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Abstract
Investigating mechanisms of the brain involves the use of latest technology advancements. The ability to manipulate and record neuronal activity sheds great light on network
dynamics of cortical structures. We have designed a setup to record electrical activity from
brain cells using silicon multielectrode probes. We coupled this with a light stimulation
setup that makes use of genetically induced light gated ion channels within neuronal cells.
Here, we show the technical details of setup and experimental design for manipulating and
recording neural activity in the mouse visual cortex in vivo.

1

Introduction

The complex processes that take place within our brain give rise to electrical activity that can
be recorded and analyzed with the purpose of formulating hypothesis about what these processes
are and how they achieve the full functionality of the brain. In recent years, the possibility to
electrically monitor neuronal activity has been complemented with the ability to modulate, manipulate or control brain activity in a cell-type specific manner, using light. This brings a new
perspective to the study of neuronal circuits, as it allows dissection of circuit function within
the functioning organ, with minimal electrical artifacts. In the current study, we describe the
experimental design and setup construction to investigate neuronal circuit response to varying
stimulation frequency using optogenetics to modulate specific neuronal populations. Our results
indicate complex network responses to periodic stimulation with important implications for studies of cortical oscillations.

1.1

Electrical Activity of the Brain

Electrical potential in neuronal cells is generated by ion charges polarizing the membrane of
the cell [11]. Electrically, the neuronal membrane is a strong, thin insulator that can be modeled
as a dielectric. Both internal and external neuronal media contain electrically charged particles,
forming an equivalent circuit of the membrane containing a capacitor in parallel with a large
resistor (in the range of GigaOhms).
Several proteins embedded in membrane structure provide local decrease in membrane resistance, allowing specific electrical charges to move from one media to the other, creating the
electrical properties of a neuron. These are called ion channels and they have a wide variety of
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properties. Firstly, they do not permit the passage of ions in all circumstances, but are opened by
particular gating conditions. For example, Na+ and K+ channels are sensitive to voltage and only
open/close when the potential across the membrane reaches certain levels. Other gating mechanisms include the presence of particular ions or molecules called neurotransmitters either outside
or inside the neuron, that trigger chemical cascades that lead to channel opening or closing.
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Figure 1: Neuronal membrane equivalent circuit (Adapted from [7]).
Figure 1 shows the equivalent circuit of the neuronal membrane. The passive membrane is
represented by a capacitor in parallel with a high resistance (Left) whereas selective ion channels
can be modeled by variable resistors, specific for each ion type (Middle). Light-gated ion channels
have the behavior of a photo resistor (Right).
Another property of these channels is their kinetics: the speed and delay at which these channels open and close. The precise timing of opening and closing of these channels determines the
quantity of charges that flow in or out of the cell, thus determining the amplitude and waveform
of the induced current.
All of these properties ultimately lead to the generation and transmission of information within
one cell and between multiple cells of a population. These bits of information are called action
potentials [7].
Neuronal connections, called synapses, pass these messages from one cell to the next. However, individual cells have specific types of synapses: some cells have positive (excitatory) synapses,
which means an activation of the pre-synaptic neuron leads to an activation in the post-synaptic
one. Other cells have negative (inhibitory) synapses, which means that their activation leads to
an inactivation in subsequent cells. These excitatory and inhibitory neurons create cortical networks of thousands of densely packed, sparsely interconnected cells, where all brain computation
happens [11].

1.2

Altering Electrical Potentials Using Light

Recording and analysis of electrical potentials across neuronal membranes has been an important research tool since early times. However, the ability to alter membrane potentials, and
therefore neuronal activity, has risen a set of problems.
Firstly, electrical stimulation was used for various applications, either altering membrane potential for individual cells or by externally applying current variations in order to polarize or
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depolarize neurons in a particular area. Working with individual cells may be very precise and
controllable, but it is not well suited for circuit dynamics studies, as it can only be performed
on a small number of neurons and with a relatively low experimental success rate. Extracellular
electrical stimulation affects a larger number of cells, but it interferes with recording electrical
signals and does not offer the possibility to target specific neuronal types and populations. As
Francisc Crick noted in 1979, the need for ”a method by which all neurons of just one type could
be inactivated, leaving the others more or less unaltered” had risen [4].
Scientists then looked for ways to induce potential alterations without using electricity and
found a solution within the large pool of ionic channels present in nature. Some cells, such as
retinal neurons, have ionic channels that open or close in the presence of light, enabling neurons to
detect visual information. Thus, such channels would be capable of altering membrane potentials
just by exposing the cells that express them to a specific wavelength of light [6].
As a result, it is now possible to genetically express light sensitive ion channels in particular neuronal types within the central nervous system. This technique is called optogenetics, as
it involves genetic processes to use light as a neuronal modulator [5]. Therefore, from an electrical point of view, another variable resistor is added in parallel with the rest of the membrane
equivalent circuit, as shown in figure 1.
One of the most common channel used in optogenetics is called Channel Rhodopsine (ChR),
and once if is exposed to light within the 400-500 nm wavelength, it opens and allows the inward
flow of cations (positive ions like K+ , Na+ , H+ and Ca2+ ) [1], leading to an increase of potential
inside the neuronal membrane. If sufficient buildup of changes occurs, the neuron activates and
generates an action potential.
This opens a wide range of applications into activating or inactivating specific neuronal populations or just modulating their activity patterns, while studying the effect of these perturbations
on circuit dynamics and, ultimately, in the behavior of the organism itself [1].

