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I. Reporting phase 1: 1.10.2015 – 31.12.2015 

For year 2015, we have proposed the following three objectives: 

• Purchase of lab equipment; 

• Adapting the lab equipment for the particular needs of the experiments required by the 
project; 

• Development of experimental protocols and of analysis tools needed for the 
implementation of the present study. 

 
Given the experimental nature of the project, the first phase consisted mainly of setup 
preparations. Therefore, we purchased the necessary equipment, adapted and custom-made 
various parts, optimized for the types of experiments performed and we elaborated and 
documented the experimental protocol, including the generation of stimuli, recording of 
datasets, and the analysis of the experimental data. 

I.1. Lab equipment 
For the in vivo electrophysiology experiments, we installed the following components in the lab: 

- a volatile anesthetic delivery system: oxygen tank coupled to a medical anesthetic 
vaporizer and an induction chamber; 

- a recording and stimulation system for electrophysiological signals: 32-channel silicone 
probes in various configurations, preamplifier, amplifier, digitizer, stimulator and 
micromanipulator; 

- a system for monitoring and controlling the temperature of the animal: control unit, 
heating blanket and rectal probe; 

- a system for fixing the head of the animal and for marking the stereotactic coordinates 
for surgery; 

- a system for optogenetic stimulation: laser, optic fiber. 

I.2. Adapting and optimizing the equipment 
We had to adapt certain elements of the experimental setup or custom build them to serve the 
purpose of the present project: 

a) building a mechanism for modulating light intensity in optogenetic stimulation (Fig. 1); 
 

 
Fig. 1. The optogenetic stimulation setup: A. Laser 427nm, 100mW; B. Mechanical 
modulator for light intensity (shutter) up to frequencies of 100Hz, custom built in the lab; 
C. The entire surgery and optogenetic stimulation setup: fixation system, optic fiber, laser, 
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shutter, anesthesia system, screen for visual stimulation, electrophysiology recording 
device. 

 
b) building an anesthesia mask, suitable for mice, which would both stabilize the head and 

deliver controlled levels of anesthetic (Fig. 2, left); 
 

c) building a head-fixing mechanism allowing access to the areas of interest (Fig. 2, right); 
this device allows a rigid fixation of the skull, without requiring ear bars of the stereotaxis 
and it does not occlude the visual field of the mouse, enabling acute visual experiments; 

 

 
Fig. 2. Development of prototypes by 3D design and printing for: the anesthesia mask 
(left) and the skull fixation device (right). The figure shows two successive prototypes 
resulted from successive trials and adjustments. 

 
d) building a mechanism to monitor respiration and heart rate during the experiments (Fig. 

3), by using a piezoelectric sensor placed under the abdomen of the animal; 
 

 
Fig. 3. Monitoring respiration (top) and heart rate (bottom) during experiments by 
detecting a specific threshold-crossing for each extracted signal. 
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I.3. Development of experimental protocols and data analysis 
A necessary step for standardizing the experimental protocol was to generate the visual stimuli, 
optimized for driving primary visual cortex (V1). The standard stimuli used for such studies 
consist of drifting gratings, which are oriented, sinusoidal patches of contour moving in a certain 
direction. V1 cells respond primarily to oriented contours (Hubel and Wiesel 1962), exhibiting 
selectivity to a series of stimulus features: orientation, drift speed, contrast, spatial frequency. For 
the preliminary experiments, we fixed the speed to 1.2 cycles/s and the spatial frequency to 0.04 
cycles/degree. For the set of generated stimuli we manipulated orientation/direction (e.g., 8 
directions) and the contrast level (Fig. 4). Stimuli were created using the ActiveGratingMaker al 
software developed by Dr. Danko Nikolić from the Max Planck Institute for Brain Research in 
Frankfurt, one of the collaborators of our lab. 
 
 

 
 
Fig. 4. Generating visual stimuli: gratings with various orientations, moving in the direction 
indicated by the arrow, with different contrast levels. 
 
After generating visual stimuli we continued with the establishment of the experimental 
protocol (preparation of the setup and of the animal for experiment) and then established an 
analysis protocol, adapted to the type of recording and the specificity of the recording 
equipment from the lab. 
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Experimental protocol 
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 Fill the vaporizer with Isoflurane 
 Check the oxygen pressure in the tank 
 Check tubing connections (tank exit valve, vaporizer output, anesthesia 

mask, the adaptor of the induction chamber) 
 Adjust the vaporizer to 0%, open oxygen tank and adjust the flux in the 

vaporizer to 1 l/min 
 

Su
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 Sterilize all instruments and surfaces 
 Check the stereotaxic device: fixation of the surgical marker, fixation 

and manipulation of electrodes 
 Mount the surgical drill for craniotomy 
 Check the microscope setting 
 Check the temperature monitoring and control device 
 Mount a sterile scalpel blade (number 11) 
 Instruments: Dumont no. 5, tweezers, scalpel, scissors, surgery marker, 

bulldogs 
 Medicine/substances: saline, xyline, Ca gluconate, furosemide, 

dexamethasone, silicon oil, Paralube eye ointment, hydrogen peroxide, 
Tergazime, aCSF, ketamine, xylazine 

 Consumables: cotton swabs, cotton pads, absorbing paper, superglue, 
stitches, surgery gloves.  
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 Check heart and breathing  rate monitor 
 Check the recording probe and electrodes 
 Check the software and test the acquisition 
 Check the software and test the stimulation 
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 Date 
 Time 
 Information about the animal 
 Anesthesia level 
 Temperature 
 Stimulation protocol 
 Administered medicine 
 Comments on the signal acquisition 
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 Select the mouse and place it in the induction chamber 
 Set the anesthesia vaporizer to 3%  
 Wait 5-10 minutes until the mouse is unconscious 
 Disconnect the adaptor of the induction chamber and connect the output of 

the vaporizer to the inlet of the anesthesia mask fixed on the stereotaxis 
 Remove the mouse from the induction chamber and place it on the 

homeotermic blanket in the stereotaxis 
 Fix the mouse in the stereotaxis and pull on the anesthesia mask, covering the 

nose and mouth 
 Wait for 2-3 minutes for anesthesia to stabilize 
 Apply the eye-protection: silicone oil on right eye and ophthalmic ointment 

(Paralube) on the left eye 
 Adjust the body position of the mouse for a natural and confortable position of 

the head, ensuring correct respiration 
 Fix the year bars to stabilize the skull 
 Plug the rectal temperature probe 
 Inject and anti-inflamatory: dexamethasone/furosemide mixture 0.25 / 0.2 ml 

 

Su
rg

er
y,

 re
co

rd
in

g,
 te

rm
in

at
io

n 

 
 Initiate surgical procedure 
 Perform craniotomy above visual cortex, as a function of Bregma reference 
 Periodicly monitor anesthesia level by testing the pedal reflex and adjust the 

anesthetic concentration if needed 
 
 For chronic experiments: 

o Mount the recording drive  
o Suture the skin cut during the operation  
o Administer analgesics and antibiotics 
o Initiate “wake-up” procedure by placing the mouse back into its cage 

 
 For acute experiments: 

o Eliminate ear bars and mount the fixation device (Fig. 2, right) 
o Insert electrodes using stereotaxic guidance and lowering them in the 

cortex using a 1 micron precision micomanipulator 
o Recording protocols 
o Termination by using an overdose of ketamine/xylazine 

 
 
Table 1. Experimental protocol 
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Analysis protocol 
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Datasets are identified by a special nomenclature: 

MXXX_SYYY_ZZZZ_TTTT 
where: 
 XXX is the mouse ID 
 YYY is the session number 
 ZZZZ is the name of the protocol 
 TTTT is the name of the dataset 

 
The name, conditions and parameters of each protocol depend on the type of 
experiment. 
 
Trials within a dataset are defined as a succession of events, delivered as TTL input 
signals to the recording device (triggers): 
 
 128 –  start trial and end of “baseline” period 
 129 –  start stimulation (stimulus onset) 
 150 –  end stimulation (stimulus offset) 
 192 –  end trial 

 
These events are used in the data analysis process to determine the moments when 
certain relevant periods begin and end, as well as to identify the trials resulted from the 
repeated presentation of visual stimuli. 
 

Fo
rm

at
 a

nd
 d

at
a 

st
ru

ct
ur

e 

 
Each experimental session has 3 associated folders:  
 
Recordings – contains the electrophysiology data recorded with the Multichannel 
Systems USB-MEA64 system (the .mcd file):  

 1 digital channel (for delivering triggers) 

 32 analog channels (electrode raw data) 

 1 analog channel with information about heart beat and respiration rate. 
 
Stimulation – contains information generated by the stimulation software:  

 Triggers.csv – contains information about the timing of triggers and potential 
errors when presenting the frames 

 Results.csv – contains information about the duration and associated condition 
for each trial.  

