  to  the  WT  one  (mean  for  this  slice 
 = 58 events per minute). 

 3.1.2 Effect of TRPV1 KO on oscilla�ons and single unit recordings in vivo 

 3.1.2.1 In vivo LFP recordings from TRPV1 KO and WT mice 

 To  compare  SWRs  in  TRPV1  KO  and  WT  mice  in  vivo,  we  recorded  from  tetrodes  in  dorsal  CA1  over 
 3-10  days.  Each  recording  session  consisted  of  5  phases:  rest  1  (r1)  in  the  home  cage,  a  20-minute 
 explora�on  of  open  field  1  (of1),  a  20-minute  explora�on  of  open  field  2  (of2),  a  second  20-minute 
 explora�on  of  open  field  1  (called  for  simplicity  of3),  and  finally  a  second  rest  (r2)  in  the  home  cage. 
 This  allows  analysis  of  SWRs  in  novel  (day  1)  and  familiar  (day  2-10)  condi�ons  during  rest  periods 
 before  (r1)  and  a�er  (r2)  explora�on  (tetrodes  were  not  lowered  between  recording  days  1  and  2, 
 hoping  to  record  the  same  cells  across  novel  and  familiar  condi�ons,  but  were  lowered  each 
 subsequent  day  to  sample  addi�onal  popula�ons  of  cells).  It  also  allows  analysis  of  theta  and  delta 
 oscilla�ons,  proper�es  of  pyramidal  cells,  place  cells,  and  interneurons  in  single-unit  recordings,  and 
 remapping (comparing of1 to of2) and stability (comparing of1 to of3) of place fields. 
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 3.1.2.1.1 Effect of TRPV1 KO on SWRs 

 For SWRs, only rest sessions were analyzed. 

 3.1.2.1.1.1 SWRs in novel environments 

 The  average  ripple  waveform  for  WT  and  KO  mice  and  individual  heatmaps  for  each  mouse  in  r1  and 
 r2  can  be  seen  in  Figure  25.  No  significant  differences  between  TRPV1  KO  and  WT  animals  were  seen 
 in  the  z-score  of  the  maximum  ripple  peak,  a  measure  of  ripple  magnitude  that  represents  ripple 
 amplitude  normalized  to  the  standard  devia�on,  or  in  ripple  dura�on,  or  rate  of  occurrence  (Figure 
 26A,  B,  C).  Ripple  magnitude  and  dura�on  were  similar  between  rest  sessions,  while  ripple  rate  was 
 higher  in  r2  for  both  WT  and  KO  mice  (p  rest_session  =  0.0004,  p  Šídák's_WT  =  0.0140,  p  Šídák's_KO  =  0.0019). 
 Parameters  were  measured  during  periods  of  immobility  (velocity  <  2  cm/s)  and  ripple  rate  was 
 calculated  for  the  �me  each  mouse  spent  immobile.  As  a  control,  we  decided  to  also  test  if  the 
 percentage  of  �me  WT  and  TRPV1  KO  mice  spent  immobile  was  similar.  WT  mice  spent  significantly 
 more  �me  immobile  in  r2  compared  to  r1  (p  rest_session  =  0.018,  p  Šídák's_WT  =  0.034),  but  no  significant 
 differences between genotypes were seen (Figure 26D). 

 No  differences  were  seen  between  genotypes  in  power  spectral  densi�es  for  ripple  frequencies 
 (Figure  27A,  B).  Peak  ripple  frequency  in  KO  animals  was  slightly  but  significantly  higher  during  r2 
 compared  to  r1  (p  rest_session  =  0.033,  p  Šídák's_KO  =  0.013;  Figure  27C).  Peak  ripple  power  was  similar 
 between  rest  sessions,  but  there  was  a  significant  interac�on  between  genotype  and  rest  session 
 (p  genotype*rest_session  =  0.0092;  Figure  27D)  due  to  KOs  having  increased  ripple  power  in  r2  compared  to  r1 
 and  WTs  having  decreased  ripple  power  in  r2  compared  to  r1.  However,  the  differences  in  each 
 genotype alone were not significant in the post-hoc test. 
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 Figure  25:  SWRs  in  novel  environments  -  Ripples  in  TRPV1  KO  and  WT  mice.  Averaged  ripple  z-score 
 waveform  (le�)  in  WT  (black)  and  TRPV1  KO  (red)  mice  and  individual  ripple  heatmaps  for  three  WT 
 (right,  top)  and  six  KO  (right,  bo�om)  mice  recorded  during  (A)  r1  and  during  (B)  r2.  Heatmaps  are 
 sorted  from  highest  to  lowest  ripple  magnitude,  with  mouse  number  indicated  on  the  y-axis  and  ms 
 on the x-axis, centered on maximum ripple peak. 
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 Figure  26:  SWRs  in  novel  environments  -  No  significant  differences  in  ripple  magnitude,  dura�on, 
 and  rate  of  occurrence  between  TRPV1  KO  and  WT  mice.  (A)  The  z-score  of  the  maximum  ripple 
 peak  showed  no  significant  differences  between  genotypes  or  rest  sessions  (p  genotype  =  0.2621, 
 p  rest_session  =  0.1784,  p  genotype*rest_session  =  0.6605).  (B)  Ripple  dura�on  was  not  different  between 
 genotypes  or  rest  sessions  (p  genotype  =  0.8327,  p  rest_session  =  0.9318,  p  genotype*rest_session  =  0.3132).  (C)  The 
 rate  of  ripple  occurrence  was  not  significantly  different  between  genotypes,  but  it  increased  for  both 
 in  r2  compared  to  r1  (p  genotype  =  0.4602,  p  rest_session  =  0.0004,  p  genotype*rest_session  =  0.9344).  (D)  The  period 
 of  immobility  (velocity  <  2  cm/s)  was  not  significantly  different  between  genotypes,  even  though 
 there  was  a  significant  increase  in  r2  compared  to  r1  for  WTs  (p  genotype  =  0.2223,  p  rest_session  =  0.0181, 
 p  genotype*rest_session  =  0.0866).  Graphs  show  mean  and  SEM,  N  =  3  WT  (green),  6  KO  (magenta)  mice.  The 
 RMANOVA  test  was  used  for  all  parameters.  Significant  lines  indicate  the  results  of  the  Šídák's 
 post-hoc tests with correc�on for mul�ple comparisons, * = p < 0.05, ** = p < 0.01. 
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 Figure  27:  SWRs  in  novel  environments  -  No  significant  differences  in  peak  ripple  frequency  and 
 power  between  WT  and  TRPV1  KO  mice.  Averaged  power  spectral  density  and  standard  devia�on 
 for  each  genotype,  with  WT  in  black  and  TRPV1  KO  in  red,  during  (A)  rest  session  1  and  (B)  rest 
 session  2.  (C)  Peak  ripple  frequency  was  similar  between  WT  and  TRPV1  KO  mice.  A  significant 
 increase  in  peak  ripple  frequency  is  seen  in  r2  compared  to  r1,  in  TRPV1  KO  mice  (p  genotype  =  0.8823, 
 p  rest_session  =  0.0331,  p  genotype*rest_session  =  0.1211).  (D)  Peak  ripple  power  was  not  different  between 
 genotypes  or  rest  sessions.  A  significant  interac�on  between  genotype  and  rest  session  was  seen,  as 
 peak  ripple  power  increased  for  KOs  and  decreased  for  WTs  in  r2  compared  to  r1,  as  seen  in  the 
 insert  (p  genotype  =  0.2700,  p  rest_session  =  0.3893,  p  genotype*rest_session  =  0.0092).  Graphs  show  mean  and  SEM,  N 
 =  3  WT  (green),  6  KO  (magenta)  mice.  The  RMANOVA  test  was  used  for  all  parameters.  Significant 
 lines  indicate  the  results  of  the  Šídák's  post-hoc  tests  with  correc�on  for  mul�ple  comparisons,  *  =  p 
 < 0.05. 

 3.1.2.1.1.2 SWRs in familiar environments 

 The  average  z-score  waveform  (Figure  28)  indicates  that  ripples  in  TRPV1  KO  mice  were  significantly 
 larger  (p  genotype  =  0.0011;  Figure  29A),  an  effect  that  was  significant  in  the  post-hoc  test  for  both  r1 
 and  r2  (p  Šídák's_r1  =  0.0005,  p  Šídák's_r2  =  0.0163).  There  was  also  a  decrease  in  ripple  magnitude  in  r2 
 compared  to  r1  (p  rest_session  =  0.0016;  Figure  29A),  which  the  post-hoc  test  suggested  was  due  to  a 
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 decrease  in  TRPV1  KO  ripple  magnitude  (p  Šídák's_KO  =  0.0005).  As  in  the  novel  environment,  no 
 significant  differences  between  TRPV1  KO  and  WT  animals  were  seen  for  ripple  dura�on  (Figure  29B) 
 or  rate,  and  ripple  rate  increased  in  r2  compared  to  r1,  especially  in  TRPV1  KO  mice  according  to  the 
 post-hoc  test  (p  rest_session  =  0.0063,  p  Šídák's_KO  =  0.013;  Figure  29C).  There  was  no  difference  in  the 
 percentage of �me WT and TRPV1 KO mice spent immobile, with velocity < 2 cm/s (Figure 29D). 

 Power  spectral  densi�es  for  WT  and  TRPV1  KO  mice  during  r1  and  r2  indicate  that  peak  ripple 
 frequency  was  higher  in  TRPV1  KO  mice  in  r2  (p  Šídák's_r2  <  0.0001),  but  not  r1  (unlike  in  the  novel 
 condi�on,  where  there  was  no  difference  between  genotypes).  Both  WT  and  TRPV1  KO  mice  had 
 higher  peak  ripple  frequency  in  r2  compared  to  r1  (p  genotype  =  0.0001,  p  rest_session  <  0.0001, 
 p  genotype*rest_session  <  0.0001,  p  Šídák's_WT  <  0.0001  ,  p  Šídák's_KO  <  0.0001;  Figure  30A,  B,  C).  No  difference 
 between  genotypes  was  seen  in  peak  ripple  power,  which  was  lower  during  r2  in  both  WT  and  TRPV1 
 KO  mice  (p  rest_session  <  0.0001,  p  Šídák's_WT  <  0.0001,  p  Šídák's_KO  <  0.0001).  A  significant  interac�on  effect  was 
 seen,  probably  because  ripple  power  in  WT  mice  was  higher  in  r1  but  lower  in  r2  compared  to  TRPV1 
 KO mice (p  genotype*rest_session  = 0.008; Figure 30D). 

 Figure  28:  SWRs  in  familiar  environments  -  Increased  ripple  magnitude  in  TRPV1  KO  mice.  Averaged 
 ripple  z-score  waveform  in  WT  (black)  and  TRPV1  KO  (red)  mice  (le�),  and  individual  ripple  heatmaps 
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 for  three  WT  (top)  and  six  KO  (bo�om)  mice  (right)  during  (A)  r1  and  (B)  r2.  Ripple  magnitude  was 
 increased  in  TRPV1  KOs  compared  to  WTs.  Heatmaps  are  sorted  from  highest  to  lowest  ripple 
 magnitude,  with  mouse  number  indicated  on  the  y-axis  and  ms  on  the  x-axis,  centered  on  maximum 
 ripple peak. 

 Figure  29:  SWRs  in  familiar  environments  -  Ripple  magnitude  was  significantly  higher  in  TRPV1  KO 
 mice.  (A)  The  z-score  of  the  maximum  ripple  peak  was  significantly  higher  in  the  TRPV1  KOs  (p  genotype 

 =  0.0011)  and  significantly  lower  in  r2  compared  to  r1  (p  rest_session  =  0.0016),  with  the  decrease  being 
 significant  in  the  post-hoc  test  only  for  the  TRPV1  KOs.  No  significant  interac�on  between  genotype 
 and  rest  session  was  seen  (p  genotype*rest_session  =  0.1158).  If  animals  are  used  as  experimental  units: 
 p  genotype  =  0.1307,  p  rest_session  =  0.0423,  p  genotype*rest_session  =  0.1105.  (B)  Ripple  dura�on  was  not  different 
 between  genotypes  or  rest  sessions  (p  genotype  =  0.8954,  p  rest_session  =  0.2239,  p  genotype*rest_session  =  0.6493;  If 
 animals  are  used  as  experimental  units:  p  genotype  =  0.9438,  p  rest_session  =  0.2808,  p  genotype*rest_session  = 
 0.7097).  (C)  The  rate  of  ripple  occurrence  was  not  significantly  different  between  genotypes,  but 
 increased  in  r2  compared  to  r1,  with  the  post-hoc  test  sugges�ng  the  effect  was  due  to  an  increase  in 
 TRPV1  KO  ripple  rate  (p  genotype  =  0.8900,  p  rest_session  =  0.0063,  p  genotype*rest_session  =  0.4713;  If  animals  are 
 used  as  experimental  units:  p  genotype  =  0.6104,  p  rest_session  =  0.0461,  p  genotype*rest_session  =  0.6215).  (D)  The 
 period  of  immobility  (velocity  <  2  cm/s)  was  not  significantly  different  between  genotypes  or  rest 
 sessions  (p  genotype  =  0.4399,  p  rest_session  =  0.1457,  p  genotype*rest_session  =  0.2696).  Graphs  show  mean  and 
 SEM.  Main  sta�s�cs  were  based  on  recorded  sessions  (colored  dots  and  squares  with  colored  lines 
 for  mean  and  SEM,  green  =  20  WT,  magenta  =  31  KO  sessions),  but  results  are  also  shown  as 
 averaged  per  animal  (black  dots  N  =  3  WT,  black  squares  N  =  6  KO  mice,  with  black  means  and  SEM, 
 except  for  D  where  results  are  only  shown  for  recording  sessions).  The  reported  p  values  are  the 
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 results  of  the  RMANOVAs  per  recording  session  or  per  animal,  with  significance  lines  on  graphs 
 indica�ng the results of the Šídák's post-hoc tests per recording session, * = p < 0.05, *** = p < 0.001. 

 Figure  30:  SWRs  in  familiar  environments  -  Ripple  frequency  was  increased  in  TRPV1  KO  mice 
 during  rest  session  2.  Averaged  power  spectral  density  and  standard  devia�on  for  each  genotype  in 
 (A)  rest  session  1  and  (B)  rest  session  2.  (C)  Peak  ripple  frequency  was  significantly  higher  in  TRPV1 
 KO  mice  during  r2,  but  not  r1.  There  was  a  significant  increase  in  r2  compared  to  r1  in  both 
 genotypes  (p  genotype  =  0.0001,  p  rest_session  <  0.0001,  p  genotype*rest_session  <  0.0001).  If  animals  are  used  as 
 experimental  units:  p  genotype  =  0.0544,  p  rest_session  =  0.0007,  p  genotype*rest_session  =  0.0625.  (D)  Peak  ripple 
 power  was  similar  between  genotypes  and  lower  in  r2  for  both  genotypes.  The  significant  interac�on 
 effect  came  from  WTs  having  a  slightly  higher  power  during  r1,  but  lower  power  during  r2  compare 
 to  TRPV1  KOs  (p  genotype  =  0.9616,  p  rest_session  <  0.0001,  p  genotype*rest_session  =  0.0080;  If  animals  are  used  as 
 experimental  units:  p  genotype  =  0.8318,  p  rest_session  =  0.0046,  p  genotype*rest_session  =  0.4360).  Graphs  show 
 mean  and  SEM.  Main  sta�s�cs  were  based  on  recorded  sessions  (colored  dots  and  squares  with 
 colored  lines  for  mean  and  SEM,  green  =  20  WT,  magenta  =  31  KO  sessions),  but  results  are  also 
 shown  as  averaged  per  animal  (black  dots  N  =  3  WT,  black  squares  N  =  6  KO  mice,  with  black  means 
 and  SEM).  The  reported  p  values  are  the  results  of  the  RMANOVAs  per  recording  session  or  per 
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 animal,  with  significance  lines  on  graphs  indica�ng  the  results  of  the  Šídák's  post-hoc  tests  per 
 recording session, **** = p < 0.0001. 

 3.1.2.1.2 Effect of TRPV1 KO on theta oscilla�ons 

 Theta  oscilla�ons  in  awake  mice  have  been  extensively  studied  for  their  importance  in  memory 
 encoding  (Herweg  et  al.,  2020);  and  sleep  theta  might  be  involved  in  memory  consolida�on,  similar 
 to  SWRs  (Çalışkan  &  Stork,  2019).  Ac�va�on  of  OLM  cells,  which  specifically  express  TRPV1  in  the 
 hippocampus  (Hurtado-Zavala  et  al.,  2017)  can  induce  theta  waves  (Mikulovic  et  al.,  2018).  We 
 therefore expected decreased theta power in TRPV1 KO mice. 

 3.1.2.1.2.1 Theta oscilla�ons in novel environments 

 Theta  frequency  and  power  were  analyzed  separately  for  open  field  and  rest  sessions.  No  difference 
 was  seen  in  theta  peak  frequency  between  genotypes  for  any  sessions  (Figure  31A,  B).  Theta  peak 
 power  was  also  unaffected  by  genotype,  but  increased  in  r2  compared  to  r1  in  both  WT  and  TRPV1 
 KO mice (p  rest_session  = 0.0023,  p  Šídák's_WT  = 0.013,  p  Šídák's_KO  = 0.020; Figure 31C, D). 

 Figure  31:  Theta  in  novel  environments  -  Theta  power  and  frequency  were  similar  between 
 genotypes.  (A)  In  open  fields  or  (B)  rest  sessions,  there  were  no  significant  differences  in  theta  peak 
 frequency  between  genotypes  or  sessions  (p  genotype  =  0.1089,  p  OF_session  =  0.5351,  p  genotype*OF_session  = 
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 0.6840  and  p  genotype  =  0.4185,  p  rest_session  =  0.5411,  p  genotype*rest_session  =  0.7572,  respec�vely).  (C)  No 
 difference  in  theta  peak  power  between  WT  and  TRPV1  KO  mice  was  seen  during  novel  explora�on 
 of  the  open  fields  (p  genotype  =  0.3921,  p  OF_session  =  0.2473,  p  genotype*OF_session  =  0.5828).  (D)  Theta  peak 
 power  in  rest  sessions  was  unaffected  by  genotype,  with  both  WT  and  TRPV1  KO  showing  an  increase 
 in  theta  peak  power  in  r2  compared  to  r1  (p  genotype  =  0.1777,  p  rest_session  =  0.0023,  p  genotype*rest_session  = 
 0.1778).  Graphs  show  mean  and  SEM,  N  =  3  WT  (green)  mice  in  open  fields,  2  in  rest  sessions,  N  =  6 
 TRPV1  KO  (magenta)  mice  in  open  fields,  5  in  rest  sessions  with  an  extra  missing  value  in  r2, 
 RMANOVA  for  open  fields,  mixed  effects  model  for  rest  sessions.  The  reported  p  values  are  the 
 results  of  the  RMANOVAs  or  mixed  effects  models.  Significance  lines  indicate  the  results  of  the 
 Šídák's post-hoc tests with correc�on for mul�ple comparisons, * = p < 0.05. 