2

Methods

In our application, we probed neuronal circuit frequency response using optogenetics. It is
known that cortical circuits have complex frequency responses, having several oscillatory bands
that correlate with various cortical states [10]. The origin of this oscillatory behavior has still
not been clearly defined, but it is clear that the interplay between excitatory and inhibitory cells
is one of the leading factors [12]. Another factor investigated in literature is the physiology
of individual cells, particularly inhibitory cells, which exhibit particular frequency preference
due to their membrane properties when stimulated with a wide range of frequencies (membrane
resonance) [8, 9].
The ability to use optogenetics for probing circuit frequency response has been described
previously [3] and network resonance in the 35-40 Hz range has been shown in the case of inhibitory population optical periodic stimulation [2]. We developed an experimental paradigm to
provide periodic optogenetic stimulation to different neuronal subtypes, while recording electrophysiological data. Here, we show preliminary data of a cortical network expressing ChR in a
subpopulation of excitatory cells in the visual cortex.
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2.1

Ethics Statement

All the experiments were conducted in accordance with the European Communities Council
Directive of 24 November 1986 (86/609/EEC), according to the guidelines of the Society for Neuroscience and the Romanian law for the protection of animals, approved by the local governments
ethics committee and overseen by a veterinarian.

2.2

Experimental Design

The aim of this experiment was to measure network frequency response using optogenetics.
For this, we recorded electrical activity while no stimulus is delivered (baseline condition) and
then applied periodic stimulation using light (stimulation condition). Therefore, by modulating
the stimulation frequency within the range of interest, we obtained a frequency-response of the
network.
One experimental session was composed of 55 trials. Each trial started with a period of 1
second of spontaneous recording which was followed by a stimulation period, where periodic,
binary optical stimulation at various frequencies was delivered in the area of interest (Figure 2).
The stimulation frequency was in the range of 5-105 Hz, with a 10 Hz increment (11 values), each
condition being repeated 5 times throughout a session.
0

1s

2s

Recording Trial
Optogenetic stimulation

50% duty cycle

Figure 2: Experimental trial definition
Figure 2 provides a diagram of trial structure. One recording trial consisted of 1 second
of spontaneous electrical activity used for baseline normalization, and 1 second of optogenetic
stimulation at frequencies between 5 and 105 Hz, while maintaining a duty cycle of 50%.

2.3

Electrophysiology

One of the most powerful investigation methods in neuroscience is electrophysiology. Extracellular electrophysiology involves ”listening” to the electrical activity of cells in the neighborhood of fine electrical transducers. This method requires the implantation of extremely thin
electrode wires or contacts inside the area of interest in the brain and connecting them through a
series of amplifers, to a A/D converter and onto an interface board to a computer. A micromanipulator wass necessary for moving the electrodes within the brain with great precision (Figure 3).
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Figure 3: Multielectrode recording setup
Figure 3 shows a diagram of the electrophysiological recording setup. The multielectrode
probe was implanted in the brain so that the contacts reached the desired target area. The signal
from the electrodes was pre-amplified very close to the probe to avoid noise contamination of the
signal. The signal was routed to the amplification unit and further through the digitizer into the
computer, where it was managed by the Acquisition software. A micro-manipulator was attached
to the electrode probe to position it with high precision.
The recorded extracellular signal contains information of two types: fast, low energy activity,
such as action potentials, is only detected from the close proximity of the contacts. However, the
sum of slower, stronger variations, such as post-synaptic potentials, reaches the electrodes from a
broader volume. This is called the local field potential.
Action potentials (AP):
Amplitude: 100 mV
Bandwidth: 600 - 10 kHz
Local Field potentials (LFP):
Amplitude: 500 mV
Bandwidth: 0 - 300 Hz
For the purpose of this study, we only looked at the local field potential as an indicator of
general activity of the population in a wide volume around the recording probe.

