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Delayed Excitations from a Single Oscillator
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Summary of Experimental Evidence for Traveling Waves in Cortex of Awake Animals

System Frequency | ‘Band’ | Interstimulus Stimulus Phase gradient
(in Hz) activity activity across area
(in radians)
Molluscan olfactory 1 - Wave - =
procerebral lobe _ )
(Delaney et al. 1994) Synchrony
Turtle olfactory cortex
(Lam et al. 2000) 12 - - Wave ~ 3m/2
Rabbit olfactory cortex 50 Y - Wave ~ /2
(Freeman 1978)
Turtle visual cortex 3 - Wave Wave = /2
(Prechtl et al. 1997) 20 y _ Wave ~ 7 (plane)
2w (rotating)
Cat visuomotor cortex 10 o Wave - = /2
(Roelfsema et al. 1997) 20 - 40 v ) Synchrony _
Dog cortex
(Lopes da Silva & 8-12 o Wave - = /2
Storm van Leeuwen
1978)
Human
thalamus/cortex 40 Y Wave Wave ~T

(Ribary et al. 1991)




Coupled Oscillations in Nervous Systems

Experimental Evidence for Weak Coupling Between Oscillators

Electrical Waves During "Normal" Function

Linear Waves in an Invertebrate Central Olfactory Organ
(Consequence of an intrinsic frequency gradient)

Linear and Rotating Waves in Lower Vertebrate Visual System
(Linear part consistent with biased connectivity)

Insights into Cortical Function from Nonlinear Spectral Mixing
(Prospects for mapping spatial as well as temporal dynamics)



Transformation of a Dynamic System (N-dim) into a "Phase™” System (1-dim)

Closed Orbits

Conditions (met only approximately in practice): Weak Perturbations

Perturbation — Phase Shift (Ay)

Phase Space Projection

Infinite Relaxation Time

Perturbed path

Unperturbed path

=1t SensitivityePerturbation
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Phase Space Projection
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Perturbation
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The Phase Sensitivity Function
Calculation (Ermentrout & Kleinfeld 2000) vs. Experimental Data (Reyes & Fetz 1993)
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Experiment of Reyes and Fetz (J. Neurophysiol. 1993)
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Pairwise Interaction between Neuronal Oscillators, F(xpi - xpj)
is the Correlation of Presynaptic Activation with Postsynaptic Response
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Pairwise Interaction between Neuronal Oscillators, F(xpi -xpj)
is the Correlation of Presynaptic Activation with Postsynaptic Response
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Nature of the Pairwise Interaction is Revealed by the Phase Shifts
Between Two Reciprocally Connected Neuronal Oscillators
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Two Neuronal Oscillators with Synaptic Coupling

Minimal Model for Insight into Network Behavior
(Hansel, Mato & Meunier 1993, 1995; von der Vreeswijk, Abbott & Ermentrout 1994)

Simpliest phase sensitivity function: 7 (1)) = sin(+¢)) with ¥ = wt modulo(27)

Perturbation given by:  P(¢ ) = =—

Asymmetric part of the interaction controls Ay = ¢ — ¢/

(wr)* =1

D(Ay) = T(-A0) = o [* db Z(6+6)- P/ +6) < g S sin(Ag)

[1+ (w7)?]

0 [I(Ay) — T(-Ay)]
A

Stability (with our sign convention) requires <0

For inhibition (g < 0), synchrony (v' = v) is stable for 7 > %



Theory Meets Experiment

Pair-wise Reciprocal Inhibition among FS Interneurons in Neocortical Slice

Fireing Switches from Antisynchrony to Synchrony near 80 Hz
(data from Barry Connors Laboratory)
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Theory Meets Experiment

Pair-wise Reciprocal Inhibition among FS Interneurons

in Neocortical Slice Fire in Antisynchrony near 50 Hz (y band)
(data from Barry Connors Laboratory)
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Theory Meets Experiment

Synchronized Oscillations in Interneuron (g < 0) Networks
(Whittington, Traub and Jeffreys 1995)
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Central Olfactory Organ in the Terrestrial Mollusk Limax
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Decomposition of Optical Signal into Underlying Intracellular Potentials
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Phase Shift, Ay [radians]

Electrical Wave Propagation in the Central Olfactory Organ of Limax
(Delaney et al 1994; Kleinfeld et al 1994; Ermentrout et al 1996)
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Coupling of Two Oscillators with Different Intrinsic Frequencies

We take T'(¢ —¢') = —Tysin(yp — ¢)
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Wave Model for Limax
(Ermentrout, Flores & Gelperin 1998; Ermentrout, Wang, Flores & Gelperin 2001)
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isphere of Pseudemys scripta elegans

Transverse Nissl section through cerebral hem

- from P. S. Ulinski




Local Field Potential, V(t)

Current Source Density, -AZV(t)/Az2
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Voltage Sensitive Dye Imaging of Turtle Visual Cortex
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SPECTRAL POWER (Arbitrary Units)
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Demodulated Response at 18 Hz Versus Time
(Magnitude and Phase Plots)