 3.1.2.1.2.2 Theta oscilla�ons in familiar environments 

 TRPV1  KO  mice  had  significantly  higher  theta  frequency  in  the  open  fields  in  familiar  environments 
 than  WT  mice,  an  effect  that  was  significant  for  all  open  field  sessions  in  the  post-hoc  sta�s�cal  test 
 (p  genotype  <  0.0001,  p  Šídák's_of1  <  0.0001,  p  Šídák's_of2  <  0.0001,  p  Šídák's_of3  =  0.0005;  Figure  32A).  There  was  also 
 a  significant  decrease  in  theta  frequency  in  the  TRPV1  KOs  between  of1  and  the  other  two  open  field 
 explora�ons  (p  OF_session  =  0.0028,  p  Šídák's_KO_of1-2  =  0.0023,  p  Šídák's_KO_of1-3  =  0.040).  No  effect  of  genotype 
 was  seen  for  theta  frequency  during  rest  sessions,  but  for  both  WT  and  TRPV1  KO  mice  theta 
 frequency  was  higher  in  r2  compared  to  r1  (p  rest_session  =  0.0001,  p  Šídák's_WT  =  0.037,  p  Šídák's_KO  =  0.0011; 
 Figure  32B).  Theta  peak  power  was  significantly  lower  in  TRPV1  KO  than  WT  mice  during  open  field 
 explora�on  (p  genotype  =  0.013),  with  a  post-hoc  test  iden�fying  a  difference  only  during  of3  (p  Šídák's_of3  = 
 0.040),  with  a  tendency  for  of1  (p  Šídák's_of1  =  0.090)  and  of2  (p  Šídák's_of2  =  0.064;  Figure  32C).  Open  field 
 session  also  had  an  effect  on  theta  power  (p  OF_Session  =  0.015),  which  came  from  an  increase  in  theta 
 power  in  WTs  in  of1  compared  to  of3  (p  Šídák's_WT_of1-3  =  0.023).  Theta  power  in  TRPV1  KOs  was 
 significantly  lower  than  in  WTs  also  during  rest  sessions  (p  genotype  =  0.0002,  p  Šídák's_r1  =  0.0004,  p  Šídák's_r2 

 =  0.0002),  with  power  significantly  decreasing  for  WTs  and  increasing  for  KOs  from  r1  to  r2  (p  rest_session 

 <  0.0001,  p  Šídák's_WT  =  0.0006,  p  Šídák's_KO  =  0.0033;  Figure  32D).  However,  if  animals  are  used  as 
 experimental  units,  an  opposite  trend  is  seen  with  an  increase  in  theta  power  in  WT  mice  from  r1  to 
 r2. 
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 Figure  32:  Theta  in  familiar  environments  -  Theta  frequency  was  higher  in  TRPV1  KO  mice  in  the 
 open  fields,  while  theta  power  was  lower  in  TRPV1  KO  mice  during  both  open  field  and  rest 
 sessions.  (A)  In  the  open  fields,  theta  frequency  was  significantly  higher  in  TRPV1  KO  mice,  an  effect 
 that  was  significant  during  all  sessions  in  the  post-hoc  test.  There  was  also  a  significant  effect  of  open 
 field  session  due  to  a  decrease  in  TRPV1  KO  theta  frequency  between  of1  and  of2  and  between  of1 
 and  of3  (p  genotype  <  0.0001,  p  OF_session  =  0.0028,  p  genotype*OF_session  =  0.4301).  If  animals  are  used  as 
 experimental  units:  p  genotype  =  0.0125,  p  OF_session  =  0.0631,  p  genotype*OF_session  =  0.6916.  (B)  Theta  frequency 
 was  similar  between  genotypes  during  rest  sessions,  with  frequency  increasing  significantly  for  both 
 genotypes  during  r2  compared  to  r1  (p  genotype  =  0.4709,  p  rest_session  =  0.0001,  p  genotype*rest_session  =  0.7426;  If 
 animals  are  used  as  experimental  units:  p  genotype  =  0.2802,  p  rest_session  =  0.0978,  p  genotype*rest_session  = 
 0.3306).  (C)  Theta  peak  power  was  significantly  lower  in  TRPV1  KO  mice.  According  to  the  post-hoc 
 test,  the  effect  was  only  significant  in  of3  (but  there  were  similar  tendencies  in  of1  and  of2).  There 
 was  also  a  significant  effect  of  open  field  session  due  to  WT  theta  power  being  higher  in  of3 
 compared  to  of1  (p  genotype  =  0.0126,  p  OF_session  =  0.0152,  p  genotype*OF_session  =  0.1228).  If  animals  are  used  as 
 experimental  units:  p  genotype  =  0.0848,  p  OF_session  =  0.1163,  p  genotype*OF_session  =  0.4514.  (D)  Theta  peak 
 power  was  significantly  lower  in  TRPV1  KO  mice  during  both  rest  sessions.  WT  theta  power 
 significantly  decreased  between  r1  and  r2  (if  sessions  are  used  as  experimental  units,  an  opposite 
 trend  is  seen  if  animals  are  used),  while  TRPV1  KO  theta  power  significantly  increased  from  r1  to  r2 
 (p  genotype  =  0.0002,  p  rest_session  <  0.0001,  p  genotype*rest_session  =  0.2717).  If  animals  are  used  as  experimental 
 units:  p  genotype  =  0.0537,  p  rest_session  =  0.0779,  p  genotype*rest_session  =  0.1061.  Graphs  show  mean  and  SEM. 
 Main  sta�s�cs  were  based  on  recorded  sessions  (colored  dots  and  squares  with  colored  lines  for 
 mean  and  SEM,  green  =  20  WT,  magenta  =  31  KO  sessions  in  open  fields,  RMANOVA,  during  rest 
 sessions  there  were  1  WT  and  2  KO  missing  values  during  r1,  4  WT  and  1  KO  missing  values  during  r2, 
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 so  a  mixed  effects  model  was  used),  but  results  are  also  shown  as  averaged  per  animal  (black  dots  N 
 =  3  WT,  black  squares  N  =  6  KO  mice,  with  black  means  and  SEM,  RMANOVA).  The  reported  p  values 
 are  the  results  of  the  RMANOVAs  or  the  mixed  effects  models  per  recording  session  or  per  animal, 
 with  significant  lines  on  graphs  indica�ng  the  results  of  the  Šídák's  post-hoc  tests  per  recording 
 session, * = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001. 

 3.1.2.1.3 Effect of TRPV1 KO on delta oscilla�ons 

 The  func�on  of  hippocampal  delta  oscilla�ons  is  not  well  understood.  SWRs  are  locked  to 
 hippocampal  delta  (  Axmacher  et  al.,  2008b)  and  changes  in  delta  power  have  been  associated  with 
 memory  performance  (  Axmacher  et  al.,  2008a;  Wirt  et  al.,  2021)  .  Thus,  we  analyzed  delta  waves  to 
 have a more comprehensive image of how hippocampal oscilla�ons are altered in TRPV1 KO mice. 

 3.1.2.1.3.1 Delta oscilla�ons in novel environments 

 During  novel  explora�on  of  open  fields,  no  differences  were  seen  in  TRPV1  KO  mice  compared  to  WT 
 for  delta  peak  frequency  (Figure  33A).  However,  during  rest  session  1  (but  not  rest  session  2)  delta 
 peak  frequency  was  significantly  higher  in  the  TRPV1  KOs  than  in  the  WTs  (p  genotype*rest_session  =  0.012, 
 p  Šídák's_r1  =  0.0046;  Figure  33B).  WT  delta  peak  frequency  increased  significantly  from  r1  to  r2 
 (p  rest_session  =  0.0394,  p  Šídák's_WT  =  0.016),  but  TRPV1  KO  delta  peak  frequency  remained  unchanged  and 
 high  in  both  rest  sessions.  There  was  no  change  in  delta  peak  power  in  open  field  (Figure  33C)  or  rest 
 sessions  (Figure  33D)  in  TRPV1  KOs  compared  to  WT.  Delta  power  was  increased  in  r2  compared  to  r1 
 (p  rest_session  = 0.0097), but the effect was not significant  for a specific genotype in the post-hoc test. 
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 Figure  33:  Delta  in  novel  environments  -  Delta  peak  frequency  was  higher  in  TRPV1  KOs  than  WTs 
 during  rest  session  1.  (A)  In  the  open  fields,  there  were  no  significant  differences  in  delta  peak 
 frequency  between  genotypes  or  sessions  (p  genotype  =  0.3154,  p  OF_session  =  0.1482,  p  genotype*OF_session  = 
 0.5452).  (B)  During  r1,  TRPV1  KO  delta  peak  frequency  was  higher  compared  to  WT,  with  no 
 difference  seen  in  r2.  WT  delta  peak  frequency  increased  significantly  from  r1  to  r2  (p  genotype  =  0.0622, 
 p  rest_session  =  0.0394,  p  genotype*rest_session  =  0.0116).  (C)  No  difference  was  seen  in  delta  peak  power  during 
 novel  explora�on  of  the  open  fields  (p  genotype  =  0.2814,  p  OF_session  =  0.3058,  p  genotype*OF_session  =  0.8797). 
 (D)  Delta  peak  power  in  rest  sessions  was  also  unaffected  by  genotype.  There  was  a  significant 
 increase  in  delta  peak  power  in  r2  compared  to  r1  in  both  genotypes,  but  the  change  was  not 
 significant  for  any  specific  genotype  in  the  post-hoc  test  (p  genotype  =  0.1824,  p  rest_session  =  0.0097, 
 p  genotype*rest_session  =  0.6347).  Graphs  show  mean  and  SEM,  N  =  3  WT  (green),  6  KO  (magenta,  1  missing 
 value  during  r1,  of1,  and  of3,  mixed  effects  model)  mice.  The  reported  p  values  are  the  results  of  the 
 mixed  effects  models,  with  significance  lines  indica�ng  the  results  of  the  Šídák's  post-hoc  tests  with 
 correc�on for mul�ple comparisons, * = p < 0.05; ** = p < 0.01. 

 3.1.2.1.3.2 Delta oscilla�ons in familiar environments 

 In  familiar  environments,  delta  frequency  was  significantly  lower  in  TRPV1  KO  mice  during 
 explora�on  of  of2  (p  Šídák's_of2  =  0.0066),  but  not  of1  or  of3,  hence  the  interac�on  of  genotype  and 
 open  field  session  was  also  significant  (p  genotype  =  0.024,  p  genotype*OF_session  =  0.042;  Figure  34A).  No 
 change  in  delta  peak  frequency  was  seen  during  rest  sessions  (Figure  34B).  There  was  no  change  in 
 delta  peak  power  across  genotypes  for  open  fields  (Figure  34C).  However,  TRPV1  KO  mice  had 
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 significantly  decreased  delta  peak  power  compared  to  WTs  in  both  r1  and  r2  (p  genotype  =  0.0008, 
 p  Šídák's_r1  = 0.0041, p  Šídák's_r2  = 0.0008; Figure  34D). 

 Figure  34:  Delta  in  familiar  environments  -  Delta  peak  frequency  was  lower  in  TRPV1  KOs  during 
 open  field  2  and  delta  peak  power  was  lower  in  TRPV1  KOs  during  rest  sessions.  (A)  Delta  peak 
 frequency  was  significantly  lower  in  TRPV1  KO  mice  during  explora�on  of  of2,  but  not  of1  or  of3 
 (p  genotype  =  0.0242,  p  OF_session  =  0.1867,  p  genotype*OF_session  =  0.0423).  If  animals  are  used  as  experimental 
 units:  p  genotype  =  0.2383,  p  OF_session  =  0.2205,  p  genotype*OF_session  =  0.1977.  (B)  No  differences  were  seen  in 
 delta  peak  frequency  during  rest  sessions  (p  genotype  =  0.8207,  p  rest_session  =  0.5294,  p  genotype*rest_session  = 
 0.0502;  If  animals  are  used  as  experimental  units:  p  genotype  =  0.8353,  p  rest_session  =  0.3575, 
 p  genotype*rest_session  =  0.1176).  (C)  Delta  peak  power  was  similar  across  genotypes  and  open  field  sessions 
 (p  genotype  =  0.3635,  p  OF_session  =  0.5384,  p  genotype*OF_session  =  0.7903;  If  animals  are  used  as  experimental 
 units:  p  genotype  =  0.3077,  p  OF_session  =  0.5739,  p  genotype*OF_session  =  0.7354).  (D)  During  rest  sessions,  delta 
 peak  power  was  significantly  lower  in  TRPV1  KO  mice  compared  to  WTs  (p  genotype  =  0.0008,  p  rest_session  = 
 0.1997,  p  genotype*rest_session  =  0.4149).  If  animals  are  used  as  experimental  units:  p  genotype  =  0.0049, 
 p  rest_session  =  0.1255,  p  genotype*rest_session  =  0.3591.  Graphs  show  mean  and  SEM.  Main  sta�s�cs  were  based 
 on  recorded  sessions  (colored  dots  and  squares  with  colored  lines  for  mean  and  SEM,  green  =  20  WT, 
 magenta  =  31  KO  sessions,  missing  values:  in  r1  =  1  WT,  1  KO;  in  of1  =  1  WT,  3  KO;  in  of2  =  2  WT;  in 
 of3  =  1  WT,  6  KO,  so  a  mixed  effects  model  was  used  in  all  parameters  analyzed),  but  results  are  also 
 shown  as  averaged  per  animal  (black  dots  N  =  3  WT,  black  squares  N  =  6  KO  mice,  1  KO  missing  value 
 in  of1  and  of3,  so  mixed  effects  models  for  open  field  sessions  and  RMANOVA  for  rest  sessions,  with 
 black  means  and  SEM).  The  reported  p  values  are  the  results  of  the  mixed  effects  models  per 
 recording  session  or  per  animal,  with  significance  lines  on  graphs  indica�ng  the  results  of  the  Šídák's 
 post-hoc tests per recording session, ** = p < 0.01; *** = p < 0.001. 
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 3.1.2.1.4 Velocity check 

 Theta  and  delta  frequency  and  power  have  been  reported  to  be  modulated  by  velocity  (Kennedy  et 
 al.,  2022;  Schultheiss  et  al.,  2020  ).  To  confirm  that  the  effects  seen  above  were  due  to  differences 
 between  genotypes,  we  compared  the  average  velocity  of  each  mouse  in  each  recording  session.  For 
 open  fields,  LFP  analysis  was  performed  in  instances  where  the  mouse  was  ac�ve,  running  at  a 
 velocity  of  more  than  2  cm/s.  Hence,  the  average  velocity  for  those  instances  was  analyzed.  During 
 novel  explora�on,  no  significant  differences  were  seen  in  velocity  between  genotypes  (Figure  35A). 
 There  was  an  increase  in  velocity  of  WT  mice  between  of2  and  of3  during  familiar  recordings 
 (p  OF_session  =  0.022,  p  Šídák's_WT_of2-3  =  0.044;  Figure  35B),  but  no  significant  differences  between  genotypes 
 were  seen.  During  rest  sessions,  the  LFP  was  analyzed  when  the  mouse  was  quiet,  defined  as  having 
 a  velocity  less  than  2  cm/s.  Analysis  of  this  �me  period  indicated  no  differences  in  velocity  during 
 novel  explora�on  rest  sessions  (Figure  35C).  TRPV1  KO  mice  had  a  significantly  higher  velocity  during 
 r2  compared  to  r1  a�er  explora�on  of  familiar  open  fields  (p  rest_session  =  0.024,  p  Šídák's_KO  =  0.043;  Figure 
 35D), but again no significant differences between genotypes were detected. 

 Figure  35:  No  significant  differences  in  velocity  between  genotypes.  (A)  Average  velocity  above  2 
 cm/s,  which  defines  the  �me  analyzed  for  theta  and  delta  effects  in  the  open  fields,  was  not  different 
 between  genotypes  or  open  field  sessions  during  novel  explora�on  (p  genotype  =  0.6080,  p  OF_session  = 
 0.0732,  p  genotype*OF_session  =  0.3678).  (B)  Average  velocity  above  2  cm/s  was  similar  between  WT  and 
 TRPV1  KO  mice  in  the  familiar  condi�on,  but  a  significant  increase  in  velocity  is  seen  for  WTs  between 
 of2  and  of3  (p  genotype  =  0.0951,  p  OF_session  =  0.0220,  p  genotype*OF_session  =  0.1147;  If  animals  are  used  as 
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 experimental  units:  p  genotype  =  0.4215,  p  OF_session  =  0.2850,  p  genotype*OF_session  =  0.3160).  (C)  Average  velocity 
 below  2  cm/s,  which  defines  the  �me  analyzed  for  LFP  changes  in  rest  sessions,  was  not  significantly 
 different  between  genotypes  or  rest  sessions  in  the  novel  condi�on  (p  genotype  =  0.1093,  p  rest_session  = 
 0.1142,  p  genotype*rest_session  =  0.1771).  (D)  During  recordings  in  the  familiar  environment,  the  average 
 velocity  was  higher  during  r2  in  the  TRPV1  KOs,  but  no  significant  differences  between  genotypes 
 were  seen  (p  genotype  =  0.1422,  p  rest_session  =  0.0239,  p  genotype*rest_session  =  0.5261;  If  animals  are  used  as 
 experimental  units:  p  genotype  =  0.4131,  p  rest_session  =  0.6443,  p  genotype*rest_session  =  0.7393).  Graphs  show 
 mean  and  SEM.  Main  sta�s�cs  were  based  on  recorded  sessions  (colored  dots  and  squares  with 
 colored  lines  for  mean  and  SEM,  green  =  20  WT,  magenta  =  31  KO  sessions),  but  results  are  also 
 shown  as  averaged  per  animal  (black  dots  N  =  3  WT,  black  squares  N  =  6  KO  mice).  The  reported  p 
 values  are  the  results  of  the  RMANOVAs  per  recording  session  or  per  animal,  with  significance  lines 
 on graphs indica�ng the results of the Šídák's post-hoc tests per recording session, * = p < 0.05. 

 3.1.2.2 Effect of TRPV1 KO on single-units 

 Single  units  from  our  in  vivo  electrophysiological  recordings  were  classified  as  puta�ve  pyramidal 
 cells  or  interneurons  based  on  firing  rate,  and  pyramidal  neurons  that  had  at  least  one  place  field 
 (see  methods)  were  classified  as  place  cells.  The  average  firing  rate  was  analyzed  for  all  cell  types, 
 while place cells were also analyzed for spa�al proper�es. 

 Figure  36  shows  a  representa�ve  example  of  a  WT  and  a  TRPV1  KO  place  cell  in  of1,  of2,  and  second 
 explora�on  of  of1  (of3).  Average  and  peak  firing  rate  for  place  cells  was  similar  between  genotypes 
 (Figure  37A,  B).  The  spa�al  informa�on  carried  by  TRPV1  KO  place  cells  was  significantly  lower  than 
 WT  place  cells  (p  =  0.0024;  Figure  37C),  but  remapping  was  intact  (Figure  37D).  TRPV1  KO  place  fields 
 were  less  stable  between  of1  and  re-explora�on  of  of1  (of3)  (p  =  0.0095;  Figure  37E)  and  were 
 significantly  larger  than  WTs  (p  =  0.025;  Figure  37F),  indica�ng  less  specificity.  These  results  suggest 
 impaired  spa�al  proper�es  in  TRPV1  KO  mice.  The  percentage  of  place  cells  out  of  the  total  number 
 of  recorded  principal  neurons  was  around  30%  in  both  genotypes  (Figure  38A  shows  quan�fica�on 
 from  total  popula�on  of  cells  while  Figure  38B  shows  quan�fica�on  per  mouse).  Lastly,  interneurons 
 in  KO  mice  fired  significantly  less  (p  =  0.047;  Figure  39A),  while  the  average  firing  rate  of  pyramidal 
 cells was similar between genotypes (Figure 39B). 
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 Figure  36:  Examples  of  place  maps  from  CA1  hippocampal  cells  in  WT  and  TRPV1  KO  mice.  Heat 
 maps  represen�ng  the  place  fields  for  a  single  WT  (top)  or  single  TRPV1  KO  (bo�om)  place  cell  in 
 open  field  1  (of1),  open  field  2  (of2),  and  second  explora�on  of  open  field  1  (of3).  The  average  firing 
 rate  for  the  two  cells  in  each  field  is  shown  above  the  map.  No�ce  the  larger  place  field  size  of  the 
 TRPV1 KO cell and the higher similarity of place maps in of1 and of3 of the WT cell. 

 105 



 Figure  37:  Increased  place  field  size  and  decreased  spa�al  informa�on  and  stability  correla�on  in 
 TRPV1  KO  place  cells.  No  significant  differences  were  seen  in  (A)  place  cell  average  firing  rate  (p  = 
 0.3560;  if  averaged  per  animal  p  =  0.9048)  and  (B)  peak  firing  rate  (p  >  0.9999  per  cell  or  per  animal). 
 (C)  Decreased  spa�al  informa�on  was  carried  by  TRPV1  KO  place  cells  (p  =  0.0024;  if  averaged  per 
 animal  p  =  0.3810).  (D)  The  remapping  correla�on  was  similar  between  genotypes  (p  =  0.7998;  if 
 averaged  per  animal  p  =  0.5476).  (E)  The  stability  correla�on  was  significantly  lower  in  TRPV1  KO 
 place  cells  (p  =  0.0095;  if  averaged  per  animal  p  =  0.1667).  (F)  The  place  fields  were  larger  in  TRPV1 
 KO  mice  (p  =  0.0247;  if  averaged  per  animal  p  =  0.2619).  Graphs  show  median  and  interquar�le  range 
 (IQR)  per  cell  (N  =  11  WT  (green  dots),  N  =  27  KO  (magenta  squares)  place  cells)  and  per  animal  (N  =  3 
 WT  (black  dots),  N  =  6  KO  (black  squares)  mice).  The  main  results  reported  are  from  the 
 Mann-Whitney  U-tests  performed  on  the  cell  popula�on,  followed  by  the  Mann-Whitney  U-tests 
 a�er averaging per animal first, * = p < 0.05; ** = p < 0.01. 
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 Figure  38:  No  difference  between  genotypes  in  the 
 percentage  of  place  cells.  (A)  The  percentage  of 
 pyramidal  neurons  (PYR)  classified  as  place  cells  (PC) 
 was  similar  in  WT  (30.6%)  and  TRPV1  KO  (32.5%)  mice 
 (chi-square  test,  p  =  0.8319).  (B)  The  percentage  of 
 place  cells  out  of  the  total  number  of  pyramidal  cells 
 per  mouse  was  also  quan�fied,  with  no  differences 
 seen  between  WT  (N  =  3,  green  dots)  and  TRPV1  KO 
 (N  =  6,  magenta  squares)  mice  (Mann-Whitney  U-test, 
 p > 0.9999). Graph shows median and IQR. 

 Figure  39:  Lower  average  firing  rate  in  TRPV1  KO  interneurons.  (A)  The  average  firing  rate  of 
 interneurons  in  TRPV1  KO  mice  was  significantly  lower  than  WTs  (p  =  0.0465;  if  averaged  per  animal 
 first  p  =  0.0357),  while  (B)  the  average  firing  rate  of  pyramidal  cells  was  unaffected  (p  =  0.8878;  if 
 averaged  per  animal  first  p  =  0.9048).  Graphs  show  median  and  IQR  per  cell  (Interneurons:  N  =  9  WT 
 (green  dots),  N  =  11  KO  (magenta  squares);  Pyramidal  cells:  N  =  36  WT  (green  dots),  N  =  83  KO 
 (magenta  squares))  and  per  animal  (N  =  3  WT  (black  dots),  N  =  6  KO  (black  squares)  mice,  one  had  no 
 interneurons  so  N  =  5  KO  mice  for  A).  The  main  results  reported  are  from  the  Mann-Whitney  U-tests 
 performed  on  the  cell  popula�on,  followed  by  the  Mann-Whitney  U-tests  a�er  averaging  per  animal 
 first, * = p < 0.05. 
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 3.1.3 Memory performance of TRPV1 KO and WT mice in the cheeseboard maze 

 TRPV1  KO  mice  have  reduced  LTP  at  CA3-CA1  synapses  in  vitro  (Hurtado-Zavala  et  al.,  2017),  which 
 could  suggest  impaired  memory  forma�on  and/or  consolida�on.  Above,  we  also  reported  altera�ons 
 in  hippocampal  LFP  and  cell  ac�vity  which  are  in  agreement  with  dysfunc�ons  in  spa�al  naviga�on 
 and  spa�al  learning.  We  therefore  used  the  cheeseboard  maze  to  assess  memory,  a  test  where  mice 
 have  to  learn  the  loca�on  of  a  chocolate  milk  reward.  Mice  had  4  trials  every  day,  with  less  �me 
 spent  and  distance  traveled  to  reward  loca�on  across  days  deno�ng  learning.  We  hypothesized  that 
 TRPV1  KO  mice  would  learn  the  reward  loca�on  slower  than  WT  mice.  A�er  7  days  of  learning  of  the 
 original  reward  loca�on,  the  reward  loca�on  was  switched  to  the  opposite  quadrant  of  the  maze. 
 This  is  called  reversal  learning  and  is  a  form  of  spa�al  memory  ex�nc�on  and  behavioral  flexibility. 
 We hypothesized that TRPV1 KO mice would have trouble switching to the new reward loca�on. 

