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o Brain Oscillations?

]

Rhythmic neural activity in the central nervous system

o Physiology of High Frequency Oscillation (HFO)

]

First EEG pattern described: 8-12 Hz alpha waves by Hans Berger

]

By-product of neuronal activity vs. Essential part of brain function?

o Physiologic vs pathologic HFO?

o Functions

o HFO in temporal lobe epilepsy

. . . 1) Input selection and plasticit
2 HFO in neocortical epilepsy 2; B'pd' - bil)' . J
indin ell assemblie

2 Future STUdy 3) Consolidation and combination of learned information
4) Control of single neuron activity by phase info

5) many more...

Frequency Spectrum of EEG waves

High Frequency Oscillation (HFO)

Classification and Terminology of HFO

| |
o Short-term synchronization of neuronal activity
o Fast oscillations (>80 Hz) described since early 1990s
o Also called fast activity, high frequency activity, very fast
oscillations
Ultra-slow / Slow Cyclic Modulation of Gross Excitability o Further attempts to sub-classify HFO in different frequency
(DC~1 Hz) bands
Delta (1~4 Hz) Slow-wave Sleep 1) Ripple (80-200 Hz): physiological activity in hippocampus
Theta (4~8 Hz) Learning and Memory (especially in MTL) (Buzsaki et al, 1992)
Alpha (8~12 Hz) Synchronous, coherent activity of thalamic pacemaker 2) Fast Ripple (200-500 Hz): in epileptic tissue (Bragin et al,
cells (predominantly in occipital lobe) 1 999, 2004)
Beta (12~30 Hz) Movement control, Long-range Synchrony o Distinction not so clear = pathological ripples, HFOs above
Gamma (30~80 Hz) Perception, Memory, Consciousness (2) 600 Hz in normal somatosensory corfex

Ripple (80~200 Hz) Memory consolidation
Fast ripple (200-500Hz) Epileptic, 22
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Big Question in Physiology of HFO General Mechanisms of HFO Generation
| |
1) Interneuron Theory
. 2)  Synchronous Action Potential Firing of a Group of
How can groups of neurons achieve o .
Principal Cells (pyramidal cell or granule cells)
coordinated and SYnChromzed flrmg i. Excitatory Coupling between Pyramidal Cells
in such a hlgh frequency? ii. Electrotonic Coupling (gap junctions)
iii. Ephaptic Interactions (field effect)
Interneuron Theory Interneuron Theory
= e Voltage depth profile analysis
5 SoesaHe 16 ¢ annels _CAl-dentate gyrus axis
o HFOs can result from | l From CA3 ) o SR ks i
summation of IPSPs on v4 4 v4 s . T3 :
” b,
pyramidal neurons H kS L
. g e
o Interaction between Fast 2 P
i wonohilll
Spiking Interneurons and S & et sy
. wm‘w‘w\r
Regular Spiking =2 o
Pyramidal Cells L
i s T e e
o Extensively studied in Rat . , R
Hippocqmpus CAl in Hippocampus, :”v\m 7 g Al Regular spiking pyramidal cells fire < 40 Hz
Blue: Pyramidal Neuron, “ m\rﬁ\"”{r‘” ‘m‘NMMMN’M > How can they fire at ~200 Hz?2
Red: Interneuron ‘\‘M"v/\v - .
o Vg " oase }ﬁfﬁmw'tr\}*}\f,\gv ) _
(Ylinen et al, 1995, J. Neurosci)
Interneuron Theory Interneuron Theory
| |
o Role of Interneurons o Diverse Interneurons come into play for the generation of HFOs
1) CA3 input excites Interneurons in : o . . 5
Palvalbumin-positive Basket Cell Palvalbumin-positive Axo-axonic Cell
I l AP From CA3 CAl
il 2) Rhythmic Firing of Interneurons o
(transient firing at ~200 Hz) E VA 'A am‘wa‘:
3) Rhythmic IPSP (Inhibitory Post- wv.vwwww/\MmMA VAR A et | ~/\ ﬁ oo
Synaptic Potentials) on CA1
*‘ Pyramidal Cells .____,____.._...,.....,_.,____._..__|
‘ L 4) Temporal Window during which
Pyramidal Cells are able to fire Projecting on soma of pyramidal cell Projecting on axon initial segments
Action Potentials Oriens-lacunosum-moleculare (O-LM) Cell
5) Resulting Summation of IPSPs on s
Pyramidal Cells generates low- \W'“‘“‘"/VW\AIVW\’W”‘N‘NV‘M‘ |
amplitude high-frequency field
One interneuron z:f:n influence oscillations mwmm*|
several pyramidal cells
-> synchronous firing of pyramidal cells (Klausberger et al, 2003, Nature)
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Introduction and Clinical use of HFO (High Frequency Oscillation)