 
Protocols – contains the files used for the control of acquisition and stimulation: 

 the .rck file – configures the recording software (MC_RACK)  

 the .ini file – describes the exact visual stimulation protocol.  
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Experimental data are processed using a software developed by the PI, which uses a 
dedicated data format optimized for processing large continuous signals (the .epd 
format). To process the recorded data a file conversion is necessary: 
 
From .mcd to .raw 
This conversion transfers data from .mcd format to a standard, .raw format, documented 
by Multichannel Systems. The .raw format can then be imported into the .epd format. 
 
From .csv to .eti 
This conversion is necessary to import the details related to the stimulation conditions 
into the analysis software. The .eto file (Extended Trial Information) documents the exact 
succession of the recorded trials, specifying the experimental condition to which they 
belong, information about the length of the trial in microseconds, and control 
information. These pieces of information are generated by the stimulation software, 
developed by the principal investigator. 
 
After the dataset is imported in the .epd format, data are preprocessed as follows: 
 Removal of continuous component (DC) 
 To extract the local field potentials (LFP): 

o Data filtering: 4th order IIR Butterworth 500 Hz low pass anti-alias filter 
o Data subsampling: 1:16 – from 32 kHz to 2 kHz 

 To extract individual neuron action potentials (spikes): 
o Data filtering: 4th order IIR Butterworth 1kHz high pass filter 
o Spike-sorting 

 
The next step after preprocessing consists in the creation of an analysis session, which 
represents a view on the data that corresponds to the experimental design and allows 
processing of the data in agreement with the scientific question that is to be addressed. 
The analysis session helps to: 
 Parse the dataset into trials 
 Add information about the condition and extra data to each trial. 

 
After preparing the analysis session, one can run the following analyses on LFP signals:: 
 Fourier spectral decomposition 
 Bivariate spectral coherence and phase-locking 
 Auto- and cross-correlation analysis 
 Evoked potentials (ERP – “Event-Related Potentials”) 

 
For the analysis of spike data we will use other instruments that are currently being 
developed by the principal investigator. 

 
Table 2. Analysis protocol 

I.4. Dissemination of results for 2015 
For the year 2015 (first 3 months of the project) publications in conferences and journals have 
not been planned in the grant proposal. 
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II. Reporting phase 2: 1.01.2016 – 31.12.2016 

Two types of activities have been planned for 2016: 
• Recording and analysis of preliminary data for the three objectives of the project: 

 Objective 1: Fast oscillations in local cortical circuits; 
 Objective 2: Resonance and stimulus-induced gamma oscillations; 
 Objective 3: Resonance and arousal-neuromodulatory systems. 

• Dissemination of preliminary results. 

II.1. Recording of preliminary data 
After preparing the experimental setup and the paradigms for stimulation, we started the first 
experiments addressing the three scientific objectives of the project. The experiments consisted 
of paradigms of acute multi-electrode electrophysiology recordings and have targeted the 
primary visual cortex in rodents ("wild-type” and transgenic type mice). For visual stimulation a 
monitor was used positioned in the animal’s field of vision (Fig. 5) and stimuli were presented in 
the form of moving bars with different orientations ("drifting gratings"). Local luminance of the 
stimulus represents a first-order parameter of the stimulus and the contrast, defined by the 
difference between the bright and dark pixels, is a second-order parameter.  Data (spikes and 
local field potential) have been recorded from the visual cortex of anesthetized mice using two 
different types of stimuli: a set of "drifting grating" stimuli with fixed contrast along the trials, 
and a set of "drifting grating" stimuli with variable contrast, incremented linearly from 0 to 100% 
during the first 2250 ms, followed by a linear decrease from 100% to 0 during the next 2250 ms.  
This variation in the rate of contrast change represents a third-order parameter of stimulus. 
 

 
Fig. 5. Protocol for visual stimulation of 1st, 2nd and 3rd order parameters. 

 
For the first scientific objective of the project we have proposed systematic characterization of 
fast oscillations (gamma) in visual cortex of mice. To achieve this, data were recorded from a 
group of 5 animals anesthetized with isoflurane, maintained at a constant concentration along 
the recording. To determine the properties of the emergence of local oscillations in local circuits 
multi-electrode recording probes from Neuronexus have been used  in various configurations (1 
x 32 contacts, linear probe or 4 x 8 contacts, "A" type probe that can record adjacent cortical 
areas, at a distance of 200 μm). 
 
Data obtained presents a clear correlation between the strength of neuronal responses and the 
expression of gamma oscillations: almost invariably, strong responses from neurons in primary 
visual cortex of mice appear to be associated with high-frequency oscillations in the 40-70 Hz 
range (fig. 6). In fact, we have yet to obtain - using the protocol mentioned above, data with 
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strong responses to stimulus but not associated with gamma oscillations. This suggests that 
gamma oscillations, at least in the mouse cortex, are a common phenomenon and perhaps they 
contribute fundamentally to the organization of cortical activity. 
 

 
Fig. 6. Preliminary data showing a typical gamma-induced oscillation in mouse primary visual 
cortex recorded by a using a fixed contrast grating stimulus. The oscillation frequency is stable at 
around 40-42 Hz. 
 
The second scientific objective plans to identify  a connection between the membrane 
resonance and the rapid oscillations expressed in the cortex. A direct link can be shown only 
using intracellular recordings, but the latter are extremely difficult to achieve in vivo (in the 
intact animal) and require specialized equipment. To this end, one member of the research team 
will travel to Berlin in 2017 for a specialization internship to enable intracellular data recording 
and correlation of membrane’s properties of cortical neurons with expression of fast oscillations.  
In a preliminary stage, however, we resorted to a more accessible method which, even if indirect, 
it has the advantage that can detect resonance related phenomena at the level of the whole 
circuit dynamics. Thus, we have coupled the recording protocols with the periodic optogenetic 
stimulation of the cortical circuit.  We have used transgenic animals expressing ChR2 type opsins 
(Channelrhodopsin-2) in populations of excitatory or, alternatively, inhibitor neurons and a blue 
laser coupled with a periodic "shuttering" mechanism (developed in our laboratory). Data were 
recorded from cortical circuits stimulated directly with a broad range of input frequencies (from 
0.5 Hz to 100 Hz) administered in the form of rectangular pulses. 
 
The periodic stimulation exhibits the advantage that it can highlight the presence of resonating 
mechanisms because RING mechanisms, which imply resonance, lead to a qualitatively different 
entrainment at low frequencies versus high frequencies relative to the other two mechanisms, 
ING and PING - see (Moca et al. 2014). Our prediction based on the mentioned theoretical study 
was that, if the cortical circuit contains neurons with resonant membrane (RING mechanism) 
then this circuit will produce robust gamma oscillations at slow stimulations but weak 
oscillations at fast stimulation frequencies . On the contrary, the other two mechanisms (ING and 
PING) produce weak oscillations at slow stimulation frequencies and strong oscillations, very 
precisely locked to an external stimulus, for high frequencies. 
 
In addition to recording datasets from mice (n = 3), we have also built an in-silico model of 
circuits that express resonance in their inhibitory neurons (IF-RES) and circuits that are purely 
integrator (IF-IF). We stimulated these circuits with external currents similar to the optogenetic 
input administered to mice (Dăbâcan and Mureşan 2016a). In this way, we have the opportunity 
to compare the theoretical predictions with experimental results in order to detect the 
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involvement (or the lack thereof) of the membrane resonances in the generation of high-
frequency cortical oscillations in mice. Preliminary results are presented in section 2 and were 
presented at the Society for Neuroscience Annual Meeting 2016, San Diego, USA. 
 

 
Fig. 7. The optogenetic stimulation system built in our laboratory by our team members. 

 
The third scientific objective involves studying the implication of arousal and neuro-
modulation mechanisms in determining the expression of fast oscillations. For this purpose, we 
have used two strategies to handle the cortical state, by mimicking the action of arousal and 
neuromodulation mechanisms in the brain: we controlled the depth of the anesthesia, on the 
one hand, and we built a system for administrating certain neuromodulators (acetylcholine, 
dopamine) directly at the level of the cortical circuit, on the other hand. 
 
For the handling depth of anesthesia we used the manual concentration setting of the isoflurane 
vaporizer; the concentration was varied linearly in different steps (ascending and descending - 
e.g., 1.5%, 2.0%, 1.75%, 1.75%, 1.5%) while the animal was stimulated with a complete set of 
stimuli (drifting gratings covering a full range of orientations). Every time after the concentration 
of the anesthetic was changed, a break of at least 5 minutes to the next recording was imposed 
in order to allow the cortex to stabilize and to remove the effects of the transient regime.  At a 
certain level of anesthesia, a complete dataset was recorded using grating type stimuli, after 
which the level of anesthesia was changed again and the cycle repeated. Thus, each dataset 
obtained (usually having around 80-160 trials) was associated with a particular level of 
anesthesia, allowing the analysis of the link between the level of anesthetic and the expression 
of cortical oscillations in that dataset.  Dozens of datasets have been recorded from 4 animals. 
 
