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Two	  dis9nct	  problems

• Forward	  Problem:	  How	  do	  the	  transmembrane	  currents	  across	  
synapses,	  dendrites,	  axons	  &	  glia	  add	  up	  to	  give	  rise	  to	  the	  
extracellular	  poten9al?	  That	  is,	  how	  do	  the	  micro-‐variables	  
cons9tute	  the	  macro-‐variables?

• Inverse	  Problem:	  Does	  the	  extracellular	  field	  influence	  the	  
electrical	  proper9es	  of	  individual	  neurons	  or	  is	  the	  field	  useful	  
to	  the	  experimentalist	  but	  otherwise	  an	  epiphenomenon	  (like	  
the	  sound	  made	  by	  a	  bea9ng	  heart)?	  That	  is,	  do	  the	  macro-‐
variables	  influence	  the	  micro-‐variables?
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The	  forward	  problem

From	  neurons	  to	  the	  field	  
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Calcula9on	  of	  extracellular	  poten9al	  due	  to	  point	  source	  via	  
solu9on	  of	  Poisson’s	  PDE

Recall	  also	  the	  defini9on	  of	  the	  electric	  field

The	  brain	  as	  a	  physical	  system
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And	  histology We	  create	  3-‐D	  reconstruc9on

Arrows	  show	  electrode
track	  visible	  at	  20x	  

(most	  of	  track	  is	  in	  next	  sec9on)

Measured	  
loca9on	  

of	  electrode	  
track

then	  simulate	  in	  NEURON…Henze	  et	  al.	  J.	  Neurophysiol.	  (2000)

Simultaneous	  intra	  &	  extracellular	  recordings

6 July 12, 2011



Gold	  et	  al.	  J.	  Neurophysiol.	  (2006;	  see	  also	  Holt	  &	  Koch	  1999)

Simula9ng	  CA1	  pyramid	  D151
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Three	  “phases”:

• 1.	  phase	  is	  dominated	  by	  capaci9ve	  current:	  posi9ve,	  due	  
to	  ini9al	  membrane	  depolariza9on	  (is	  oben	  not	  present)

• 2.	  phase	  is	  dominated	  by	  Na+	  current:	  nega9ve,	  due	  to	  
influx	  of	  Na	  +	  during	  ac9on	  poten9al

• 3.	  phase	  is	  dominated	  by	  K+	  current:	  posi9ve,	  due	  to	  
efflux	  of	  K+	  during	  repolariza9on

All	  three	  currents	  are	  simultaneously	  ac9ve.	  	  The	  “phase”	  is	  
which	  current	  is	  dominant	  at	  the	  9me.

Canonical	  Extracellular	  Spike
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▲ = spiking cell
● = subthreshold cell
☐ = electrode shank

Schomburg,	  Anastassiou,	  Buzsaki	  &	  Koch	  	  (2011)

Modeling	  the	  LFP	  in	  Hippocampus
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Reiman,	  Anastassiou,	  Hill,
	  Koch	  &	  Markram	  	  (2011)

Modeling	  the	  LFP	  in	  Neocortex
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The	  inverse	  problem

How	  does	  the	  field	  influence	  neurons?	  
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Cable	  equa9on	  (Rall	  1962)	  together	  with	  proper	  

boundary	  condi9ons

The	  cable	  equa9on

−d2vm
dx2

+
ri
rm

(vm − vrest) =
d2ve
dx2

ve = v0 sin (2πfsx+ φs)

And	  an	  harmonic,	  sta9onary	  external	  field

Anastassiou, Montgomery, Barahona, Buzsaki & Koch J Neurosci (2010)
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In	  order	  for	  the	  ephap9c	  poten9al	  to	  become	  

and

with

The	  amplitude	  of	  ephap9c	  poten9als

Ω = 2πfsλ > 1 ΩL > 1

vm < 1.5v0

O(v0)

Anastassiou et al, J Neurosci (2010)
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Computer	  simula9ons

Anastassiou	  et	  al,	  J	  Neurosci	  (2010)

Theta Sharp wave

The	  expected	  ephapJc	  potenJals
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EPFL-‐Lausanne	  -‐	  12	  patch	  rig

Work	  with	  Costas	  Anastassiou,	  Rodrigo	  
Perin	  &	  Henry	  Markram
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Single	  cell	  measurements