Interneuron Theory Interneuron Theory

] |7 Depth microel {es in human hipp pus to record ripples

W WJ‘AW“ W‘ L*'lw.: oy Ripple

—
KB1ouo-31

PC1 0 50 m".??ms) 150 200
pPC2 . i
= PC3 Pyramidal Cell Controls the firing,
s PC4 providing e
9 temporal window - MR
L I Basket Cell E wace TN o
é Ilm‘t 2 zlwr):iS) ol
o
w AAC Axo-Axonic Cell interneurons A
Cellular mechanism of
Ripple Generation in
Om | O-LM Cell ne 52 | Human same as rodents
5t S|INT I and non human primates
Time e wer (Le van Quyen et al, 2008, J Neurosci)
General Mechanisms of HFO Generation Excitatory Coupling between Pyramidal Neurons
| |

Bursting pyramidal cell

1) Activation of one pyramidal
neuron (bursting pyramidal
cell) would result in EPSP
(Excitatory Post-Synaptic
Potential)

2) EPSP causes subsequent

// Q% depolarization at post-
synaptic pyramidal neurons

3) Synchronous Firing of

[ One Group J { Another Group J Synaptically Coupled Neurons

1) Interneuron Theory

b4
X

2)  Synchronous Action Potential Firing of a Group of
Principal Cells (pyramidal cell or granule cells)

i. Excitatory Coupling between Pyramidal Cells

ii. Electrotonic Coupling (gap junctions)

iii. Ephaptic Interactions (field effect)

of Neurons of Neurons

Excitatory Coupling between Pyramidal Neurons General Mechanisms of HFO Generation

‘ Rat Hippocampal Slice (In vitro) ‘

SR K: Facilitate synaptic transmission K+(4-6 min)

Control K*(1-3 min)
100 pA Field 1, MUA r". '
Field. CA3
WW Field 2, MUA
o1 mv |01 mv

Q- mu ”ﬁ'\/“\/\ NBQX: block synaptic transmission . ) X . :
Contiol ii. Electrotonic Coupling (gap junctions)
NBQX, D-APV(2-3 min)

Fast ripple
(100-500 Hz) min;
W \ronrre Fiod mew\& W\. P iii. Ephaptic Interactions (field effect)

1) Interneuron Theory

2)  Synchronous Action Potential Firing of a Group of
Principal Cells (pyramidal cell or granule cells)

i i. Excitatory Coupling between Pyramidal Cells

(us 1k Hz) Field 2 {‘m —”WV\P’ || L
0.1 mv
05 ) IWK, (UL

20 ms m ms

Excitatory synaptic transmission

(Dzhala and Staley, 2004, J Neurosci)
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Electrotonic Coupling

1) An action potential in one
pyramidal cell (blue) may
propagate through axons

2) Action potentials “jumps” into
adjacent neurons (orange)
through gap junctions

3) If depolarization is sufficient
to trigger action potentials in
neighboring neurons, then
these fire in synchrony

Electrotonic Coupling

i,

.

: ‘{h Calcium
Nl Joms pe R

Average

| 20mv

Soma

i Halothane
Contol -

- - =

Axon

20|
15150 ms

W, e

(Traub et al, 1999, Neuroscience), (Draguhn et al, 1998, Nature)

50ms

Computer simulation predicts gap
junctions are located in axon-axon
junction to effectively generate HFOs

Electrotonic Coupling
[ Mossyfiber axonsinrat dorsal hippocampus |

CA3 stratum lucidum
s ;.\' 3 £ * Existence of Gap

Junctions in axo-axonic

junction has been

postulated based on

electrophysiological,
modeling and dye-
coupling study

~ * First evidence for
existence of axo-axonic
gap junction in dentate
granule cells

