
The	  cerebral	  cortex:	  “a	  master	  of	  cellular	  complexity”	  

	  
Encodes	  and	  elicits	  complex	  cogni1ve	  and	  motor	  func1ons	  

	  
	  

Molecular	  processes	  	  
Neuronal	  Iden1ty	  

Connec1vity	  
	  

	  
	  
	  
	  
	  

a	  high	  degree	  of	  neuronal	  diversity,	  radially	  organized	  into	  six	  layers	  and	  tangen<ally	  
subdivided	  into	  mul<ple	  func1onal	  areas	  	  

Established	  
during	  development	  



I	   Molecular	  layer	  

II	   Outer	  granular	  layer	  

III	   Outer	  pyramidal	  layer	  

IV	   Inner	  granular	  layer	  

V	   Inner	  pyramidal	  layer	  

VI	   Mul<form	  layer	  

“ … the original, primitive pattern of cortical layering 
in the whole mammalian class is six-layered , and this 
six-layered pattern is visible in all orders, either 
permanently or at least as a temporary ontogenic 
stage in the embryo”  

       Brodmann 1909 

The	  neocortex	  =	  6	  layers	  	  
	  



2	  main	  classes	  of	  neurons	  



DIFFERENT	  ORIGIN	  2	  main	  classes	  of	  neurons:	  



Cor1cal	  Projec1on	  neurons	  and	  Interneurons	  are	  born	  from	  	  
different	  D/V	  regions	  of	  the	  telencephalon	  

E10.5 

Dorsal	  
(pallium)	  

Ventral	  
(subpallium)	  

GABAergic	  cor1cal	  interneurons	  

Telencephalon 

Diencephalon 

Glutamatergic	  projec1on	  neurons	  	  
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Origin: subpallium 
 

Interneurons 

Ghashghaei and Anton, 2007 

Tangen<al	  migra<on	  

NUMBER: 20-30% of the cortical neuronal 
population 
 
GABA-ergic 
 
FUNCTION: control and synchronize the 
output of pyramidal neurons  
 
 
SUBTYPES: several subtypes 
(morphology, molecular, targeting, 
synaptic trasmission, physiological 
character) 
 
 
DYSFUNCTION: disruption of GABAergic 
inputs to pyramidal cells                      

        
     



Genera<on	  of	  the	  different	  subpopula<ons	  	  of	  
cor<cal	  interneurons	  is	  linked	  to	  regional	  
differences	  in	  the	  specifica<on	  of	  progenitor	  
cells	  in	  the	  subpallium	  
	  
	  
expression	  of	  par<cular	  combina<ons	  of	  
transcrip<on	  factors	  



Tangen1al	  migra1on	  of	  cor1cal	  interneuron	  
	  
(A)  Coronal	  sec<on	  taken	  from	  the	  brain	  of	  an	  E13.5	  GAD67–GFP	  (green	  fluorescent	  protein)	  

transgenic	  mouse.	  
	  
	  (B)	  Schema<c	  drawing	  of	  (A)	  illustra<ng	  chemorepulsive	  (red)	  and	  chemoaYrac<ve	  (green)	  
gradients	  established	  from	  ventro-‐dorsal	  and	  dorso-‐ventral	  parts	  of	  the	  forebrain	  
respec<vely.	  	  
	  

�	  �	  �	  

Hernandez-‐Miranda	  et	  al.,	  2010	  



Coronal	  sec<on	  of	  E15	  mouse	  brain	  showing	  the	  tangen<al	  paths	  of	  early-‐	  (blue	  broken	  
lines),	  and	  late	  (red	  broken	  lines)-‐born	  interneurons.	  Upon	  the	  emergence	  of	  the	  CP,	  an	  
addi<onal	  migratory	  path	  is	  formed	  within	  the	  subplate	  (green	  broken	  lines).	  
	  
(D)	  tangen<al	  and	  radial	  movements	  of	  interneurons	  within	  the	  cor<cal	  wall	  at	  E13.5	  and	  
E14.5.	  
	  