S1

I1

R1

R2

R3R4

R6

R5

R7

50 µm

soma

Pharmacologically	  silenced	  synapJc	  acJvity:
• AMPA	  –	  CNQX
• GABA	  –	  Gabazine	  /	  Bicuculine
• NMDA	  –	  APV

• 14-‐16	  d	  old	  rats	  
• Somatosensory	  cortex
• Seal	  >	  2	  GOhm;	  average	  4.4	  GOhm
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Subthreshold	  measurements

Anastassiou,	  Perin,	  Markram	  &	  Koch,	  Nat	  Neurosci	  (2011)
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Subthreshold	  analysis

pA
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Iinj=100 nA, f=1-100 Hz (23 cells) Iinj = -150 to +150 nA, f =8 Hz (17 cells)

Subthreshold	  analysis

Ve

Vm

Vi

Vm

Ve

Anastassiou	  et	  al,	  Nature	  Neurosci.	  (2011)

As	  predicted	  by	  our	  model,	  the	  ephap4c	  poten4als	  in	  the	  subthreshold
domain	  are	  <	  1	  mV,	  far	  away	  from	  being	  able	  to	  ini4ate	  spikes
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Ephap9c	  coupling	  of	  spiking

	  A	  9	  sec	  sustained	  current	  is	  injected	  into	  the	  cell

Intracellular	  
sJmulaJon
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Popula9on	  vector
1	  Hz	  extracellular	  s9mula9on

25	  cellsp-‐values	  as	  calculated	  by	  the	  Rayleigh	  test

Control	  experiments	  performed	  before	  each	  extracellular	  s9m.	  experiment

I0= 25 nA I0= 50 nA I0= 100 nA I0= 200 nA

Field	  entrainment	  of	  spikes	  
leads	  to	  a	  non-‐uniform	  
spike-‐phase	  distribu9on
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Spike-‐field	  coherence	  (SFC)	  analysis
1	  Hz	  extracellular	  s9mula9on

I0 = 25 nA        I0=50 nA        I0=100 nA         I0=200 nA

Spike-‐triggered	  power

Spike-‐triggered	  average

Spike	  field	  coherence	  
(STA/STP)
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SFC	  analysis-‐summary

	  25	  cells
Significance	  levels	  as	  calculated	  by	  paired	  t-‐test	  fdr-‐corrected	  for	  mul9ple	  comparisons

Control	  experiments	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Extracellular	  sJmulaJon	  experiments

Anastassiou	  et	  al,	  Nature	  Neurosci.	  (2011)
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Func9onal	  implica9ons	  -‐	  SFC

Phase-locking of human MTL neurons 
to theta field potential

Rutishauser et al. Nature (2010)

Phase-locking of monkey V4 neurons 
to gamma field potential

Womelsdorf, Fried, Mitra & Desimone Nature (2006)

was approximately 43% higher in true-positive trials than in false-
negative trials (P5 0.00003, two-tailed paired t-test; 2.026 0.19%
versus 1.416 0.13%). As a control, we randomly reassigned the label
of true positive or false negative to the same set of learning trials and
conducted the analysis again (Methods). The difference in the SFCwas
abolished (Fig. 3b). In the analysis described above,wepooled neurons
from thehippocampus and amygdala, but the average theta-range SFC
was also significantly different for amygdala (n5 24, P5 0.0021) and
hippocampus (n5 9, P5 0.0024) neurons considered separately.

To further analyse thedata,weused the spike-triggeredaverage (STA).
The STA is constructed by averaging LFP segments of6480ms centred

