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Introduct ion:  

The specif i c  arbor iza t ion o f  dendr i tes  determines  the  inpu ts  the  neuron  rece ives ,  

and  the accurat e  dendr i t ic  pat tern  is  fo rmed  th rough  ref inement  dur ing  development  

in  an  act iv i ty -dependen t  manner .  I t  i s  cr i t i cal  to  unders t and how neurons ref ine 

thei r  dendr i te  morpho log ies  dur ing  development .  To  unders t and the dendr i t ic  

ref inement  mechan ism of  co r t ical  neurons a t  ear ly  postnata l  s tages ,  in  v i vo  t ime-

lapse imag ing is  usefu l .  Recen t  s tud ies  in  our  laborato ry that  used  two-pho ton  in  

v ivo  t ime- l apse imag ing (Mizuno  et  a l . ,  2014 ;  Nakazawa e t  a l . ,  2018)  have b rough t  

new perspect ives  to  our  unders t and ing  o f  dendr i t ic  r ef inement  dynamics  a t  the  

ear ly  postnata l  s tage.  However ,  many detai ls  r egard ing the p recise  ref in ement  

featu res  o f  co r t ical  neuron dendr i te s  are  s t i l l  largely  unexp lo red because  the  

imag ing  reso lu t ions  o f  these  s tud ies  were  no t  su ff ic ien t ly  h igh.   

In  my p ro ject ,  I  improved the in  v ivo  t ime- l apse imag ing o f  the  neonata l  

mouse b rain  to  ach ieve h igher  spat io temporal  r eso lu t ion .  The spat ia l  r eso lu t ion fo r  

dendr i te  morpho logy  imag ing  was improved  by  using a  membrane-bound red  

f luo rescen t  p ro tein  (RFP) (mRFP) ins tead  o f  a  regu lar  RFP. The temporal  

reso lu t ion was improved  f rom 8-hour  in terval  to  1 -hour  in terval  in  t ime- lapse 

imag ing .  In  u tero  e lect roporat ion-based  Supernova (Mizuno et  a l . ,  2014 ;  Luo  et  a l . ,  

2016)  was used  to  sparsely  label  bar rel  co r tex  layer  4  neurons wi th  the  mRFP,  and  

TCA-GFP mice (Mizuno  et  a l . ,  2014)  were used  to  enab le  in  v ivo  v isual i zat ion  o f  

the  barr el  map .  Then ,  I  imaged  dendr i te s  o f  the  same l ayer  4  neurons fo r  8  hours  a t  

postnatal  day  (P)  4 ,  wh ich  is  in  the  midd le  o f  the  dendr i t i c  ref inement  p rocess .  

Neurons labeled  wi th the  mRFP revealed  more p reci se  dendr i t ic  morpho log ies  

compared  to  the  regu lar  RFP.  Using  the  improved  imag ing  system with accurate  

reconst ruct ion  o f  the  in  v ivo  imaged  neurons’  basal  dendr i t ic  pat t erns ,  I  showed  the 

genera l  ref inement  dynamics  o f  the  barrel  co r tex  layer  4  neurons a t  P4 .  I  detected  



many  shor t  dendr i te  t r ees  and shor t  b ranches  ( t ip  segments)  that  emerged and  

d isappeared  wi th in  the  8 -hour  imag ing  sess ion .  I  somet imes found  that  a  t ip  

segment  emerged  at  a  locat ion s imil ar  to  where  ano ther  t ip  segment  p rev iously  

d isappeared .   

I  concen tra ted  on  analyzing  the ref inement  dynamics  o f  dendr i t ic  t ip  

segments  as  wel l  a s  shor t  dendr i t ic  t rees .  I  c l as s i f i ed  exci ta to ry  layer  4  neurons 

in to  two g roups accord ing  to  the  d i f ferences  in  thei r  basal  dendr i te  o r ien tat ion  

toward  the barr el  cen t er .  By  conduct ing  quan t i ta t ive  analyses ,  I  detect ed  

d i f ferences  in  ref inement  dynamics  o f basal  dendr i tes  between  these  two  neuron  

g roups.  In  add i t ion ,  I  carefu l ly  obse rved s i t es  a t  wh ich  dendr i tes  were  r e t racted  

dur ing  the  las t  hour  o f  in  v ivo  imag ing  sess ions  by  post  hoc  h igh-magn if icat ion  

confocal  images  and  found  no ev idence fo r  p run ing /degradat ion  even ts  i n  the  

dendr i t ic  r e t ract ion  p rocess .  