LV,	  lateral	  ventricle;	  PP,	  preplate;	  NCx,	  neocortex;	  SP,	  subplate;	  St,	  striatum	  

Hernandez-‐Miranda	  et	  al.,	  2010	  



Primary	  motor	  cortex	   	  Somatosensory	  cortex	   Visual	  cortex	  

Classifica<on:	  
	  
ü  Laminar	  posi<on	  
ü  Morphology	  
ü  Molecular	  Iden<ty	  
	  	  	  	  	  	  	  (combinatorial	  code)	  
ü  Electrophysiological	  

profile	  
ü  Connec1vity	  

deep	  layers	  of	  the	  cortex	  (L5/6)	  

Mostly	  on	  superficial	  layers	  of	  the	  cortex	  (L2/3)	  

Lodato	  et	  al.,	  2014	  

Pyramidal	  neurons	  =	  70-‐80%	  cor1cal	  neuronal	  popula1on	  

mostly	  L6	  

VA=ventral	  anterior	  
VLA=anterior	  ventral	  lateral	  
VPM=ventral	  posterior	  medial	  
nucleus	  
PO=posterior	  nucleus	  
dLGN=dorsal	  lateral	  geniculate	  
nucleus	  

	  PN	  with	  collaterals	  à	  Sending	  
axons	  to	  mul<ple	  targets	  

	  

intrahemisphere	  



The	  emergence	  of	  laminar-‐dependent	  paYerns	  of	  func<onal	  
neocor<cal	  connec<vity	  depends	  on	  two	  crucial	  early	  
developmental	  processes:	  	  
	  
1)	  the	  genera1on	  and	  migra1on	  of	  neurons	  to	  their	  final	  
posi<on	  within	  the	  nascent	  neocortex;	  	  
	  
2)	  the	  acquisi<on	  of	  dis1nct	  neuronal	  iden11es	  and	  
connec<ons	  
	  
à	  control	  of	  neuronal	  posi<oning	  and	  acquisi<on	  of	  laminar	  and	  
projec<onal	  iden<ty	  by	  cell	  type-‐	  and	  layer-‐specific	  transcrip1onal	  
programs	  



Cerebral	  cortex	  histogenesis	  :	  glial-‐guided	  neuronal	  mo<lity	  

•  cell-‐cell	  interac<ons,	  	  
•  cytoskeletal	  dynamics,	  	  
•  leading	  process	  extension,	  	  
•  somal	  transloca<on	  
•  migra<on	  termina<on	  



Mammalian	  cor<cogenesis	  

modified from Kwan et al., 2012 



Mouse	  

RGC=radial	  glial	  cell	  
oRG=outer	  radial	  glial	  cell	  
IPC=	  intermediate	  precursor	  cell	  
	   unique	  to	  mammalian	  brain	  

Cor<cal	  projec<on	  neurons:	  
	  
1)  are	  born	  in	  the	  dorsal	  germinal	  

zones	  of	  the	  telencephalon,	  the	  
ventricular	  (VZ)	  and	  
subventricular	  (SVZ)	  zones	  

2)  migrate	  through	  the	  
intermediate	  zone	  (IZ)	  to	  reach	  
their	  final	  posi<on	  in	  the	  mantle	  
layers	  	  



Human	  Mouse	  



Inside-‐out	  paYern	  
	  
“early	  studies”	  

Sanes	  

As	  neurogenesis	  progresses,	  diverse	  subtypes	  

of	  projec<on	  neurons	  are	  generated	  

sequen<ally	  and	  their	  migra<on	  into	  the	  

mantle	  layers	  occurs	  in	  an	  inside-‐first,	  outside-‐

last	  manner	  

I	  Born Last 
 
	  
	  
	  
Born First 

D
ev

 T
im

e II/III	  
IV	  

V	  

VI	  



Inside-‐out	  paVern	  

Progenitors	  residing	  in	  the	  VZ	  and	  
SVZ	  in	  mice	  produce	  projec1on	  
neurons	  in	  an	  ‘inside-‐out’	  fashion.	  	  
	  