 There  was  no  difference  in  distance  (Figure  40)  or  �me  (Figure  41)  to  the  original  reward  loca�on 
 between  WT  and  KO  mice,  as  the  regression  lines  had  similar  slopes  and  eleva�ons.  Before  outlier 
 removal,  the  slope  of  the  regression  line  for  distance  to  the  original  reward  loca�on  was  significantly 
 different  from  zero  only  for  TRPV1  KO  mice  (p  WT  =  0.18,  p  KO  =  0.033;  Figure  40A).  A�er  outlier 
 removal,  both  WT  and  TRPV1  KO  regression  lines  had  a  slope  significantly  different  from  zero  (p  WT  = 
 0.036,  p  KO  =  0.026;  Figure  40B).  The  slope  of  the  regression  line  for  �me  to  original  reward  loca�on 
 was  not  significantly  different  from  zero  for  any  genotype  before  or  a�er  outlier  removal,  but  there 
 was  a  tendency  a�er  outlier  removal  for  WT  mice  learning  (with  outliers:  p  WT  =  0.59,  p  KO  =  0.49; 
 Figure 41A; without outliers: p  WT  = 0.067, p  KO  = 0.21;  Figure 41B). 

 Figure  40:  No  difference  in  distance  to  original  reward  loca�on  between  TRPV1  KO  and  WT  mice. 
 (A)  Distance  to  original  reward  loca�on  before  (R  2  =  0.3237  for  WT,  0.6302  for  KO)  and  (B)  a�er  (R  2  = 
 0.6167  for  WT,  0.6642  for  KO)  removal  of  outliers  for  days  6  (3  WT  trials)  and  7  (1  WT,  3  KO  trials). 
 The  slope  of  the  linear  regression  line  for  KO  mice  (N  =  8)  was  significantly  different  from  zero  with 
 (p  A  =  0.0331)  or  without  (p  B  =  0.0255)  outliers,  indica�ng  successful  learning  across  days.  The  slope  of 
 the  WT  (N  =  6  mice)  regression  line  was  significantly  different  from  zero  only  a�er  removal  of  outliers 
 (p  A  =  0.1825,  p  B  =  0.0364,  but  one-tailed  paired  t-test  of  WT  day  1  versus  day  5  p  A  =  0.0441).  There 
 was  no  difference  in  the  eleva�on  (p  A  =  0.9839,  p  B  =  0.7772)  or  slope  (p  A  =  0.6702,  p  B  =  0.7631) 
 between  the  two  regression  lines,  sugges�ng  similar  performance  of  WT  and  KO  mice.  Graphs  show 
 mean  and  SEM  calculated  by  first  averaging  trials  (4  per  day)  per  mouse  and  then  averaging  mice  per 
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 genotype.  Outlier  analysis  (Method  ROUT,  Q  =  1%)  was  performed  separately  for  WT  (24  trials  per 
 day)  and  KO  (32  trials  per  day)  trials  and  separately  for  trials  of  days  6  and  7.  Regression  lines  were 
 calculated  based  on  mean  daily  performance  per  genotype.  Regression  line  equa�ons:  WT  A  :  Y  = 
 -0.2265*X  +  4.435,  KO  A  :  Y  =  -0.3055*X  +  4.758;  WT  B  =  :  Y  =  -0.3199*X  +  4.638,  KO  B  =  :  Y  =  -0.3705*X  + 
 4.931. 

 Figure  41:  No  difference  in  �me  to  original  reward  loca�on  between  TRPV1  KO  and  WT  mice.  (A) 
 Time  to  original  reward  loca�on  before  (R  2  =  0.06153  for  WT,  0.09924  for  KO)  and  (B)  a�er  (R  2  = 
 0.5222  for  WT,  0.2930  for  KO)  removal  of  outliers  for  days  6  (3  WT,  2  KO  trials)  and  7  (2  WT,  3  KO 
 trials).  The  slope  of  the  linear  regression  line  for  WTs  (N  =  6  mice)  and  KOs  (N  =  8)  was  not 
 significantly  different  from  zero  before  outlier  removal  (WT:  p  A  =  0.5917,  KO:  p  A  =  0.4913).  A�er 
 outlier  removal,  there  was  a  tendency  for  WT  slope  to  be  different  from  zero,  but  not  KO  (WT:  p  B  = 
 0.0666,  KO:  p  B  =  0.2095).  This  suggests  poor  learning.  There  was  no  difference  in  the  eleva�on  (p  A  = 
 0.6055,  p  B  =  0.5833)  or  slope  (p  A  =  0.8834,  p  B  =  0.8734)  between  the  two  regression  lines.  Graphs 
 show  mean  and  SEM  calculated  by  first  averaging  trials  (4  per  day)  per  mouse  and  then  averaging 
 mice  per  genotype  group.  Outlier  analysis  (Method  ROUT,  Q  =  1%)  was  performed  separately  for  WT 
 (24  trials  per  day)  and  KO  (32  trials  per  day)  trials  and  separately  for  trials  of  days  6  and  7.  Regression 
 lines  were  calculated  based  on  mean  daily  performance  per  genotype.  Regression  line  equa�ons: 
 WT  A  :  Y  =  -1.117*X  +  51.86,  KO  A  :  Y  =  -1.547*X  +  56.47;  WT  B  =  :  Y  =  -3.320*X  +  56.98,  KO  B  =  :  Y  = 
 -3.811*X + 62.19. 

 On  day  8,  the  reward  loca�on  was  switched  to  the  opposite  quadrant  of  the  maze  and  the  7  days  of 
 learning  the  new  reward  loca�on  started.  While  the  slope  was  similar  between  genotypes  with  or 
 without  outliers,  the  eleva�ons  were  significantly  different,  as  KO  mice  traveled  a  longer  distance  and 
 took  more  �me  to  reach  the  reward  across  all  days  (p  <  0.0001;  Figure  42  and  43).  The  slopes  of  the 
 regression  lines  for  WT  and  KO  mice  with  (distance:  p  WT  =  0.049,  p  KO  =  0.0005;  �me:  p  WT  =  0.029,  p  KO  = 
 0.0002)  and  without  (distance:  p  WT  =  0.028,  p  KO  =  0.0008;  �me:  p  WT  =  0.018,  p  KO  =  0.0003)  outliers 
 were  significantly  different  from  zero,  sugges�ng  successful  learning  of  the  new  reward  loca�on  by 
 both genotypes. 
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 Figure  42:  Similar  slope  but  higher  eleva�on  of  TRPV1  KO  regression  line  for  distance  to  new 
 reward  loca�on,  compared  to  WT.  (A)  Distance  to  new  reward  loca�on  before  (R  2  =  0.5718  for  WT, 
 0.9291  for  KO)  and  (B)  a�er  (R  2  =  0.6506  for  WT,  0.9130  for  KO)  removal  of  outliers  for  days  6  (0 
 trials)  and  7  (2  WT,  1  KO  trials).  The  slope  of  the  linear  regression  line  was  significantly  different  from 
 zero  for  both  WT  and  KO  mice  with  (WT:  p  A  =  0.0492,  KO:  p  A  =  0.0005)  or  without  (WT:  p  B  =  0.0284, 
 KO:  p  B  =  0.0008)  day  6  and  7  outliers.  There  was  no  difference  in  the  slope  (p  A  =  0.5638,  p  B  =  0.6709) 
 between  the  two  regression  lines,  but  the  eleva�on  was  significantly  higher  for  KO  animals  (p  A  and  p  B 

 <  0.0001).  Graphs  show  mean  and  SEM  calculated  by  first  averaging  trials  (4  per  day)  per  mouse  and 
 then  averaging  mice  per  genotype  group.  Outlier  analysis  (Method  ROUT,  Q  =  1%)  was  performed 
 separately  for  WT  (24  trials  per  day)  and  KO  (32  trials  per  day)  trials  and  separately  for  trials  of  days  6 
 and  7.  Regression  lines  were  calculated  based  on  mean  daily  performance  per  genotype.  Regression 
 line  equa�ons:  WT  A  :  Y  =  -0.2703*X  +  4.071,  KO  A  :  Y  =  -0.3375*X  +  6.152;  WT  B  =  :  Y  =  -0.3066*X  +  4.168, 
 KO  B  = : Y = -0.3555*X + 6.200. 

 Figure  43:  Similar  slope  but  higher  eleva�on  of  TRPV1  KO  regression  line  for  �me  to  new  reward 
 loca�on,  compared  to  WT.  (A)  Time  to  new  reward  loca�on  before  (R  2  =  0.6500  for  WT,  0.9532  for 
 KO)  and  (B)  a�er  (R  2  =  0.7077  for  WT,  0.9406  for  KO)  removal  of  outliers  for  days  6  (1  KO  trial)  and  7 
 (2  WT,  2  KO  trials).  The  slope  of  the  linear  regression  line  was  significantly  different  from  zero  for 
 both  WT  and  KO  mice  with  (WT:  p  A  =  0.0285,  KO:  p  A  =  0.0002)  or  without  (WT:  p  B  =  0.0177,  KO:  p  B  = 
 0.0003)  day  6  and  7  outliers.  There  was  no  difference  in  the  slope  (p  A  =  0.2297,  p  B  =  0.1883)  between 
 the  two  regression  lines,  but  the  eleva�on  was  significantly  higher  for  KO  animals  (p  A  and  p  B  < 
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 0.0001).  Graphs  show  mean  and  SEM  calculated  by  first  averaging  trials  (4  per  day)  per  mouse  and 
 then  averaging  mice  per  genotype  group.  Outlier  analysis  (Method  ROUT,  Q  =  1%)  was  performed 
 separately  for  WT  (24  trials  per  day)  and  KO  (32  trials  per  day)  trials  and  separately  for  trials  of  days  6 
 and  7.  Regression  lines  were  calculated  based  on  mean  daily  performance  per  genotype.  Regression 
 line  equa�ons:  WT  A  :  Y  =  -4.210*X  +  61.06,  KO  A  :  Y  =  -6.141*X  +  100.6;  WT  B  =  :  Y  =  -4.947*X  +  63.02, 
 KO  B  = : Y = -7.262*X + 103.4. 

 3.1.4 Anxiety levels of TRPV1 KO and WT mice assessed in the open field 

 A  role  for  the  TRPV1  channel  in  emo�onal  regula�on,  anxiety,  and  stress  has  been  suggested  by 
 others.  While  some  report  an  anxioly�c  effect  of  TRPV1  ac�va�on  (  Li  et  al.,  2008),  the  general 
 consensus  is  that  it  is  inac�va�on  of  the  channel  that  reduces  anxiety  (Marsch  et  al.,  2007; 
 Hakimizadeh  et  al.,  2012;  Santos  et  al.,  2008;  You  et  al.,  2012).  As  anxiety  and  stress  are  well 
 documented  to  impact  cogni�ve  processes  and  memory  performance  (  Sandi,  2013;  Lukasik  et  al., 
 2019;  Maloney  et  al.,  2014)  ,  we  decided  to  use  the  open  field  test  to  assess  baseline  anxiety  levels  in 
 our  mice,  expec�ng  to  find  decreased  anxiety  in  the  TRPV1  KOs.  Mice  were  le�  to  explore  a  new 
 open  field  for  15  minutes  and  the  percentage  of  �me  they  spent  in  the  center  of  the  open  field,  as 
 well  as  the  number  of  entries  into  the  center,  were  compared  between  genotypes.  No  significant 
 differences  were  found  in  either  parameter  analyzed  (Figure  44A,  B),  indica�ng  similar  levels  of 
 anxiety  in  TRPV1  KO  and  WT  mice.  There  were  no  deficits  in  locomo�on,  as  total  displacement  was 
 similar  between  genotypes  (Figure  44C).  The  presence  of  cues  in  the  open  field  could  have 
 confounded  the  results,  since  cues  were  placed  on  three  of  the  four  walls  surrounding  the  open  field 
 and  mice  some�mes  explored  the  cues.  This  has  not  been  quan�fied  yet,  but  visual  inspec�on  of 
 tracking  suggested  no  difference  between  explora�on  of  the  wall  without  a  cue  compared  to  the 
 other three walls (Figure 45). 

 Figure  44:  No  difference  in  baseline  anxiety  levels  between  TRPV1  KO  and  WT  mice.  (A)  The 
 percentage  of  �me  mice  spent  in  the  center  of  the  open  field,  as  well  as  (B)  the  number  of  entries  in 
 the  center  of  the  open  field  were  not  significantly  different  between  genotypes  (p  =  0.3450  and  p  = 
 0.2165,  respec�vely,  Mann-Whitney  U-test,  N  =  6  WT,  8  KO  mice),  sugges�ng  similar  anxiety  levels 
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 between  groups.  (C)  Total  displacement  was  similar  for  WT  and  KO  mice  (Mann-Whitney  U-test,  p  = 
 0.2284) indica�ng no differences in locomo�on. Graphs show median and IQR. 

 Figure  45:  Representa�ve  examples  of  mouse  tracking  in  the  open  field  test  .  No�ce  that  the  mice 
 spent  similar  �me  near  the  wall  without  a  cue  compared  to  the  other  walls.  Shapes  represent  visual 
 cues:  green  rectangle,  blue  circle,  and  yellow  star.  Orange  dots  represent  the  mouse  being  detected 
 in  the  periphery,  while  blue  ones  detect  the  mouse  in  the  center  of  the  maze.  These  pictures  were 
 provided  by  Dejana  Mitrovic  and  Can  Tartanoglu  from  the  Viana  da  Silva  lab,  and  subsequently 
 adapted. 

 3.1.5 In vitro induc�on of febrile seizures 

 Since  the  TRPV1  channel  can  sense  heat,  and  heat  causes  febrile  seizures,  we  tested  if  temperature 
 induces  aberrant  SWRs  and  epilep�form  ac�vity  in  TRPV1  KO  and  WT  slices  from  young  mice 
 (P18-P25).  Slices  were  recorded  in  pairs  for  10  minutes  at  31  o  C  and  then  at  38.2  o  C,  a  high 
 temperature  mimicking  fever.  If  groups  or  bursts  containing  epilep�form  discharges  (EDs)  or 
 con�nuous  EDs  were  seen  (Figure  3),  the  slice  was  counted  as  having  epilep�form  ac�vity  (EA).  The 
 percentage  of  slices  per  mouse  with  EA  at  31  o  C  and  at  38.2  o  C  was  quan�fied,  and  a  significant  effect 
 of  both  genotype  and  temperature  was  found  (p  genotype  =  0.0092,  p  temperature  =  0.001;  Figure  46A).  A 
 post-hoc  test  indicated  that  WT  mice  had  higher  EA  than  TRPV1  KO  mice  at  31  o  C  (p  31  =  0.0102).  The 
 effect  of  temperature  was  due  to  more  KO  slices  having  EA  at  high  temperature  compared  to  31  o  C, 
 but the same tendency is seen in WT slices (p  WT  =  0.099, p  KO  = 0.0048). 

 Slices  with  EA  only  at  38.2  o  C  or  slices  that  had  EA  in  both  temperatures  but  stronger  EA  at  38.2  o  C 
 (see  methods  for  criteria)  were  counted  as  slices  whose  EA  increased.  The  percentage  of  such  slices 
 per  mouse  was  also  quan�fied  and  compared  between  WT  and  TRPV1  KO  mice.  No  difference  in  the 
 percentage  of  slices  with  increased  EA  was  seen  between  genotypes  (Figure  46B).  Accordingly,  when 
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 all  slices  were  pooled  together,  the  percentage  of  slices  whose  EA  increased,  decreased,  or  showed 
 no  change  with  temperature  was  similar  between  genotypes  (Figure  46C).  This  suggests  that  TRPV1 
 KO  slices  are  similarly  suscep�ble  to  febrile  seizure  induc�on  as  WT  slices,  but  might  be  more 
 resistant to EA, at least at lower temperatures. 

 Figure  46:  Slices  from  TRPV1  KO  mice  had  decreased  EA  at  31  o  C,  but  not  at  38.2  o  C,  compared  to 
 WTs.  (A)  There  was  a  significant  effect  of  both  genotype  and  temperature  on  the  percentage  of  slices 
 with  EA  (p  genotype  =  0.0092,  p  temperature  =  0.001,  p  genotype*temperature  =  0.2898,  RMANOVA).  The  Šidák’s 
 post-hoc  test  iden�fied  a  significant  difference  between  WT  and  KO  mice  at  31  o  C,  with  KO  mice 
 showing  less  EA.  The  effect  of  temperature  comes  from  a  significantly  higher  number  of  KO  slices 
 with  EA  at  38.2  o  C  compared  to  31  o  C,  with  a  similar  tendency  for  WT  slices.  (B)  The  percentage  of 
 slices  per  mouse  where  EA  increased  from  31  o  C  to  38.2  o  C  was  similar  between  genotypes 
 (Mann-Whitney  U-test,  p  =  0.9497).  (C)  64  WT  and  63  KO  slices  (from  8  WT  and  8  KO  mice)  were  used 
 in  this  experiment.  39%  of  WT  slices  increased  their  EA  at  high  temperature,  45%  had  no  change  in 
 EA  levels,  and  16%  decreased  their  EA.  41%  of  KO  slices  showed  an  increase  in  their  EA  levels,  48%  no 
 change,  and  11%  had  less  EA  at  38.2  o  C  compared  to  31  o  C.  There  were  no  differences  between 
 genotypes (chi-square test, p = 0.7565). 

 113 



 3.2 SWRs and LTP 

 3.2.1 SWRs recorded before and a�er LTP induc�on by high-frequency s�mula�on 

 SWRs  and  synap�c  plas�city  have  long  been  regarded  as  associated  processes  due  to  their 
 importance  in  memory  forma�on  and  consolida�on.  Mechanis�cally,  Sadowski  and  colleagues  (2016) 
 linked  the  processes  by  showing  that  SWR-associated  place  cell  ac�vity  is  capable  of  inducing  LTP  in 
 vitro,  only  if  replay  occurs  during  SWRs.  SWRs  have  also  been  related  to  depoten�a�on  and  synap�c 
 downscaling,  since  SWR  facilita�on  leads  to  widespread  LTD  (  Bukalo  et  al.,  2013  ).  Previous  studies 
 show  different  effects  of  HFS  on  SWRs,  but  the  general  consensus  is  that  LTP  induc�on  enhances 
 SWRs  (Buzsáki,  1984;  Papatheodoropoulos,  2010;  Behrens  et  al.,  2005  ),  which  is  what  we  expected 
 here.  However,  weak  s�mula�on  can  also  induce  SWRs  (  Jiang  et  al.,  2018;  Bazelot  et  al.,  2016; 
 Ellender  et  al.,  2010).  In  order  to  control  for  these  effects,  we  recorded  at  least  10-minutes  of  SWRs 
 at  baseline  before  s�mula�on,  a�er  input/output  curve  to  determine  s�mula�on  intensity  for  LTP, 
 a�er  fEPSP  baseline  of  test  pulses,  and  a�er  LTP  induc�on  and  maintenance.  Figure  47  shows  the 
 average  fEPSP  slope  as  a  percentage  of  baseline  fEPSP  response,  confirming  LTP  where  the  response 
 remains increased for at least 1h. 

 Figure  47:  LTP  was  successfully  induced 
 in  slices  with  spontaneous  SWRs.  The 
 fEPSP  slope  is  depicted  as  a  percentage 
 of  baseline  fEPSP  slope.  Trace  shows 
 mean  and  SEM  (8  slices  from  8  mice).  10 
 minutes  are  missing  between  fEPSP 
 baseline  and  LTP  induc�on  and 
 maintenance,  during  which  SWRs  were 
 recorded.  S�mula�on  �me  at  0  minutes 
 is  indicated  by  a  red  arrow.  This 
 experiment  was  performed  in 
 collabora�on  with  Dmytro  Nesterenko  in 
 Camin Dean’s lab. 

 A  representa�ve  example  of  a  10  s  SWR  trace  in  different  condi�ons  can  be  seen  in  Figure  48,  while 
 Figure  49  shows  a  single  SW  from  the  same  slice  in  different  condi�ons.  While  the  RMANOVA 
 suggested  a  general  change  in  SW  amplitude  during  the  experiment  (p  =  0.045;  Figure  50A),  no 
 significant  differences  were  iden�fied  among  specific  condi�ons.  We  saw  an  increase  in  SW  dura�on 
 (p  <  0.0001;  Figure  50B)  a�er  LTP  rela�ve  to  every  other  condi�on  (p  Baseline-LTP  =  0.0074,  p  I/O  curve-LTP  = 
 0.0097,  p  fEPSPbaseline-LTP  =  0.0025).  However,  dura�on  was  already  significantly  increased  a�er  fEPSP 
 baseline  (p  Baseline-fEPSPbaseline  =  0.0497),  sugges�ng  that  previous  s�mula�on  also  affected  SW  dura�on. 
 On  the  other  hand,  SW  occurrence  significantly  decreased  a�er  LTP  compared  to  baseline  (p  RMANOVA  = 
 0.0039,  p  Baseline-LTP  =  0.045;  Figure  50C).  The  probability  of  cluster  occurrence  was  unaffected  by 
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 s�mula�on  (Figure  50D).  Ripples  were  unchanged  during  the  experiment  as  no  differences  were  seen 
 between  condi�ons  in  terms  of  ripple  amplitude,  dura�on,  peak  frequency,  peak  power,  number  of 
 ripple peaks per ripple event, or number of ripple events per minute (Figure 51). 
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 Figure  48:  Representa�ve  SWR  traces  from  the  different  condi�ons  of  the  LTP  experiment,  showing 
 decreased  SW  incidence  a�er  LTP  induc�on.  Both  blue  and  orange  traces  were  high-pass  filtered  at 
 0.5  Hz.  The  orange  trace  was  then  low-pass  filtered  at  40  Hz  showing  SWs,  while  the  blue  trace  was 
 bandpassed  at  140-250  Hz,  isola�ng  ripples.  Asterisks  indicate  SWs  (pink  =  primary,  green  = 
 secondary  SWs  of  a  cluster)  and  ripple  (black)  peaks  detected  by  the  code.  A  10-second  snippet  is 
 shown  from  each  condi�on:  (A)  baseline,  (B)  a�er  input/output  curve,  (C)  a�er  fEPSP  baseline,  and 
 (D)  a�er  LTP.  No�ce  the  decreased  number  of  SWs  a�er  LTP  (mean  for  this  slice  =  161  SWs  per 
 minute)  compared  to  baseline  (mean  for  this  slice  =  200  SWs  per  minute).  Black  arrows  indicate 
 selected SWs shown in Figure 49. 
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 Figure  49:  Representa�ve  SW  events  from  the  different  condi�ons  of  the  LTP  experiment,  showing 
 increased  SW  dura�on  a�er  LTP  induc�on.  The  SWs  denoted  by  black  arrows  in  Figure  48  are  shown 
 magnified  (A)  for  each  condi�on  separately  and  (B)  overlaid  at  SW  peak.  Note  the  increased  SW 
 dura�on  a�er  LTP  (mean  for  this  slice  =  132  ms)  compared  to  baseline  (mean  for  this  slice  =  113  ms), 
 a�er  input/output  curve  (mean  for  this  slice  =  114  ms),  and  a�er  fEPSP  baseline  (mean  for  this  slice  = 
 123  ms).  Red  asterisk  denotes  SW  peak,  green  asterisk  detected  SW  start,  and  magenta  asterisk 
 detected SW end, with SW dura�on being the difference in �me between start and end points. 