My s tudy  has  shown the general  r ef inement  dynamics  together  wi th  some 

specif i c  morpho log ica l  fea tu res  o f  t he  layer  4  neurons in  the  barr el  co r t ex  v ia  a  

h igh spat io temporal - r eso lu t ion in  v ivo  imag ing system.  

  



Mater ia ls  and  methods:  

Animals  

All  exper imen ts  were  perfo rmed  accord ing  to  the  gu idel ines  fo r  an imal  

exper imen ta t ion  o f  the  Nat ional  Ins t i tu te  o f  Genet ic s  (NIG) and were ap proved  by  

the an imal  exper imen ta t ion commit tee  o f  the  Nat ional  Ins t i tu te  o f  Genet ics .  TCA-

GFP Tg mice (Mizuno  et  a l . ,  2014)  backcrossed  f rom C57BL/6J  to  ICR more than  

four  t imes and  were in terc rossed  to  ob tain  TCA-GFP Tg homozygous male  mice.  To 

ob tain  pups,  ICR female  mice were mated  wi th the  TCA-GFP Tg homozygous male  

mice.  The day at  wh ich  the  vag inal  p lug was detec ted  was designated  as  embryon ic  

day  E0 .5  and  E19 .5 was def ined  as  postnatal  day (P)  0 .   

 

Plasmids  

Flpe/FRT-based  Supernova vecto rs :  pK036.TRE-Flpe-WPRE (Luo  et  a l . ,  2016) ;  

pK037.CAG-FRT-STOP-FRT-RFP-ir es- tTA-WPRE (Luo  et  a l . ,  2016) ,  pK300 .CAG-

FRT-STOP-FRT-GAP43-tagRFP-ires - tTA-WPRE,  and  pK302.CAG-tagBFP-WPRE,  

were used  in  th is  s tudy .   

 

In  utero  electroporat ion  

In  u tero  e lec t roporat ion  was perfo rmed on  TCA-GFP Tg heterozygous mice a t  

E14 .5 to  label  layer  4  co r t ical  neurons.  The p regnan t  mothers  were  anesthet ized  v ia  

in t raper i toneal  in ject ion  o f  t r ip le  anesthesi a  wi th  the  dose o f  11  mg/kg  body  

weigh t .  The t r ip le  anesthesia  con tains  medetomid ine hydroch lo r ide 0.75  mg/kg ,  

midazo lam 4  mg/kg ,  and  bu to rphano l  tar t r a te  5  mg/kg.  DNA so lu t ion mixed  wi th 

methy lene b lue was in jected  in to the  r igh t  la te ral  ven tr ic le  o f  embryos v i a  a  pu l led  

g lass  cap i l l ary  (DRM), and square  e lect r ic  pu lses  (50  mV; 50  ms)  were  del ivered  



f ive  t imes a t  the  r a te  o f  one pu lse  per  second  by  a  CUY21EDIT elec t roporato r  

(NepaGene) .  For  the  Supernova-RFP express ion,  a  so lu t ion  con tain ing pK036  (20  

ng /μ l)  and  pK037  (1  μg /μ l)  was used .  For  the  Supernova -mRFP express ion,  a  

so lu t ion  con tain ing  pK036 (20 o r  40  ng /μ l) ,  pK300  (1  μg /μ l)  and  pK302  (200 ng /μ l)  

was used .  The elect r i c  pu lses  were 3  t imes/embryo,  and  the cu rren t  was 70-100mA 

/  e lec t r ic  pu lse .  After  the  in  u tero  e lect roporat ion,  p regnan t  mothers  were  in jected  

wi th an  an tagon is t  wi th  the  dose o f  11  mg/kg  body weigh t  (con tain ing at ipamezo le  

hydroch lo r ide 0 .75  mg/kg)  and  kep t  on  a  37℃ heate r  un t i l  they  recovered f rom 

anesthesi a .  