* Important for the
generation of HFO

(Hamzei-Sichani et al, 2007, PNAS)

General Mechanisms of HFO Generation

1) Interneuron Theory

2)  Synchronous Action Potential Firing of a Group of
Principal Cells (pyramidal cell or granule cells)

i. Excitatory Coupling between Pyramidal Cells
ii. Electrotonic Coupling (gap junctions)

iii. Ephaptic Interactions (field effect)

Ephaptic Interaction (Field Effect)
-

1) One neuron (blue) generates
action potential

2) Depolarizing currents underlying
the action potential flow in the
extracellular space can generate
electric fields

3) This electric field can depolarize
adjacent neurons (orange)

4) If the field effect is sufficiently
strong, it can trigger action
potential firing in the
neighboring neurons.

Ephaptic Interaction (Field Effect)

e e SN S e
— e A AN A A
oA A AN
A AN
A A

Field Potentials near Axon Hillock are
strong enough to evoke action potentials
in neighboring neurons

-> Closely located cells can be influenced

(Holt and Koch, 1999, J Comp. Neurosci)
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Introduction and Clinical use of HFO (High Frequency Oscillation)

Physiologic HFO
Physiological vs. Pathological HFOs .
Y 9 9 Sharp-wave Ripple Complex
] ] HFO recordings in depth electrodes during cognitive tasking in human
Grand average Grand average: time domain
0 Physiological High Frequency Oscillations 2
1) Sharp-wave associated Ripples in MTL %”
2) Somatosensory evoked High Frequency Oscillations g°
-10
0 Pathological High Frequency Oscillations
[} 1000 2000 =50 0 50 100 150 200
- Characteristics of pHFOs e ms) Ll
. . * Sharp-wave Ripple Complex: summated synchronous
= Epllep“c Process and Emergence of pHFOS IPSPs generated by subsets of interneurons that
_ pHFOs as a variant of normal HFOs?2 [ regulate the discharge of principal cells
£ * Sharp wave: Synchronous firing of CA3
= Relaﬁonship with pHFOs and Interictal Spikes % * Ripple Oscillations: Interaction between interneuron
. . . . 3 and pyramidal cells in CA1
o HFO in mesial TLE and neocortical epllepsY % * Important for memory consolidation: transfer
o Future Questions and Directions for HFO research informationffom hibpocampus foneocoriex; synaptic
o 40 80 12 60 200  Pplasticity
#of ripples
(Axmacher et al, 2008, Brain)
Pathologic HFOs (pHFOs):
Somatosensory Evoked HFOs . p
Burst of Population Spikes
- 77 8 i) 03 (616 s SIS 1) IR OB BT LI 311
* Pathological HFOs, especially
Fast Ripples, represent field
potentials of population spikes
from clusters of abnormally
synchronous bursting neurons
* Synchronous bursting neurons
postulated to play an important
role in epilepsy
* Physiological HFOs in rat barrel cortex during vibrissae or thalamic stimulation
« Similar oscillations found in Human during sensory peripheral nerve stimulation
= Rapid temporal integration of tactile sensory information m
* Mechanism unclear: may involve synchronous discharges from interneurons and 105nA |1|o"-xv - = oV
pyramidal cells that fire at preferred latencies corresponding to individual s0ms 10ms soms Pl
fyg::;::;tsz:i:::tigznno ey — Abnormally Bursting Neurons + Fast Synchronization Mechanisms = Fast Ripple!
.
(Sakura et al, 2009, J Clin Neurophysiol) (Bragin et al, 2007, Epilepsia), (Su et al, 2002, J Neurosci)
Epileptic Process and Emergence of pHFOs Neuronal Cell Loss and pHFOs
| |
. * Significant Inverse Relationship between FR/R
ol = ratio and Hippocampus Volume (FR:150~500 Hz,
Factors that can contribute to the generation of pHFOs Ll R:80~150 Hz)
= 5 g i * Hippocampal Sclerosis: extensive cell loss
o Neuronal Cell Loss (e.g. Hippocampal Sclerosis) 1 o % Efmasilyconserirafedih epiilapfic hippacampus
a pHFOS in non-lesional TLE2 . that shows significant sclerosis
= . I e * Significant correlation between Neuronal Cell
= Bursnng Neurons § Loss and Emergence of pHFOs
o Axonal Sprouting Y. I, S
o Gap Junctions o, G of F L
E o 0z I 0 H
i, T
) o 0
T TR g Y - psiatersl [ Contralateral
it ey (Staba et al, 2007, Epilepsia)
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Local Hippocampal Atrophy and pHFOs
-