In order to test the effect of individual neuromodulators, we built a custom system to perfuse 
the cortical surface. The system consists of a container with a target solution (usually ACSF - 
"artificial cerebrospinal fluid" mixed in various proportions with acetylcholine or dopamine), a 
fluid heating system so as to avoid the cooling of the cortex, a cortical perfusion device built 
through 3D prototyping, a vacuum trap and an extraction pump (Fig. 8). The system allows the 
application of a "buffer" solution at the cortical surface, which is necessary to deliver a 
neuromodulator to that location, via diffusion.  Preliminary data were recorded from 8 animals 
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and consisted of presenting the visual stimuli (gratings with fixed and variable contrast) in 
successive phases, in which we applied simultaneously either ACSF for 40-80 minutes or ACSF + 
acetylcholine, or dopamine for dozens of minutes. In total, we have recorded dozens of datasets 
in such a way that the effect of a neuromodulator did not interfere with neural-induced effects 
of another neuromodulator applied before. 
 
 

 
Fig. 8. The system of administering and handling neuromodulators at the level of visual cortex, 
developed in our laboratory. 
 

II.2. Data analysis algorithms – development and implementation  
Data analysis has been performed both with established methods, such as the Fourier transform, 
and with novel methods, which were developed or innovated by laboratory members, in order 
to highlight phenomena that cannot be quantified with standard methods.  
 

Feature extraction from recorded signals 

For analysis, relevant features have been extracted from signals recorded with multichannel 
probes. Low frequency components in these signals represent the local field potentials (LFP) - 
the summed activity of local neurons from the circuit surrounding the recording contact 
(~10.000-100.000 neurons) but also afferent synaptic potentials. High frequency components 
reflect the spikes (action potentials) generated by the neurons in the proximity of the recording 
site. These spikes have been detected with an amplitude threshold and have been treated as 
binary events (MUA – Multi Unit Activity) – see Fig. 9. 
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Fig. 9. Example of feature extraction from the recorded signals. A. The filtering protocol used to 
extract LFP and MUA. Data shown was recorded on one of the electrode contacts (data from the 
laboratory). C. Example of spike detection through amplitude thresholding. 

 

Validation of cortical responses 

Insertion of recording electrodes in the interest area (primary visual cortex) has been performed 
using stereotactic coordinates (Bregma -3.75 mm posterior and +2.38 mm lateral of the midline) 
through a small craniotomy of ~1.5 x 1.5 mm.  Next, electrodes were inserted with optical 
guidance, taking into account the placement of blood vessels adjacent to primary visual areas. 
Still, in order to make sure that recorded responses were from primary visual areas, the data was 
validated by event related potentials (ERP). The ERP represent the activity aligned at a certain 
event averaged over several trials. It applies to continuous signals, such as the LFP. For binary 
signals, such as spikes, the peri-stimulus time histogram (PSTH) is used instead. In order to 
validate the electrodes position, we computed the ERP for LFP signals and the PSTH for spikes, 
both aligned to the moment when the stimulus was presented on the screen (Fig.10). 
 

 
 
Fig. 10. Cortical responses validation with ERP and PSTH. ERP example (A) and PSTH (B) in mouse 
recorded data. 
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Correct electrode placement is associated with a salient “onset response” (or “ON response”), 
which is manifested by a negative peak 100-150 ms after stimulus and a peak spike count at the 
same moment. The ON response corresponds to the first wave of information coming from the 
retina, through the thalamus, and activating the primary visual cortex. Its delay corresponds to 
the time it takes for visual information to propagate up to the cortex. As it can be seen in Fig. 10 
the recorded data display these important properties, thus validating the electrode placement in 
primary visual cortex. 
 

Quantification of oscillatory processes  

Estimation of oscillatory processes can be a very difficult task, especially in the case of binary 
data such as spikes (Mureşan et al. 2008). For this reason, we have employed a battery of 
methods, some developed by our own team, to estimate the oscillatory behavior in LFPs and 
spikes.  Analysis of auto- and cross-correlations is an extremely useful instrument for this 
purpose. To this end, we have used a library developed in our laboratory 
(http://raulmuresan.ro/sources/corrlib/) to compute correlations for continuous signals (LFP), 
binary events (spikes), and hybrid signals (binary-continuous) – see Fig. 11.  
 

 
 
Fig. 11. Cross-correlation examples for binary (A), contiguous (B), and hybrid (C) signals. 
Examples are taken from a dataset that corresponds to a stimulus with variable contrast 
(increasing-decreasing); dots depict the times where spikes were identified and the continuous 
traces represent the LFPs recorded on the same, corresponding electrode. 
 
The oscillatory processes in spikes have been quantified with the Oscillation Score (OS) 
introduced by us in 2008 (Mureşan et al. 2008), which estimates the relative power 
concentration in the band of interest. The power is estimated by the spectrum of the 
autocorrelation after removal of the central peak, which does not contribute to useful 
information, being affected by processes such as bursting (Fig. 12). 
 
The spectrum of continuous signals has been computed either with time-resolved estimation, in 
successive windows, or with the Welch method. Both employ the Fast Fourier transform (FFT). In 
addition, in some cases we have resorted to a normalization of the spectra with “baselinening”, 
meaning that spectra have been normalized relative to a reference period. Normalization is 
necessary because biological data, especially those recorded in the brain, have the so called 1/f 
characteristics which implies that higher frequencies have much lower power than lower 
frequencies. Without the normalization, spectral changes from higher frequency bands can be 
masked completely by spectral fluctuations in lower bands.  

http://raulmuresan.ro/sources/corrlib/
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Fig. 12. Estimation of oscillatory processes in spike trains with the oscillation score – example on 
a dataset with variable contrast. A. Data from one MUA recorded with the same stimulus 
presented 10 times (10 trials). B. Autocorrelation histogram (black) and the smoothed 
autocorrelogram (red), from which the central peak has been removed. C. Smoothed 
autocorrelation spectrum and the peak of power in the gamma band (OS = 6.2, OF = 60.5 Hz). 
 
In order to identify the properties of fast oscillations as a function of the stimulus, average, 
statistical quantification along the trial does not suffice. As a matter of fact, as we have shown in 
the theoretical study that motivated this project, it is necessary to tightly correlate the stimulus 
with the evolution of the oscillation power and frequency in order to understand the 
mechanistic processes involved in the generation of oscillations – see (Moca et al. 2014). For this 
reason, we have developed a method of “tracking” an oscillation in time through the 
identification of the oscillation’s “crest” in the time-frequency space. The response “crest” is 
defined through an iterative process which follows the local maximum in time, along the trial 
and extracts the power and bandwidth of the local oscillations in an independent manner 
(Dăbâcan and Mureşan 2016b) (Fig. 13). 
 
 

 
 
Fig. 13. Characterization of the gamma oscillation in time, along the trial, following the 
oscillation’s “crest” in the time-frequency-power space. A. Time evolution of the power, 
visualized by classical time-frequency plot. B. Crest following in the time-frequency-power in 3D 
space. Modified after (Dăbâcan and Mureşan 2016b). 



 
 17 

 
The variable contrast stimuli used here have many parameters that influence the cortical 
response: such as luminance, orientation, contrast, and the contrast’s rate of change. Therefore, 
the frequency response (power) could be modulated on multiple temporal scales: a slow 
contrast variation scale and a faster scale corresponding to the change in luminance that is 
caused by the grating passing through the receptive field of the neurons in the primary visual 
cortex (Fig. 14A). The dissociation between the two power components is very important but at 
the same time difficult to achieve with classical methods. To this end, we have adapted the 
Empirical Mode Decomposition (EMD) algorithm, which permits the segregation of spectral 
components without assuming stationarity or sinusoidal shape (Huang 2007). EMD is an iterative 
algorithm that, at each step, reduces the difference betwen the inferior and superior signals’ 
evnelopes until the residual signal becomes an Intrisic Mode Function (IMF). For the recorded 
data, EMD was addapted to extract two IMF functions, one for the modulatory effect of the 
contrast and the other for the effect of luminance (Fig. 14B) – see also (Dăbâcan and Mureşan 
2016b). 
 

 
Fig. 14. Segregation of modulatory effects of contrast and luminance using EMD. A. Time 
evolution profile of the gamma power – the slow component corresponds to the rise and fall of 
the contrast and the fast one represents the change of luminance in the receptive field of the 
neurons caused by the grating’s movement. B. Slow IMF, which corresponds to the contrast. C. 
Fast IMF component, which corresponds to luminance variation. Modified after (Dăbâcan and 
Mureşan 2016b). 
 