 

In  vivo  imaging  and  two-photon microscopy  

For  h igh temporal  reso lu t ion  imag ing o f  layer  4  neurons in  the  barr el  co r tex  a t  P4 ,  

TCA-GFP pups,  in  which  layer  4  neurons were sparse ly  labeled  by  in  u tero  

e lec t roporat ion-based  Supernova-mRFP.   

A cran ia l  window was made on  the r igh t  hal f  o f  the  heads  o f  those P4  pups 

over  the  barrel  co r t ex .  The cr an ial  window su rgery was perfo rmed  as  descr ibed  

p rev iously  (Nakazawa et  a l . ,  2018) .  After  1  hour  o f  recovery on  a  37 °C heater  wi th  

l i t te rmates ,  the  pups wi th  cran ial  windows were used  fo r  in  v ivo  imag ing .  Those 

pups were anes thet ized  wi th 0.9 -1.5% iso f lu rane and  f ixed to  the  microscope s tage 

using  a  t i tan ium bar  dur ing the  in  v ivo  imag ing.  A heat ing  pad  was used  to  keep  

pups warm.  Images were acqu ired  using  an LSM 7MP two-pho ton  microscope 

(Zeiss)  wi th  a  W P lan-Apochromat  20x /1.0  DIC ob ject ive  lens  (Zei ss)  an d an  LSM 

BiG detecto r  (Zei ss) .  HighQ-2  laser  (Spect ra-Physics)  a t  1 ,045  nm was used  in  a l l  

exper imen ts .  GFP and RFP were s im ul taneously  exci ted  and  emit ted  f luo rescence 

was f i l t ered  (500−550  nm fo r  GFP and  575−620  nm fo r  RFP) .   



 

Histo logy  and confoca l  microscopy  

After  in  v ivo  imag ing  at  P4 ,  b rain  samples  were ob tained  and  f ixed  wi th  ice-co ld  

4% para fo rmaldehyde in  0 .1  M phosphate  buffer  (PB).  The b rain  samples  were  kep t  

at  4℃ overn igh t  and  p ro tect ed  f rom l igh t .  For  tangen t ia l  sec t ion ing ,  r igh t  

hemispheres  were f l a t tened  and t ran sfer red  to  30% sucrose in  0 .1  M PB overn igh t  

at  4℃. Tangen t ia l  s ect ions  (100 -µm th ick )  o f  the  f la t t ened  co r t ices  were made 

using  a  f reez ing micro tome (ROM-380 ;  Yamato) .   

Three-d imensional  f luo rescen t  images  were acqu ired  using a  confocal  m icroscope 

(TCS SP5;  Lecia) .  Images  o f  barre l  pat terns  and  IUE-labeled  neurons were taken  

wi th an  x10  lens .  Images  o f  f ine  s t ructu res  o f  dendr i t es  were  t aken  wi th  an o i l  

immersion  x63  lens .  

 

Image ana lysis  and quanti f i ca t ion  

IMARIS  f i lamen t  t r ace r  (Bi tp lane)  and  Image J /FIJ I  (NIH) so f tware were used to  

analyze the  dendr i t ic  s t ructu re  o f  ind iv idual  neurons and barrel s .  Barrel s  and  

Supernova labeled  neurons were conf i rmed  by  using Image J /F IJI  (NIH).  

Thalamocort ical  axon  cluster  boundar ie s  were  def ined  as  barre l  edges  and  

determined  f rom the P4  mice confocal  images  o f  tangen t ia l  sec t ions .  The barrel  

edge was determined  by  the con tras t  o f  thalamocort ica l  axon  s ignal  in tensi t ies  

between  the barrel  cen ter  and  sep ta .  The d is tance f rom the neuron  to  the  barrel  

edge is  def ined  as  the  d is tance f rom the cen ter  o f  the  soma to  the  neares t  barre l  

edge.  Here ,  I  c la ss i f ied  a  neuron  as  an  edge- locat ed  neuron  i f  the  d is t ance f rom 

cen ter  o f  the  soma to  the  barr el  edge is  less  than  20  µm.  Other  neurons located  

wi th in  barrels  were  c l ass i f ied  as  bar rel - cen ter  neurons.  Neurons located  on  the 



edge o f  main barrel s  ( row A~E, arc  1~5)  were  used  fo r  analysis .  The 180°  barrel  

in s ide/ou ts ide boundary  used  fo r  OBI analysis  was decided  as  descr ibed  in  the  

p rev ious  paper  (Nakazawa et  a l . ,  2018) .  Acqu ired  th ree -d imensional  images  f rom a 

two-pho ton  microscope were analyzed  using the  IMARIS F i lamen t  Trace r  so f tware  