Local Hippocampal Atrophy Fast Ripple (FR) Rate

Ipsi Contra * Rate of FR (150-500 Hz)
discharge 3 times higher
in area of significant local
HA than non-atrophic
areas

* Positive correlation
between FR occurrence
and severity of damage
in local HA region

* Neuronal cell loss and
subsequent synaptic
reorganization contributes
to generation of FR

Superior Aspect

]
@
a
3
<
s
@
a
5
@

Inferior Aspect

8
F
3
2
s
£
£

(Ogren et al, 2009, Ann Neurol)

Cell Loss not Pre-requisite for pHFOs
-

Almost all animal studies used Kainic Acid or Pilocarpine, which induces status epilepticus
and significant neuronal cell loss = Is neuronal cell loss required to generate FRs?

‘ Tetanus Toxin Model of Non-lesional TLE ‘ A 8
T s
" m >,.m Swe
mﬁnsm\t
ey
/5um 5’ " \uxn
—mm
—Cnnmv
E
T Noow e
< I
o 028V

(Jiruska et al, 2010, Brain)

Bursting Neurons and pHFOs

] Brief depolarzing current pulse

Acute Models of Epilepsy (HighK, Low Ca)
A

‘ Pilocarpine Model of Epilepsy

Sk s | SRIMEY Regular firing cell Spontaneous burster
w .
l ‘\j "N\ "_ L M
possc e g 4 e
k. A = T Toem
i e 50 ms
B ammcar 0 mM a2t 2mM cat* same

— 1 10my
J WOme tomy
T L o 1A -

- 14na - 20ms
- = e 10ms

* “Epileptic Neuron™: Transformation from regular spiking neuron to spontaneously bursting
neuron after epileptic insult (dysfunction of Ca channel implicated)
* Bursting neurons play important role in initiating abnormal population bursts (fast ripples!)

(Yaari and Beck, Brain Pathology, 2002)

Increased Excitatory Coupling in Epilepsy
|

Recurrent axons

Normal

Epileptic

/ ““”\H Ak
g i

Morphological Changes (Sprouting of Axons and Axon Collaterals)
-> Formation of New Synaptic Connections
-> HFO generating Neuronal Group = Epileptog is and Ictog

Hypothesis:
Pathologically Interconnected Neuronal (PIN)
Clusters

Gray: Normal Neuronal Group
Red: Pathologically
Interconnected Neuronal Clusters,
Capable of generating
pathological HFOs

Characteristics of PIN clusters

* Spontaneously bursting neurons

* Excessive Excitatory Coupling

* Increased Axo-axonic Gap Junctions
* Neuronal Cell Loss

* Increased Random Synaptic Activity
* maybe more

(Bragin et l, 2000, Epilepsia)

Clinical Use of HFO in patients with
epilepsy
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Introduction and Clinical use of HFO (High Frequency Oscillation)

HFO as Biomarker of Epileptic Brain
N

* Interictal HFO better indicator of SOZ than spikes (Jacobs et al., 2008)

Table3. Rates of

channels outside the seizure onset zone (NSOZ)
Evencope Raes0z RateNSOZ

V502 _herS02

HFO as Biomarker of Epileptic Brain

* Resection of HFO-generating areas
leads to better surgical outcome than
resection of irritative zone and SOZ
itself (Jacobs et al., 2010)

*HFO behaves similarly to seizures >
medication reduction leads to increase in
HFO rate, but not for spikes (Zelman et al.,
2009)

P2 Rousofsolstadhi roquocy sxciston uring medeston
provaamehA e ————

i i wodmeaees  Engel 1&2
& 2 = Patenis V % Engel 3&4
% o % ®
H e o e o etz
§ 20 e > Palent 12 5 -
: ™ 2®
i M af @ 2@ > &
o -—-.«/ o2 D)
6 2 4 6 8 0 u i i w & s @
[ s H

Foshipple/

Interictal Spikes and pHFOs

Type 1 vs Type 2 ripples: pHFO?

o HFO first identified in rodent models of MTLE and human
patients with MTLE using microwires (UCLA group)

O Most papers, using intracerebral depth electrodes, report that
interictal HFOs mark epileptic MTL, especially fast ripple >
controversy about ripple exists in MTLE

A4y B1O, .
: o]
.

