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Example	
  from	
  Epilepsy	
  Analysis

• None



• Absence	
  epilepsy	
  is	
  a	
  common	
  childhood	
  disorder	
  featuring	
  
frequent	
  corticothalamic spike-­‐wave	
  seizures	
  associated	
  with	
  
behavioral	
  arrest.	
  

• The	
  stereotyped	
  EEG	
  signature	
  is	
  
often	
  assumed	
  to	
  reflect	
  global	
  
hypersynchrony of	
  neuronal	
  firing	
  
among	
  all	
  cortical	
  layers

• The	
  stargazermouse	
  model	
  of	
  
absence	
  epilepsy	
  has	
  frequent,	
  spike-­‐
wave	
  seizures	
  associated	
  with	
  
behavioral	
  arrest.	
  



• The	
  mutation	
  in	
  
stargazer	
  mice	
  leads	
  to	
  
loss	
  of	
  the	
  TARP	
  subunit	
  
CACNG2,	
  which	
  results	
  
in	
  mis-­‐trafficking	
  of	
  
dendritic	
  AMPA	
  
receptors	
  in	
  fast-­‐spiking	
  
interneurons	
  in	
  the	
  
neocortex	
  and	
  
thalamus.

Stargazin: PV-­‐specific	
  cortical	
  expression

Maheshwari	
  et	
  al,	
  Frontiers	
  in	
  Cellular	
  
Neuroscience,	
  2013
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Which	
  cells	
  are	
  
affected	
  in	
  
neocortex?

How	
  does	
  it	
  
alter	
  the	
  
network?	
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However this has not been tested in vivo in the 
functioning cortical circuit at cellular resolution



Kherlopian	
  et	
  al	
  (2008)

In	
  vivo 2-­‐photon	
  microscopy



In	
  vivo	
  two-­‐photon	
  microscopy
• The	
  calcium	
  signal	
  is	
  a	
  well-­‐established	
  
surrogate	
  measure	
  of	
  electrical	
  activity	
  
in	
  neurons.	
  

• We	
  recorded	
  neuron	
  and	
  neuropil	
  
activity	
  profiles	
  chronically,	
  in	
  awake	
  
stg/stg	
  mice,	
  using	
  GCamp6,	
  while	
  
simultaneously	
  recording	
  EEG.	
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800  µm

Approximate  location  of  z-­stack



Example	
  of	
  simultaneous	
  EEG	
  and	
  calcium	
  imaging
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The	
  majority	
  of	
  neuronal	
  and	
  neuropil	
  activity	
  is	
  significantly	
  suppressed	
  during	
  
seizures	
  in	
  mouse	
  V1	
  L2/3
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Asynchronous  suppression  of  visual  cortex  during  absence  seizures
Jochen Meyer1,  Atul Maheshwari1,  Jeffrey  Noebels*  and  Stelios  Smirnakis*+
(Nat  Comm,  under  review)



Patch-­‐clamp	
  recordings	
  in	
  a	
  subset	
  of	
  animals	
  corroborate	
  
the	
  predominant	
  ictal-­‐low	
  character	
  of	
  L2/3	
  neurons

Mean±SEM ictal  and  interictal firing  rates  calculated  from  action  potentials.  
8  of  9  cells  were  deemed  ictal  low  (A),  whereas  1  cell  was  ictal  high  (B);;  
*p<0.005,  Mann-­Whitney  U  test.



Patched	
  Pyramidal	
  Neuron	
  summary

In te r ic ta l Ic ta l
0

5

1 0

1 5

S
p
ik
e
s
  R
a
te
    
(H
z)

*

• 15	
  ictal	
  lows,	
  2	
  ictal	
  highs
• Wilcoxon	
  paired	
  rank-­‐sum	
  p=0.0092



Is this specific for L2/3?



Neurons  by  both  class  and  layer
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Ictal	
  Low	
  Neuron	
  Seizure	
  Participation
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Temporal	
  coupling	
  with	
  seizures	
  is	
  loose,	
  spatial	
  arrangements	
  change	
  over	
  time.