(Bi tp lane) .  To  keep  the accuracy  and eff i c iency  o f  the  data  and  analysis ,  I  on ly  

analyzed  those neurons wi th c lear  morpho log ies  bo th dur ing in  v ivo  imag ing and 

fo l lowing confocal  imag ing .  Dendri t e  morpho logy is  a  mul t i - l evel  s t ructu re .  A  

s ing le  dendr i te  i s  a l so  known as  a  dendr i t i c  b ranch  o r  segment .  Dendri t e s  that  share  

a  common o r ig in  f rom the cel l  body  are  on the  same dendr i t i c  t ree .  The segments  

which  located  on  the  most  d is ta l  par t  o f  dendr i t i c  t rees  ar e  t ip  segments .  The 

analyses  o f  leng th  change in  1  hour  and  calcu la t ion  o f  dendr i t ic  OBI were done 

wi th the  consider ing  ind iv idual  dendr i t ic  s egments  independen t ly  (Nakazawa et  a l . ,  

2018) .  In  some cases ,  one dendr i t ic  t ree  has  segments  toward  to  bo th  ins ide and  

ou ts ide o f  the  barre  and  cou ld  be c la ss i f i ed  d i f feren t ly  in to  e i ther  IN o r  OUT 

groups.   

To  analyze the  co rrela t ion o f  dendr i t ic  t ip  morpho log ies  wi th  i t s  dynamics ,  I  

se lected  the  most  d is t a l  5  µm par t  o f  the  segment  as  the  t ip  (T) ,  and  sk ip  the  

ad jacen t  5  µm,  then  measured  the shaf t  (S )  5  µm. Reg ions o f  in ter es t  o f  T and S  

were then  determined  by  the  mRFP-l abeled  dendr i tes  a t  the  reso lu t ion o f  the  s ing le  

p ixel  level .  In i t ia l ly ,  I  p icked  ou t  t ip  segments  that  showed  d is t ingu ishab le  t ip  

morpho log ies  f rom thei r  su rround ing env ironment .  Among  the t ip  segments ,  

samples  were  ana lyzed  to  f i t  the  req u iremen ts  o f  no over l app ing wi th  o ther  

dendr i tes  o r  imag ing  no ise ,  and at  the  same t ime,  the  segment  leng th  was  longer  

than 15  µm to include 3  par t s .  I  d rew the ROIs accord ing  to  the  dendr i t e  

morpho logy  under  the  h igh  magn if icat ion in  Image J /F IJI  (NIH) so f tware .  The 

mRFP s ignal  in tensi ty  (g ray value)  o f ROIs  was measured .  The dendr i t i c  t ip  

th ickness  index .   



 

S ta t ist ica l  ana lysis   

Stat is t ical  analyses  were perfo rmed  using  GraphPad  Pr ism,  Image J /F IJI  (NIH) and  

Microsof t  Excel  so f tware.  The quan t i f icat ion  o f  dendr i t ic  s egment  ref inement  

dynamics  and  the d i f f erences  between h igh  and  low OBI neurons were done wi th  

Microsof t  Excel  and  GraphPad Pr ism.  The s ign if icance o f  the  d i f fer ences  was 

assessed  by the Mann-Whitney tes t ,  Wilcoxon matched-pairs  s igned  rank  tes t  o r  

b inomial  t es t .  Values  ar e  g iven as  means ±  SE.  The as ter isks  in  the  f igu res  ind icate  

the  fo l lowing :  *p  <  0 .05,  **p  <  0 .01 ,  ***p  <  0 .001 ,  and  ****p  < 0 .0001 .  When  

p>0 .05,  i t  ind ica tes  a s  ns .  