FR

Ripple FR
4
£ B - - : )

i 25
Rate of FR occurrence
Y @
Rate of Ripple occurrence
~
WO EveNTS

““vﬂmﬁ/:/m - 'LA._ ‘ : =3 A B

ey e for ey o iy
iy

¢ N - L Ripples- L Fast Ripple——!
[ ipstateral [ Contraiateral
(Staba et al., 2004) (Staba et al., 2002) (Worrell et al., 2008)

| |
Depth electrod ling in 7 focal epilepsy patient: i i e .
bl o Type | : HFO superimposed on epileptiform discharges such as
86% % 8%
* i ° A ° A paroxysmal fast, spike, or sharp wave
{Fasttppls viaie i spike) i {Fast ppis vis)
o Type Il : HFO independent of epileptiform discharges
/ o Type | ripples : detected almost exclusively in the seizure onset
Red Spike? Green Spike? zone or primary propagation area
Unfitered M Ripple on a spike (Type I) Ripple on fast activity (Type |) Type :I ripple
/ / \ H,.,,‘,mw;;m
80 Hz X y ]
G i Y/ N\ 1
a00uv 300 souv %%n
Tooms Twoms Tooms fo
(Urrestarazu et al, 2007, Brain) T m—
. . . Our Observation: mesial TLE cases
HFO in Mesial Temporal Lobe Epilepsy . .
sbllqterql STI’IE elec'rrodes!
| |

— -
of T EE TR
B | o
w0 |
Fast | 2 | s
Ripple | = 3
5 s
0 o
s i - .
of T o= = ,
SOZ NSOZ 1Z NIZ
20, . -
= 0 .
20
Ripple | , )
0 T 1 "
é { g L [
s
¥ g |
SOZ Nsoz Iz NIZ
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HFO in Temporal Lobe Epilepsy

Subdural electrodes were able to detect ripple and fast ripple.

Both Ripple and Fast Ripple: lateralized to epileptic side

Fast ripple: more focal to mesial-basal temporal cortex

Ripple

A2

(Cho, Hong et al, 2012, J Clin Neurol)

zone

Our Observation: MTLE cases

Pathology showed cortical dysplasia

[m}

]

]

]

]

Our study in Neocortical Epilepsy

o 15 patients with neocortical epilepsy

subdural grids, strips and depth electrodes

Signal acquisition: Neuroscan SynAmps 2 system, 2kHz
sampling rate with 0.05 ~ 500 Hz bandpass filter
setting, at least >6 hours of interictal data

o 6 of 10-minute interictal segments

Seizure onset zone (SOZ):

Irritative zone (IZ): SOZ + electrodes with interictal
spikes

Statistical analyses: comparison of event rate in SOZ
versus NSOZ and IZ versus NIZ in each patient >
Wilcoxon test with Bonferroni correction to account for
multiple comparisons

“Validated”

« inple’
HFO Event Fast Ripple

Amplitude:5.75 gV
Duration: 20.5 ms
Frequency:297 Hz

Bandpass Filter &

Hilbert Transform Quntfication

Amplitude
& Duration
Threshold

Comparison with
Local Background
Amplitude

Ripple Count with

L.
i H
Rectified Signal Power Band Ratio o) I

Putative
HFOEvent

AMMWWM

Examples of Neocortical HFOs

o]
m
m

;

Detected HFOs

: D Ripple
§wi

Quantification of

:I A

Fast Ripple
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Introduction and Clinical use of HFO (High Frequency Oscillation)