The	  earliest	  born	  neurons	  form	  the	  
preplate	  (PP),	  which	  is	  later	  split	  into	  
the	  more	  superficial	  marginal	  zone	  
(MZ)	  and	  the	  deeply	  located	  subplate	  
(SP).	  The	  cor<cal	  plate	  (CP),	  which	  
will	  give	  rise	  to	  the	  mul<layered	  
neocortex,	  develops	  in	  between	  
these	  two	  layers.	  
	  
	  
	  
	  
	  
CH,	  cor<cal	  hem;	  Ncx,	  neocortex;	  IZ,	  intermediate	  zone;	  LGE,	  
lateral	  ganglionic	  eminence;	  MGE,	  medial	  ganglionic	  
eminence;	  SVZ,	  subventricular	  zone;	  VZ,	  ventricular	  zone;	  
WM,	  white	  maYer.	  



In	  the	  spontaneous	  mouse	  mutant	  Reeler,	  cor2cal	  neurons	  are	  generated	  normally	  but	  they	  
are	  misplaced	  –	  the	  cor2cal	  layers	  are	  approximately	  inverted	  with	  respect	  to	  birth	  order	  -‐	  the	  
layers	  are	  disordered,	  and	  the	  orienta2on	  of	  the	  neurons	  is	  less	  precise	  than	  in	  the	  wild	  type	  	  
	  
Reelin	  –	  extracellular	  matrix	  glycoprotein	  -‐	  plays	  also	  a	  role	  in	  synap2c	  plas2city	  in	  the	  mature	  
brain	  
	  
	  

Reeler	  mutant	  mice	  
(spontaneous	  muta1on	  -‐	  autosomal	  –	  recessive)	  



Cajal-‐Retzius	  cells	  are	  responsible	  for	  the	  correct	  lamina<on	  of	  the	  neocortex	  through	  
the	  secre<on	  of	  a	  large	  secreted	  glycoprotein	  called	  Reelin	  	  



CMTW=	  caudo-‐medial	  telencephalic	  wall	  
RMTW=rostro-‐medial	  telencephalic	  wall	  

Mul<ple	  origin	  of	  CR	  cells	  

Cor<cal	  	  
hem	  

Cajal–Retzius	  (CR)	  cells	  primarily	  migrate	  into	  neocor<cal	  layer	  I	  from	  non-‐cor<cal	  
loca<ons	  (caudomedial	  cor1cal	  hem,	  the	  pallial-‐subpallial	  boudary	  and	  the	  septum)	  	  



Apolipoprotein	  E	  receptor-‐2	  (Apoer2)	  
very	  low	  density-‐lipoprotein	  receptor(Vldlr)	  
Disabled-‐1(Dab1)	  
	  	  



Sequen1al	  Specifica1on	  of	  Cor1cal	  Projec1on	  Neurons	  

Molyneaux et al., Nature Rev. Neurosci., 2007 



Different	  classes	  of	  projec<on	  neuron	  are	  born	  in	  
overlapping	  temporal	  waves.	  	  
	  
	  

Cor1cal	  progenitors	  generate	  different	  
layers	  of	  neurons	  at	  dis1nct	  
developmental	  stages	  

Time-‐dependent	  	  

the	  birthdate	  of	  cor<cal	  projec<on	  
neurons	  is	  in<mately	  associated	  with	  
laminar	  iden<ty,	  axonal	  
connec<vity	  and	  physiological	  func<on	  



What	  is	  the	  rela<onship	  between	  progenitor	  and	  neuronal	  diversity?	  

•  	   	   Progressive	  temporal	  restric<on	  of	  progenitor	  fate	  
	  

	   	   	   	   	   	   	   	  OR	  
	  
•  	   	   Existence	  of	  classes	  of	  progenitors	  pre-‐commiYed	  to	  generate	  

	   	  specific	  neuronal	  subtypes	  
	  
	  

How	  is	  pyramidal	  neuron’s	  temporal-‐iden1ty	  specified?	  	  
	  

