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Single-electrode intracellular recording
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The electrode introduces a bias in the recording when current
is injected: V,(t) = Vin(t) + Ue(1).
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Single-electrode intracellular recording
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The electrode introduces a bias in the recording when current
is injected: V,(t) = Vn(t) + Ue(t).
Demanding protocols:

@ Current clamp, fast fluctuations

@ Dynamic clamp

@ Voltage clamp
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Single-electrode intracellular recording
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The electrode introduces a bias in the recording when current
is injected: V,(t) = Vn(t) + Ue(t).
Demanding protocols:

@ Current clamp, fast fluctuations

@ Dynamic clamp

@ Voltage clamp

Especially hard situations: in vivo, dendritic or axonal
recordings.
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Standard compensation procedures
Bridge compensation

No compensation

@ Electrode ~ resistance: Uq(t) ~ Rel(t).
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Standard compensation procedures
Bridge compensation

VBridge

No compensation

@ Electrode ~ resistance: Uq(t) ~ Rel(t).
@ Not an ideal resistance — capacitive transients.
@ Fast dynamic clamp is impossible (oscillatory instability).
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Standard compensation procedures

Bridge compensation

VBrldge
VBndge W H

@ Electrode ~ resistance: Uq(t) ~ Rel(1).

@ Not an ideal resistance — capacitive transients.

@ Fast dynamic clamp is impossible (oscillatory instability).
@ Slower dynamic clamp has very poor quality (ringing).

No compensation
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Standard compensation procedures

Discontinuous current clamp (DCC)

iV
: recorded

sampling (1.5-3 kHz)

@ Current injection and voltage recording are alternated.
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Standard compensation procedures

Discontinuous current clamp (DCC)

@ Current injection and voltage recording are alternated.
@ No capacitive transient but recordings are noisy.
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Standard compensation procedures

Discontinuous current clamp (DCC)

Vbce

@ Current injection and voltage recording are alternated.
@ No capacitive transient but recordings are noisy.

@ Fast dynamic clamp is possible,

@ but the quality is poor (low temporal resolution).
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Active Electrode Compensation (AEC)

@ The computer uses a model of the electrode to remove the
bias.
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Active Electrode Compensation (AEC)

@ The computer uses a model of the electrode to remove the
bias.

@ No capacitive transient and low noise.
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Active Electrode Compensation (AEC)

@ The computer uses a model of the electrode to remove the
bias.

@ No capacitive transient and low noise.
@ Fast dynamic clamp is possible,
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Active Electrode Compensation (AEC)
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@ The computer uses a model of the electrode to remove the
bias.

@ No capacitive transient and low noise.

@ Fast dynamic clamp is possible,

@ and the quality is good (high temporal resolution).
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The electrode model

@ Hypothesis: electrode = arbitrary linear filter with kernel
Ke(1).
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The electrode model

@ Hypothesis: electrode = arbitrary linear filter with kernel
Ke(1).
@ Electrode response: Ug(t) = 0+°° Ke(s)I(t — s)ds.
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The electrode model

@ Hypothesis: electrode = arbitrary linear filter with kernel
Ke(1).

@ Electrode response: Ug(t) = 0+°° Ke(s)I(t — s)ds.

@ Calibrate the electrode model K, then compensate the
recording: Vip =V, — Kg x|

Conductance noise current

NP |
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Finding the electrode kernel K,

White noise current

Full kernel
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@ The kernel must be estimated intracellularly.

Romain Brette Electrode compensation



Finding the electrode kernel K,

White noise current Full kernel
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@ The kernel must be estimated intracellularly.

@ Estimate the full kernel of the system neuron + electrode +
amplifier.
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Finding the electrode kernel K,

White noise current Full kernel
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@ The kernel must be estimated intracellularly.

@ Estimate the full kernel of the system neuron + electrode +
amplifier.

@ Remove the neuron contribution.
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Electrode kernels
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@ The kernel changes after impalement.
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Electrode kernels
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@ The kernel changes after impalement.

@ Kernels have three phases: 1) feedback delay, 2) fast rising
phase, 3) slower decay.
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Electrode kernels

= <

G 60 1 ' G 404

= | = 30

o 40 | Q i

= i § 20-

5] |

5 | % 10

g o i 3

4 T t T T T T o 0

0 0.2 0.4 0.6 0.8 0 10 20 30
Time (ms) Time (ms)

@ The kernel changes after impalement.

@ Kernels have three phases: 1) feedback delay, 2) fast rising
phase, 3) slower decay.