Normalization of results 

Normalization is essential especially for spectral analysis that aims to estimate the power at 
different oscillation frequencies, because of the 1/f characteristics of signals recorded from the 
brain. The most widely used method of normalization is the pseudo “z-scoring”, where the data 
from the area of interest are normalized by removing their mean and then referencing (dividing) 
to the standard deviation of a reference area, called “baseline”. Hundreds of studies on neural 
oscillations used this normalization method and more recent optical imaging studies, especially 
those involving 2 photon fluorescence, use a related measure called df/f. While attempting to 
normalize our data with z-scoring, we have discovered an extremely important phenomenon 
that apparently affects hundreds of already published studies: Spectrograms normalized on a 
single-trial level using z-scoring suffer from a bias caused by the fact that the mean and standard 
deviation of the reference signal’s power are correlated. To study the bias phenomenon, we 
generated white noise data which we segmented arbitrarily into a reference (baseline) and 
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interest (target) zones – it must be mentioned that the generated signals had the same 
properties everywhere, i.e. they were statistically stationary in time.  
 

 
 
Fig. 15. Bias effect in the normalization procedure with trial-level z-scoring. A. Bias in the case of 
power spectrum computed on white noise data. B. Bias when power values are replaced with 
values drawn from a right-skewed distribution. C. Same analysis as in A) and B) but with values 
drawn from a symmetrical, normal distribution. Modified after (Ciuparu and Mureşan 2016). 
 
The power spectrum of the white noise signal generated in this manner should be identical 
everywhere, but the z-scoring normalization has suggested a false power increase in the area of 
interest relative to the reference (Fig. 15A, bottom). Analysis of power values in the reference has 
revealed the fact that the distribution of these values is skewed to the left and for this reason the 
mean and standard deviation of values over the set of generated trials are positively correlated 
(Fig. 15A). In the z-scoring formula, the numerator (which, over a set of trials is equivalent to the 
difference between the means of the interest and reference areas) negatively correlated with the 
denominator (the standard deviation) such that larger (positive) values of the numerator are 
divided by smaller denominator values, amplifying the positive values, while more negative 
values are divided to larger values of the denominator, suppressing the negative values in the 
interest area. For this reason, the positive values dominate the interest area and the distribution 
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of normalized values in the interest area becomes shifted to the right (Fig. 15A) – for details also 
see (Ciuparu and Mureşan 2016). 
  
The most plausible explanation for the observed phenomenon is that the average and standard 
deviation of values extracted from a left-shifted distribution are positively correlated and this 
correlation leads to positive bias in area of interest. To test this hypothesis we have generated 
data drawn either from a left-shifted distribution, or form a symmetrical distribution such that on 
average the mean and standard deviation were either negatively correlated (Fig. 15B) or 
uncorrelated (Fig. 15C), respectively. Indeed, in the case of negative correlation the bias in the 
target was negative, while when there was no correlation the bias was absent. Thus, the source 
of bias is the correlation between the mean and the standard deviation, arising from the skewed 
distribution of values corresponding to the baseline (a general property of skewed distributions). 
 

 
 
Fig. 16. The bias effect is proportional to the correlation between the mean and the standard 
deviation of the baseline values. Modified after (Ciuparu and Mureşan 2016). 
 
Next, we tested if the size of the bias is dependent on the size of the correlation between the 
mean and standard deviation by generating data distributed such that the correlation between 
the two measures could be controlled, in the interval [-1..1] (Fig. 16). Indeed, the average of 
values in the interest area (“stimulus”) depended linearly on the correlation, such that the 
biasing was negative when the correlation was negative and positive for positive correlation, 
missing when the average and standard deviation were uncorrelated. Thus, the bias is 
proportional to the size of the correlation between the average and the standard deviation of 
baseline values. 
 
The study (Ciuparu and Mureşan 2016) has enormous implications for the normalization of 
results derived from brain-recorded data. We have also shown in this study that z-scoring is not 
the only method which leads to biasing but that this is the case for any method that implies the 
division of a correlated numerator and denominator. Entire classes of methods fall in this 
category, such as the df/f method, very frequently used to normalize optical imaging data. Also, 
we have shown that a simple but efficient method to correct the normalization procedure is to 
“weld” all baseline periods from all the available trials and to compute the normalization 
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statistics on this extended baseline (Ciuparu and Mureşan 2016). All the analyses reported 
further have been conducted using this correction method. 
 

II.3. Preliminary results 
The first exploratory experiments were carried out on mice belonging to the BALB/c albino 
genetic lineage, using an anesthetic cocktail consisting of Ketamine and Xylazine. However, this 
anesthetic configuration completely blocked cortical responses to visual stimuli. This led to its 
replacement with a volatile anesthetic (isoflurane), administered in a saturated oxygen mix via a 
vaporizer. Also, preliminary experiments revealed the fact that BALB/c mice have a reduced 
visual acuity (Yeritsyan et al. 2012), leading to relatively weak visual responses. Due to this fact, 
we decided to replace the BALB/c lineage with C7BL6. All the following results were obtained 
using C7BL6 mice under isoflurane anesthesia. 
 

Objective 1: Characterization of oscillatory responses to visual stimulation 

Fixed contrast 

In a first stage, we focused on inducing gamma oscillations while providing visual stimulation in 
the form of oriented moving gratings. We were interested in the way oscillations emerge and 
their properties with respect to stimulus dynamics. 

 
Fig. 17. Cortical response to gratings with fixed contrast, evaluated in LFPs. A. LFP recorded on 
one channel of the recording probe. B. contrast level and luminance fluctuation across trial. C. 
time-resolved power spectrum computed across all trials. D. Event-related potential (ERP) 
computed across all trials. E. Mean power spectrum across stimulation period, computed via the 
Welch method. 
 
The first experiments were performed using moving gratings with fixed contrast along the 
duration of the trial. This induced robust gamma oscillations with a frequency around 40 Hz, and 
the detected activity displayed the characteristics of a robust visual response (Fig. 17). The 
results observed in LFP data were replicated by results seen in multi-unit activity (MUA). A strong 
oscillation at the same frequency (around 40 Hz) is visible in MUA (Fig. 18A). Moreover, MUA is 
modulated by the passage of the grating through the receptive field of the neurons and an 
interesting observation is that the oscillation score is correlated with the firing rate of the 
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neuronal population (Fig. 18C-F).  This observation is not trivial because, by its nature, the 
oscillation score does not correlate with neuronal firing rates (Moca et al. 2008). Therefore, the 
correlation between OS and firing rate implies the fact that neurons that have a strong response 
also present strong oscillatory behavior, confirming the intuitive affirmation mentioned above 
regarding a correlation between strong responses and strong oscillations.   
 

 
Fig. 18. Cortical response to gratings with fixed contrast, evaluated in multi-unit activity (MUA) 
A. Autocorrelation function of one MUA channel and its respective oscillation score. B. F 
Instantaneous firing rate modulation of the same MUA channel across trial length. C. The 
correlation between oscillation score and mean firing rate of the recorded MUA channels. D., E., 
and F. Firing rate, oscillation score and histogram of MUA channels versus oscillation frequency.  
 
The strong correlation between visual response and gamma magnitudes seems to be a 
particular feature in mouse visual cortex. Other studies using larger mammals revealed that this 
phenomenon is not observed in a consistent manner (Rodriguez et al. 2010). The increase in 
incidence of gamma oscillations in mice compared to other mammals could be related to the 
differences in the organization of their visual cortex: orientation preference maps have a salt and 
pepper organization in mice (Ohki et al. 2005), compared to a relatively ordered topological 
mapping in cats and monkeys. The local organization of these visual processing microcircuits 
could favor the emergence of gamma oscillations, which is known to arise from local rhythm 
generators (Moca et al. 2014; Prechtl et al. 2000). 
 
Other surprising phenomena have been revealed at neuronal level in V1. We analyzed the 
orientation selectivity of neuronal discharges at different moments along the trial (Fig. 19A and 
B): immediately after stimulus onset (a duration of 200 ms representing mainly the “ON 
response”), the period of sustained stimulation (from 200 ms after stimulus onset until stimulus 
disappearance from the screen) and the post-stimulation period (from stimulus disappearance 
until the end of the trial). We computed the orientation selectivity curve of the recorded multi-
units (firing rate versus orientation, in polar coordinates) for the full trial duration (Fig. 19C) as 
well as the three periods mentioned: ON (Fig. 19D), sustained stimulation (Fig. 19E) and OFF 
period (Fig. 19F). The results are extremely surprising: the weakest orientation selectivity is found 
in the ON period, whereas the strongest is associated with the OFF period. This implies the fact 
that the most precise stimulus information is coded in neuronal discharges occurring after the 
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visual stimulus has been removed from the visual field! This phenomenon was revealed in a 
different manner in the cat visual cortex (Nikolić et al. 2009). 