?	  



Mukhtar	  and	  Verdon	  2018	  

A	  single	  type	  of	  mul7potent	  NSC	  
sequen2ally	  gives	  rise	  to	  different	  
neuron	  cell	  subtypes	  

Coexistence	  of	  mul7ple	  NSC	  types	  
predetermined	  to	  generate	  specific	  neuron	  
subtypes	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  What	  is	  the	  rela1onship	  between	  progenitor	  	  
and	  neuronal	  diversity?	  



Science	  1991	  

ferret	  

NSCs	  become	  restricted	  over	  <me	  
during	  development	  	  

The	  Common	  Progenitor	  model…	  
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Heterochronic	  
transplanta1on	  

Early	  stage	  progenitors	  can	  generate	  early	  and	  late	  neuronal	  subtypes	  
Late	  stage	  progenitors	  à	  restricted	  poten<al	  (loose	  poten<al	  to	  generate	  deep	  neurons)	  

Layer	  VI	  

Layer	  IV	  

Layer	  II,III	  

all	  

IV-‐(V)	  
N	  VI	  



Nature	  Neurosci	  2006	  

E	  10.5	  cortex	  progenitors	  à	  in	  vitro	  

The	  appearance	  of	  layer-‐specific	  neurons	  
in	  culture	  follows	  the	  same	  order	  as	  in	  
vivo	  development	  

Timing	  of	  appearance	  of	  diverse	  cor<cal	  neurons	  



	  
In	  vivo	  studies	  
à heterochronic	  transplanta<on	  =	  evidences	  of	  progressive	  restric1on	  of	  progenitor	  

poten<al	  (Mc	  Connel	  group)	  (early	  progenitors	  are	  mul2potent	  –late	  progenitors	  are	  not)	  

à Retroviral	  lineage	  fate-‐mapping	  	  (Luskin	  et	  al.,	  Neuron	  1988,	  Walsh	  et	  al.,	  Science	  
1988)	  support	  progressive	  fate	  restric<on	  in	  vivo	  

	  
In	  vitro	  	  
àmul<potent	  progenitors	  in	  culture	  give	  rise	  to	  deep	  layer	  neurons	  first	  and	  upper	  layer	  
neurons	  later	  
àmurine	  ES	  cells	  differen<a<ng	  into	  cor<cal	  PN-‐like	  cells	  show	  a	  temporal	  paYern	  of	  
sequen<al	  neuronal	  genera<on	  	  

	  

all	  projec<on	  neurons	  may	  be	  generated	  from	  the	  same	  mul1potent	  progenitor	  àfate	  
dis<nc<on	  are	  mostly	  temporally	  controlled	  
	  
àcor<cal	  progenitor	  subtypes	  are	  sequen<ally	  determined	  by	  birthdate	  through	  progressive	  
lineage	  restric<on	  of	  a	  common	  RGC	  



Science	  2012	  

Callosal	  PN	  L2/3	  

The	  Mul1ple	  Progenitor	  model…	  

Cux2	  RGC	  lineage	  is	  intrinsically	  	  
specified	  to	  generate	  callosal	  
upper-‐layer	  neurons,	  
independently	  of	  niche	  and	  
birthdate	  



2013	  



Fezf2	  (forebrain	  embryonic	  zinc	  finger	  2)	  	  
	  one	  of	  the	  master	  genes	  for	  the	  specifica1on	  of	  cor1fugal	  (subcerebral)	  neurons	  

In	  the	  absence	  of	  Fezf2	  func<on	  in	  Fezf2	  KO	  
mice	  the	  en1re	  popula1on	  of	  subcerebral	  
projec1on	  neuron	  is	  absent:	  cells	  in	  the	  V	  
layer	  are	  there	  but	  there	  are	  no	  projec<ons	  
from	  the	  cerebral	  cortex	  to	  the	  spinal	  cord	  
and	  brainstem	  