Day	
  1,	
  1st recording Day	
  1,	
  2nd recording Day	
  4 Day	
  8

The	
  same	
  group	
  of	
  neurons	
  imaged	
  chronically	
  over	
  8	
  consecutive	
  days

=	
  ictal	
  high	
  neuron

24
0  
µm

=	
  ictal	
  low	
  neuron
=	
  neutral	
  neuron



Subthreshold	
  oscillations	
  can	
  coincide	
  with	
  seizures
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However    neuronal  engagement  to  seizures  is  flexible



What happens to synchrony?



Pair-­‐wise	
  synchrony	
  drops	
  significantly	
  during	
  seizures,	
  in	
  
both	
  neurons	
  and	
  neuropil	
  patches.
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(160  seizures)

Pooled  data  from  all  animals



Synchrony	
  is	
  reduced	
  across	
  layers

Neuronal  pairs Neuropil-­Patch  Pairs
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How do interneurons behave ?



Identification	
  of	
  Interneurons

CLARITY:
Clear  Lipid-­exchanged  
Anatomically  Rigid  

Imaging/immunostaining-­
compatible  Tissue  hYdrogel



Chung	
  et	
  al	
  (2013)



Post-­hoc  CLARITY  and  immunostaining  
identifies  PV+  interneurons

In  vivo PV

0  um
(Pia) 213  um

264  um
358  um

Reconstruction  of  PV+  IHC
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Atul Maheshwari
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76	
  SST/PV	
  Interneurons:	
  largely	
  ictal	
  low

• Total	
  number	
  of	
  interneurons	
  (mix	
  from	
  all	
  
layers)
– Dlx (SST/PV):	
  47	
  – 4	
  neutral,	
  43	
  ictal	
  low	
  
– SST:	
  15	
  – 1	
  ictal	
  high,	
  2	
  neutral,	
  12	
  ictal	
  low
– PV:	
  14	
  – all	
  ictal	
  low



• Cortical	
  activity	
  is	
  suppressed	
  in	
  stargazer	
  mice	
  area	
  V1	
  during	
  
absence	
  seizures.	
  Both	
  neurons	
  and	
  neuropil,	
  behave	
  similarly.	
  
SST/PV	
  interneurons	
  are	
  also	
  predominantly	
  ictal	
  low.

• The	
  coupling	
  of	
  neurons	
  to	
  seizure	
  activity	
  is	
  dynamic	
  on	
  time	
  scales	
  
of	
  minutes	
  to	
  hours,	
  ictal	
  lows	
  are	
  more	
  stable	
  than	
  ictal	
  highs,	
  but	
  
neurons	
  can	
  change	
  their	
  character	
  in	
  long-­‐term	
  recordings.

• Surprisingly,	
  pair-­‐wise	
  synchrony	
  between	
  pyramidal	
  neurons	
  is	
  also	
  
lower	
  during	
  seizures	
  (caveat	
  – we	
  cannot	
  exclude	
  that	
  a	
  subgroup	
  
of	
  neurons	
  may	
  intermittently	
  synchronize	
  at	
  a	
  much	
  finer	
  time–
scale,	
  but	
  on	
  average	
  desynchronization	
  seems	
  to	
  be	
  the	
  rule).

• This	
  is	
  not	
  due	
  to	
  increased	
  interictal locomotion	
  or	
  generally	
  higher	
  
firing	
  rates	
  between	
  seizures.

Conclusions



Can we start to understand the circuit pathophysiology?

Xiaolong Jiang,  Baylor  College  of  Medicine
Pre-­eminent  Patch  Guru  
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Surprisingly…

Large  
PC-­>  PV  IN  deficit  in  L5  

littermates
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L2/3PV+ BC	
  -­‐>	
  L2/3MC

2)	
  L2/3Pyr	
  -­‐>	
  L2/3PV+ remain	
  intact,	
  but	
  L5Pyr	
  -­‐>	
  L5	
  PV+	
  

1) L2/3Pyr	
  -­‐>	
  L2/3MC

Summary	
  of	
  (preliminary)	
  circuit	
  deficits	
  in	
  stg

L2/3	
  MC	
  -­‐>	
  interneurons

WT Stargazer
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-­

+ +
-­
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How does this result in ictal low pyramidal, 
SST and PV neurons? (preliminary hypotheses)

• Failure of Martinotti to inhibit 
interneurons, including the NGF 
cells, who are one of the master 
regulators and could inhibit most 
other cell types. 