 Figure  50:  LTP  induc�on  increased  SW  dura�on,  decreased  SW  incidence,  and  tended  to  increase 
 SW  amplitude.  SWR  recordings  were  taken  before  any  s�mula�on,  a�er  s�mula�on  for  input/output 
 curve,  a�er  s�mula�on  to  determine  baseline  fEPSP  slope,  and  a�er  LTP  induc�on  and  confirma�on 
 of  maintenance  of  LTP  by  recording  fEPSP  slope  for  1  hour  (4  condi�ons  in  each  graph).  Graphs  show 
 mean  and  SEM,  N  =  8  slices  (from  8  mice)  .  (A)  Even  though  an  overall  increase  is  observed  in  the 
 RMANOVA  test  of  SW  amplitude  (p  =  0.045146)  no  significant  differences  were  seen  among  specific 
 condi�ons  a�er  the  post-hoc  test.  (B)  SW  dura�on  significantly  increased  a�er  LTP  when  compared 
 with  any  other  condi�on,  as  well  as  a�er  s�mula�on  to  determine  fEPSP  baseline  compared  to 
 before  any  s�mula�on.  (C)  The  number  of  SWs  per  minute  significantly  decreased  a�er  LTP  when 
 compared  with  baseline.  (D)  The  probability  of  SW  cluster  occurrence  did  not  change  with 
 s�mula�on.  The  results  of  the  RMANOVAs  can  be  seen  at  the  bo�om  of  each  graph,  while  the 
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 significance  lines  are  based  on  the  results  of  the  Tukey’s  HSD  post-hoc  test  with  mul�ple  comparisons 
 correc�on (* = p < 0.05; ** = p < 0.01). 

 Figure  51:  The  LTP  induc�on  protocol  had  no  effect  on  ripples.  SWR  recordings  were  taken  before 
 any  s�mula�on,  a�er  s�mula�on  for  input/output  curve,  a�er  s�mula�on  to  determine  baseline 
 fEPSP  slope,  and  a�er  LTP  induc�on  and  confirma�on  of  maintenance  of  LTP  by  recording  fEPSP 
 slope  for  1  hour  (4  condi�ons  in  each  graph).  Graphs  show  mean  and  SEM,  N  =  8  slices  (from  8  mice)  . 
 The  (A)  ripple  amplitude,  (B)  ripple  dura�on,  (C)  peak  ripple  frequency,  (D)  maximum  ripple  power, 
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 (E)  number  of  ripple  peaks  per  ripple  event,  and  (F)  number  of  ripple  events  per  minute  were  not 
 affected  by  any  type  of  s�mula�on.  The  results  of  the  RMANOVAs  can  be  seen  at  the  bo�om  of  each 
 graph. 

 3.2.2 Effect of drugs that affect LTP on SWRs 

 Several  pharmacological  agents  are  known  to  block  or  enhance  LTP.  Anisomycin  is  a  protein  synthesis 
 inhibitor.  While  protein  synthesis  is  not  needed  for  short  term  plas�city,  it  is  a  prerequisite  for 
 long-las�ng  changes.  Accordingly,  LTP  is  protein-synthesis  dependent  and  its  long-term  maintenance 
 is  blocked  by  20  μM  anisomycin  (  Frey  et  al.,  1988  ).  We  hypothesized  that  anisomycin  might  have  a 
 similar inhibitory effect on SWRs. 

 3.2.2.1 Effect of blocking protein synthesis, which impairs LTP maintenance, on SWRs 

 3.2.2.1.1 Incuba�on with anisomycin 

 We  first  tested  if  SWRs  can  be  generated  in  the  presence  of  20  μM  anisomycin.  SWRs  were  seen  a�er 
 at  least  ~  2.5  hours  of  incuba�on  in  anisomycin  (a  similar  �me-course  as  the  appearance  of  SWRs  in 
 control  condi�ons),  and  no  changes  were  seen  in  SW  amplitude,  dura�on,  incidence,  or  probability 
 of  cluster  occurrence  (Figure  52).  No  change  was  seen  in  ripple  amplitude,  dura�on,  peak  frequency, 
 maximum  power,  number  of  ripple  peaks  per  event,  or  number  of  ripple  events  per  minute  (Figure 
 53). 
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 Figure  52:  Incuba�on  with  20  μM  anisomycin  had  no  effect  on  SWs.  SWR  recordings  were  taken 
 from  slices  incubated  for  at  least  2.5  h  in  either  drug-free  aCSF  (control)  or  aCSF  containing  20  μM 
 anisomycin.  Graphs  show  median,  IQR,  and  range,  N  control  =  7  slices,  N  Anisomycin  =  6  slices  (from  3  mice, 
 split  among  condi�ons)  .  The  (A)  SW  amplitude,  (B)  SW  dura�on,  (C)  number  of  SWs  per  minute,  and 
 (D)  probability  of  SW  cluster  occurrence  were  not  significantly  different  between  the  two  condi�ons. 
 The results of the Mann-Whitney U-tests can be seen under each graph. 
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 Figure  53:  Incuba�on  with  20  μM  anisomycin  had  no  effect  on  ripples.  SWR  recordings  were  taken 
 from  slices  incubated  for  at  least  2.5  h  in  either  drug-free  aCSF  (control)  or  aCSF  containing  20  μM 
 anisomycin.  Graphs  show  median,  IQR,  and  range,  N  control  =  7  slices,  N  Anisomycin  =  6  slices  (from  3  mice, 
 split  among  condi�ons)  .  The  (A)  mean  ripple  amplitude,  (B)  ripple  dura�on,  (C)  peak  ripple 
 frequency,  (D)  maximum  ripple  power,  (E)  number  of  ripple  peaks  per  ripple  event,  and  (F)  number 
 of  ripple  events  per  minute  were  not  significantly  different  between  the  two  condi�ons.  The  results 
 of the Mann-Whitney U-tests can be seen under each graph. 
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 3.2.2.1.2 Anisomycin applica�on a�er SWRs were recorded in anisomycin-free aCSF 

 To  see  if  anisomycin  might  have  a  short-term  effect  on  SWRs  or  if  it  might  affect  their  maintenance 
 a�er  their  genera�on,  we  first  recorded  spontaneously  occurring  SWRs  from  naive  slices.  Then,  20 
 μM  anisomycin  was  applied  for  35  minutes,  before  washing  with  drug-free  aCSF.  2-minute  snippets 
 were  taken  from  the  last  20-35  minutes  of  baseline,  the  first  3-12  minutes  of  anisomycin,  the  last 
 27-35 minutes of anisomycin, and the last 27-35 minutes of wash. 

 Anisomycin  had  no  effect  on  SW  amplitude,  SW  dura�on,  incidence  of  SWs  per  minute,  or  probability 
 of  cluster  occurrence,  as  seen  in  Figure  54.  Similarly,  no  significant  change  in  mean  ripple  amplitude, 
 ripple  dura�on,  peak  ripple  frequency,  maximum  power,  number  of  ripple  peaks  per  ripple  event,  or 
 number of ripple events per minute was observed under any condi�on (Figure 55). 

 Figure  54:  Short-term  applica�on  of  20  μM  anisomycin  had  no  effect  on  SWs.  SWR  recordings  were 
 taken  before  anisomycin  applica�on,  during  the  first  3-12  minutes  of  anisomycin  applica�on 
 (Aniso-start),  a�er  at  least  27  minutes  of  anisomycin  applica�on  (Aniso-end)  and  a�er  at  least  27 
 minutes  of  wash  with  anisomycin-free  aCSF,  which  correspond  to  the  4  condi�ons  in  each  graph. 
 Graphs  show  mean  and  SEM,  N  =  26  slices  (from  5  mice)  .  The  (A)  SW  amplitude,  (B)  SW  dura�on,  (C) 
 number  of  SWs  per  minute,  and  (D)  probability  of  SW  cluster  occurrence  did  not  change  with 
 anisomycin applica�on. The results of the RMANOVAs can be seen at the bo�om of each graph. 
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 Figure  55:  Short-term  applica�on  of  20  μM  anisomycin  had  no  effect  on  ripples.  SWR  recordings 
 were  taken  before  anisomycin  applica�on,  during  the  first  3-12  minutes  of  anisomycin  applica�on 
 (Aniso-start),  a�er  at  least  27  minutes  of  anisomycin  applica�on  (Aniso-end)  and  a�er  at  least  27 
 minutes  of  wash  with  anisomycin-free  aCSF,  which  correspond  to  the  4  condi�ons  in  each  graph. 
 Graphs  show  mean  and  SEM,  N  =  26  slices  (from  5  mice)  .  The  (A)  mean  ripple  amplitude,  (B)  ripple 
 dura�on,  (C)  peak  ripple  frequency,  (D)  maximum  ripple  power,  (E)  number  of  ripple  peaks  per  ripple 
 event,  and  (F)  number  of  ripple  events  per  minute  were  not  affected  by  anisomycin.  The  results  of 
 the RMANOVAs can be seen at the bo�om of each graph. 
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 3.2.2.2 Effect of HDAC inhibi�on, which enhances LTP, on SWRs 

 Suberoylanilide  hydroxamic  acid  (SAHA,  also  known  as  Vorinostat  and  Zolinza)  is  an  FDA-approved 
 drug  for  the  treatment  of  subcutaneous  T-cell  lymphoma  (  Thaler  &  Mercurio,  2014).  It  acts  by 
 blocking  histone  deacetylases  (HDACs),  which  play  a  role  in  epigene�c  regula�on  by  promo�ng 
 condensed  chroma�n  structure  and  decreased  transcrip�on,  as  well  as  other  cellular  processes 
 through  deacetyla�on  of  non-histone  proteins  (Jenuwein  &  Allis,  2001;  Hanson  et  al.,  2013;  Spange 
 et  al.,  2009).  SAHA  has  been  shown  to  enhance  excitatory  synap�c  func�on,  lower  the  threshold  for 
 LTP  induc�on,  increase  LTP  magnitude,  and  block  LTD  in  vitro  (Hanson  et  al.,  2013;  Alarcón  et  al., 
 2004;  Benito  et  al.,  2015),  hence  having  a  profound  effect  on  synap�c  plas�city.  We  hypothesized 
 that SAHA applica�on before or a�er SWR genera�on would enhance SWRs. 

 3.2.2.2.1 Incuba�on with SAHA 

 We  first  tested  if  SWRs  can  be  generated  in  the  presence  of  10  μM  SAHA  in  DMSO.  SWRs  were  seen 
 a�er  at  least  ~  2.5  hours  of  incuba�on  in  SAHA  (similar  to  control  slices),  with  no  changes  in  SW 
 amplitude,  dura�on,  incidence,  or  probability  of  cluster  occurrence  (Figure  56).  No  change  was  seen 
 in  ripple  amplitude,  dura�on,  peak  ripple  frequency,  power,  or  the  number  of  ripple  peaks  per  event 
 (Figure  57A-E),  but  a  significant  decrease  was  found  in  the  number  of  ripple  events  per  minute  (p  = 
 0.045;  Figure  57F).  A  representa�ve  ripple  trace  and  ripple  event  are  shown  on  Figure  58  to  illustrate 
 the decreased incidence of ripples. 
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 Figure  56:  Incuba�on  with  10  μM  SAHA  had  no  effect  on  SWs.  SWR  recordings  were  taken  from 
 slices  incubated  for  at  least  2.5  h  in  either  SAHA-free  aCSF  (DMSO  =  control)  or  aCSF  containing  10 
 μM  SAHA.  Graphs  show  median,  IQR,  and  range,  N  DMSO  =  12  slices,  N  SAHA  =  11  slices  (from  5  mice,  split 
 among  condi�ons)  .  The  (A)  SW  amplitude,  (B)  SW  dura�on,  (C)  number  of  SWs  per  minute,  and  (D) 
 probability  of  SW  cluster  occurrence  are  not  significantly  different  between  the  two  condi�ons.  The 
 results of the Mann-Whitney U-tests can be seen under each graph. 
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 Figure  57:  Incuba�on  with  10  μM  SAHA  decreased  ripple  occurrence.  SWR  recordings  were  taken 
 from  slices  incubated  for  at  least  2.5  h  in  either  SAHA-free  aCSF  (DMSO  =  control)  or  aCSF  containing 
 10  μM  SAHA.  Graphs  show  median,  IQR,  and  range,  N  DMSO  =  12  slices,  N  SAHA  =  11  slices  (from  5  mice, 
 split  among  condi�ons)  .  The  (A)  mean  ripple  amplitude,  (B)  ripple  dura�on,  (C)  peak  ripple 
 frequency,  (D)  maximum  ripple  power,  and  (E)  number  of  ripple  peaks  per  ripple  event  were  not 
 significantly  different  between  the  two  condi�ons.  (F)  The  number  of  ripple  events  per  minute  was 
 significantly  decreased  a�er  incuba�on  with  SAHA.  The  results  of  the  Mann-Whitney  U-tests  can  be 
 seen under each graph. 
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 Figure  58:  Representa�ve  ripple  traces  from  slices  incubated  with  SAHA  or  DMSO  (vehicle)  alone, 
 showing  decreased  ripple  occurrence  a�er  SAHA  incuba�on.  The  LFP  was  first  high-pass  filtered  at 
 0.5  Hz  and  then  bandpass  filtered  at  140-250  Hz  to  isolate  ripples.  Red  asterisks  indicate  ripple  peaks 
 detected  by  the  code.  A  10-second  snippet  is  shown  from  slices  incubated  in  DMSO  (top)  or  SAHA 
 (bo�om).  No�ce  the  decreased  number  of  ripple  events  in  the  presence  of  SAHA  (mean  for  this  slice 
 =  85  events  per  minute)  compared  to  DMSO  (mean  for  this  slice  =  67.5  events  per  minute).  A 
 representa�ve ripple event example from each recording is also shown. 

 3.2.2.2.2 SAHA applica�on a�er SWRs were recorded in SAHA-free aCSF 

 To  see  if  SAHA  might  have  a  short-term  effect  on  SWRs  or  if  it  might  affect  their  maintenance  a�er 
 SWR  genera�on,  we  first  recorded  spontaneously  occurring  SWRs  from  naive  slices.  Then,  10  μM 
 SAHA  was  applied  for  35  minutes,  before  washing  with  SAHA-free  aCSF.  2-minute  snippets  were 
 taken  from  the  last  20-35  minutes  of  baseline,  the  first  3-12  minutes  of  SAHA,  the  last  27-35  minutes 
 of SAHA, and the last 27-35 minutes of wash. 

 SAHA  applica�on  had  no  effect  on  SW  amplitude,  dura�on,  incidence,  or  probability  of  cluster 
 occurrence  (Figure  59).  Ripples  were  unaffected  in  terms  of  amplitude,  frequency,  power,  or  number 
 of  ripple  events  per  minute  (Figure  60A,  C,  D,  F).  The  RMANOVA  test  is  significant  for  ripple  dura�on 
 (p  =  0.038;  Figure  60B)  and  the  number  of  ripple  peaks  per  ripple  event  (p  =  0.049;  Figure  60E),  but 
 the  post-hoc  test  did  not  iden�fy  any  specific  differences  between  condi�ons.  The  result  of  the 
 RMANOVA  was  therefore  a�ributed  to  a  tendency  for  both  measures  to  increase  slightly  throughout 
 the experiment. 
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 Figure  59:  Short-term  applica�on  of  10  μM  SAHA  had  no  effect  on  SWs.  SWR  recordings  were  taken 
 before  SAHA  applica�on,  during  the  first  3-12  minutes  of  SAHA  applica�on  (SAHA-start),  a�er  at  least 
 27  minutes  of  SAHA  applica�on  (SAHA-end),  and  a�er  at  least  27  minutes  of  wash  with  SAHA-free 
 aCSF,  which  correspond  to  the  4  condi�ons  in  each  graph.  Graphs  show  mean  and  SEM,  N  =  9  slices 
 (from  2  mice)  .  The  (A)  SW  amplitude,  (B)  SW  dura�on,  (C)  number  of  SWs  per  minute,  and  (D) 
 probability  of  SW  cluster  occurrence  did  not  change  with  SAHA  applica�on.  The  results  of  the 
 RMANOVAs can be seen at the bo�om of each graph. 
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 Figure  60:  Short-term  applica�on  of  10  μM  SAHA  tended  to  increase  ripple  dura�on  and  number  of 
 peaks  per  event.  SWR  recordings  were  taken  before  SAHA  applica�on,  during  the  first  3-12  minutes 
 of  SAHA  applica�on  (SAHA-start),  a�er  at  least  27  minutes  of  SAHA  applica�on  (SAHA-end),  and  a�er 
 at  least  27  minutes  of  wash  with  SAHA-free  aCSF,  which  correspond  to  the  4  condi�ons  in  each 
 graph.  Graphs  show  mean  and  SEM,  N  =  9  slices  (from  2  mice)  .  (A)  Mean  ripple  amplitude  was 
 unaffected  by  SAHA  applica�on.  (B)  Ripple  dura�on  was  increased  overall  (RMANOVA  p  =  0.0376), 
 but  no  significant  differences  were  seen  among  specific  condi�ons  a�er  the  post-hoc  test.  (C)  Peak 
 ripple  frequency  and  (D)  maximum  ripple  power  were  similar  among  condi�ons.  (E)  The  number  of 
 ripple  peaks  per  ripple  event  increased  overall  (RMANOVA  p  =  0.0487),  but  no  significant  differences 
 were  seen  among  specific  condi�ons  a�er  the  post-hoc  test.  (F)  The  number  of  ripple  events  per 
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 minute  was  not  affected  by  SAHA  applica�on.  The  results  of  the  RMANOVAs  can  be  seen  at  the 
 bo�om of each graph. 

 3.2.3 SWRs and Alzheimer’s disease - tau experiments 

 Many  SWR  altera�ons  are  observed  in  AD  models  or  models  of  tauopathies.  For  example,  rTg4510 
 mice  have  decreased  amplitude,  power,  and  rate  of  SWRs  (  Wi�on  et  al.,  2016;  Ciupek  et  al.  ,  2015). 
 Moreover,  tau  exogenously  applied  to  slices  decreased  LTP  magnitude  (  Acquarone  et  al.,  2019;  Fá  et 
 al.,  2016  ).  We  therefore  hypothesized  that  tau  would  either  prevent  SWR  genera�on  if  slices  were 
 pre-incubated  with  tau  before  spontaneous  SWRs  form,  or  it  would  reduce  SWR  amplitude,  dura�on, 
 or occurrence if applied a�er SWRs appear. 

 3.2.3.1 ohtau40-H  2  O  2  experiments 

 3.2.3.1.1 Incuba�on with ohtau40-H  2  O  2 

 We  first  incubated  slices  in  either  drug-free  or  tau-containing  aCSF  for  at  least  2.5  hours.  Incuba�on 
 with  tau  did  not  prevent  SWR  genera�on,  so  we  recorded  SWRs  to  examine  SWR  parameters.  No 
 differences  were  seen  in  SW  amplitude,  dura�on,  number  of  SWs  per  minute,  or  probability  of 
 cluster  occurrence,  as  seen  in  Figure  61.  Ripples  were  similarly  unaffected,  as  ripple  amplitude, 
 dura�on,  frequency,  power,  number  of  ripple  peaks  per  ripple  event,  and  number  of  ripple  events 
 per minute were similar in the two groups (Figure 62). 
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 Figure  61:  Incuba�on  with  25  nM  ohtau40-H  2  O  2  had  no  effect  on  SWs.  SWR  recordings  were  taken 
 from  slices  incubated  for  at  least  2.5  h  in  either  drug-free  aCSF  (control)  or  aCSF  containing  25  nM 
 ohtau40-H  2  O  2  .  Graphs  show  median,  IQR,  and  range,  N  control  =  5  slices,  N  tau  =  7  slices  (from  2  mice,  split 
 among  condi�ons)  .  The  (A)  SW  amplitude,  (B)  SW  dura�on,  (C)  number  of  SWs  per  minute,  and  (D) 
 probability  of  SW  cluster  occurrence  were  not  significantly  different  between  the  two  condi�ons.  The 
 results of the Mann-Whitney U-tests can be seen under each graph. 
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 Figure  62:  Incuba�on  with  25  nM  ohtau40-H  2  O  2  had  no  effect  on  ripples.  SWR  recordings  were 
 taken  from  slices  incubated  for  at  least  2.5  h  in  either  drug-free  aCSF  (control)  or  aCSF  containing  25 
 nM  ohtau40-H  2  O  2  .  Graphs  show  median,  IQR,  and  range,  N  control  =  5  slices,  N  tau  =  7  slices  (from  2  mice, 
 split  among  condi�ons)  .  The  (A)  mean  ripple  amplitude,  (B)  ripple  dura�on,  (C)  peak  ripple 
 frequency,  (D)  maximum  ripple  power,  (E)  number  of  ripple  peaks  per  ripple  event,  and  (F)  number 
 of  ripple  events  per  minute  were  not  significantly  different  between  the  two  condi�ons.  The  results 
 of the Mann-Whitney U-tests can be seen under each graph. 
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 3.2.3.1.2 ohtau40-H  2  O  2  applica�on a�er SWRs were recorded in tau-free aCSF 

 To  test  for  short-term  effects  of  tau  on  SWR  maintenance,  we  applied  tau  a�er  SWRs  were  recorded 
 in  naive  slices,  and  analyzed  two  �me-points,  one  at  the  start  (first  3-12  minutes)  of  tau  applica�on 
 and  one  at  the  end  (27-35  minutes).  As  seen  in  Figure  63,  applica�on  of  25  nM  ohtau40-H  2  O  2  had  no 
 effect  on  SW  amplitude,  SW  dura�on,  number  of  SWs  per  minute,  or  probability  of  cluster 
 occurrence.  In  agreement,  no  significant  changes  in  ripple  amplitude,  ripple  dura�on,  peak  ripple 
 frequency,  maximum  ripple  power,  or  number  of  ripple  peaks  per  ripple  event  were  observed  under 
 any  condi�on  (Figure  64A-E).  While  the  RMANOVA  suggested  a  significant  change  in  the  number  of 
 ripple  events  per  minute  (p  =  0.014,  Figure  64F),  no  significant  changes  were  iden�fied  among 
 specific  condi�ons  a�er  the  post-hoc  test.  Visual  inspec�on  suggests  that  ripple  incidence  tended  to 
 decrease in the last two condi�ons of the experiment. 