Fezf2	  	  
à	  is	  expressed	  in	  VZ	  progenitors	  during	  
the	  genera<on	  of	  deep	  layer	  neurons	  (is	  
progressively	  downregulated	  and	  
disappears	  by	  the	  <me	  upper	  layer	  
neurons	  are	  produced)	  
à	  its	  expression	  is	  maintained	  in	  
postmito<c	  neurons	  of	  layer	  V	  and	  VI	  	  
	  



hYps://youtu.be/_QXUfQ5kgjE	  



Cdk5r	  gene	  promoter	  to	  drive	  
Fezf2	  expression	  in	  “young”	  
postmito<c	  callosal	  projec<on	  
neurons	  (CPN).	  
	  
à	  In	  utero	  electropora<on	  
(E14.5)	  of	  Cdk5r-‐Fezf2eGFP	  or	  
control	  Cdk5r-‐CtleGFP	  
expression	  vectors	  à	  analysis	  
at	  E18.5,	  P7,	  P14	  and	  P28.	  
	  

Analysis	  of	  the	  molecular	  iden<ty	  shows	  
that	  young	  postmito<c	  CPN	  are	  able	  
to	  acquire	  molecular	  features	  of	  CFuPN	  
	  
in	  an	  early	  period	  of	  postmito<c	  life,	  CPN	  of	  layer	  II/III	  
are	  able	  to	  reprogram	  their	  molecular	  iden<ty,	  
acquiring	  combinatorial	  expression	  of	  CFuPN	  proteins	  
and	  repressing	  CPN	  proteins	  

1.	  Early	  postmito1c	  stages	  



2.	  Late	  postmito1c	  stages	  

Condi<onal	  expression	  vector	  with	  the	  Fezf2	  
expression	  casseYe	  cloned	  in	  an<sense	  
orienta<on	  between	  two	  pairs	  of	  inverted	  
LoxP	  sites	  (DF-‐Fezf2eGFP).	  
	  
Electropora<on	  of	  cor<cal	  progenitors	  at	  
E14.5	  with	  DF-‐Fezf2eGFP	  or	  control	  DF-‐
CtleGFP	  together	  with	  a	  4-‐hydroxytamoxifen	  
(TAM)-‐inducible	  form	  of	  Cre	  recombinase.	  
	  
Recombina<on	  was	  induced	  by	  injec<ons	  of	  
TAM	  at	  either	  E17.5,	  P3	  or	  P21	  	  
	  
	  
CPN	  that	  began	  to	  express	  Fezf2	  at	  E17.5	  and	  
P3	  are	  s<ll	  able	  to	  reprogram	  their	  
molecular	  iden<ty	  and	  expressed	  several	  
CFuPN	  genes.	  
	  
	  	  
	  



Fate	  switch	  	  

Fezf2	  (forebrain	  embryonic	  zinc	  finger	  2)	  	  
	  one	  of	  the	  master	  genes	  for	  the	  specifica1on	  of	  cor1fugal	  neurons	  

the	  forced	  expression	  of	  
fezf2	  in	  E17/P3	  progenitors	  
results	  in	  the	  genera<on	  of	  
upper	  layer	  neurons	  that	  
extend	  subcerebral	  axonal	  
projec<ons	  
	  
à	  Fezf2	  alone	  can	  cell-‐
autonomously	  instruct	  the	  
acquisi<on	  of	  cor<cofugal	  
specific	  features	  
	  



CTIP2	  is	  downstream	  of	  Fetzf2	  

-‐	  In	  Fetzf2ko	  

Defects	  in	  fascicula<on,	  
outhgrowth,	  pathfinding,	  
pruning	  

(phenotype	  
recovery	  of	  
Fetzf2ko	  	  by	  
CTIP2	  GOF)	  