 
Fig. 19. Orientation selectivity of neuronal discharges throughout the experimental trial. A. The 
contrast level and luminance fluctuation throughout the trial. B. Peristimulus time histogram of 
one MUA channel recorded in the mouse visual cortex. C. Orientation tuning curve (TC) 
considering spikes from the whole trial duration. D., E. and F. same as C., but considering spikes 
from ON period (D; 200 ms after stimulus onset), sustained stimulation period (E. from 200 ms 
after stimulus onset until stimulus disappearance from screen) or OFF period (F. from stimulus 
disappearance until the end of trial). 
  
Another interesting phenomenon was revealed by this detailed analysis throughout the 
duration of visual stimulation: Luminance fluctuations in the receptive field, caused by the 
moving gratings, led to robust neuronal responses and transient oscillatory behavior in LFP (Fig. 
20B). A very interesting observation is that oscillation frequency does not seem to covary with 
oscillatory strength, but appears to decrease monotonically in each luminance cycle along the 
trial. Indeed, frequency and power are weekly correlated (Fig. 20C, E and G). The same 
conclusion can be drawn from the analysis of evoked potentials (ERP), which are negatively 
correlated with gamma power (an expected phenomenon considering the extracellular nature 
of the recordings), but weekly correlated to oscillation frequency (Fig. 20C, E, F and H). Up to 
date, no existing model of cortical gamma oscillation emergence can reproduce these findings 
because, generally, oscillation strength and frequency are considered to be strongly coupled 
(Moca et al. 2014), a fact which is contradicted by our experimental data. Similar conclusions 
could be extracted from the analysis of multi-unit activity (Fig. 21). 
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Fig. 20. Analysis of oscillatory 
processes along trial duration, 
evaluated in LFP.  A. Contrast 
level and luminance fluctuation 
along the trial. B. Power 
spectrum with frequency of 
dominant power (marked with 
red dots).  C., D. and E. Power, 
bandwidth and frequency of 
response “crest”, extracted 
using the developed method 
for time-frequency-power 
space analysis.  F. ERP. G. 
Correlation between power and 
frequency (left) or bandwidth of 
the crest (right).          
  
 
 
 
 
 
 

 
Fig. 21. Analysis of oscillatory 
processes along trial duration, 
evaluated on MUA.  A. Contrast 
level and luminance fluctuation 
along the trial. B. 
Autocorrelation histogram 
computed on one MUA 
channel. C. Oscillation score in 
the gamma band. D. Dominant 
oscillation frequency E. Firing 
rate. F. Correlation between 
oscillation score and firing rate 
on the MUA channel. 
 

 

 

Variable contrast  

Grating stimuli with fixed contrast contain visual information of first order (luminance) and 
second order (contrast): processing luminance only requires local integration in the receptive 
field of the neuron, while contrast information requires spatial integration across adjacent visual 
fields of different luminance. Considering that several recent studies reported that gamma 



 
 24 

frequency depends on contrast (Ray and Maunsell 2010), we further studied response properties 
of cortical circuits when contrast varied dynamically along the trial. This type of stimulation 
introduces visual information of third order (rate of contrast change) because, along with local 
and spatial integration, it requires temporal integration in order to extract complete information 
about the stimulus. 
 
Stimuli generated for the study of neuronal responses to dynamic contrast consisted of a linear 
increase in contrast for half of the stimulation duration, followed by a linear decrease of contrast 
(Fig. 22A). These stimuli modulate oscillation power and frequency in a much more complex 
manner than fixed contrast stimuli due to the added effect of luminance and contrast variation. 
Power (Fig. 22C) and frequency (Fig. 22E) of V1 gamma oscillations are modulated by contrast on 
a slow timescale and by luminance on a fast timescale. Due to the dominance of the slow 
contrast modulation, power and frequency become more strongly correlated than when fixed 
contrast stimulation is applied (Fig. 22G). Paradoxically, ERP (Fig. 22F) does no longer follow 
power variation, as we observed with fixed contrast modulation (Fig. 20H), but only follows fast, 
luminance-induced fluctuations of power in LFP (Fig. 22C). 
 

Fig. 22. Analysis of oscillatory 
processes in LFP with 
dynamic contrast stimulation.  
A. Contrast level and 
luminance fluctuation along 
the trial. B. Power spectrum 
with frequency of dominant 
power marked with black 
dots.  C., D. and E. Power, 
bandwidth, and frequency of 
response “crest”, extracted 
using the developed method 
for time-frequency-power 
space analysis.  F. ERP of the 
recorded channel. G. 
Correlation between power 
and frequency. H. Correlation 
between crest bandwidth 
and frequency.       
 
 
 
 
 

Apart from LFP, the analysis of multi-unit activity also revealed interesting phenomena (Fig. 23).  
The oscillation score varies across trial in a different manner than LFP power (seems to decrease 
with contrast), even if frequency follows the power’s trajectory (increases with contrast and is 
modulated by luminance). Neuronal firing rate seems to be in accordance with LFP power: it 
increases with contrast and has clear responses to the local variation of luminance. 
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Fig. 23. Analysis of oscillatory processes along 
dynamic contrast stimulation, evaluated in MUA.  
A. Contrast level and luminance fluctuation along 
the trial. B. Autocorrelation histogram computed 
on one MUA channel. C. Oscillation score in the 
gamma band. D. Dominant oscillation frequency 
E. MUA firing rate along trial.  
  
Comparing the results obtained with fixed and 
dynamic contrast, we can conclude that the 
processes involved in the generation of gamma 
oscillations are extremely complex. Therefore, the 
differential modulation of power and frequency 
by luminance, contrast and contrast rate prove 
that these oscillations, although generated in 
local cortical circuits, reflect coordination and 
integration on both spatial and temporal 
domains. Local luminance modulation produces 
fast fluctuations of power and frequency in a 
non-trivial manner: the increase and decrease of 
luminance do not induce a coordinated increase 
and decrease in oscillation power and frequency 
alike; although power follows luminance 
fluctuations, frequency is higher at the beginning 

of the oscillatory burst and decreases monotonically towards its end. We cannot see the same 
effect in contrast modulation: this induces a co-fluctuation of oscillation strength and frequency, 
in a coordinated fashion. This implies the existence of two completely different processes 
regarding gamma oscillation generation, processes affected differentially by the two orders of 
information (luminance and contrast). Currently existing models of gamma oscillation 
generation cannot explain this dichotomy, rendering it necessary to investigate other theories 
that prove to be more consistent with experimental evidence.  
 

Objective 2: investigating resonance in visual cortical networks  

In order to study the phenomenon of resonance at the level of visual cortical circuits, we applied 
direct optogenetic stimulation. To this end, we used a genetic line of transgenic mice which 
express an opsine, ChR2, in glutamatergic neurons (Thy-1) and a blue laser (Sanctity, 470 nm) 
coupled, through a custom built mechanical shutter, to a fiber optic which delivered optical 
stimulation to the cortical surface. The stimuli consisted of rectangular impulse trains with 
varying frequency, allowing for a quantification of the frequency response of the cortical circuit. 
The provided stimulation strongly activated visual cortex (Fig. 24A), inducing a spectral 
fingerprint at the stimulation frequency in LFP (Fig. 24B and D), accompanied by strong neuronal 
firing (Fig. 24C). 
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Fig. 24. Optogenetic stimulation of visual circuits. A. Example of a typical response (ERP) 
observable in the LFP when periodic light stimulation is applied. B. Time-resolved power 
spectrum of the LFP. C. Firing rate of neurons within the recorded volume. D. Welch spectrum 
across all electrodes during an optical stimulation frequency of 55 Hz. 
 
The analysis of recordings using optogenetic stimulation (Fig. 25) revealed the fact that primary 
visual cortex circuits respond to low stimulation frequencies (< 10 Hz) with an oscillatory 
behavior in the gamma range and a strong firing rate (Fig. 25B and C). As the stimulation 
frequency increases, the activity reaches a circuit resonance, manifested when stimulation 
frequency matches the native gamma band oscillation (Fig. 25A). At higher stimulation 
frequencies, oscillation power decreases, while frequency follows stimulation and firing rate 
increases. 

 
Fig. 25. Cortical response to optogenetic 
stimulation with varying frequency. A. LFP power 
peak across stimulation frequency. B. Oscillation 
frequency of the power peak (“crest”) across 
stimulation frequency. C. Firing rate of neurons in 
the recorded area. 
 