 Figure  63:  Short-term  applica�on  of  25  nM  ohtau40-H  2  O  2  had  no  effect  on  SWs.  SWR  recordings 
 were  taken  before  tau  applica�on,  during  the  first  3-12  minutes  of  tau  applica�on  (tau-start),  a�er  at 
 least  27  minutes  of  tau  applica�on  (tau-end),  and  a�er  at  least  27  minutes  of  wash  with  tau-free 
 aCSF,  which  correspond  to  the  4  condi�ons  in  each  graph.  Graphs  show  mean  and  SEM,  N  =  22  slices 
 (from  6  mice)  .  The  (A)  SW  amplitude,  (B)  SW  dura�on,  (C)  number  of  SWs  per  minute,  and  (D) 
 probability  of  SW  cluster  occurrence  did  not  change  with  tau  applica�on.  The  results  of  the 
 RMANOVAs can be seen at the bo�om of each graph. 
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 Figure  64:  Short-term  applica�on  of  25  nM  ohtau40-H  2  O  2  tended  to  decrease  ripple  incidence.  SWR 
 recordings  were  taken  before  tau  applica�on,  during  the  first  3-12  minutes  of  tau  applica�on 
 (tau-start),  a�er  at  least  27  minutes  of  tau  applica�on  (tau-end),  and  a�er  at  least  27  minutes  of 
 wash  with  tau-free  aCSF,  which  correspond  to  the  4  condi�ons  in  each  graph.  Graphs  show  mean  and 
 SEM,  N  =  22  slices  (from  6  mice)  .  The  (A)  mean  ripple  amplitude,  (B)  ripple  dura�on,  (C)  peak  ripple 
 frequency,  (D)  maximum  ripple  power,  and  (E)  number  of  ripple  peaks  per  ripple  event  were  not 
 affected  by  tau  applica�on.  (F)  The  number  of  ripple  events  per  minute  tended  to  decrease  during 
 the  experiment  (RMANOVA  p  =  0.014),  but  no  significant  differences  were  seen  among  specific 
 condi�ons  a�er  the  post-hoc  test.  The  results  of  the  RMANOVAs  can  be  seen  at  the  bo�om  of  each 
 graph. 
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 3.2.3.2 ohtau40-heparin applica�on a�er SWRs were recorded in tau-free aCSF 

 Above,  we  used  the  protocol  by  Acquarone  et  al.,  2019,  to  prepare  tau.  Since  we  did  not  see 
 prominent  effects  with  this  treatment,  we  decided  to  repeat  the  second  type  of  experiment 
 (applica�on  of  tau  a�er  baseline  SWRs  have  been  recorded)  using  a  different  method  for  ohtau40 
 prepara�on  that  leads  to  greater  genera�on  of  oligomers  and  β-sheets  (see  methods,  Figure  4). 
 Slices  were  prepared  and  incubated  in  drug-free  aCSF.  A�er  at  least  2  hours  incuba�on,  slices  with 
 SWRs  were  iden�fied  and  recorded  for  at  least  35  minutes.  25  nM  of  ohtau40-heparin  was  applied 
 for  35  minutes,  a�er  which  slices  were  washed  with  drug-free  aCSF.  2-minute  snippets  were  taken 
 from  the  last  20-35  minutes  of  baseline,  the  first  3-12  minutes  of  tau,  the  last  27-35  minutes  of  tau, 
 and the last 27-35 minutes of wash. 

 Tau  applica�on  in  this  case  caused  a  significant  decrease  in  SW  amplitude  a�er  at  least  27  minutes  of 
 tau  applica�on  as  shown  by  the  post-hoc  test  (p  Baseline-tauEnd  =  0.029,  p  tauStart-tauEnd  =  0.021),  even  though 
 only  a  tendency  is  seen  in  the  RMANOVA  (p  =  0.063;  Figure  65A).  Exposure  to  ohtau40-heparin  had 
 no  effect  on  SW  dura�on  (Figure  65B).  Furthermore,  the  number  of  SWs  per  minute  significantly 
 decreased  (p  =  0.00047;  Figure  65C)  at  the  end  of  tau  applica�on  compared  to  baseline  and  wash 
 (p  Baseline-tauEnd  =  0.00098,  p  tauEnd-Wash  =  0.012),  as  well  as  at  the  start  of  tau  applica�on  compared  to 
 baseline  (p  Baseline-tauStart  =  0.026).  The  probability  of  cluster  occurrence  was  unaffected  by  tau  (Figure 
 65D). 

 Similarly,  applica�on  of  ohtau40-heparin  caused  a  decrease  in  mean  ripple  amplitude  and  power  (for 
 both  p  <  0.0001;  Figure  66A,  D)  at  the  end  of  tau  exposure  compared  to  baseline  and  at  the 
 beginning  of  tau  applica�on.  Ripple  amplitude  and  power  were  also  lower  during  wash  compared  to 
 baseline  (amplitude:  p  Baseline-tauEnd  <  0.0001,  p  tauStart-tauEnd  =  0.0078,  p  Baseline-Wash  =  0.00079;  power: 
 p  Baseline-tauEnd  =  0.00105,  p  tauStart-tauEnd  =  0.032,  p  Baseline-Wash  =  0.0012).  Ripple  dura�on  and  number  of  ripple 
 peaks  per  ripple  event  were  unaffected  by  tau  (Figure  66B,  E).  At  the  end  of  tau  applica�on,  the  peak 
 ripple  frequency  and  the  number  of  ripple  events  per  minute  were  significantly  lower  compared  to 
 baseline  (p  Baseline_tauEnd  =  0.033,  Figure  66C;  p  Baseline_tauEnd  =  0.0093,  Figure  66F,  respec�vely). 
 Representa�ve  SWR  traces  are  seen  on  Figure  67  to  show  the  change  in  SW  amplitude  and  SW  and 
 ripple  incidence,  while  representa�ve  ripple  events  are  shown  on  Figure  68  to  illustrate  the 
 decreased amplitude, frequency, and power a�er tau applica�on. 
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 Figure  65:  Short-term  applica�on  of  25  nM  ohtau40-heparin  decreased  SW  amplitude  and  number 
 of  SWs  per  minute.  SWR  recordings  were  taken  before  tau  applica�on,  during  the  first  3-12  minutes 
 of  tau  applica�on  (tau-start),  a�er  at  least  27  minutes  of  tau  applica�on  (tau-end),  and  a�er  at  least 
 27  minutes  of  wash  with  tau-free  aCSF,  which  correspond  to  the  4  condi�ons  in  each  graph.  Graphs 
 show  mean  and  SEM,  N  =  16  slices  (from  8  mice)  .  (A)  SW  amplitude  significantly  decreased  towards 
 the  end  of  tau  applica�on  compared  to  baseline  and  beginning  of  tau  applica�on  according  to  the 
 post-hoc  test,  but  only  a  tendency  was  seen  in  the  RMANOVA.  (B)  SW  dura�on  was  not  affected  by 
 ohtau40-heparin.  (C)  The  number  of  SWs  per  minute  was  significantly  lower  a�er  at  least  27  minutes 
 of  tau  applica�on  compared  to  baseline  and  wash  condi�ons,  as  well  as  a�er  at  least  3  minutes  of 
 tau  applica�on  compared  to  baseline.  (D)  The  probability  of  SW  cluster  occurrence  was  unaffected  by 
 ohtau40-heparin.  The  results  of  the  RMANOVAs  can  be  seen  at  the  bo�om  of  each  graph,  while  the 
 significance  lines  are  based  on  the  results  of  the  Tukey’s  HSD  post-hoc  test  with  mul�ple  comparisons 
 correc�on (* = p < 0.05; *** = p < 0.001). 
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 Figure  66:  Short-term  applica�on  of  25  nM  ohtau40-heparin  decreased  ripple  amplitude, 
 frequency,  power,  and  number  of  ripple  events  per  minute.  SWR  recordings  were  taken  before  tau 
 applica�on,  during  the  first  3-12  minutes  of  tau  applica�on  (tau-start),  a�er  at  least  27  minutes  of 
 tau  applica�on  (tau  end),  and  a�er  at  least  27  minutes  of  wash  with  tau-free  aCSF,  which  correspond 
 to  the  4  condi�ons  in  each  graph.  Graphs  show  mean  and  SEM,  with  N  =  16  slices  (from  8  mice)  .  (A) 
 The  mean  ripple  amplitude  was  significantly  lower  at  the  end  of  tau  applica�on  compared  to 
 baseline  or  the  beginning  of  tau  applica�on,  as  well  as  a�er  wash  compared  to  baseline.  (B)  Ripple 
 dura�on  was  not  affected  by  ohtau40-heparin  applica�on.  (C)  Peak  ripple  frequency  was  lower  a�er 
 at  least  27  minutes  of  ohtau40-heparin  applica�on  compared  to  baseline.  (D)  Maximum  ripple  power 
 was  significantly  lower  at  the  end  of  tau  applica�on  compared  to  baseline  or  the  beginning  of  tau 
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 applica�on,  as  well  as  a�er  wash  compared  to  baseline.  (E)  The  number  of  ripple  peaks  per  ripple 
 event  was  not  affected  by  ohtau40-heparin.  (F)  The  number  of  ripple  events  per  minute  was 
 significantly  lower  at  the  end  of  ohtau40-heparin  applica�on  compared  to  baseline.  The  results  of 
 the  RMANOVAs  can  be  seen  at  the  bo�om  of  each  graph.  The  significance  lines  shown  on  the  graphs 
 are  based  on  the  results  of  the  Tukey’s  HSD  post-hoc  test  with  mul�ple  comparisons  correc�on  (*  =  p 
 < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001). 

 Figure  67:  Representa�ve  SWR  traces  from  the  different  condi�ons  of  the  ohtau40-heparin 
 experiment,  showing  decreased  SW  amplitude  and  decreased  SW  and  ripple  incidence  a�er  tau 
 applica�on.  Both  blue  and  orange  traces  were  high-pass  filtered  at  0.5  Hz.  Orange  trace  was  then 
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 low-pass  filtered  at  40  Hz  showing  SWs,  while  the  blue  trace  was  bandpassed  at  140-250  Hz,  isola�ng 
 ripples.  Asterisks  indicate  SWs  (pink  =  primary,  green  =  secondary  SWs  of  a  cluster)  and  ripple  (black) 
 peaks  detected  by  the  code.  A  10-second  snippet  is  shown  from  each  condi�on:  (A)  baseline,  (B) 
 start  of  tau  applica�on,  (C)  end  of  tau  applica�on,  and  (D)  wash.  No�ce  the  decreased  SW  amplitude 
 at  the  end  of  tau  applica�on  (mean  for  this  slice  =  65  μV)  compared  to  baseline  (mean  for  this  slice  = 
 83  μV)  and  beginning  of  tau  applica�on  (mean  for  this  slice  =  102  μV).  Also  note  the  decreased 
 number  of  SWs  at  the  end  of  tau  applica�on  (mean  for  this  slice  =  70)  compared  to  baseline  (mean 
 for  this  slice  =  104)  and  wash  (mean  for  this  slice  =  84),  as  well  as  between  the  beginning  of  tau 
 applica�on  (mean  for  this  slice  =  81)  and  baseline.  The  number  of  ripples  per  minute  was  also 
 decreased  at  the  end  of  tau  applica�on  (mean  for  this  slice  =  75)  compared  to  baseline  (mean  for  this 
 slice = 135). 
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 Figure  68:  Representa�ve  examples  of  ripple  events  and  power  spectra  in  different  condi�ons  of 
 the  ohtau40-heparin  experiment,  showing  decreased  ripple  amplitude,  power,  and  frequency  a�er 
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 tau  applica�on.  One  ripple  event  from  the  same  slice  under  each  of  the  four  condi�ons  (A)  baseline, 
 (B)  start  of  tau  applica�on,  (C)  end  of  tau  applica�on,  and  (D)  wash  is  shown.  No�ce  the  lower  ripple 
 amplitude  and  power  in  the  last  two  condi�ons  (tau-end:  5.5  μV,  2.2  *10  -3  mV  2  ,  wash:  5.9  μV,  2.2 
 *10  -3  mV  2  )  compared  to  baseline  (7.8  μV,  3.5*10  -3  mV  2  )  and  start  of  tau  applica�on  (6.6  μV,  3.5*10  -3 

 mV  2  ),  as  well  as  the  lower  ripple  frequency  at  the  end  of  tau  applica�on  (186  Hz)  compared  to 
 baseline (195 Hz). 
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 4. Discussion 

 4.1 The TRPV1 channel: hippocampal cell ac�vity, network 
 synchroniza�on, and behavioral performance of TRPV1 KO 
 mice 

 4.1.1 SWRs in TRPV1 KO mice 

 4.1.1.1 Enhanced SWRs in TRPV1 KO mice in different temperatures 

 We  studied  SWRs  in  TRPV1  KO  mice  in  vitro  and  in  vivo,  expec�ng  to  see  an  impairment  similar  to 
 that  seen  for  LTP  (Hurtado-Zavala  et  al.,  2017).  We  first  recorded  from  hippocampal  slices  at  various 
 temperatures.  The  TRPV1  channel  is  temperature  sensi�ve,  so  it  is  possible  that  the  effect  of  the  KO 
 is  different  or  present  only  at  specific  temperatures.  Because  channel  inac�va�on  and  desensi�za�on 
 have  been  reported  (Sánchez-Moreno  et  al.,  2018;  Sanz-Salvador  et  al.,  2012)  we  decided  to  analyze 
 two  different  �me  points  for  all  temperatures,  one  at  the  “beginning”  of  each  temperature  step  and 
 one  at  the  “end”,  a�er  at  least  18  minutes  at  that  temperature.  Most  effects  were  more  apparent  at 
 the  start  of  each  temperature  step  than  at  the  end,  sugges�ng  some  channel  desensi�za�on,  but  the 
 same trends were seen in both �me points, indica�ng minimal effects of such desensi�za�on. 

 31  o  C  was  chosen  as  baseline,  as  temperatures  between  28-33  o  C  are  o�en  used  in  these  types  of 
 experiments  (Maier  et  al.,  2009;  Papatheodoropoulos,  2010;  Liu  et  al.,  2020;  Villers  &  Ris,  2013),  and 
 many  lines  of  evidence  suggest  that  slices  survive  longer  at  lower  temperatures  (Karnatovskaia  et  al., 
 2014;  Buskila  et  al.,  2014).  Papatheodoropoulos  and  coauthors  (2007)  found  that  ripple  frequency 
 be�er  resembles  in  vivo  values  at  32  o  C  compared  to  higher  temperatures,  so  some  physiological 
 relevance  is  inferred.  The  temperature  was  then  raised  to  36  o  C  and  then  to  38  o  C  in  two  cycles.  This 
 is  the  physiological  temperature  range  for  sleep  (36  o  C)  and  wakefulness  (38  o  C)  in  mice  and  humans. 
 Temperature  drops  occur  during  NREM  sleep  (  Harding  et  al.,  2019  ),  which  is  when  SWRs  occur.  A 
 final  increase  at  40  o  C  followed,  to  examine  differences  at  an  extreme  point  corresponding  to  a  high 
 fever, before returning to 31  o  C. 

 We  found  no  differences  between  WT  and  KO  mice  in  terms  of  SW  amplitude,  dura�on,  and  number 
 of  SWs  per  minute  throughout  all  temperatures.  The  probability  of  SW  cluster  occurrence,  however, 
 was  increased  in  the  KO  slices  only  at  31  o  C  baseline.  Clusters  of  SWs  are  seen  both  in  vivo  (Ramadan 
 et  al.,  2009)  and  in  vitro.  Papatheodoropoulos,  2010,  hypothesized  that  primary  and  secondary  SWs 
 in  a  cluster  allow  ac�va�on  of  respec�ve  cell-assemblies  within  a  temporal  window  permissive  for 
 synap�c  plas�city,  hence  linking  the  two  popula�ons.  More  clusters  would  therefore  indicate 
 improved  memory.  Alterna�vely,  more  clusters  could  lead  to  increased  interference  with 
 non-associated  memories  and  hence  impair  memory  instead.  A  rela�onship  between  SW  cluster 
 probability  and  synap�c  plas�city  has  been  indicated  by  an  increased  probability  of  cluster 
 occurrence  a�er  LTP  induc�on  (Papatheodoropoulos,  2010).  However,  TRPV1  KO  animals  have 
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 increased  probability  of  SW  cluster  occurrence  but  impaired  LTP  (Hurtado-Zavala  et  al.,  2017), 
 demonstra�ng that the two processes do not always go hand-in-hand. 

 TRPV1  KO  slices  had  longer  ripple  events  consis�ng  of  more  peaks  than  WT  slices.  Ripple  incidence 
 was  also  higher  in  the  KOs.  This  effect  was  the  strongest  the  first  �me  at  36  o  C,  but  similar  tendencies 
 were  seen  across  the  physiological  range  temperatures.  At  the  first  but  not  the  second  �me  point, 
 genotype  also  had  a  significant  effect  on  ripple  power,  probably  because  KO  slices  tended  to  have 
 higher  ripple  power  in  most  temperatures.  R  ipple  amplitude  and  peak  frequency,  on  the  other  hand, 
 were  similar  in  TRPV1  KO  and  WT  slices.  Overall  this  data  indicates  enhanced  ripples  in  TRPV1  KO 
 mice. 

 Fernández-Ruiz  et  al.,  2019,  report  more  long-dura�on  ripples  in  awake  animals  during 
 memory-demanding  situa�ons  and  improved  memory  a�er  optogene�c  prolonga�on  of  ripples,  but 
 not  a�er  induc�on  of  addi�onal  ripples.  Increased  ripple  dura�on  would  therefore  indicate  improved 
 memory  performance  in  TRPV1  KO  animals.  It  has  been  suggested  that  nega�ve  ripple  peaks 
 represent  superimposed  ac�on  poten�als  of  synchronously  firing  cells,  and  that  posi�ve  peaks 
 represent  IPSC  currents  onto  pyramidal  cell  somata  (Buzsáki,  2015).  Hence,  an  increased  number  of 
 peaks  per  event  in  the  TRPV1  KOs  indicates  increased  neuronal  firing  during  SWRs.  Spiking 
 popula�ons  are  the  main  contributor  to  the  power  of  high  frequency  oscilla�ons  (Schomburg  et  al., 
 2012).  Thus,  the  increased  ripple  power  in  TRPV1  KOs,  which  correlates  with  popula�on  synchrony  in 
 the  hippocampus  (Buzsáki,  2015),  also  points  to  a  more  synchronized  network  in  TRPV1  KO  slices. 
 The  spike  content  of  ripples  conveys  spa�al  informa�on  from  explored  environments.  In 
 Fernández-Ruiz  et  al.  (2019),  cells  firing  during  prolonged  ripples  were  spa�ally  selec�ve.  In  a 
 different  scenario,  an  increased  ripple  dura�on  such  as  that  seen  in  the  TRPV1  KOs  could  indicate 
 higher  interference  between  unrelated  memories,  similar  to  the  effects  of  increased  SW  cluster 
 probability,  which  would  lead  to  worse  memory  performance.  In  the  future,  we  should  therefore  look 
 at  the  number  of  cells  par�cipa�ng  in  each  ripple  and  analyze  place  cell  reac�va�on  in  more  detail 
 (e.g.,  to  see  if  place  cells  found  during  open  field  sessions  are  more  reac�vated  during  the  post- 
 compared  to  the  pre-explora�on  rest)  to  be�er  understand  the  interac�on  between  SWRs  and 
 neuronal firing. 