Satb2	  and	  upper-‐layer	  neurons/callosal	  neurons	  specifica1on	  	  

C<p2	  	  

C<p2+	  



Satb2	  is	  a	  chroma<n	  remodeling	  
protein	  	  
	  
Satb2	  represses	  C<p2	  expression	  	  
by	  recrui<ng	  the	  Nucleosome	  
Remodeling	  and	  Deacetylase	  
(NuRD)	  complex,	  which	  in	  turn	  
deacetylates	  the	  C<p2	  locus	  by	  
interac<ng	  with	  the	  histone	  
deacetylase	  1	  (Hdac1)	  	  
	  



àTFs	  expressed	  postmito1cally	  are	  important	  in	  controlling	  
the	  genera<on	  of	  specific	  pyramidal	  neuron	  	  subtypes	  
	  
	  
àearly	  laminar	  specifica<on	  of	  neocor<cal	  neurons	  can	  be	  reprogrammed	  
postmito<cally	  (Fezf2	  Rouaux	  &	  ArloNa,	  2013)	  
	  
à	  reciprocal	  regula<on	  between	  postmito<cally	  expressed	  TFs	  
to	  obtain	  progressive	  refinement	  of	  neural	  subtype	  iden<ty	  
during	  cor<cal	  development	  	  
	  
	  

Mito<c	  vs	  Postmito<c	  



Do	  IPCs	  merely	  expand	  neuronal	  
produc1on	  or	  instead	  make	  dis1nct	  
types	  of	  neurons?	  

A	  further	  level	  of	  complexity…..	  



The	  four	  major	  classes	  of	  neocor<cal	  precursors:	  
dis<nc<on	  based	  on	  differen<al	  TF	  expression	  
1-‐RGCs	  (Pax6+;Tbr2-‐)	  
2-‐aIPC	  (SNP)	  (Pax6+;Tbr2-‐)	  
3-‐bIPC	  (Tbr2+)	  
4-‐bRGC	  (Pax6+;Tbr2-‐)	  
	  
	  

In	  utero	  electropora<on	  (E14.5):	  
-‐Tbr2	  regulatory	  sequence-‐Cre	  
-‐dual	  fluorescent	  report	  plasmid	  	  



Analysis	  at	  P21	  
	  
Tbr2+(red)	  and	  Tbr-‐(green)	  neurons	  are	  located	  in	  layer	  2/3	  
	  
	  

à Separately	  fate	  mapped	  neuronal	  precursors	  simultaneously	  generate	  	  
pyramidal	  neuron	  descendant	  fated	  to	  the	  supragranular	  layers	  



BUT	  
	  
	  
-‐different	  func<onal	  
electrophysiological	  
proper<es	  

higher	  excitability	  	  
of	  Tbr2+	  neurons	  



AND	  
	  
-‐different	  neuronal	  morphology	  

Mul2ple	  lineages	  of	  neural	  precursors	  in	  the	  fetal	  dorsal	  telencephalon	  
simultaneously	  produce	  pyramidal	  neurons	  with	  significantly	  different	  structural	  and	  
func2onal	  proper2es	  even	  when	  they	  are	  des2ned	  to	  reside	  within	  the	  same	  
neocor2cal	  



Fezf2 Ctip2 Sox5 Tbr1 RORB Cux1 Satb2 Lmo4 
Bhlhb5 

Modified from Gaspard & Vanderhaeghen, 2011 

Key	  determinants	  of	  neuronal	  specifica1on	  	  

What	  is	  the	  role	  of	  individual	  genes	  in	  controlling	  the	  specifica<on	  and	  
development	  of	  dis<nct	  projec<on	  neuron	  subtypes?	  



Lamina	  and	  subtype-‐specific	  genes	  in	  the	  mouse	  neocortex	  

Molyneaux	  et	  al.,	  2007	  

*genes	  which	  laminar	  or	  subtype	  expression	  vary	  by	  
area	  within	  the	  neocortex	  

à The	  combinatorial	  code	  is	  	  
temporally	  dynamic	  (eg.	  C2p2)	  

à Transcript	  expression	  does	  not	  
always	  reflect	  protein	  
distribu<on	  (e.g	  C2p2	  mRNA	  in	  
progenitors	  +	  postmito2c;	  protein	  only	  
postmito2c)	  