The fact that the recorded activity shows a 
resonant peak in the gamma range confirms the 
importance of this frequency band in the 
dynamics of cortical networks. Moreover, the 
decrease in firing rate at circuit resonance, in the 
gamma band, suggests that periodic stimulation 
at resonant frequency preferentially activates the 
inhibitory interneuron subpopulation, known to 
be vital in the generation of gamma oscillations 

(Cardin et al. 2009). These observations strongly suggest the existence of a RING-type 
mechanism in the generation of gamma oscillations in visual cortex (Moca et al. 2014), a central 
aspect we are investigating in the present project. 
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To understand the mechanisms underlying the frequency behavior of cortical networks, we built 
an in silico simulation of a local neuronal network. This was based on two neuronal models: The 
Integrate-and-Fire (IF) and the Izhikevich model (RES), which can be parametrized to behave as a 
resonator (Izhikevich 2003), having a voltage-dependent resonant frequency around 20-30 Hz 
(Moca et al. 2014; Mureşan and Savin 2007). We built two types of neuronal networks, differing in 
the neuronal types involved in inhibition and excitation: IF-IF networks (containing both 
inhibitory and excitatory neurons of IF type) and IF-RES networks (composed of excitatory IF 
neurons and inhibitory RES neurons). Networks had a ratio of 80% excitatory neurons and 20% 
inhibitory neurons (Fig. 26A), connected in a small world topology (Moca et al. 2014). The input 
was provided by a sinusoidal current with varying frequency (similar to optogenetic periodic 
stimulation applied in vivo). The resulting networks presented neuronal activity similar to the in 
vivo data, with strong gamma oscillations, cycle skipping in excitatory neurons and showing a 
series of quantitative and qualitative differences between purely integrator (IF-IF) networks and 
those containing resonator inhibitory neurons (IF-RES) – for details, see (Moca et al. 2014). 
 

  
 
Fig. 26. In silico simulation of local neuronal networks capable of generating gamma 
oscillations. A. Latice of 25 x 25 excitatory (blue) and inhibitory (red) neurons with small world 
connectivity and current input delivered to all neurons or only to a subpopulation (excitatory or 
inhibitory). B. Example of a typical trial: the sinusoidal input current, response of an excitatory 
(blue) and inhibitory (red) neuron, subpopulation firing rate (black – average firing rate per 
circuit) and raster plot of neuronal discharges for the different subpopulations across time.  
 
As opposed to previous studies, here we delivered the stimulus either to the entire population 
(EI; Fig. 27A and B), only to the excitatory subpopulation (E; Fig. 27C and D) or only to the 
inhibitory population (I; Fig. 27E and F). Interestingly, the networks responded differently in each 
case. The purely integrator network (IF-IF; Fig. 17, blue curves) showed multiple resonant peaks 
in EI and E conditions and the response frequency followed stimulation frequency or its divisors 
(subharmonics). When only inhibitory neurons were stimulated, purely integrator networks 
could not sustain robust oscillations. Resonant networks however (IF-RES; Fig. 27, red curves) 
presented only one, or at most two resonant peaks during which response frequency followed 
1:1 or 1:2 the stimulation frequency. In order to compare the simulated data with the in vivo 
experimental data (Fig. 25), we considered the E-driven networks only (Fig. 27C and D). In this 
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case, the observed experimental results were more similar to those observed in IF-RES networks, 
although the frequency characteristics of the simulated networks differed substantially from the 
real data. A possible difference could appear due to the different extraction of dominant 
frequency in the two cases (for real data, LFP power was normalized to a baseline period, while 
for in silico data this normalization was not applied).  
 

 
 
Fig. 27. Power (top) and frequency (bottom) of the dominant oscillation with respect to 
stimulation frequency (IF-IF – blue; IF-RES – red). A., C., E. Dominant oscillation power (spectrum 
crest peak). B., D., F. Dominant oscillation frequency. Input current was administered either to all 
neurons (EI; A and B), only to excitatory neurons (E; C and D), or only to inhibitory neurons (I; E 
and F). 
 
The differences between in silico and in vitro data could be partially explained by the 1/f 
characteristic of biological signals that strongly affects the frequency characteristic of the 
spectrum. Therefore, normalized and non-normalized data is difficult to compare. Simulations 
and experimental evidence seems to suggest that the behavior of the real system is closer to 
that of networks containing resonators (IF-RES) than that of purely integrator networks (IF-IF), 
but simulated circuits could not, in this configuration, reproduce all the phenomena observed in 
real data.  
 

Objective 3: Effect of neuromodulation on neuronal resonance and oscillations  

Modulation through anesthesia level 

One of the most efficient ways of changing cortical state is anesthesia. Because of the acute 
nature of all reported experiments, the use of anesthetic agents was a constant feature and we 
could study the effect of its concentration on cortical processing. We recorded data from the 
visual cortex while presenting visual grating stimuli with fixed contrast and manipulating the 
level of anesthesia on three levels, determined before the initiation of the recording session. Due 
to the variability of the effect of anesthesia on each individual animal, we calibrated the 
anesthesia levels for each animal. We chose the minimum level of anesthesia as the 
concentration at which the pedal withdrawal reflex was lost, whereas the maximum level was 
chosen as the maximum concentration at which the heart and respiration rates were becoming 
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irregular. The three levels were chosen equidistant within this interval, so that the animal would 
not be too light with a risk of awaking, and also not too deep, with a risk of cardiac or respiratory 
distress. Throughout this experiment, we presented complete sets of stimuli, varying the level of 
anesthesia in a random fashion. For each stimulation set, the level of anesthesia was kept 
constant for an accommodation period of 5 minutes prior to the recording. We then looked at 
the LFP and MUA features with respect to anesthesia levels. Unfortunately, although we 
recorded a significant amount of datasets from multiple animals, we could not observe any 
consistent and coherent effect of anesthesia level on oscillatory behavior. This fact might be 
explained by homeostatic processes, which could regulate mechanisms of gamma oscillations in 
a compensatory manner in the limited modulation interval studied. We have concluded that 
surgical level anesthesia modulation is not a sufficiently robust paradigm for modulating cortical 
state. We therefore moved on towards using known neuromodulators, like acetylcholine or 
dopamine, as more potent modulators.  
 

Cholinergic modulation 

It is known that neuromodulators affect membrane currents, thus modulating neuronal 
membrane properties, such as resonance. For example, acetylcholine modulates the M current 
(Halliwell and Adams 1982), which is involved in the generation of membrane resonance (Heys 
et al. 2010; Hu et al. 2002; Hutcheon and Yarom 2000; Richardson et al. 2003). An interesting and 
largely unexplained fact is that the stimulation of the mesencephalic reticular formation, an 
activator of cholinergic pathways, leads to a predictable increase in gamma oscillations (Munk 
et al. 1996). This is a consistent fact, regardless of the stimulation method, be it electrical (Castro-
Alamancos and Calcagnotto 2001; Steriade et al. 1991) or optogenetic (Kalmbach et al. 2012). 
One potential explanation for the enhancement of gamma oscillations would be that 
acetylcholine affects the membrane properties of inhibitory neurons, specifically fast-spiking 
basket cells, which are known to be resonators (Bracci et al. 2003; Fellous et al. 2001; Pike et al. 
2000) and are critically involved in the generation of such oscillations (Cardin et al. 2009; Sohal 
et al. 2009). The mechanism of action could be the modulation of M current in inhibitory 
interneurons, thus increasing their resonant property, a fact which we have recently shown to 
lead to stronger, more robust gamma oscillations (Moca et al. 2014). 
 
To study the effect of acetylcholine, we designed a set of pilot experiments in which we 
delivered the neurotransmitter to the cortical surface via a perfusion system developed in our 
lab (Fig. 8). We applied a control solution (aCSF) or a mix of aCSF and different concentrations of 
acetylcholine (aCSF + ACh). For visual stimulation we used the dynamic contrast moving 
gratings to study the oscillatory processes with respect to luminance and contrast modulation, 
and their perturbation when acetylcholine was added to the circuit. The experiments always 
started with a set of recordings when the cortex was irrigated with the control solution (aCSF). 
After these recordings, acetylcholine was added to the solution and an accommodation period 
of 20-30 minutes was allowed, after which the second batch of recordings was performed. We 
recorded preliminary data from 4 animals and compared different parameters of gamma 
oscillations for control (aCSF) versus acetylcholine (aCSF+ACh) conditions (Fig. 28). 
 