@ The kernel also captures the characteristics of the amplifier
(filters, capacitance neutralization).
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Dynamic clamp
Conductance waves

= Theoretical
— AEC

DCC

Ge

@ AEC recordings are more precise.
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Dynamic clamp
Conductance waves

= Theoretical
— AEC
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@ AEC recordings are more precise.
@ AEC recordings agree with theoretical predictions.
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Dynamic clamp
Conductance waves
Ge

g LT

@ AEC works for high frequency dynamic clamp (500 Hz).
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Dynamic clamp
Conductance waves
Ge

g LT

@ AEC works for high frequency dynamic clamp (500 Hz).

@ Spurious low-frequency oscillations appear with DCC at
high frequency.
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Dynamic clamp
Synaptic noise

In vitro

| @ Excitatory and inhibitory

— conductances mimicking
synaptic activity in vivo can be
injected with DCC, but the
recording quality is limited.

iy
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Dynamic clamp
Synaptic noise

In vitro

@ Excitatory and inhibitory
conductances mimicking
synaptic activity in vivo can be
injected with DCC, but the
recording quality is limited.

@ Spikes are recorded with high
' ' resolution with AEC.
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Dynamic clamp
Synaptic noise

@ Precise temporal features can be recorded with AEC.
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Dynamic clamp
Synaptic noise

Spike threshold (mV)

@ Precise temporal features can be recorded with AEC.

@ The slope-threshold relationship is present in AEC
recordings only.
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White noise injection

@ The response to unfiltered
white noise can be recorded
with AEC (current-clamp).
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White noise injection

white noise can be recorded
with AEC (current-clamp).

@ Recordings match theoretical
predictions (low noise).

_______

mmmmm @ The response to unfiltered
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White noise injection

Double-electrode test (patch electrodes)

Badel, Lefort, Brette, Petersen, Gerstner and Richardson. J Neurophysiol 99: 656-666 (2008).

— Control
— Electrode 1

@ Double-electrode recordings show that white noise
injection also degrades recordings with low-resistance
electrodes (whole-cell patch clamp).
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White noise injection

Double-electrode test (patch electrodes)

Badel, Lefort, Brette, Petersen, Gerstner and Richardson. J Neurophysiol 99: 656-666 (2008).

— Control
— Electrode 1+ AEC

@ Double-electrode recordings show that white noise
injection also degrades recordings with low-resistance
electrodes (whole-cell patch clamp).

@ AEC recovers the correct recording.
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White noise injection
Application
Badel, Lefort, Brette, Petersen, Gerstner and Richardson. J Neurophysiol 99: 656-666 (2008).

100ms
— experiment

25ms

@ White noise stimulation can be used to fit precise neuron
models.
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White noise injection
Application

Badel, Lefort, Brette, Petersen, Gerstner and Richardson. J Neurophysiol 99: 656-666 (2008).
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@ White noise stimulation can be used to fit precise neuron
models.

@ The membrane capacitance and the |-V curve are
measured from the response to white noise.
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AEC in vivo
Stability
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@ High-resistance (sharp) electrodes can be used with AEC.
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AEC in vivo
Stability
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@ High-resistance (sharp) electrodes can be used with AEC.
@ Electrode properties are stable over time.
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@ The electrode kernel can be estimated during spiking
activity.
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AEC in vivo

Switch to AEC

@ The electrode kernel can be estimated during spiking
activity.
@ AEC compensation works in vivo (above: white noise).
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AEC in vivo

Application: precision of spike timing
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AEC in vivo

Application: precision of spike timing

VAEC l
J_ 100ms .
@ Synaptic conductances can be
n injected in vivo (dynamic
clamp) during spontaneous
L] activity.
S U S A A [somv @ Spike timing reliability can be
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Ongoing work and perspectives

Current and future work:
@ Voltage-clamp (in progress, with José Gomez)
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Ongoing work and perspectives

Current and future work:
@ Voltage-clamp (in progress, with José Gomez)
@ Dendritic recordings
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Ongoing work and perspectives

Current and future work:
@ Voltage-clamp (in progress, with José Gomez)
@ Dendritic recordings

@ Measurement of excitatory and inhibitory synaptic
conductances
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Ongoing work and perspectives

Current and future work:

@ Voltage-clamp (in progress, with José Gomez)

@ Dendritic recordings

@ Measurement of excitatory and inhibitory synaptic

conductances

Code online:
http://www.di.ens.fr/~brette/HRCORTEX/AEC/
brette@di.ens.fr
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Ongoing work and perspectives

Current and future work:
@ Voltage-clamp (in progress, with José Gomez)
@ Dendritic recordings

@ Measurement of excitatory and inhibitory synaptic
conductances

Code online:
http://www.di.ens.fr/~brette/HRCORTEX/AEC/
brette@di.ens.fr

Thank you!
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