 Fernández-Ruiz  et  al.,  2019,  report  no  effect  of  increasing  ripple  incidence  on  memory  performance, 
 but  others  suggest  this  might  also  act  to  prolong  memory  (Oliva  et  al.,  2020).  The  different 
 conclusions  of  these  two  studies  could  be  due  to  differences  in  the  area  s�mulated  (CA1  or  CA2, 
 respec�vely),  species  (rats  or  mice,  respec�vely),  type  of  memory  (spa�al  or  social,  respec�vely),  or 
 �me  of  optogene�c  s�mula�on  (during  awake  SWRs  during  task  performance  or  sleep  SWRs  a�er 
 social  learning,  respec�vely).  Nevertheless,  increased  ripple  incidence  seen  in  the  TRPV1  KOs 
 suggests  improved  memory,  since  decreased  ripple  incidence  is  predic�ve  of  spa�al  memory  deficits 
 (Jones  et  al.,  2019).  In  humans,  awake  ripple  rate  was  increased  only  during  more  complex 
 autobiographical  memory  condi�ons  but  not  associa�ve  memory  (Chen  et  al.,  2021);  thus,  different 
 types of memory might be differently modulated by SWR abundance. 
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 4.1.1.2 Effects of temperature on SWRs and TRPV1 temperature sensi�vity 

 Temperature  affected  all  SWR  parameters  analyzed.  This  was  expected,  as  changes  in  SWRs  were 
 reported  before  at  different  temperatures  (Papatheodoropoulos  et  al.,  2007;  Cheah  et  al.,  2021),  and 
 temperature  has  widespread  effects,  such  as  changing  voltage-gated  channel  kine�cs  and  intrinsic 
 membrane  conductances  (Thompson  et  al.,  1985).  Nonetheless,  the  effect  of  temperature  may  be 
 contaminated  by  the  effect  of  �me.  This  experiment  was  par�cularly  long,  some�mes  las�ng  more 
 than  8  hours  a�er  slice  prepara�on.  While  the  influence  of  �me  on  genotype  effects  is  expected  to 
 be  minimal,  as  WT  and  KO  recordings  had  similar  dura�ons,  each  temperature  step  is  taken  at  a  later 
 �me  point.  Hence,  experiments  where  SWRs  are  recorded  for  equally  long  �mes  under  similar 
 condi�ons  but  held  stable  at  31  o  C  should  be  made,  and  temperature  effects  interpreted  a�er  taking 
 these  into  considera�on.  Indeed,  some  parameters  analyzed  in  our  experiment,  such  as  the  number 
 of  SWs  per  minute  (Figure  14),  seem  to  decrease  rela�vely  linearly  as  the  experiment  progresses. 
 While  other  parameters  do  not  seem  to  change  as  linearly  with  �me,  they  s�ll  do  not  fully  recover 
 during  the  final  step  at  31  o  C.  This  could  either  be  due  to  the  slice  slowly  deteriora�ng  or  due  to 
 irreversible  effects  of  high  temperature,  which  have  been  reported  before  (Hodgkin  &  Katz,  1949; 
 Tancredi  et  al.,  1992).  It  is  also  possible  that  slice  deteriora�on  might  account  for  why  some  effects 
 are  sta�s�cally  significant  only  the  first,  but  not  the  second  �me  slices  were  incubated  at  36  o  C  (e.g., 
 if long dura�on ripples deteriorate first). 

 In  terms  of  TRPV1  KO,  the  main  differences  in  SWRs  compared  to  WT  were  observed  at  baseline  at 
 31  o  C  and  the  first  �me  at  36  o  C,  with  trends  at  other  temperatures.  Ini�al  reports  suggested  that  the 
 TRPV1  channel  ac�vates  at  42-43  o  C  (Cesare  &  McNaughton,  1996),  but  this  temperature  threshold  is 
 reduced  by  phospholipids  to  physiological  levels  (  Presco�  &  Julius,  2003;  Sun  &  Zakharian,  2015;  Cao 
 et  al.,  2013a),  so  a  role  for  TRPV1  ac�va�on  in  these  temperatures  is  supported.  Other  studies  show 
 TRPV1  ac�va�on  even  at  room  temperature  under  condi�ons  such  as  low  pH  (  Tominaga  et  al.,  1998). 
 Moreover,  the  TRPV1  channel  is  ac�vated  by  endogenous  ligands,  the  produc�on  of  which  could  be 
 affected  by  temperature.  Interes�ngly,  TRPV1  ac�va�on  itself  produces  TRPV1  ligands  (  Manchanda 
 et  al.,  2021).  TRPV1  channel  inac�va�on  might  also  be  temperature-dependent  and  irreversible 
 (Sánchez-Moreno  et  al.,  2018).  Nevertheless,  because  the  channel  is  modulated  by  mul�ple  inputs,  it 
 may  act  as  a  coincidence  detector  of  different  s�muli,  including  temperature.  Therefore,  the  effects 
 of  TRPV1  KO  across  a  range  of  temperatures  (and  possibly  at  different  �me-points)  is  par�cularly 
 informa�ve. 

 4.1.1.3 In vivo SWRs are also enhanced in TRPV1 KO mice 

 In  vitro  recordings  pointed  towards  enhanced  SWRs  in  TRPV1  KO  mice.  In  vivo,  if  we  focus  on 
 recordings  performed  when  the  environments  were  familiar  to  the  animal,  SWRs  were  also  stronger 
 in  TRPV1  KO  animals,  as  ripple  magnitude  was  increased  in  TRPV1  KO  mice.  Ripple  magnitude  is  also 
 increased a�er, and associated with, successful learning (Eschenko et al., 2008). 

 TRPV1  KO  mice  also  had  a  higher  peak  ripple  frequency  compared  to  WT  mice  during  a 
 post-explora�on  rest  session  but  not  a  pre-explora�on  rest  session.  Both  WT  and  KO  mice  had  faster 
 ripples  in  the  post-explora�on  rest  session  compared  to  the  pre-explora�on  rest  session.  Similar 
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 changes  have  been  reported  before  and  hypothesized  to  have  a  func�onal  effect,  e.g.,  aged  mice 
 show  a  ~  14  Hz  decrease  in  ripple  frequency  compared  to  young  mice  (Wiegand  et  al.,  2016),  and  a  ~ 
 7  Hz  increase  in  ripple  frequency  is  seen  a�er  learning  and  correlated  with  the  �ming  of  learning 
 (Ponomarenko  et  al.,  2008).  Small  changes  in  peak  ripple  frequency  might  lead  to  impaired  coupling 
 between  hippocampus  and  neocortex  (Siapas  &  Wilson,  1998;  Cox  et  al.,  2019),  interfering  with 
 proper  consolida�on.  While  a  causal  rela�onship  between  ripple  frequency  and  memory 
 performance  has  not  been  shown  yet,  increased  ripple  frequency  seems  to  be  consistent  with 
 enhanced SWRs and memory. 

 Only  TRPV1  KO  mice  had  a  significant  increase  in  ripple  rate  during  the  post-explora�on  rest  session 
 compared  to  the  pre-explora�on  rest  session.  This  contradicts  literature,  as  explora�on  of  a  familiar 
 environment  is  usually  sufficient  to  cause  an  increase  in  ripple  rate  in  WT  animals  (Kudrimo�  et  al., 
 1999).  However,  the  effect  is  known  to  be  more  pronounced  a�er  explora�on  of  a  novel 
 environment  (Joo  &  Frank,  2018),  with  some  repor�ng  no  change  in  ripple  occurrence  a�er 
 explora�on  of  a  familiar  environment  that  does  not  involve  any  learning  (Eschenko  et  al.,  2008). 
 Accordingly,  we  see  an  increase  in  ripple  rate  in  both  WT  and  TRPV1  KO  animals  a�er  explora�on  of 
 the  open  fields  for  the  first  �me,  when  the  environments  are  novel,  suppor�ng  previous  findings  that 
 increased  ripple  rate  is  present  only  a�er  a  more  demanding  experience  (i.e.,  learning  a  new 
 environment). 

 TRPV1  KO  ripple  power  increased  while  WT  ripple  power  decreased  (although  absence  of  specific 
 differences  between  TRPV1  KOs  and  WTs  in  the  post-hoc  test  suggests  a  weak  effect)  following 
 explora�on  of  a  novel  environment,  while  both  decreased  a�er  explora�on  of  familiar  environments. 
 Peak  ripple  frequency  was  increased  only  in  TRPV1  KO  mice  a�er  explora�on  of  novel  environments, 
 but  in  both  genotypes  a�er  explora�on  of  familiar  environments;  and  it  was  significantly  higher  in 
 TRPV1  KO  mice  compared  to  WTs  only  a�er  explora�on  of  familiar  environments.  These  observa�ons 
 suggest  that  TRPV1  may  be  specifically  important  for  novelty  of  explora�ve  learning.  It  is  believed 
 that  novel  experiences  are  more  demanding  due  to  the  need  for  adap�ve  learning.  Explora�on  of 
 novel  environments  enhances  SWRs  (Joo  &  Frank,  2018)  and  coordinated  hippocampal  neural 
 ac�vity  (Cheng  &  Frank  2008)  ,  and  facilitates  LTP  induc�on  (Li  et  al.,  2003)  and  cell  assembly 
 reac�va�on  (O'Neill  et  al.,  2008;  Cheng  &  Frank,  2008;  Buzsáki,  2015)  -  where  TRPV1  could  play  a 
 role.  However,  while  sta�s�cally  not  significant,  visual  inspec�on  suggests  that  in  some  cases  the 
 same  tendencies  could  be  seen  under  both  novel  and  familiar  condi�ons  (e.g.,  increased  ripple 
 magnitude  in  TRPV1  KO  mice),  indica�ng  that  absence  of  some  of  these  effects  in  the  novel  condi�on 
 could  be  due  to  small  sample  size  (only  one  novelty  session  per  animal),  and  the  TRPV1  channel  may 
 have  similar  effects  in  both  novel  and  familiar  environments.  Further  experiments  are  needed  to 
 make strong claims about a differen�al func�on of TRPV1 in novel and familiar condi�ons. 

 4.1.1.4 Caveats and future direc�ons 

 In  vitro  recordings  were  made  from  the  ventral  hippocampus,  where  SWRs  occur  spontaneously, 
 while  in  vivo  recordings  were  taken  from  dorsal  CA1  due  to  easier  accessibility  and  larger  literature 
 on  the  area  in  vivo.  In  terms  of  spa�al  memory,  the  dorsal  hippocampus  might  be  more  relevant  due 
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 to  more  precise  place  fields  (Jung  et  al.,  1994).  Some  have  suggested  that  it  is  not  a  ma�er  of 
 precision  but  of  scale,  such  that  place  fields  in  the  ventral  hippocampus  may  have  a  larger  scale  and 
 be  more  relevant  in  larger  environments  (  Harland  et  al.,  2017;  Keinath  et  al.,  2014),  which  is  not  the 
 case  in  our  experimental  condi�ons.  In  any  case,  LFP  differences  between  WT  and  TRPV1  KO  mice  are 
 interes�ng  in  both  loca�ons,  and  further  inves�ga�on  on  the  effects  of  TRPV1  KO  along  the 
 dorsoventral axis of the hippocampus should follow. 

 In  addi�on,  in  in  vivo  recordings  we  only  analyzed  SWRs  in  rest  sessions.  However,  it  would  be 
 interes�ng  to  analyze  SWRs  from  the  open  field  recordings  as  well,  as  this  could  reveal  a  different 
 effect  of  TRPV1  KO  in  awake  versus  sleep  SWRs.  Indeed,  Roumis  &  Frank  (2015)  suggest  that  sleep 
 SWRs  are  more  important  for  memory  consolida�on,  while  awake  SWRs  mainly  support  memory 
 retrieval  and  planning.  Here,  we  took  recording  segments  where  the  animal  had  a  speed  less  than  2 
 cm/s  for  analysis  of  quiet  periods.  Nevertheless,  to  make  concrete  conclusions  on  sleep  versus  awake 
 SWRs,  addi�onal  criteria  should  be  used  to  be�er  define  sleep,  such  as  by  measuring  the  muscle 
 tone in the neck. 

 4.1.2 TRPV1 KO effects on theta oscilla�ons, delta oscilla�ons, and single units 

 4.1.2.1 Theta oscilla�ons and the TRPV1 channel 

 While  theta  are  mostly  associated  with  ac�ve  explora�on  and  memory  encoding,  they  are  also  seen 
 during  REM  sleep.  It  is  believed  that  theta  seen  in  awake  and  sleep  states  differ  in  terms  of 
 frequency,  pharmacological  sensi�vity,  genera�on  mechanisms,  and  func�on  (Kramis  et  al.,  1975; 
 Mikulovic  et  al.,  2018;  Montoya  &  Sainsbury,  1985).  We  found  that  theta  oscilla�ons  were  faster  in 
 TRPV1  KO  mice  during  familiar  open  fields  but  not  during  rest  sessions,  sugges�ng  the  possibility  that 
 TRPV1  is  important  for  waking  theta.  Even  though  not  sta�s�cally  significant,  the  same  trend  was 
 seen  during  novel  explora�on.  A  moderate  decrease  (~  0.8  Hz)  in  theta  frequency  has  been  reported 
 during  explora�on  of  a  novel  but  not  a  familiar  environment,  which  might  signal  unexpected 
 environmental  change  (Jeewajee  et  al.,  2008).  An  increase  in  theta  frequency  in  TRPV1  KOs  might 
 therefore  interfere  with  the  salience  of  a  novel  environment.  Decreased  theta  frequency  seen  a�er 
 cooling  of  the  medial  septum  (Petersen  &  Buzsáki,  2020)  or  chlordiazepoxide  injec�on  (Pan  & 
 McNaughton,  1997)  correlates  with  learning  impairments,  with  even  small  decreases  (~  0.35  Hz) 
 being  associated  with  moderate  deficits  in  spa�al  memory  (Pan  &  McNaughton,  1997).  Increased 
 frequency  would  therefore  point  towards  improved  memory  in  TRPV1  KO  animals.  Quirk  and 
 colleagues  (2021),  however,  used  optogene�c  s�mula�on  of  parvalbumin-posi�ve  medial  septal  area 
 neurons  to  control  the  frequency  of  hippocampal  theta  oscilla�ons  and  found  no  effect  in  spa�al 
 memory  at  frequencies  less  than  10  Hz,  while  at  faster  frequencies  a  deficit  rather  than  an 
 improvement  was  observed.  Furthermore,  the  firing  of  hippocampal  cells  was  not  strongly  affected 
 by  the  s�mula�on.  Hence,  we  should  study  how  cellular  firing  is  changed  in  rela�on  to  theta 
 oscilla�ons in TRPV1 KO mice in the future, to be�er understand the rela�onship between the two. 

 It  has  been  suggested  that  REM  sleep  and  associated  theta  might  be  involved  in  memory 
 consolida�on  (Zielinski  et  al.,  2021)  similar  to  SWRs  and  NREM  sleep;  an  increase  in  theta  power 
 from  rest  before  explora�on  to  rest  a�er  explora�on  as  seen  in  both  WT  and  TRPV1  KO  mice  a�er 
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 explora�on  of  novel  environments  would  support  this.  However,  REM  sleep  is  usually  transient  in 
 mice  and  long  sleep  sessions  are  required  to  record  it,  so  it  is  unlikely  that  we  recorded  during  REM 
 sleep  here  and  differences  are  probably  more  reflec�ng  theta  differences  between  ac�ve  and 
 inac�ve states. 

 Peak  theta  power  was  generally  lower  in  TRPV1  KO  mice,  with  a  sta�s�cally  significant  effect  during 
 re-explora�on  of  the  first  open  field  and  during  rest  before  and  a�er  explora�on  of  familiar 
 environments.  Decreased  theta  power,  as  seen  a�er  brain  injury  (Fedor  et  al.,  2010)  or  inhibi�on  of 
 relaxin-3  neurons  of  the  nucleus  incertus  (Ma  et  al.,  2009),  is  associated  with  impaired  spa�al 
 naviga�on.  Therefore,  contrary  to  the  ripple  and  peak  theta  frequency  results  (which  might  indicate 
 enhanced  learning  in  TRPV1  KOs)  decreased  theta  power  in  TRPV1  KO  mice  would  be  associated  with 
 learning  impairments.  TRPV1  KO  mice  had  higher  theta  power  during  rest  a�er  explora�on  compared 
 to  rest  before  explora�on  in  both  novel  and  familiar  condi�ons,  while  WT  mice  showed  an  increase 
 only  a�er  novel  explora�on  and  a  decrease  a�er  familiar  explora�on.  While  concrete  conclusions 
 cannot  be  made  at  this  stage,  it  is  possible  that  this  reflects  impairments  with  familiariza�on  in 
 TRPV1  KO  mice,  as  they  fail  to  recapitulate  the  change  from  an  increase  to  a  decrease  in  theta  power 
 seen  in  WT  mice  when  the  environment  changes  from  being  novel  to  familiar.  However,  an  opposite 
 trend  was  seen  in  WT  mice  if  animals  instead  of  recording  sessions  are  used  as  experimental  units,  so 
 we  should  treat  this  result  with  cau�on.  Peak  theta  power  in  WT  mice  is  also  lower  during  the  first 
 explora�on  of  the  first  open  field  compared  to  the  second  explora�on  in  recordings  where  the 
 environment was familiar, which could reflect increased memory retrieval (Jacobs et al., 2006). 

 4.1.2.2 Delta oscilla�ons and the TRPV1 channel 

 The  func�on  of  delta  waves  is  poorly  understood  as  they  are  rarely  characterized  and  are  associated 
 with  widespread  cor�cal  silence  (  Schultheiss  et  al.,  2020),  so  interpreta�on  of  results  is  challenging. 
 Peak  delta  frequency  was  lower  in  TRPV1  KO  mice  during  familiar  explora�on  of  the  second  open 
 field,  but  not  during  explora�on  of  the  first  open  field,  re-explora�on  of  the  first  open  field  a�er  the 
 second  field,  or  during  rest  sessions.  In  the  novel  condi�on,  TRPV1  KO  mice  had  significantly  higher 
 delta  frequency  only  during  the  rest  session  before  explora�on,  as  WT  delta  frequency  increased  to 
 similar  levels  during  the  rest  session  a�er  explora�on.  These  might  point  towards  differences  in 
 modula�on  of  delta  oscilla�ons  in  WT  and  TRPV1  KO  mice  across  novel/familiar  and  awake/rest 
 delta.  Some  researchers  support  that  lower  frequency  (<  1.5  Hz)  and  higher  frequency  (>  1.5  Hz) 
 hippocampal  delta  oscilla�ons  might  have  different  func�ons  (Moroni  et  al.,  2008;  Ferrara  et  al., 
 2012).  Considering  also  that  s�mula�on  at  ~  1  Hz  leads  to  synap�c  depoten�a�on,  which  is 
 important  for  sharpening  specificity  of  poten�ated  engrams  (  Bukalo  et  al.,  2013)  and  forge�ng 
 (  Moreno,  2021  ),  differen�al  dysregula�on  of  delta  frequencies  in  TRPV1  KO  mice  in  open  field  and 
 rest sessions might cause impairments with both memory consolida�on and forge�ng. 

 Decreased  delta  power  in  TRPV1  KO  mice  was  seen  during  the  rest  sessions  before  and  a�er  familiar 
 environment  explora�on,  but  not  during  explora�on  of  open  fields.  A  similar  but  sta�s�cally  not 
 significant  trend  is  seen  during  novelty.  An  increase  in  delta  power  from  the  rest  session  before  to 
 a�er  novel  explora�on  was  also  observed,  though  not  significant  for  specific  genotypes.  The 
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 decreased  delta  power  during  rest  sessions  might  reflect  poorer  sleep  quality  (Johnson  &  Durrant, 
 2021;  Park  et  al.,  2020).  On  the  other  hand,  mice  with  memory  deficits  have  increased  delta  power 
 (Wirt  et  al.,  2021),  so  a  decrease  in  TRPV1  KO  mice  might  be  associated  with  improved  learning. 
 However,  since  altera�ons  in  both  theta  and  delta  power  were  observed,  we  should  analyze  the  ra�o 
 of  the  two,  as  it  might  point  towards  altera�ons  in  their  power  dynamics,  which  are  also  seen  in 
 these  mice  (Wirt  et  al.,  2021).  The  rela�onship  of  SWRs  and  delta  in  TRPV1  KO  mice  should  also  be 
 further  inves�gated,  as  the  observed  phase  locking  between  the  two  (  Axmacher  et  al.,  2008b)  might 
 be dysregulated. 

 4.1.2.3 Velocity as a covariate 

 Velocity  is  known  to  affect  theta  and  delta  frequency  and  power  (Kennedy  et  al.,  2022;  Schultheiss  et 
 al.,  2020;  Furtunato  et  al.,  2022).  Since  velocity  was  not  significantly  different  between  genotypes, 
 we  considered  effects  of  speed  insignificant  for  conclusions  about  WT  and  TRPV1  KO  mice.  In  some 
 cases,  however,  some  influence  was  s�ll  visible.  For  example,  during  the  rest  session  before  novel 
 environment  explora�on,  non-significant  differences  in  velocity  between  genotypes  inversely 
 mirrored  differences  in  peak  delta  frequency.  Moreover,  speed  significantly  differed  between  some 
 open  field  or  rest  sessions,  so  interpreta�on  of  such  effects  should  take  that  into  considera�on. 
 Accelera�on  has  also  been  reported  to  modulate  theta  frequency  and  power,  and,  although  it  seems 
 to  do  so  to  a  lesser  extent  than  velocity  (Kennedy  et  al.,  2022),  in  the  future  we  should  also  test  if 
 accelera�on was similar among WT and TRPV1 KO mice. 

 4.1.2.4 TRPV1 KO on single-unit ac�vity 

 Besides  changes  in  local  field  poten�als,  single  unit  ac�vity  was  also  analyzed  in  vivo  in  WT  and 
 TRPV1  KO  mice.  Since  TRPV1  KOs  have  impaired  LTP,  the  synap�c  correlate  of  memory,  we  ini�ally 
 expected  impaired  remapping  of  place  fields  or  decreased  place  field  stability  in  TRPV1  KOs. 
 Decreased  theta  power  -  which  we  found  in  TRPV1  KOs  -  is  also  associated  with  place  field  expansion, 
 as  both  are  seen  in  the  hippocampus  a�er  muscimol-induced  inac�va�on  of  the  medial  entorhinal 
 cortex  (Ormond  &  McNaughton,  2015).  On  the  other  hand,  it  was  found  that  place  cell  ac�vity  during 
 SWRs  is  crucial  for  place  field  stability(Roux  et  al.,  2017),  so  since  KO  mice  had  enhanced  ripples  we 
 could expect more specific place fields instead. 