As has shown before, the presence of ACh in the irrigation solution increased the power of 
gamma oscillations (Fig. 28A). Also, novel aspects were revealed by our experiments when 
looking at the oscillation frequency and its dependence on stimulus parameters, as an indirect 
indicator of the underlying mechanism of gamma oscillation generation – see (Moca et al. 2014). 
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Interestingly, the oscillation frequency decreased when cholinergic modulation was applied (Fig. 
28B), the correlation between contrast and power was increased (Fig. 28C) and the correlation 
between contrast and frequency was decreased (Fig. 28D – more data is necessary to confirm 
this trend). The theoretical prediction is that if ACh potentiates inhibitory interneuron resonance, 
then gamma power is expected to increase, while the dependence of frequency on contrast is 
expected to decrease. Both phenomena were observed in the preliminary data, which suggests 
the fact that the main hypothesis of this project could be confirmed. Intracellular experiments 
will confirm or infirm this hypothesis in the research stage that follows. 
 

 
Fig. 28. Cholinergic modulation of gamma oscillations 
in the visual cortex. Blue – control condition: cortex 
perfused with buffer solution (aCSF). Red – target 
condition: cortex perfused with a mix of aCSF and 
acetylcholine (ACh). A. Dominant oscillation power in 
the gamma range. B. Dominant oscillation frequency in 
the gamma range. C. Correlation between stimulus 
contrast and gamma power. D. Correlation between 
stimulus contrast and frequency.  
 
 
 
 
 
 
 
 

 

II.4. Dissemination of results in 2016 
Preliminary results from the project have been disseminated in scientific journals and 
international conferences, in the form of articles and abstracts accompanied by posters. In 2016 
following scientific works have been published or accepted for publication: 

1. Ciuparu A. and Mureșan R.C. (2016), Sources of bias in single-trial normalization procedures. 
European Journal of Neuroscience 43(7):861–869 [journal publication].  

2. Dăbâcan A. and Mureșan R.C. (2016), Robust analysis of non-stationary cortical responses: 
tracing variable frequency gamma oscillations and separating multiple component input 
modulations. Proceedings of MediTech 2016 – will be published in Springer [conference 
article]. 

3. Dăbâcan A., Rusu C., Mureșan R.C. (2016), Probing Frequency Response in Neural Networks 
Using Light. Novice Insights, in press [journal publication]. 

4. Dăbâcan A. and Mureșan R.C. (2016), Effects of periodic stimulation on cortical circuits as a 
function of stimulated population properties. Society for Neuroscience Annual Meeting, 12-
16 November, San Diego, USA. Accepted poster [abstract and poster]. 
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III. Reporting phase 3: 1.01.2017 – 30.09.2017 

Given the preliminary findings in phase 2, we have carried out the following types of activities in 
2017: 

• Recording of final datasets and further analysis of the relationship between stimulus 
parameters and response features: 
 Gamma feature variation with respect to stimulus parameters; 
 3rd order stimulus parameters induce prediction error signals modulated by 

arousal. 
• Adaptation of experimental setup to consolidate findings:  

 Generation of stimulus palette to systematically explore response characteristics 
within stimulus space; 

 Development of an experimental protocol for intracellular evaluation of 
membrane resonance during gamma oscillatory activity. 

• Cross-species confirmation of the observed dependency of gamma features on contrast. 
• Dissemination of results in 2017 

III.1. Recording final datasets and further analysis of experimental data  
The findings outlined in the previous section led to an increased interest in specific features of 
gamma oscillations, features which we found to be novel and not documented in existing 
literature. Therefore, we recorded the final experimental datasets and then focused on a further 
exploration of these features and formulated hypotheses on the relationship between stimulus 
parameters and neuronal response features. In particular, we found that the relation between 
stimulus contrast and the properties of the ensuing gamma oscillations is not trivial at all and 
that current models of gamma oscillation generation cannot explain these features. 
 

Gamma feature variation with respect stimulus parameters 

Our first analysis referred to the relationship between gamma features, specifically power and 
frequency of oscillations, when stimulus parameters are varied. In the previous section, we 
showed that luminance has a differential effect on frequency and power of LFP gamma, but that 
dynamic contrast modulation induces a similar effect on the two features.  
 
Here, we further dissected the effect of contrast modulation on gamma frequency and power by 
comparing this global effect across individual recording channels and stimulus orientations. The 
goal of this study was to understand the underlying causes of a wide variety of reported results 
concerning the stability of gamma frequency and its covariance with gamma power.  
 
In C57/BL6 mice, we presented gratings of three levels of contrast, 8 orientations and recorded 
with 32 channel silicon probes. Contrast and orientation was fixed along trial duration. We 
looked at the global statistics of gamma power and frequency, coupled with MUA features, in an 
attempt to reproduce the known covariation of gamma power and frequency with contrast. For 
each channel and grating orientation, we computed the Fourier spectrum of the LFP signal 
using the Welch method across a period 200ms after stimulus onset until stimulus offset. We 
chose to exclude the transient onset responses from this analysis due to their broad bandwidth 
and high power, which would hamper our effort to estimate the oscillatory response during 
grating presentation. In the LFP we extracted the peak power within the gamma range (30-80 
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Hz) and the frequency at which this peak occurs. In the MUA we computed the mean firing rate 
across the corresponding time period and determined the oscillation score for each multi-unit. 
 

 
 
Fig. 29. Average response characteristics with respect to contrast level. Each point represents an 
individual channel–orientation pair. The green line shows mean and SEM for each contrast 
condition. A. z-scored LFP peak power within the gamma band (30-80 Hz). B. Frequency of the 
largest gamma power peak in the LFP. C. Average MUA firing rate. D. MUA oscillation scores. 
Contrast levels were 25, 50, and 100 %.  
 
When looking at all channels and all orientations, on average, we saw a trend of increased LFP 
oscillation power with contrast level. This effect was backed up by MUA firing rate and oscillation 
score increase. This increase was stronger at low contrast transitions (25% to 50%) than at higher 
contrast (50% to 100%), signaling a nonlinear characteristic of contrast dependence. On average, 
frequency increased with contrast as well, even in a more reliable manner than power. The 
nonlinear effect induced by high versus low contrast levels is smaller in frequency than in power.  
 
Next, we looked at the individual channels and stimulus orientations, to evaluate whether the 
increase in power and frequency is a systematic effect across conditions or if there is a high 
variability of individual responses which, evaluated on average, give rise to the statistics shown 
in Fig. 29. To check this, we evaluated the covariation of frequency, power, and contrast as 
contrast is increased from 25% to 50% and 50% to 100%. Then, we evaluated the sign of the 
covariation to determine whether features co-varied, did not change or negatively co-varied 
with contrast change. We looked at the percentage of conditions where response features 
positively covaried as opposed to negatively covaried or without any effect at each of the two 
transitions between contrast values. 
 

 
 
Fig. 30. Percentage of positive (green) and negative (black) or zero (yellow) covariations 
between A. power and contrast, B. frequency and contrast and C. power and frequency at low 
(25-50%) and high (50-100%) contrast transitions. 
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We found that, even though on an average, both power and frequency positively co-vary with 
contrast levels, when we evaluated separate channels and stimulus orientations independently, 
we saw a high variability of covariance (Fig. 30). Specifically for LFP power, a significant 
percentage of conditions showed a negative covariation with contrast (i.e., power decreases 
across some electrodes-orientation pairs when contrast is increased; Fig. 30A). Moreover, this 
percentage was higher for high contrast transition (50-100%) than for low contrast transition 
(25-50%), potentially explaining the nonlinear effect observed on the global average analysis in 
Fig. 29A. Gamma frequency also had a variable covariance with contrast across electrode-
orientation pairs: in most cases, frequency increased with contrast, but for a sizeable fraction of 
pairs, frequency stayed constant and, in a few cases frequency decreased with increasing 
contrast (Fig. 30B). When comparing contrast levels, a larger fraction of pairs showed unchanged 
frequency over contrasts increasing from 25 to 50% than over contrasts increasing from 50 to 
100 %. We looked at the relationship between power and frequency at contrast transitions and 
we found that the two effects accumulate: we saw positive, zero and negative co-variance 
between power and frequency (Fig. 30C). The percentage of each case changes with contrast 
transition: at low contrast transitions we had a higher number of cases where there was no 
covariation, whereas at high contrast transitions, we had a higher number of cases with negative 
covariance. These individual differences in contrast dependence indicate a rich, non-rigid 
relationship between gamma frequency and power in relation to contrast, therefore proving the 
potential decoupling between these two features. Such a decoupling is sparse and we have 
found no obvious rule by which in some cases, gamma features covary while in others they 
negatively covary with contrast change. 
 
As a third step, we looked at the effect of contrast change on other response features, such as 
orientation tuning. For this, we computed the peak LFP power and MUA firing rate for each 
stimulus orientation and evaluated the tuning curves of peak gamma power and firing rate (Fig. 
31).  

 
 

Fig. 31. Example of orientation tuning for one channel: peak LFP power and MUA firing rate are 
plotted on the rho axis of the polar plots, where the angle represents the direction of the 
moving grating stimulus. Tuning plots were computed for each contrast level. 
 