Individual Statistics

Channel Count Fast Ripple Ripple

Patient # SOZvsnon-SOZ IZvsnondZ  SOZ  nonSOZ 1z
1 3vs6l 8vs 56
2 6vs8a 17vs73 067 (054) 067 (103) 067 (0.9) 0.33(L01) 167 (213) 133(121) 167 (1.79) 133113
3 3vs 57 25vs35  233(329) 0(7.26) [067(893) 0(042) 617 (684) 183 (5.18)
4 9vs 53 28vs34 467 (063) 4.67(073)
s 9vs 93 13vs 89 0(162) 033(L16) 033 (243) 0.33(0.77) | 36
6 8vs76 54.vs 30 1133 (1. 35) 800 (979) 350 (L1 733637
7 2vs62 13 vs 51 033(132) 1 133(322) 1.00 (0.80)
8 10vs % 30vs76 |38 00/(1:25), 2.00 (4.47)
9 14 vs 90 46v58 117020 1000069 100087 100 (068) 1300 (1241) 1050 (350) 14
10 Svs 59 13vssl 6 1400 GL29) 1700 (952 19.17 (1699) 1650 671)
1n 3vs61 9vs 55 1
12 9vs 54 20vs 43 3 331067 (139811467 (16011267 (1410)1467 (16.41)
13 6vs88 12vs82 143 5) 1 )100(061)] 0(354 067(129 0(360) 067 (087)
14 3vs61 8vsS6 033091 017(112) 033(093) 017097 ( 0C 33(312) 250 343)
15 Tvs121 225106 278) 2.00

* Number in each cell indicates median rate (/10 min) with standard deviation in parenthesis
+ IZ (Irritative Zone) = SOZ + Spike-generating Region

« Either fast ripple or ripple are increased at least in IZ compared to non-epileptogenic region in all patients (Note that
some did not reach statistical significance, only showing trend)

Specific Examples - 1
-
A Fast Ripple

e

[Ea—

© Etectrode of Ictal Onset

Cavernous
angioma

© FEectrode with Spikes

Ripple

~* ~—*7

FR Events /10min

Specific Examples - 2

© Electrode of Ictal Onset

© FEtectrode with Spikes

By gy

FREvents /10min

FREvents/ 0min

HFO in Neocortical Epilepsy

o Both ripple (R) and fast ripple (FR) : well detected in
neocortical epilepsy with subdural electrodes

o Both R and FR : significantly more detected in SOZ than non-
SOZ, but FR was more localized to SOZ than R.

o Higher resection rate of HFO : better surgical outcome

Grouped S‘inglevpaiicnl
=
Fast Ripple B Ripple
- 2

oy s
I 1= [
e id
il i,
H 1 i
i L

ol ol

&‘f 4,1 b g 0 N

Representative patient: both FR and R are increased in SOZ

(Cho, Hong et al, 2014, Epilepsia)

Problems to be Solved
-

o Distinction between
‘ physiological versus

Ripple 115Hz

i pathological HFOs:
“need more than
frequency range, maybe
ome spatial profile,
morphology, relationship
with other interictal
activity etc.

In Dentate Gyrus,
where
physiological
ripple never
occur, 115 Hz
oscillations are
pathologic!

FR225H2

FR: abnormally synchronous
bursting of population spikes

R: summation of IPSPs on pyramidal

Problems to be solved

|
o Cellular mechanism

o Role of individual neuronal subtype
=» Optogenetics may be a solution

py_ChiA2 mChorn

40 Hz Stimulation in PV-Cre

Lgnt TV TAT IR
MNWMNM«WN

LFP (30-50 Hz) v
5 EIIES P TVRT e BA ST
L LM TR

100 ms

Cell-type specific expression of light- Driving PV-positive interneurons generates

neurons sensitive ion channels (Channelrhodopsin-2) gamma oscillations = causal role of PV
Green: PV interneuron, Red: Pyramidal Cell interneuronin fast oscillations
(Cardin et al, 2009, Nature)
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Problems to be solved

[
o Non-invasive detection (MEG) of pHFOs

!

{

]
(SIS
el
L

RS Rl R 2 e e

(KRISS in Korea)

New Treatment

o Pharmacology of HFOs

1 Can pHFOs be modified by existing AED or SSRI 2
u Levetiracetam, lacosamide, citalopram 2

1 Can pHFOs be selectively modulated by new drugs or other
interventions? (e.g. specific axo-axonic gap junction blocker?)
= Carbenoxolone and quinine 2

1 Understand mechanism of pHFOs further, and develop new
AEDs or other methods of intervention

Pasrs mértraros
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