on every spike. The resulting trace (Fig. 3c) deviates from zero if a
systematic relationship exists between spike timing and the LFP. In our
experiments, the STA of each significantly phase-locked neuron showed
strong oscillations in the 3–8-Hz range (Fig. 3c, d; see Supplementary
Fig. 9 formore examples). Comparing the STA (equalized for number
of spikes to avoid bias) between remembered and forgotten trials
illustrates the differences in phase-locking that predict the later
memory performance (Fig. 3c, d). A second measure, the spike-
triggered power (STP), quantifies the power of the oscillations that
are present in the LFP. It is calculated by averaging the spectra of
the individual LFP segments (each centred on a spike). The average
STP of all theta-locked neurons indicated the strong presence of oscil-
lations in the 4–8-Hz range (Fig. 3e). The power of the LFP at the time
of spike occurrence (quantified by the STP) did not distinguish,
however, between trials that were later remembered and those that
were forgotten (Fig. 3f).We also compared the power of the entire LFP
trace between remembered and forgotten trials and found no signifi-
cant difference (Supplementary Fig. 7). Stimulus presentation can
reset the phase of ongoing oscillations without changing their ampli-
tudes21. Inworkingmemory tasks, suchphase resets candiffer between
different trial types21. In our task, we found that the stimulus onset
also reset ongoing theta oscillations (Supplementary Fig. 11a). We
quantified phase resets for both true-positive and false-negative trials
using the inter-trial coherence and found no significant difference
(Supplementary Fig. 11c–g). Thus, the significant difference in the
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Figure 1 | Task, behavioural results and single-neuron example.
a, Structure of the task. b, Percentage of responses ‘new’ and ‘old’ as a
function of confidence. The highest probabilities for responses new and old
were 1 and 6, respectively. Error bars, s.e.m. (n5 14 sessions). c, The average
receiver operating characteristic of all subjects (average d9 value, 1.266 0.08;
average slope of the z-score transform of the receiver operating
characteristic, 0.766 0.02 (significantly less than 1, P5 0.003)). Each red
data point represents a confidence level, starting with the highest (6: old,
confident) in the lower left quadrant. The dotted diagonal line indicates
chance performance. d, The confidence level closest to the dashed diagonal
line was chosen as the threshold that divides remembered images (hits) from
forgotten images (misses) (red, individual sessions; blue, average). e, Single
neuron in the left hippocampus during learning. The image was presented
for 1 s (red lines). This neuron fired significantly more spikes following
stimulus onset than in comparison with baseline (P, 10210). f, The raw
waveforms for all spikes shown on the raster plot in e (n5 516). g, Average
firing rate of the neuron as a function of time. h, The firing rate of this
neuron did not differ significantly between stimuli that were later
remembered and those that were forgotten (true positive (TP) versus false
negative (FN), P5 0.99; n5 35 TP trials and 15 FN trials). Error bars, s.e.m.
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Figure 2 | Relationship between spikes and the theta oscillation (3–8Hz)
in the LFP. a, Raw signal recorded on a single microwire (2-Hz high-pass
filtered). b, Spikes (300-Hz high-pass filtered), recorded on the same
channel. All spikes (from multiple neurons) recorded on this channel are
shown. c, The low-frequency component of the signal shown in a (passband,
3–10Hz), together with a subset of the spikes (black) that were attributed to
the single unit shown in d. d, Top: interspike interval frequency plot and
waveforms from the single neuron shown in c. We note the twomodes of the
interspike interval. Bottom: enlargement of the 0–100-ms section of the top
plot. e, Significance of phase-locking (Rayleigh test) as a function of
frequency (1–180Hz, logarithmically spaced). The threshold (red line) for
significant phase-locking was set to P5 0.0018 (0.05/28, Bonferroni-
corrected). The neuron shown exhibited maximal phase-locking at 4.8Hz.
f, Histogramof spike phase for the 4.8-Hzoscillation. Themean phase (167u)
is near the trough (red; R5 0.11 (mean vector length), P, 1027, k5 0.22
(circular variance)). g, Histogram of the preferred phase of all neurons that
were phase-locked to an LFP oscillation in the 3–8-Hz range (n5 51 of 246,
21%). The red line indicates the phase notation used.
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0.2 mV

0.4 mV
0.8 mV1.6 mV

3.2 mV

Ephap9c	  coupling	  in
neuronal	  assemblies

Simultaneously	  injecJng	  100	  nA,	  
1	  Hz	  current	  into	  four	  neurons

Anastassiou	  et	  al,	  Nature	  Neurosci.	  (2011)
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Human	  tetrode	  recordings

Anastassiou,	  Hill,	  Koch	  &	  Fried	  (UCLA)	  	  	  
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In	  summary

• Subthreshold field effects < 1 mV, and behave as expected 
from cable theory
• Supra-threshold field effects on layer 5 pyramidal neurons can 
be remarkable strong at low frequencies of the LFP
• Such ephaptic effects help to synchronize populations of 
neurons irrespective of their synaptic interconnectivity
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