 We  separated  single  units  into  puta�ve  interneurons  or  pyramidal  cells,  where  ~  30%  of  pyramidal 
 cells  in  both  WT  and  TRPV1  KO  mice  corresponded  to  place  cells.  We  found  that  TRPV1  KO  place  cells 
 carried  significantly  lower  spa�al  informa�on,  had  lower  stability  correla�on  between  explora�on  of 
 the  same  open  field,  and  had  larger  place  fields.  These  all  suggest  decreased  spa�al  specificity  and 
 stability  in  TRPV1  KO  place  cells,  which  is  indica�ve  of  spa�al  memory  impairment.  For  example, 
 Cacucci  and  colleagues  (2008)  report  lower  spa�al  informa�on  content  and  larger  place  fields  in  aged 
 Tg2576 mice, an Alzheimer’s disease model. 
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 4.1.2.5 Possible caveats and future direc�ons 

 We  used  recording  sessions  as  experimental  units,  but  results  were  also  reported  a�er  averaging  per 
 animal  and  trends  seemed  to  follow  the  same  direc�on  as  before  averaging  (except  for  theta  peak 
 power,  which  decreased  during  the  rest  session  a�er  explora�on  of  familiar  environments  compared 
 to  the  pre-explora�on  rest  if  WT  recording  sessions  are  used,  but  an  increase  is  seen  if  animals  are 
 used  as  experimental  units  -  Figure  32D).  Taking  recording  sessions  and  cell  numbers  as  experimental 
 units  is  not  uncommon  in  the  field.  Moreover,  there  is  evidence  suppor�ng  that  different  recording 
 sessions  from  different  loca�ons  are  independent  from  each  other.  For  example,  ripples  were  found 
 to  exhibit  great  varia�on  in  amplitude  and  frequency  even  across  simultaneously  recorded 
 neighboring  loca�ons  (Csicsvari  et  al.,  2000).  In  addi�on,  the  presence  of  three  separate  theta 
 current  generators  in  the  hippocampus  has  been  found  (López-Madrona  et  al.,  2020),  which  could 
 also  suggest  different  effects  across  different  loca�ons.  However,  it  would  be  be�er  to  increase  the 
 sample  size  and  perhaps  use  averages  per  animal  instead  of  averages  of  recording  sessions  to  ensure 
 independence  of  data  points.  Alterna�vely,  a  mixed  effects  model  analysis  could  be  applied  with 
 recording  sessions  as  experimental  units,  but  taking  the  animal  from  which  recordings  are  made  into 
 considera�on  as  a  covariate.  Increasing  the  sample  size  would  also  help  to  ensure  that  results  are  not 
 biased by outliers. 

 4.1.3 Behavioral effect of TRPV1 KO 

 Several  lines  of  evidence  suggest  that  TRPV1  KO  mice  might  have  altered  memory  acquisi�on  or 
 consolida�on.  Impaired  LTP  in  TRPV1  KO  mice,  decreased  theta  power,  larger  place  fields,  and 
 decreased  place  field  stability  would  all  point  towards  impaired  spa�al  memory  in  TRPV1  KO  animals. 
 Ripples,  on  the  other  hand,  were  enhanced  in  TRPV1  KOs,  and  theta  frequency  was  also  higher  in  KO 
 animals, both of which are usually indica�ve of improved consolida�on and learning. 

 Nevertheless,  there  was  no  difference  in  learning  a  reward  loca�on  in  the  cheeseboard  maze 
 between  WT  and  TRPV1  KO  mice,  sugges�ng  intact  memory  forma�on  and  consolida�on  in  TRPV1 
 KO  animals.  However,  learning  per  se  was  weak  in  both  genotypes  in  this  task.  The  regression  lines 
 across  learning  days  for  each  genotype  showed  no  evidence  of  learning  in  terms  of  �me  to  the 
 original  reward.  Time  to  reward  loca�on  is  influenced  by  the  dura�on  an  animal  may  remain 
 immobile  (e.g.,  grooming).  Hence,  distance  traveled  to  reward  loca�on  might  offer  more  accurate 
 results.  However,  when  the  distance  of  all  trials  was  analyzed,  regression  lines  only  indicated  learning 
 in  TRPV1  KOs.  The  average  distance  traveled  decreased  from  day  1  to  day  5  for  WT  animals,  and  a 
 paired  comparison  between  days  1  and  5  suggests  successful  learning,  but  distance  increased  on 
 days  6  and  7.  This  may  be  because  the  1  st  trial  of  day  6  was  a  probe  trial,  a  non-rewarded  3.5-minute 
 explora�on  of  the  maze,  which  could  have  caused  some  ex�nc�on.  Retrospec�vely,  the  dura�on  of 
 the  probe  trial  should  have  been  decreased  or  a  reward  given  at  the  end  of  the  probe  trial  to 
 ameliorate  such  influences.  For  comparison,  most  people  do  a  60  s  probe  trial  in  water  maze 
 experiments  (Morris,  1981;  Garthe  &  Kempermann,  2013).  In  order  to  account  for  this  effect,  we 
 performed  an  outlier  analysis  for  WT  and  TRPV1  KO  mice  on  days  6  and  7,  and  excluded  4  WT  and  3 
 TRPV1 KO trials. Analysis without outliers shows learning in WT mice. 
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 When  the  reward  loca�on  was  switched  to  the  opposite  quadrant  of  the  maze  in  a  reversal  test, 
 regression  analysis  of  both  �me  and  distance  to  reward  loca�on  showed  that  WT  and  KO  animals 
 learned  the  new  loca�on.  The  slopes  of  the  regression  lines  were  not  sta�s�cally  different, 
 sugges�ng  that  the  rate  of  learning  was  similar  between  genotypes.  Removal  of  outliers  for  days  6 
 and 7 revealed similar results. 

 Interes�ngly,  WT  and  TRPV1  KO  regression  lines  had  significantly  different  eleva�ons  in  terms  of  both 
 �me  and  distance  to  reward  at  the  new  loca�on,  showing  that  TRPV1  KO  mice  took  longer  to  reach 
 the  new  reward  loca�on  across  all  days.  This  might  suggest  that  the  memory  of  the  original  reward 
 loca�on  is  more  persistent  in  TRPV1  KOs.  Unfortunately,  we  did  not  have  �me  to  analyze  data  from 
 the  probe  trials  to  see  if  TRPV1  KO  mice  spent  more  �me  near  the  original  reward  loca�on,  which 
 would  support  this  hypothesis.  Importantly,  the  �me  and  distance  traveled  to  the  original  reward 
 loca�on  a�er  reversal  should  also  be  analyzed,  to  see  if  TRPV1  KO  animals  took  longer  to  reach  the 
 new  reward  loca�on  because  they  were  looking  near  the  original  one.  If  we  see  such  results,  we 
 could  hypothesize  that  TRPV1  mice  have  a  stronger  memory  of  the  original  reward  loca�on  and 
 therefore  impaired  spa�al  ex�nc�on.  This  is  also  supported  by  the  lack  of  ex�nc�on  effect  of  the  day 
 6  probe  trial  in  TRPV1  KO  mice,  which  was  apparent  in  WT  mice.  Marsch  and  colleagues  (2007)  found 
 no  difference  in  fear  memory  ex�nc�on  between  WT  and  TRPV1  KO  mice,  but  this  could  be  due  to 
 different  involvement  of  the  hippocampus  in  fear  versus  spa�al  memory  tasks.  On  the  other  hand, 
 the  increased  eleva�on  of  the  KO  regression  line  might  be  due  to  decreased  mo�va�on  or  altered 
 stress  states,  although  similar  mobility  and  explora�on  of  the  center  of  the  open  field  in  both  WTs 
 and  TRPV1  KOs  argues  against  this  possibility.  The  cheeseboard  maze  is  a  non-aversive  natural 
 memory  test,  and  as  such  is  not  as  “strong”  as  other  tests  of  memory  using  aversive  s�muli  such  as 
 the  water  maze  or  fear  condi�oning.  Although  these  tests  have  the  caveats  of  anxiety  and 
 “unnatural”  memory  confounds,  it  would  be  interes�ng  to  test  WT  and  TRPV1  KO  mice  in  these  tests 
 as  well,  to  see  if  effects  are  more  robust.  Riera  and  colleagues  (2014)  used  the  Barnes  Maze  and 
 found  improved  performance  in  TRPV1  KO  mice,  while  others  report  impaired  memory  a�er  fear 
 condi�oning  (Marsch  et  al.,  2007)  or  impaired  short-term  but  normal  long-term  memory  in  the  novel 
 object  recogni�on  test  and  the  passive  avoidance  test  (You  et  al.,  2012).  Thus,  TRPV1  KO  effects  on 
 memory  might  be  more  evident  in  specific  tasks  or  only  present  under  specific  condi�ons,  for 
 example depending on the aversiveness of the task  . 

 It  has  been  previously  shown  that  the  TRPV1  channel  is  involved  in  emo�onal  regula�on,  anxiety, 
 and  stress,  with  most  studies  sugges�ng  an  anxioly�c  effect  of  TRPV1  inac�va�on  (Marsch  et  al., 
 2007;  Hakimizadeh  et  al.,  2012;  Santos  et  al.,  2008;  You  et  al.,  2012).  We  could  therefore  expect 
 increased  �me  and  entries  in  the  center  of  the  open  field  in  KO  mice.  It  is  widely  accepted  that 
 anxiety  influences  memory  performance  (Sandi,  2013;  Lukasik  et  al.,  2019;  Maloney  et  al.,  2014),  so 
 we  wanted  to  keep  the  condi�ons  of  the  open  field  as  similar  to  the  cheeseboard  maze  as  possible  in 
 order  to  be  able  to  directly  compare  the  two.  Thus,  dim-light  was  used  and  food-restric�on 
 con�nued  un�l  a�er  the  open  field  test.  Under  these  condi�ons,  we  saw  no  difference  in  anxiety 
 levels  of  WT  and  KO  mice,  which  implies  that  differences  seen  in  the  cheeseboard  maze  task  are  not 
 a�ributed  to  altered  stress  states.  It  has  been  found  that  the  involvement  of  the  TRPV1  channel  in 
 fear  memory  consolida�on  depends  on  how  aversive  the  condi�oning  s�mulus  is  (Genro  et  al., 
 2012).  Hence,  the  absence  of  differences  between  genotypes  here  could  be  due  to  the  mild 
 condi�ons  of  the  open  field  test  (dim-light).  Alterna�vely,  it  could  be  due  to  small  sample  size  or 
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 analysis  parameters  (e.g.,  defini�on  of  center  and  periphery  or  analyzing  the  en�re  15-minute 
 explora�on  versus  only  the  first  few  minutes),  which  should  be  further  inves�gated  in  the  future. 
 Lastly,  visual  cues  were  placed  in  the  open  field  to  give  the  mice  a  sense  of  orienta�on.  Even  though 
 those  were  placed  high  on  the  walls,  mice  were  observed  to  jump  towards  and  try  to  interact  with 
 them,  which  could  have  increased  �me  spent  in  the  periphery.  If  this  was  the  case,  we  would  expect 
 to  see  mice  spending  more  �me  around  the  three  walls  with  cues  than  the  wall  without.  While  visual 
 inspec�on  suggests  this  is  not  the  case  (Figure  45)  and  our  percentage  of  �me  spent  in  the  center  of 
 the  open  field  is  similar  to  those  reported  in  other  studies  (Holmes  et  al.,  2002;  Shoji  &  Miyakawa, 
 2019;  Matsuo  et  al.,  2010),  this  is  something  we  should  quan�fy  in  the  future.  In  any  case,  since  the 
 condi�ons  were  the  same  for  WT  and  KO  mice,  we  believe  that  the  presence  of  visual  cues  in  the 
 maze does not invalidate conclusions of the open field test. 

 4.1.4 The TRPV1 channel in febrile seizures 

 Since  the  TRPV1  channel  is  temperature  sensi�ve  and  febrile  seizures  might  be  caused  by  conversion 
 of  SWRs  into  pathological  epilep�form  responses  due  to  high  temperature,  we  tested  if  TRPV1  KO 
 hippocampal  slices  from  young  mice  might  be  differen�ally  suscep�ble  to  febrile  seizures,  caused  by 
 fever.  We  studied  the  effect  of  temperature  eleva�on  in  slices,  since  Tancredi  et  al.,  1992,  reported 
 the  development  of  spontaneous  epilep�form  ac�vity  (EA)  at  38.2-39.2  o  C  in  hippocampal  slices  from 
 Wistar  rats  aged  2-38  days.  Different  lines  of  evidence  suggest  that  TRPV1  inhibi�on  might  facilitate 
 (Lee  et  al.,  2011)  or  protect  against  (Shirazi  et  al.,  2014)  epilep�c  ac�vity.  TRPV1  KO  mice  had  a  less 
 severe  febrile  seizure  phenotype  (  Huang  et  al.,  2015;  Kong  et  al.,  2019  ),  so  we  expected  decreased 
 suscep�bility to induc�on of EA by temperature in TRPV1 KO slices. 

 At  the  high  temperature  point  of  38.2  o  C,  a  similar  percentage  of  TRPV1  KO  and  WT  slices  expressed 
 EA,  and  a  similar  percentage  of  TRPV1  KO  and  WT  slices  (~  40%)  had  increased  EA  (or  no  change,  or  a 
 decrease  in  EA)  at  38.2  o  C  compared  with  31  o  C,  indica�ng  no  difference  in  suscep�bility,  contrary  to 
 previous  findings  (  Huang  et  al.,  2015;  Kong  et  al.,  2019  )  .  The  difference  could  be  a�ributed  to  TRPV1 
 expression  outside  the  hippocampus.  However,  at  a  baseline  temperature  of  31  o  C,  more  WT  than 
 TRPV1  KO  slices  showed  EA.  This  points  to  a  protec�ve  effect  of  TRPV1  inhibi�on  at  lower 
 temperatures. 

 While  it  is  temp�ng  to  think  that  the  TRPV1  channel  would  be  ac�ve  only  at  the  high  temperature 
 and  not  the  low  one,  there  is  evidence  that  TRPV1  is  also  ac�vated  at  lower  temperatures  in  the 
 presence  of  endogenous  brain  lipids  and  agonists  (Cao  et  al.,  2013a;  Presco�  &  Julius,  2003). 
 Evidence  of  TRPV1  being  ac�ve  at  lower  temperatures  was  also  apparent  in  the  sleep-wake  cycle 
 temperature  experiment  in  adult  mice,  where  effects  of  TRPV1  KO  were  more  apparent  at  31  o  C  and 
 36  o  C  than  at  38  o  C  or  40  o  C.  It  is  therefore  possible  that  the  TRPV1  channel  is  more  ac�ve  at  low 
 rather than high temperatures in the hippocampus. 

 As  others  (Schuchmann  et  al.,  2006;  Tancredi  et  al.,  1992),  we  observed  age-dependent  EA  in  WT 
 slices,  which  recapitulates  the  age-dependance  of  febrile  seizures.  It  is  therefore  possible  that  altered 
 temperature  sensi�vity  to  febrile  seizure  induc�on  in  TRPV1  KO  mice  might  be  more  prominent  at  a 
 different age. 
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 An  addi�onal  caveat  in  this  experiment  is  that  recordings  were  made  from  the  surface  of  the  slices, 
 which  could  be  compromised  a�er  �ssue  prepara�on.  We  decided  that  this  was  preferred  to  assess 
 EA  at  mul�ple  sites  rather  than  damaging  the  slice  by  mul�ple  puncturing.  Nevertheless,  increased 
 EA could be indica�ve of worse prepara�ons. 

 Our  results  do  not  point  towards  altered  suscep�bility  to  febrile  seizures  in  TRPV1  KO  mice.  However, 
 quan�fica�on  of  elicited  epilep�c  events  themselves  (e.g.,  amplitude,  frequency,  event  dura�on) 
 could  reveal  differences  in  the  characteris�cs  of  EA.  Indeed,  there  was  great  variability  in  the  type 
 and  magnitude  of  EA  we  observed,  and  a  ques�on  arises  as  to  whether  all  events  are  equal.  We  also 
 observed  addi�onal  types  of  events  that  were  not  included  here,  either  because  we  were  unsure  as 
 to  whether  they  represent  real  ac�vity,  or  because  they  could  not  be  reliably  iden�fied  in  all 
 recordings.  Addi�onally,  many  slices  o�en  had  SWRs  intermingled  with  EA;  analysis  of  these  SWRs 
 could  provide  addi�onal  insights  into  the  rela�onship  between  TRPV1,  SWRs,  and  febrile  seizures. 
 Thus, be�er qualita�ve and quan�ta�ve characteriza�on should follow. 

 4.1.5 TRPV1 KO effects a�ributed to decreased ac�vity of OLM interneurons 

 Given  that  in  the  hippocampus  the  TRPV1  channel  is  specifically  expressed  in  OLM  cells  and  controls 
 their  excitatory  innerva�on  (Hurtado-Zavala  et  al.,  2017),  we  will  interpret  the  results  discussed 
 above  as  a  consequence  of  reduced  OLM  ac�va�on.  However,  we  recognise  that  further  experiments 
 (e.g.,  ac�va�on  of  OLM  cells  to  rescue  effects  of  TRPV1  KO)  are  required  to  confirm  this,  especially  in 
 the  case  of  in  vivo  results,  as  effects  of  the  cons�tu�ve  KO  might  be  due  to  TRPV1  expression  in  other 
 brain areas. 

 A  mouse  model  of  temporal  lobe  epilepsy  has  increased  excitatory  input  to  OLM  interneurons  which 
 causes  an  increase  in  their  firing  rate  (  Dugladze  et  al.,  2007)  .  In  contrast,  the  TRPV1  KOs  display  less 
 epilep�form  ac�vity  and  less  excitatory  input  to  OLM  neurons.  Thus,  the  decreased  firing  frequency 
 of  interneurons  we  saw  in  vivo  could  simply  reflect  decreased  OLM  cell  ac�vity.  Another  possibility  is 
 that  what  we  thought  reflects  decreased  interneuron  firing  rate  is  due  to  insufficient  criteria  to 
 properly  differen�ate  pyramidal  cells  and  interneurons.  WT  interneurons  had  a  minimum  firing  rate 
 of  ~  15  Hz,  but  iden�fied  interneurons  in  TRPV1  KOs  had  lower  firing  rates  of  ~  6  Hz.  Thus,  KO 
 interneurons  with  firing  rate  ~  6-15  Hz  might  actually  be  misiden�fied  pyramidal  cells.  In  order  to 
 check  this,  we  should  add  addi�onal  criteria  for  puta�ve  pyramidal  and  inhibitory  cells  based  on  the 
 shape  of  the  ac�on  poten�al  (e.g.,  peak  valley  ra�o).  If  these  6-15  Hz  cells  in  TRPV1  KOs  are 
 pyramidal  cells,  their  unusually  high  firing  rate  (Turi  et  al.,  2019)  might  reflect  disinhibi�on  of  CA1 
 principal  cells,  which  could  be  due  to  decreased  inhibi�on  by  OLM  cells  at  distal  pyramidal  cell 
 dendrites.  Disinhibi�on  is  believed  to  be  important  for  place  cell  stability  (Pedrosa  &  Clopath,  2020), 
 so  it  might  account  for  the  decreased  place  cell  spa�al  informa�on  and  stability  correla�on,  and  for 
 the increased place field size we see in single unit recordings in the TRPV1 KO mice. 

 In  vitro,  SWR  altera�ons  were  mostly  a�ributed  to  the  poten�al  disinhibitory  effect  of  OLM 
 ac�va�on  (or  absence  thereof)  on  CA3  inputs  to  CA1  pyramidal  cells.  While  this  is  also  present  in 
 vivo,  SWR  altera�ons  in  behaving  mice  could  reflect  not  only  changes  in  the  isolated  hippocampal 
 circuit  but  also  altered  processing  of  extrahippocampal  inputs,  such  as  from  the  entorhinal  cortex 
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 (EC).  OLM  cells  are  said  to  gate  informa�on  processing  in  the  hippocampus  by  inhibi�ng  inputs  from 
 the  EC  on  distal  CA1  pyramidal  dendrites  (  Leão  et  al.,  2012).  We  therefore  expected  a  bigger  effect  of 
 TRPV1  KO  (and  hence  OLM  silencing)  in  vivo.  While  not  iden�cal,  results  from  both  in  vivo  and  in 
 vitro experiments point towards enhanced SWRs in TRPV1 KO mice. 

 OLM  cells  fire  a�er  the  maximum  ripple  peak  (Pangalos  et  al.,  2013),  which  could  point  to  a  role  in 
 ripple  termina�on  through  desynchroniza�on  of  local  circuits.  In  agreement  with  this  hypothesis,  we 
 saw  increased  ripple  dura�on  and  incidence  in  TRPV1  KO  slices  compared  to  WTs  at  physiological 
 temperatures.  In  vivo,  we  saw  increased  ripple  magnitude  and  frequency.  Ripple  frequency  is  said  to 
 be  determined  by  parvalbumin  (PV)  interneurons,  where  stronger  excita�on  of  PV  interneurons  is 
 associated  with  faster  frequencies  (Buzsáki,  2015).  Moreover,  increased  spiking  is  expected  to  lead  to 
 increased  ripple  amplitude  (Schomburg  et  al.,  2012).  Since  OLM  cells  inhibit  both  PV-posi�ve 
 bistra�fied  cells  and  pyramidal  cells,  decreased  OLM  ac�vity  in  TRPV1  KO  mice  could  lead  to  both 
 enhanced  PV  cell  ac�vity  and  increased  excita�on  through  pyramidal  cell  disinhibi�on,  thus  resul�ng 
 in  faster  and  larger  ripples.  However,  others  report  increased  ripple  amplitude  due  to  reduced 
 ac�vity of PV cells (Rácz et al., 2009). 

 Theta  power  was  lower,  but  theta  frequency  was  higher  in  TRPV1  KO  mice  compared  to  WTs.  OLM 
 cells  are  ac�ve  during  theta  (Klausberger  et  al.,  2003),  inhibi�ng  EC  input  on  CA1  cells.  EC  input  is 
 important  for  genera�on  of  type  1  theta  oscilla�ons,  which  have  higher  frequency.  Furthermore, 
 OLM  cell  ac�va�on  generates  the  lower  frequency  type  2  theta  (Mikulovic  et  al.,  2018).  Hence, 
 higher  theta  frequency  in  TRPV1  KO  mice  is  consistent  with  OLM  cell  silencing.  Lower  theta  power 
 might  also  be  caused  by  decreased  OLM  ac�vity  in  the  TRPV1  KOs,  as  OLM  cells  contribute  to 
 genera�on of theta oscilla�ons (Mikulovic et al., 2018; Gloveli et al., 2005). 