Dominant Spatial Modes are Revealed
from a Spectral Decomposition (SVD) in Position (x) and Frequency (f)
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C.E. COSANS AND P.S. ULINSKI
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Isotropic Model

Data from Turtle Visual Cortex




Coupled Oscillations in Nervous Systems

Theoretical Overview

Experimental Evidence for Weak Coupling Between Oscillators
Direct Measurement of Phase-sensitivity Function, Z(vy)

Behavior of Pairs and Networks of Inhibitory Neurons

Electrical Waves During "Normal" Function

Linear Waves in an Invertebrate Central Olfactory Organ
(Consequence of an intrinsic frequency gradient)

Linear and Rotating Waves in Lower Vertebrate Visual System
(Linear part consistent with biased connectivity)

Insights into Cortical Function from Nonlinear Spectral Mixing
(Problem of Combining Proprioceptive, or Reference Signals, with Contact Signals)



Active Sensation by Rat:
Loop Dynamics in Vibrissa Sensorimotor Control

7Jl

Free Ranging Rat (Blindfolded) that is Whisking in Air in Search of a Food Tube
Consecutive Video Rate Fields (60 Hz acquisition)



The Vibrissa Sensorimotor System is Comprised of Nested Loops

Primary Primary
Sensory Cortex Motor Cortex

Motor
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Thalamic Nuclei

S
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Trigeminal
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Protraction

Intrinsic Muscles Pull the Follicles Backward to Propel Vibrissae Forward
.<

Dorfl (1982)



5 to 15 Hz Exploratory Whisking by Rat

Planar Angle, 6
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The Rodent Whisk Cycle
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Rectified
Intrinsic EMG

Spectral

Power

The Frequency of Whisking is Constant within an Epoch
but Broadly Distributed from Epoch to Epoch
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Probability of Occurence,
PDF

The Distribution of Spectral Parameters for Free Whisking
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Rats Can Detect Contact with a Single Vibrissa
(Hutson and Masterton, 1986)
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Sachdev, Berg, Champney, Kleinfeld, Ebner (2003)



Hypothetical Reference and Contact (ON and OFF) Signals
Associated with Vibrissa Movement and Object Contact

Orerlt); Spike at t = trey 04(t); Spike at t = t,OFF
61(t) / 62(t) / 63(t) 181(H) 162t  }63(t)
Rostal 0 X 2x Caudal
04(t); Spike at t = t,°N 0,(t); Spike at t = t,ON

x\%(t)&E(t)\Eﬂt) O1() \82(t) \8a(t)

Object Localization Requires 1 + D Signals, e.g., Reference Plus ON for Angular (1-D) Localization




Relation of Spiking in TG to Vibrissa Motion during Synthetic Whisking
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Synthetic Whisking in the Anesthetized Rat by Stimulating the Facial Motor Nerve
(after Zucker & Welker, 1969, Brown & Waite, 1974)
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Sensory Neurons in the Trigeminal Ganglion
that Respond to Vibrissa Position (Reference Cells)
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Sensory Neurons in the Trigeminal Ganglion
that Respond to Vibrissa Contact
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Phasic-ON Neuron in the Trigeminal Ganglion
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Neocortical Parcellation in Rat
Flattened hemisphere with cytochrome ¢ oxidase stain
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Figure courtesy of Ford Ebner Laboratory
(Assignments after Fabri and Burton 1991)




Relation of Spiking in S1 Cortex to EMG Activity during Free Whisking in Air
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Simultaneous Recording of EMG and Single Units in S1 Cortex
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Single Unit as well as Field Potential Activity in Vibrissa S1 Cortex
Codes the Phase of Vibrissa Position During Free Whisking
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"Unbiased" Population Average: 0.05 Spikes per Whisk (Modulation Level is 0.1 Spikes per Whisk)
Fee, Mitra and Kleinfeld 1997; O'Connor, Berg and Kleinfeld 2001



Single Unit Activity in Vibrissa S1 Cortex Codes the Amplitude
of Vibrissa Position During Free Whisking
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The Output of Units in S1 Cortex Can Be Used to Predict the
Position of the Vibrissae (Mystatial EMG) on a Single-Trial Basis

Trial Averaged
Transfer Function, K(t)
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Is the Origin of the Reference Signals in S1 Cortex
Peripheral (Reafference) or Central (Efferent Copies)?

S1 Units
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Sensory Cortex Motor Cortex
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Facial Nerve Block to Determine if the Free Whisking Response in
S1 Cortex Results Peripheral Reafference versus Efferents Copy

Key: The Ipsilateral EMG Provides a Coherent Reference

Coherent
Reference
/ _ Contralateral (Left) EMG
Left Right % 5 Ipsilateral (Right) EMG
EMG EMG 5 g
(% <
0 —
Spikes 1.0
4"’ g
Left Right &
S1 > S1 2
M1 S2

0 10 20 30 40 50
Frequency [HZz]



Phasic Coherence between Vibrissa Position and Spiking in S1 Cortex
Depends on Peripheral Reafference - Not an Efferents (Central) Copy

Left EMG Right EMG Left EMG Right EMG Left EMG Right EMG

WAARAAA, iy

Time [ms]

Time [ms] Time [ms]