• Alternatively, lower feed-
forward drive from the 
thalamus?



“There are more things in heaven and Earth, Horatio, 
than are dreamt of in your philosophy”

CONCLUSIONS  
• Cortical activity is suppressed and, on average, de-correlated in stargazer 

mice area V1 during absence seizures.

• The coupling of neurons to seizure activity is flexible from minutes to hours. 

• Decreased PC to PV IN connectivity strength expectations from immuno-
histochemical analysis were supported physiologically in L5 but not L2/3 

• Circuit analysis revealed multiple connectivity abnormalities, notably increased 
PV inhibition of L2/3 Martinotti cells, which fail to suppress other INs.

• We mostly observed ictal suppression in all cell types examined so far, 
suggesting this is driven by a master inhibitory regulator or the thalamus 

• An intensive, focused, interdisciplinary approach is required to dissect circuit 
function in well-defined epilepsy models, in order to fully understand circuit 
malfunction and identify appropriate circuit targets for therapy.
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Anatomy	
  of	
  the	
  Circuits	
  is	
  Complicated
(but	
  important	
  principles	
  can	
  still	
  be	
  extracted)





3  types  of  interneurons:    2  master  regulators,  Interneuron  selective  (not  locally  regulated  and  not  self-­ inhibitory),    
Pyramidal  specific  (locally  regulated,  typically  self-­inhibitory)



Douglas  and  Martin  – Mapping  the  ways  of  the  neocortex  
(2008)







Computation  Flow  Between  
Groups  of  Neurons  

Douglas  Martin  //  Abeles  
//Vaadia

Temporal  firing  patterns  of  single  
units,  pairs  and triplets of  units  
in  the  auditory  cortex.
Vaadia E,  Abeles  M.
Isr J  Med  Sci.  1987  Jan-­
Feb;;23(1-­2):75-­83.













How	
  does	
  the	
  code	
  remain	
  stable	
  
wrt to	
  internal	
  fluctuations?



Stability	
  of	
  the	
  Code	
  on	
  the	
  Face	
  of	
  internal	
  fluctuations
(Internal	
  gain	
  modulations,	
  but	
  not	
  changes	
  in	
  stimulus	
  contrast,	
  preserve	
  the	
  neural	
  
code.	
  S	
  Lee,	
  J	
  Park,	
  SM	
  Smirnakis)

Multi-­neuronal  Code  is  
not  invariant  wrt contrast



but  it  is  invariant  wrt internal  state





Principles/Open	
  questions	
  
• Inherent	
  ambiguity	
  in	
  neuronal	
  firing	
  – how	
  does	
  this	
  get	
  resolved	
  – why	
  

does	
  it	
  occur	
  in	
  the	
  first	
  place?	
  
• What	
  are	
  some	
  of	
  the	
  properties	
  that	
  the	
  representation	
  of	
  information	
  

on	
  the	
  cortical	
  circuit	
  should	
  have?
• Canonical	
  Computations?	
  Normalization (Carandini – Heeger)?
• Internal	
  Circuit	
  Rhythms	
  //	
  State	
  Dependent	
  modulation	
  of	
  neural	
  

responses– How	
  does	
  the	
  representation	
  of	
  information	
  remain	
  stable?	
  
• Transformation	
  of	
  information	
  representation	
  -­‐-­‐-­‐ projective	
  to	
  Euclidean	
  

geometry	
  – advantages?
• When	
  is	
  representation	
  stable	
  and	
  when	
  is	
  flexible?	
  How	
  does	
  the	
  

computation	
  remain	
  stable	
  on	
  the	
  face	
  of	
  flexible	
  representations?	
  How	
  
does	
  information	
  get	
  transmitted	
  through	
  successive	
  stages	
  without	
  
apparent	
  degradation	
  in	
  the	
  brain	
  (von	
  Neumann)?

• Many	
  inter-­‐neuronal	
  types	
  – what	
  type	
  of	
  control	
  does	
  each	
  one	
  exert?	
  
What	
  is	
  its	
  impact	
  on	
  decoding	
  or	
  learning?

• How	
  do	
  networks	
  behave	
  during	
  learning	
  /	
  forgetting?	
  
• What	
  network	
  behavior	
  allows	
  complexity	
  (or	
  “creativity”)	
  to	
  emerge?