2.4

Optogenetic Stimulation

Optogenetic stimulation relies on the presence of light-sensitive channels on the surface of
cells in the target area. Therefore, shining strong light of a particular wavelength opens those
channels, which will allow ion flow through their pores. The cell is then excited by the presence
of light.
The light source was coupled to a optic fiber and guided to the target area. Light intensity was
modulated by a shutter to a desired binary waveform (pulsed light). A power sensor was placed
into the light path in order to measure and control light intensity, waveform shape and timing.
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Figure 4: Optogenetic stimulation setup
Figure 4 shows the stimulation setup for optogenetics. The optical fiber was placed above the
brain so that the emitted light reaches the desired target area. A micro-manipulator was attached
to the optical fiber to position it with high precision. The LASER light was passed through a mechanical shutter and then coupled into the optical fiber. The stimulation software controlled the
position of the shutter so as to generate the desired stimulation pattern. Part of the light reflected
by the shutter was routed to a light sensor, used for precise monitoring of timing of stimulation.
Optical stimulation
Stimulation power: 10-15 mW
Stimulation frequency: 5 - 105 Hz
Stimulation waveform: square pulse, 50% duty cycle
size of desired stimulation area: 0.5 mm2
Light wavelength: 473 nm (Blue)

2.5

Data Processing and Analysis

For preprocessing (Figure 5), firstly, a low-pass filter at 300 Hz was applied. Thus, we separated the LFP from the AP, removed all high frequency noise and eliminated the possibility of
aliasing for subsequent down-sampling. The DC and low frequency components were eliminated
via a low pass filter at 0.1 Hz. Finally, a series of notch filters were applied, for 50 Hz rejection
and the first two harmonics.
Recorded data
32 kHz

LPF
300 Hz

Downsampling
1 kHz

HPF
0.1 Hz

Notch
50, 100, 150 Hz

Figure 5: Data preprocessing pipeline
For extracting the network frequency response, the time-resolved fast-fourier transform was
computed for each individual trial (Figure 6). The spectrum of the baseline of each trial within
the experimental session was averaged and a generic baseline was defined. The spectrum of trials
within the same stimulation condition were averaged and normalized with respect to the generic
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baseline, using the z-score method.
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Figure 6: Data processing pipeline
For extracting the response power and frequency, we used the normalized, averaged timeresolved spectrum for each condition and detected the highest power peak within the 5-105 Hz
range, at each time point. We then took the median frequency value across all timepoints, and
the absolute maximal power. We plotted both response frequency and power across stimulation
frequencies to obtain a frequency response of the network.

3

Results and Discussion

The effect of optogenetic stimulation was first evaluated using a trigger-based average, as
shown in the example in figure 7A. Immediately after the start of stimulus trigger, a transient
increase in potential followed by a decrease represents the stimulus onset response, specific to
biological neuronal networks. Each light pulse caused a trough in local field potential, . The perturbations are visible in the time-resolved spectrum (figure 7B) as a peak within the stimulation
frequency range, suggesting the network is entrained into oscillatory behavior, at an oscillation
frequency close to that of the input. Several harmonics of the stimulation frequency are also visible at integer multiples.
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Figure 7: Experimental results
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Figure 7 shows the obtained experimental results. A: Time average across trials, aligned to
start of stimulation (orange bar). Blue dashes show the light stimulation pattern. Marked is the
transient onset response of the network. Stimulation frequency is 55 Hz. B: Time-frequency plot
of the same condition as A. Marked is the frequency band with maximal power. C: Maximum
power versus stimulation frequencies. Marked are two peaks of preferred stimulation frequency.
D: Frequency at maximal power versus stimulation frequencies.
The frequency response of the network shows two peaks within the range of stimulation frequencies (figure 7C): at 15-25 Hz and 70-80 Hz. The increase in power at particular input frequency values suggests cortical network preference (resonance) at those particular frequencies.
Figure 7D shows the frequency at which the power was maximal. For low stimulation frequencies,
the network does not have a maximum power oscillatory peak at the input frequency, but the response is dispersed across the spectrum. For stimulation frequencies above 35 Hz, the maximum
power peak is locked to the stimulation frequency.

4

Conclusion

The study of cortical networks and their characteristics in frequency domain benefits highly
on the latest advantages in technology. We built a setup for recording electrophysiologic signals
from neuronal tissue and for modulating specific subtypes of neurons using light - Optogenetics.
Further, we designed an experiment by which we probed response of the network to periodic
stimulation. Our results indicate the presence of input frequency preference peaks in network
response. Also, the ability of response locking to input frequency varies along the targeted frequency range. These observations are used as preliminary validation of the experimental design
and setup for further investigation of frequency response changes with respect to input population
and pharmacological alterations of cortical state.
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[10] Markku Penttonen and György Buzsáki. Natural logarithmic relationship between brain oscillators.
Thalamus & Related Systems, 2(02):145–152, 2003.
[11] Dale Purves, GJ Augustine, D Fitzpatrick, WC Hall, AS LaMantia, JO McNamara, and LE White.
Neuroscience. De Boeck, Sinauer, Sunderland, Mass, 2008.
[12] Paul Tiesinga and Terrence J Sejnowski. Cortical enlightenment: are attentional gamma oscillations
driven by ing or ping? Neuron, 63(6):727–732, 2009.

Biography
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