 

Results :  

In  th is  s tudy ,  I  a imed  to  invest igate  deta i led  dynamics  and  cap tu re  the  possib le  

t ransien t  developmental  even ts  o f  dendr i t ic  r ef inement  more p recisely .  To 

unders tand  those cel lu lar  aspects ,  I  improved  the in  v ivo  imag ing system  to  ach ieve 

h igh t ime re so lu t ion .  To th is  end,  in s tead  o f  the  p rev iously perfo rmed  8 -hour  

in terval  imag ing  (Nakazawa et  a l . ,  2018) ,  I  perfo rmed the imag ing  wi th a  1 -hour  

in terval .  Add i t ional ly ,  I  improved the spat ia l  r eso lu t ion o f  in  v ivo  imag ing ,  wh ich  

was ach ieved  by  using a  mRFP (L iu  e t  a l . ,  1994 ;  Moriyosh i  e t  a l . ,  1996)  ins tead  o f  

a  regu lar  RFP that  was used  in  p rev ious  s tud ies  (Nakazawa e t  a l . ,  2018 ,  Mizuno  et  

a l . ,  2014) .  I  sparsely  labeled  barrel  co r tex  layer  4  neurons wi th the  mRFP using  the  

in  u tero  e lec t roporat ion  ( IUE)-based  Supernova method  (Mizuno  et  a l . ,  2014 ;  Luo  

et  a l . ,  2016) .  The p reci se  dendr i t ic  morpho log ies  o f  neurons that  were  l abeled  wi th 

the  mRFP were c lear ly  v isual ized  in  v ivo .  I  imaged  dendr i tes  o f  the  sam e neurons 

fo r  8  hours  a t  P4 ,  wh ich is  in  the  midd le  o f  the  dendr i t i c  ref inement  p rocess .  With  



the  1 -hour  in terval  imag ing ,  I  was ab le  to  cat ch  sub t le  changes  in  basal  dendr i tes  

includ ing  those o f  shor t - l ived  dendr i t ic  t r ees  and  b ranches .  My imag ing system 

also  detect ed  some t ransi en t  morpho log ical  f eatu res  in  basal  dendr i te s ,  wh ich  

co rrela ted  wi th  thei r  behav io r  (e longat ion  o r  re t rac t ion ) .  Basal  dendr i te s  wi th a  

th inner  t ip  o f ten  re t rac ted  in  the  fo l l owing  hour .  Fur thermore,  layer  4  neurons 

whose basal  dendr i te s  showed  h igher  and  lower  o r ien tat ion b ias  exh ib i ted d i f feren t  

ref inement  dynamics .  There fo re ,  my  s tudy revea led  the  deta i led  dendr i t i c  

ref inement  p rocess  in  v ivo  together  wi th some specif i c  fea tu res  o f  the  barre l  co r tex  

layer  4  neurons.   

 

Discussion :  

I  improved  the in  v ivo  imag ing fo r  the  neonata l  mouse b rain  to  a  h igher  

spat io temporal  r eso lu t ion.  I  reconst ructed  the  dendr i t i c  pat terns  in  v ivo  imaged  L4  

neurons th ree -d imensional ly .  By  analyzing  them,  I  charac ter ized  the  basal  dendr i t ic  

ref inement  dynamics  o f  layer  4  neurons in  the  neonatal  barr el  co r tex .  I  f ound  that  

the  h igh  o r ien tat ion  b ias  neurons showed  fewer  emerged  and  t ransi en t  dendr i te s  

than the low o r ien tat ion  b ias  neurons.  Besides ,  the  h igh  o r ien tat ion  b ias  neurons 

p referen t i a l ly  ex tend o r  re t ract  thei r  ex is t ing dendr i te s ,  yet  the  low o r ien tat ion  b ias  

neurons ar e  invo lved  more in  fo rming new branches .  My s tudy  also  p rov ided  the 

f i rs t  in  v i vo  ev idence fo r  the  posi t iv e  co rrela t ion  between  the specif i c  dendr i t i c  t ip  

morpho log ies  wi th  thei r  fo l lowing  ref inement  dynamics .  My s tudy  that  improved  

the neonatal  in  v ivo  imag ing  system may con tr ibu te  to  the  unders t and ing  o f the  

detai led  dendr i t i c  ref inement  dynamics  o f  co r t ica l  neurons.  

 