In Contrast, Coherence between the Slowly Varying Envelope of Vibrissa
Position and Spiking in S1 Cortex Depends on an Efferents (Central) Copy

()
2 o 10 Mhtact Nerve Block

©
<
O g 0 | Sap— | Ir .
O X
o2 '—_ﬂ ﬂ
TN
¢ = | |

1'00 0.5 10 0 0.5 1.0
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Fee, Mitra and Kleinfeld 1997



Stimulation of Vibrissae with the Facial Nerve Blocked
Does Not Inpede the Sensory Response in S1 Cortex
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o
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Single-Unit Response in S1 (spikes/s)

Puff

Prompt "on"
response

Prompt "off"
response

Prompt
response

Latent response
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Time

Fee, Mitra and Kleinfeld 1997



Instantaneous Spike Rate [3'1]

P

Single Unit Response in S1 Cortex during Discrimination Task
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Nonlinear Mixer - Essential Ingredient for Phase Sensitive Detection

cos(27f |, pisict = O eter ) ~ cos(¢

contact q)refer)
MIXER LOW PASS —— — — -
) FILTER CoS(q)co ntact q)refer )

C()S(A'mcwhiskt B q)contact B q)refer)

Cos(zmcwhiskt - q’contact )

Nonlinear Mixer - Experimental Signature

Inputs Mixture of Inputs Spectral Difference
(Beat)

Nonlinear
Mixer ' \/\/\
o I
|fa - fb| |fa - fb|

Time —» and
fa + fb

In general, input pure sinusoids with f, and f, and get output with sinusoids at |nf, = mfy)|



Stimulus Induced Current Flow in S1 Vibrissa Cortex in Anesthetized Rat

Multisite LFP

Ketamine induced oscillations Primary Primary
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Simultaneous Multisite Measurements of Radial Current Flow
(Current Source Density) in Primary Vibrissa Sensory Cortex
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Paradigms to Detect Mixing of Two Oscillatory Signals in Cortex

1 - Intrinsic (Ketamine Induced) Rhythm Plus Contralateral Stimulation
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Spectral Mixing in Radial Current Flow (CSD) in S1 Vibrissa Cortex
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Paradigms to Detect Mixing of Two Oscillatory Signals in Cortex

2- Simultaneous Contralateral and Ipsilateral Stimulation
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Power in CSD
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Spectral Mixing in Radial Current Flow (CSD) in S1 Vibrissa Cortex
(contralateral plus ipsilateral stimulus-induced rhythm)
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Synopsis on Closed Loop Computation in the Vibrissa Sensorimotor System

Nonlinear Mixing of Signals

Contact (?) and Primary Primary
B B S Cort Motor Cort
Reference Phase and Amplitude Signals ensory Lortex otor Cortex
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Resonant Filtering?



Threshold Nonlinearity as a Model for Spectral Mixing of Sinusoidal Inputs

f, =5Hz, f,=8Hz,and p=1.0

2.0
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Neural Hardware for Arithmetic with Frequencies

Mixing < Threshold Units \@
Input = cos(2nfat + v,) + cos@rnfpt + W) —

Output — H{ Input _ ®o} o Z Z ei[n(\ya+n/2)+m(\|lb+n/2)] . ei2n(nfa+mfb)t o Inm(eO)

Nn=—oo MM=—co
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- coS[2n(fa - fp)t + Wa - W]l ®144(80) - cos[2m(fa + fo)t + Wa + Wp]el11(80)

- coS[4nft + 2y ] e l20(6g) - cos[2nfpt + 2Wp] e lg2(Bg) + eee

Phase Shifting < Phase-Locked Loops — —
Input = cos(2rfst)

Output = cos(2rf,t + 1/2)

= sin(2nfyt)



Neural Hardware for Arithmetic with Frequencies

Mixing < Threshold Units \@
Input = cos(2nfat + v,) + cos@rnfpt + W) —

Output — H{ Input _ ®o} o Z Z ei[n(\ya+n/2)+m(\|lb+n/2)] . ei2n(nfa+mfb)t o Inm(eO)
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Phase Shifting < Phase-Locked Loops — —
Input = cos(2rfst)

Output = cos(2rf,t + 1/2)

= sin(2nfyt)



Neural Hardware for Subtraction of Two Frequencies
(15 neurons, 23 synapses)

Input Phase Threshold Summation Output
Shifters Units

cos(2nf,t) - ¢
cos(2nfpt) p—

cos[2n(f, - fp)i]

+ higher order terms
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Coupled Oscillations in Nervous Systems

Theoretical Overview

Experimental Evidence for Weak Coupling Between Oscillators
Direct Measurement of Phase-sensitivity Function, Z(vy)

Behavior of Pairs and Networks of Inhibitory Neurons

Electrical Waves During "Normal" Function

Linear Waves in an Invertebrate Central Olfactory Organ
(Consequence of an intrinsic frequency gradient)

Linear and Rotating Waves in Lower Vertebrate Visual System
(Linear part consistent with biased connectivity)

Insights into Cortical Function from Nonlinear Spectral Mixing
(Problem of Combining Proprioceptive, or Reference Signals, with Contact Signals)
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