 Current  analysis  suggests  no  deficits  in  spa�al  memory  acquisi�on  or  consolida�on  in  TRPV1  KO 
 mice,  but  a  possible  role  in  spa�al  memory  ex�nc�on  is  hypothesized.  Intraventricular  applica�on  of 
 somatosta�n,  which  is  expressed  in  OLM  cells  (Hurtado-Zavala  et  al.,  2017),  was  found  to  delay 
 ex�nc�on  of  ac�ve  avoidance  behavior  (Vécsei  et  al.,  1986).  Addi�onally,  increased  PV-interneuron 
 ac�vity,  expected  in  TRPV1  KOs,  led  to  ripple  enhancement  and  fear  memory  persistence  (Çaliskan  et 
 al.,  2016),  which  would  support  this  hypothesis,  although  further  analysis  and  experiments  are 
 needed to substan�ate it. 

 4.2 The rela�onship between SWRs and LTP 

 4.2.1 Effect of HFS on spontaneous SWRs 

 SWRs  and  LTP  are  associated,  as  both  are  important  memory  processes.  The  �ming  of  synap�c  input 
 rela�ve  to  SWRs  can  determine  if  LTP  will  occur  (Sadowski  et  al.,  2016)  and  high  frequency 
 s�mula�on  (HFS)  that  induces  LTP  can  generate  SWRs  (Behrens  et  al.,  2005)  .  TRPV1  KO  mice  have 
 impaired  LTP  (Hurtado-Zavala  et  al.,  2017),  yet  we  saw  enhanced  SWRs  in  TRPV1  KO  mice,  showing 
 that  the  two  processes  don’t  always  go  together,  even  though  both  are  posi�vely  correlated  with 
 memory  consolida�on.  To  examine  the  rela�onship  between  LTP  and  SWRs  in  more  detail,  we 
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 induced  LTP  electrically  by  HFS  or  added  pharmacological  agents  known  to  alter  LTP,  and  examined 
 effects on SWRs. 

 A�er  LTP,  there  was  a  significant  increase  in  SW  dura�on,  which  is  associated  with  improved  memory 
 performance  (Fernández-Ruiz  et  al.,  2019;  Eschenko  et  al.,  2008;  Prince  et  al.,  2021).  Weaker 
 s�mula�on  (test  pulses  prior  to  HFS)  before  LTP  induc�on  already  caused  a  significant  increase  in  SW 
 dura�on,  but  SW  dura�on  was  further  increased  by  HFS-induced  LTP.  SW  amplitude  increased  in 
 response  to  increasing  s�mula�on,  but  not  significantly  in  the  post-hoc  test  compared  to 
 uns�mulated  baseline  SWRs.  Increasing  the  sample  size  could  help  clarify  such  effects.  SW  incidence, 
 on  the  other  hand,  significantly  decreased  only  a�er  LTP.  This  contradicts  Buzsáki  (1984),  who  found 
 increased  incidence  and  amplitude  of  SWs  a�er  in  vivo  HFS.  HFS  has  also  been  used  to  generate 
 SWRs  in  slices  (Behrens  et  al.,  2005).  However,  the  s�mula�on  used  by  this  study  is  much  higher  than 
 what  we  applied  to  our  slices.  Furthermore,  SWR  genera�on  by  HFS  results  in  a  much  lower  SW 
 incidence  (Behrens  et  al.,  2005:  <  16  SWs  per  minute)  than  what  we  saw  in  our  experiments  in  slices 
 which  already  have  spontaneously  generated  SWRs.  HFS  might  therefore  affect  spontaneous  SWRs 
 differently,  especially  considering  that  electrical  s�mula�on  during  SWRs  can  disrupt  them  and  cause 
 a  short-term  decrease  in  SWR  incidence  (Ego-Stengel  &  Wilson,  2010).  This  might  be  par�cularly 
 relevant  in  our  experiment,  as  our  baseline  rate  of  SWR  occurrence  was  excep�onally  high  (baseline 
 =  216  SWs  per  minute).  The  probability  of  clusters  was  also  higher  (0.25)  in  this  experiment 
 compared  to  other  experiments  (e.g.,  TRPV1  WT  at  31  o  C  baseline:  64  SW/min.,  0.03  cluster 
 probability,  anisomycin  experiment  baseline  =  82  SW/min,  0.08  cluster  probability).  This  may  be  due 
 to  the  use  of  aCSF  with  higher  potassium  concentra�on  (selected  because  it  facilitates  LTP  and  has 
 been  used  previously  in  the  lab  for  LTP  experiments)  that  makes  slices  more  excitable. 
 Papatheodoropoulos  (2010)  used  an  aCSF  similar  to  ours  and  also  reported  a  high  spontaneous  SWR 
 incidence  (172  SWs  per  minute)  and  probability  of  SW  clusters  (0.5).  In  their  slices,  HFS  comparable 
 to  ours  increased  probability  of  SW  cluster  occurrence  but  decreased  incidence  of  primary  SWs, 
 keeping  the  total  SWR  rate  constant.  It  therefore  seems  that  the  network  maintains  a  homeostasis 
 rather  than  undergoing  uncontrolled  poten�a�on.  The  same  is  suggested  by  in  vivo  experiments 
 showing  increased  incidence  but  decreased  dura�on  of  SWRs  a�er  explora�on  of  a  familiar 
 environment  (Kudrimo�  et  al.,  1999).  This  could  explain  why  SW  incidence  is  decreased  in  our 
 experiments,  as  SW  dura�on  and  amplitude  increase.  A  compensatory  mechanism  between  SWR 
 dura�on  and  incidence  is  also  suggested  by  Girardeau  and  colleagues  (2014),  who  show  that 
 disrup�on  of  SWRs  (resul�ng  in  decreased  SWR  dura�on)  a�er  learning  leads  to  increased  SWR 
 occurrence.  Another  possibility  is  that  increased  SW  dura�on  is  due  to  merging  of  SWs,  leading  to 
 decreased  SW  number.  While  the  probability  of  cluster  occurrence  was  similar  in  our  experiment 
 before  and  a�er  HFS-induced  LTP,  it  might  be  informa�ve  to  quan�fy  the  number  of  secondary  SWs 
 per cluster, where a decrease would support a possible merging of individual SW events. 

 Weak  s�mula�on  that  does  not  induce  LTP  is  also  reported  to  increase  SW  incidence,  but  in  this  case 
 usually  a  single  SW  is  generated  right  a�er  each  pulse,  leading  to  only  short-term  effects  (Jiang  et  al., 
 2018;  Bazelot  et  al.,  2016;  Ellender  et  al.,  2010).  We  expect  that  such  effects  of  s�mula�on  were  not 
 present  in  our  recordings,  which  took  place  a  short  �me  a�er  and  not  simultaneously  with  each 
 s�mula�on  step.  Nevertheless,  Jiang  et  al.,  2018,  comment  that  when  a  s�mula�on  fell  near  a 
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 spontaneous  event,  the  s�mula�on  failed  to  elicit  a  SW,  in  agreement  with  our  hypothesis  that  SWRs 
 are not generated in our slices due to their high rate of spontaneous SWs. 

 SWRs  have  been  proposed  as  the  physiological  candidate  for  LTP,  as  the  fast  ripple  oscilla�ons  might 
 mimic  tetanic  s�mula�on  and  neuronal  co-ac�va�on  is  important  in  both  processes  (Buzsáki,  1989; 
 Buzsáki,  2015).  Bicuculline-induced  popula�on  bursts  in  CA3,  thought  to  simulate  SWRs,  induce  LTP 
 at  CA3-CA1  synapses  (Buzsáki  et  al.,  1987),  and  the  �ming  of  synap�c  input  rela�ve  to  SWR 
 occurrence  can  determine  whether  LTP  will  occur  (Sadowski  et  al.,  2016;  King  et  al.,  1999).  However, 
 SWR  enhancement  also  leads  to  widespread  depoten�a�on  (Bukalo  et  al.,  2013),  and  SWR  inhibi�on 
 during  sleep  prevents  spontaneous  depoten�a�on,  which  can  also  be  seen  in  slices  with  SWRs 
 (Norimoto  et  al.,  2018).  Hence,  SWRs  might  be  more  important  for  global  downscaling  in  order  to 
 preserve  the  signal-to-noise  ra�o  and  avoid  interference  from  unrelated  informa�on.  It  would  be 
 therefore  interes�ng  to  see  how  LTD-inducing  LFS  might  affect  SWRs,  as  well  as  if  TRPV1  KO  mice 
 have enhanced spontaneous or LFS-induced depoten�a�on. 

 4.2.2 Dependence of SWRs on protein synthesis and histone deacetylases 

 LTP  maintenance  is  blocked  if  protein  synthesis  is  inhibited;  for  example,  a�er  anisomycin  applica�on 
 (Frey  et  al.,  1988).  We  therefore  expected  that  anisomycin  might  block  SWR  genera�on  or  lead  to 
 weakening  of  SWRs.  Incuba�on  with  anisomycin  did  not  prevent  SWR  genera�on,  and  neither 
 short-term  nor  long-term  drug  applica�on  changed  SWR  parameters.  Thus,  spontaneous  SWRs  in 
 hippocampal  slices  are  protein  synthesis  independent.  It  would  be  interes�ng  to  see,  however,  if 
 anisomycin  applica�on  and  LTP  inhibi�on  would  block  expression  of  responses  to  HFS  discussed 
 above. 

 Suberoylanilide  hydroxamic  acid  (SAHA)  is  a  histone  deacetylase  (HDAC)  inhibitor.  SAHA  lowers  the 
 threshold  for  LTP  induc�on  and  increases  the  magnitude  of  poten�a�on.  It  also  blocks  LTD  and 
 increases  the  size  of  miniature-EPSPs,  a  measure  of  spontaneous  ac�vity  (Hanson  et  al.,  2013; 
 Alarcón  et  al.,  2004;  Benito  et  al.,  2015).  We  expected  an  enhancement  of  SWRs  a�er  SAHA 
 treatment.  Instead,  incuba�on  with  SAHA  decreased  ripple  incidence.  Short  term  applica�on  a�er 
 SWR  genera�on  possibly  caused  a  small  increase  in  ripple  dura�on  and  number  of  peaks  per  ripple 
 event.  However,  conclusive  statements  cannot  be  made,  as  post-hoc  analysis  did  not  iden�fy 
 differences  among  specific  condi�ons  and  the  possible  effect  on  ripple  dura�on  and  number  of  peaks 
 was  not  reversed  a�er  washing.  An  increase  in  these  parameters,  however,  would  agree  with  SWR 
 enhancement.  The  decreased  ripple  occurrence  seen  a�er  incuba�on  with  SAHA  could  then  be  due 
 to  excitotoxicity  induced  by  long-term  applica�on  of  the  drug.  In  experiments  performed  by  my 
 colleague  Hanna  Dubrovska  in  Camin  Dean’s  lab  involving  SAHA  applica�on  on  hippocampal  cultures, 
 short-term  applica�on  enhanced  synapse  func�on,  but  longer-term  (several  hour)  applica�on  caused 
 cell death, in agreement with an excitotoxic effect of long-term treatment with SAHA. 
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 4.2.3 Effect of tau oligomers on SWRs 

 Oligomeric  tau  is  prevalent  in  Alzheimer’s  disease  and  is  thought  to  promote  neurodegenera�on,  but 
 effects  on  circuit  func�on  are  not  as  well  known.  We  therefore  tested  the  effects  of  aggregated  tau 
 on  SWRs  in  hippocampal  slices.  Since  tau  decreases  LTP  magnitude  (Fá  et  al.,  2016),  and  SWRs  have 
 decreased  amplitude,  power,  and  incidence  in  mouse  models  of  tauopathies  (Wi�on  et  al.,  2016; 
 Ciupek et al., 2015), we expected a reduc�on of SWRs a�er tau applica�on. 

 We  ini�ally  used  the  protocol  by  Acquarone  et  al.,  2019,  to  prepare  tau  aggregates.  Pre-incuba�on  of 
 hippocampal  slices  with  tau  did  not  block  the  genera�on  of  SWRs  and  did  not  alter  the  proper�es  of 
 SWRs.  Short-term  applica�on  of  tau  also  did  not  affect  SWRs  except  for  a  significant  effect  on  the 
 number  of  ripple  events  per  minute,  which  appeared  lower  at  the  end  of  tau  applica�on  and  during 
 wash,  but  no  differences  among  specific  condi�ons  were  iden�fied  by  post-hoc  analysis.  We 
 therefore  decided  to  test  a  different  oligomeric  prepara�on  that  results  in  larger  oligomeric  species 
 and  the  presence  of  β-sheets  (Figure  4).  Because  of  �me  and  drug  amount  limita�ons,  we  only  tested 
 the  effect  of  short-term  applica�on  of  this  prepara�on  of  tau  .  In  this  case,  applica�on  of  tau  not  only 
 significantly  decreased  ripple  incidence,  but  also  significantly  reduced  ripple  amplitude,  power,  and 
 peak  frequency,  as  well  as  SW  amplitude  and  rate  of  occurrence.  These  results  suggest  that  larger 
 oligomeric  species  are  more  detrimental  to  SWRs  than  smaller  ones,  consistent  with  the  hypothesis 
 that  the  size  of  tau  species  affects  toxicity  levels  (Honson  &  Kuret,  2008).  Furthermore,  our  results 
 are  in  agreement  with  others  repor�ng  diminished  SWRs  in  tauopathy  and  AD  mouse  models,  and 
 such changes are o�en associated with memory impairments. 

 Most  parameters  in  our  experiment  showed  at  least  a  par�al  return  to  baseline  a�er  washout  of  tau, 
 consistent  with  effects  being  a�ributed  to  tau  applica�on  rather  than  slice  degrada�on.  Ripple 
 amplitude  and  power,  on  the  other  hand,  remained  significantly  decreased  following  washout.  It  is 
 possible  that  a  longer  washout  is  required  for  complete  rescue  of  effects.  Another  explana�on  is  that 
 tau  oligomers  taken  up  by  neurons  lead  to  aggrega�on  of  endogenous  tau  (Jiang  et  al.,  2020),  which 
 could  cause  sustained  degenera�on  of  SWRs  even  in  the  absence  of  exogenously  applied  tau.  It  is 
 possible  then  that  recorded  SWRs  would  deteriorate  further  a�er  a  longer  wash  dura�on,  as  more 
 endogenous  tau  aggregates.  Furthermore,  longer  tau  applica�on  or  pre-incuba�on  with  the  tau 
 prepara�on  that  results  in  larger  oligomeric  species  and  β-sheets  could  result  in  even  more 
 pronounced and irreversible SWR impairments or completely abolish SWRs. 

 Tau  has  six  major  isoforms,  which  are  associated  with  different  (mis)folding  and  propaga�on 
 proper�es  (Dujardin  et  al.,  2018)  and  can  lead  to  heterogeneous  clinical  presenta�on  (Zhang  et  al., 
 2022b).  Furthermore,  a  synergy  is  proposed  between  tau  and  Aβ  pathology  in  AD  (Busche  &  Hyman, 
 2020).  The  effect  of  different  tau  isoforms  or  combina�ons  of  tau  and  Aβ  on  SWRs  in  hippocampal 
 slices could therefore also be inves�gated in the future. 
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 5. Conclusion 
 We  found  that  both  in  vivo  and  in  vitro  SWRs  were  enhanced  in  TRPV1  KO  mice.  Theta  oscilla�ons  in 
 TRPV1  KO  mice  had  higher  frequency  and  lower  power  than  in  WTs,  and  the  power  of  delta 
 oscilla�ons  was  also  lower  in  TRPV1  KOs.  Spa�al  tuning  of  hippocampal  place  cells  was  impaired  in 
 TRPV1  KO  mice,  as  place  fields  were  larger  and  less  stable  between  explora�ons  of  the  same 
 environment.  Memory  acquisi�on  and  consolida�on  were  intact  in  the  cheeseboard  maze  task,  but 
 memory  ex�nc�on  might  be  compromised  in  TRPV1  KOs.  SWRs  transform  into  epilep�form 
 discharges  and  pathological  ripples  during  seizures.  Because  the  TRPV1  channel  is  temperature 
 sensi�ve,  we  hypothesized  it  might  be  involved  in  febrile  seizure  induc�on.  While  we  did  not  find 
 altera�ons  in  suscep�bility  to  febrile  seizure  induc�on  in  TRPV1  KO  slices,  our  results  point  toward  a 
 protec�ve effect of TRPV1 inhibi�on in epilepsy at lower temperatures. 

 We  also  found  that  SWRs  and  LTP  are  not  always  posi�vely  correlated  with  each  other.  We  found 
 increased  dura�on  but  decreased  incidence  of  SWs  a�er  LTP  induc�on.  SWRs  were  unaffected  by 
 inhibi�on  of  protein  synthesis,  which  blocks  LTP.  Short-term  SAHA  applica�on,  which  increases  LTP, 
 only minimally enhanced SWRs, while long-term applica�on decreased SWR incidence. 

 Lastly,  we  found  that  small  oligomers  of  tau  (a  hallmark  of  AD  pathology)  had  minimal  effects,  while 
 larger  aggregates  of  tau  strongly  reduced  SWRs,  consistent  with  literature  showing  SWR  impairments 
 in AD mice. 
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 Changes from submitted dissertation 

 Editorial changes have taken place in order to make the disserta�on more clear and consistent. 

 Content changes are: 
 1. List of abbrevia�ons: addi�on of ANOVA, APV, FWHM, H  2  O  2  , HSD, and PCR. 

 2. Methods: 

 a.  Performed  chi-square  tests  for  analysis  of  data  presented  on  Figures  38A  and  46C  (also 
 added in results sec�on). 

 b.  Correc�on  of  units  for  the  rate  of  bubbling  of  carbogen  in  aCSF  for  in  vitro  SWR  recordings: 
 from mmHg to L/h. 

 c. Correc�on of video tracking parameter for behavioral tests: from 30 fps to 15 fps. 

 d.  Correc�on  of  the  bandpass  filter  used  for  in  vivo  LFP  recordings:  from  0.1-900  Hz  to 
 1-1000 Hz. 

 e. To be�er explain data analysis, added: 

 ●  “Ripple  events  were  excluded  from  analysis  of  peak  frequency  and  peak  power  if  the 
 �me  of  the  maximum  power  was  more  than  15  ms  from  the  middle  of  the  event  and 
 more  than  15  ms  from  the  maximum  ripple  peak  of  the  event  or  if  the  event  had  a 
 dura�on longer than 110ms”. 

 ●  “The  line  of  best  fit  for  each  genotype  was  determined  using  the  mean  daily 
 performance per genotype” (also in Figure legends of relevant graphs). 

 3. Results: 

 a.  Changed  Figures  27A+B  and  30A+B  so  that  PSDs  are  depicted  a�er  analysis  of  filtered 
 rather than raw data (to be�er represent following analysis). 

 b.  Corrected  Figure  34  �tle  from  “Delta  peak  frequency  was  higher  in  TRPV1  KOs”  to  “Delta 
 peak frequency was lower in TRPV1 KOs”. 

 c.  Corrected  Figure  15  legend,  from  “  at  the  second  �me  point  of  36  o  C”  to  “at  the  end  of 
 temperature steps”. 

 d. Corrected Figure 18B �tle from “start” to “end” of temperature steps. 

 e.  Corrected  Figure  19  +  21  legends,  from  “At  the  start  of  the  first  exposure  at  31  o  C”  and  “At 
 the  first  �me  point  at  31  o  C”,  to  “At  the  ini�al  minutes  at  each  temperature  step”  and  “When  the 
 ini�al minutes a�er each temperature step was reached were examined”, respec�vely. 

 f.  For  more  transparency,  p-values  from  post-hoc  analysis  that  before  were  only  represented 
 by the asterisks on the respec�ve graphs were added in numerical form in text. 
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 g.  Added  “However,  if  animals  are  used  as  experimental  units,  an  opposite  trend  is  seen  with 
 an  increase  in  theta  power  in  WT  mice  from  r1  to  r2”  (also  in  Figure  32  legend  and  discussion 
 sec�on). 

 4. Discussion: 

 a.  Added  the  last  paragraph  (with  its  references)  on  page  150,  to  discuss  results  from  the 
 open  field  test  (paragraph  was  mistakenly  deleted  from  the  disserta�on,  but  proof  can  be  provided 
 that it was there in earlier versions if needed). 

 b.  Corrected  the  percentage  of  TRPV1  KO  and  WT  slices  with  increased  EA  from  ~  30%  to  ~ 
 40%. 

 c. Because references were misunderstood, deleted: 

 ●  “Hippocampal  delta  waves  share  characteris�cs  with  cor�cal  delta  oscilla�ons 
 (Moroni  et  al.,  2007),  so  it  is  possible  that  decreased  delta  frequency  simply 
 represents  decreased  wakefulness,  similar  to  cor�cal  delta  oscilla�ons  (Erickson  et 
 al., 2019)” (and references). 

 ●  “  Alterna�vely,  decreased  delta  power  might  lead  to  memory  impairments,  as  delta 
 power  during  post-learning  sleep  posi�vely  correlates  with  performance  (Axmacher 
 et al., 2008a)”. 

 d.  Changed  “It  has  been  suggested  that  REM  sleep  and  associated  theta  might  be  involved  in 
 memory  consolida�on  (Zielinski  et  al.,  2021)  similar  to  SWRs  and  NREM  sleep;  an  increase  in  theta 
 frequency  from  rest  before  explora�on  to  rest  a�er  explora�on  as  seen  in  both  WT  and  TRPV1  KO 
 mice  would  support  this”  to  “It  has  been  suggested  that  REM  sleep  and  associated  theta  might  be 
 involved  in  memory  consolida�on  (Zielinski  et  al.,  2021)  similar  to  SWRs  and  NREM  sleep;  an  increase 
 in  theta  power  from  rest  before  explora�on  to  rest  a�er  explora�on  as  seen  in  both  WT  and  TRPV1 
 KO  mice  a�er  explora�on  of  novel  environments  would  support  this”,  because  power  would  be�er 
 support this claim. 

 e.  Added  “T  he  difference  could  be  a�ributed  to  TRPV1  expression  outside  the  hippocampus  ”, 
 to  explain  discrepancies  of  our  results  with  others  regarding  suscep�bility  of  TRPV1  KO  mice  to 
 develop febrile seizures. 
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