à Each	  neuronal	  popula<on	  is	  
heterogeneous	  (combinatorial	  
code)	  



+	  VIDEO	  +	  web	  site	  
Molyneaux	  et	  al.,	  2015,	  Neuron	  85,	  275–288	  



Transcriptome	  of	  three	  different	  subpopula1ons	  of	  cor1cal	  pyramidal	  neurons:	  
	  
1-‐immunostaining	  against	  unique	  combina<ons	  of	  transcrip<on	  factors	  (CTIP2,	  TLE4,	  and	  
SATB2)	  
2-‐fluorescence-‐ac<vated	  cell	  sor<ng	  (FACS)	  	  
3-‐whole-‐transcriptome	  analyses	  by	  massively	  parallel	  RNA	  sequencing	  	  
	  
	  

In	  total,	  	  8,864	  genes	  iden<fied	  with	  
significant	  differen<al	  expression	  	  

	  
•  subcerebral	  projec1on	  neurons	  (ScPN	  –	  high	  

CTIP2,	  low	  TLE4	  and	  SATB2)	  	  
•  callosal	  projec1on	  neurons	  (CPNs	  –	  high	  Satb2,	  

no	  CTIP2	  and	  no	  TLE4),	  	  
•  cor1cothalamic	  projec1on	  neurons	  (CThPNs-‐

high	  TLE4,	  moderate	  CTIP2	  	  and	  low	  Satb2	  )	  



Nature	  Neuroscience	  2016	  

A	  large	  repertoire	  of	  Cre	  driver	  lines	  crossed	  to	  loxP	  tdTomato	  (tdT)	  reporter	  lines	  was	  used	  to	  label	  dis<nct	  neuronal	  
popula<ons	  in	  the	  mouse	  visual	  cortex.	  	  
	  
Specific	  layers	  of	  the	  primary	  visual	  cortex	  were	  microdissected	  from	  freshly	  sec<oned	  adult	  mouse	  brains,	  and	  single	  
neurons	  from	  these	  samples	  were	  purified	  by	  fluorescence-‐ac<vated	  cell	  sor<ng	  for	  use	  in	  single-‐cell	  RNA-‐seq.	  	  
	  
Cluster	  analysis	  was	  conducted	  agnos<c	  to	  the	  reporter	  line	  of	  origin.	  The	  resul<ng	  clusters	  were	  assigned	  to	  49	  
transcrip1onally	  defined	  cell	  types,	  42	  of	  them	  neuronal,	  highligh<ng	  the	  molecular	  diversity	  in	  classes	  of	  cor1cal	  
excitatory	  and	  inhibitory	  neurons.	  PV,	  parvalbumin;	  SST,	  somatosta<n;	  VIP,	  vasoac<ve	  intes<nal	  polypep<de;	  Ndnf,	  
neuron	  derived	  neurotrophic	  factor;	  NGS,	  next	  genera<on	  sequencing.	  	  
	  



à only	  combinatorial	  gene	  expression,	  and	  not	  single	  
molecules,	  can	  dis<nguish	  one	  popula<on	  of	  PNs	  from	  
another	  

	  
à The	  combinatorial	  code	  is	  	  temporally	  dynamic	  

à Transcript	  expression	  does	  not	  always	  reflect	  protein	  
distribu<on	  (e.g	  C2p2	  mRNA	  in	  progenitors	  +	  postmito2c	  SCPN;	  protein	  
only	  postmito2c	  SCPN)	  

à There	  is	  regional	  molecular	  heterogeneity	  within	  defined	  
popula<ons,	  such	  that	  neurons	  in	  dis<nct	  cor<cal	  areas	  
have	  unique	  gene	  signatures	  

à Molecular	  analysis	  suggests	  the	  existence	  of	  many	  
	  	  	  	  	  	  more	  classes	  of	  PNs	  than	  currently	  recognized	  	  

Specifica1on	  and	  development	  of	  dis1nct	  projec1on	  neuron	  subtypes	  