We found that nonlinear effects occur at this level of processing as well. In the example channel 
in Fig. 31, we observed an increase in gamma power and MUA firing rate with contrast (area of 
the green surface). However, the shape of the tuning curve changes nonlinearly with contrast:  at 
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25% contrast, there is a slight orientation preference, which increases for 50% contrast. However, 
further increase in contrast, although it does cause an increase in average power, does not 
sharpen orientation tuning, but broadens it. This is caused by a differential increase in power 
across orientations.  
 
In conclusion, detailed analyses on single electrodes / conditions revealed a highly variable, 
nonlinear characteristic of gamma response in relation to the features of visual stimuli. We can 
assume that gamma response features are not simple, linear and hardwired together, but more 
likely have high orders of complexity and are modulated by a wide range of factors, not 
captured in traditional models of gamma generation, such as PING or ING. Such orders of 
complexity may explain the high variability in reported results on this topic in the literature. 
Furthermore, our results strongly suggest that simple push-pull mechanisms of gamma 
oscillation generation are most likely not the complete story, as they cannot account for many of 
the observed relations between stimulus features and gamma oscillation features. 
 

3rd order stimulus parameters induce prediction error signals modulated by arousal 

Varying the contrast of the visual stimulus continuously has the advantage of removing transient 
responses due to sudden changes in contrast. Luminance is considered to be a “first order” 
parameter of visual stimuli, as it describes a static parameter of the stimulus. Contrast is defined 
by the difference in luminance and therefore it represents a “second order parameter”. Contrast 
adaptation is therefore a second order mechanism that involves the scaling of neuronal 
responses to the range of luminance the visual stimulus contains. In our stimulation pattern, we 
varied luminance (1st order), contrast (2nd order) and also the rate of contrast change, which 
became a “third order” stimulus property. The latter was achieved by changing contrast variation 
from increasing to decreasing at the middle of the stimulation period (Fig. 32, right, top). 
 

 
 
Fig. 32. Gamma oscillation features in LFP and firing rate in MUA as a function of the rate of 
change in contrast. Left trajectories for positive contrast slope (blue) and negative contrast slope 
(red) for LFP gamma power (top), frequency (middle) and firing rate (bottom). The contribution 
of grating variation was discarded by an Empirical Mode Decomposition method adapted for 
our purpose (Dăbâcan and Mureşan 2016b). Right: Contrast profile (top) and ERP (bottom) across 
conditions showing the effect of contrast slope reversal (red dotted line). 
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We looked at the effect of changing contrast slope from positive to negative. In the hypothesis 
where contrast rate change does not affect V1 neuronal processes, contrast-induced modulatory 
effects on response should be similar in the increasing contrast period and in the decreasing 
period. However, the ERP showed a strong deflection after contrast rate change (Fig. 32, right, 
bottom). Specifically, the extracellular potential generated a sinusoidal wave starting with a 
positive deflection and followed by a negative one. In physiological terms, increase in 
extracellular potential indicates global hyper polarization, whereas the negative deflection 
represents a recovery depolarization. However, other response features did not have a strong 
response to contrast rate change. We did find a slight asymmetry in firing rate, LFP gamma 
power and frequency for ascending and descending contrasts: ascending contrast generated a 
concave increase whereas descending contrast generated a convex decrease. The trajectories 
therefore had a hysteresis which was correlated to the observed ERP deflection (Fig. 32, left). 
 
The presence of a response feature related to the change in contrast slope is evidence of 3rd 
order processing mechanisms in primary visual areas. Given that the preparation was acute, 
under anesthesia, this finding was totally surprising. The cortex responds to change and 
therefore creates expectancies of what the next state of the input will be, consistent with a 
predictive coding mechanism. If all is dark and a bright spot appears, an onset response emerges 
that can be interpreted as an error signal generated from the fact that expected value (darkness) 
is not the same as the one delivered by sensory neurons (the bright spot) (Rao and Ballard 1999). 
In a similar manner, the neurons in the cortex could generate an expectancy value of the 
incoming contrast, based on not only the contrast value before, but the integrated value of 
several contrasts in stimulus history (determining the contrast slope). This expected value does 
not correspond with the input when contrast starts decreasing and an error signal is generated. 
 
This fact has great ethological relevance. Third order feature variation in the natural world holds 
a lot of information about direction of movement of perceived objects with respect to the 
observer. For example, if a predator is approaching, the rate of change of luminance, size and 
contrast vary predictively, whereas when departing, the rate of variation of these features 
inverts. Therefore, fast processing of these features in primary cortical areas could yield fast 
motor consequences to visual cues. 
 

 
Fig. 33. Effects of cholinergic modulation on contrast rate response. A. ERP traces of one 
example channel where aCSF was applied (top) and where aCSF containing ACh was applied 
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(bottom). Red stars mark the peak of the contrast rate response feature. B. Comparison of feature 
amplitude in aCSF application (blue) versus ACh modulation (red). Control data was acquired 
with aCSF only, but measurements are time-matched to control for variation in time of ERP 
amplitude. Error bars mark the mean and standard deviation across channels. There was a 
significant increase in feature amplitude for during ACh application (paired t-test, p = 6 * 10-11). 
 
We looked at the effect of acetylcholine on the response feature associated with the change in 
contrast rate. We saw that the presence of ACh determined an increase in amplitude of the 
potential fluctuation present in the evoked response (Fig. 33). This increase was not visible when 
the same time-course was followed, but no ACh was applied to the bath solution, removing the 
possibility of it being a result of some adaptation or any other time-dependent phenomenon. 
Figure 33 shows example ERP traces of one channel when aCSF was applied, compared to when 
aCSF with ACh was applied. The amplitude was compared via a paired t-test across channels in 
the two different conditions and a significant increase in amplitude was observed. 
 
We have shown that primary visual cortex activity shows a characteristic feature in response to 
3rd order stimulation parameters. By providing neuromodulation, we tested for the involvement 
of cholinergic mechanisms in the generation of this feature. Considering that prediction coding 
could be a potential generator of this feature, the fact that cholinergic mechanisms amplify this 
effect is consistent with expectations. In fact, the cholinergic pathway is known to be involved in 
visual attention and therefore a link with predictive mechanisms in visual cortex all the more 
important. 
 
Gamma oscillations are thought to be involved in the process of prediction confirmation 
(Yordanova et al. 2012). The amplitude of gamma oscillations has been shown to be increased 
when the stimulus is predictable and compared to the situation where the incoming input does 
not coincide with generated prediction (Schadow et al. 2009). In our case, we assume the rising 
slope of contrast variation induces a prediction about the third order visual stimulus parameter. 
When this parameter is changed and the slope of contrast variation changes from positive to 
negative, the neuronal circuit generates something similar to an error signal which signals the 
difference between prediction and input and starts the generation of a new prediction that 
conforms to the current state of the input. The fact that the amplitude of the observed feature is 
higher when cholinergic pathways are activated could be explained by the fact that incoming 
input switches from a predictable to an unpredictable state, thus perturbing network dynamics, 
possibly via mechanisms that are related to the gamma oscillations. 
 

III.2. Adaptation of experimental setup to consolidate findings  
The findings described in section II and III.1 require subsequent experimental adjustments in 
order to fully analyze observed effects and prove or disprove the formulated hypotheses. 
Specifically, we found two research directions which require a more detailed experimental 
design:  

 a systematic exploration of response features within stimulus parameter space; 
 correlation of network response (LFP and MUA) with cellular membrane properties. 

In order to address these research directions, we upgraded our experimental setup and 
developed a new protocol, as described in the following sections. 
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Generation of stimulus palette to systematically explore response characteristics within 
stimulus space 

In our initial experimental paradigm, we analyzed the effect of stimulus parameters on neuronal 
network response. Our stimuli consisted of drifting gratings of 8 orientations, static contrasts of 
3 levels and one condition of variable contrast, as depicted in Fig. 34. 
 

 
 

Fig. 34. Preliminary experimental condition diagram 
 
By using this experimental paradigm, we found that local luminance fluctuations affect gamma 
oscillation features in a different manner than global contrast fluctuations. We therefore wanted 
to dissect the problem into its confounding factors: Is the local nature of the fluctuation causing 
the response difference or is the different fluctuation modality (luminance versus contrast) 
responsible for this change. Therefore, we introduced another parameter into our stimuli, that of 
global brightness. 
 
Another factor that we found interesting was that there is non-linearity in response features with 
respect to static contrast stimuli. Specifically, we have found that when comparing gamma 
power and frequency response during the transition from 25% to 50% contrast levels, the effects 
are different than when contrast varies from 50% to 100%. Moreover, orientation tuning 
sharpness appears to be maximal at 50% contrast and to be broader for both 25 and 100% 
contrast levels. Therefore, we introduced a fourth contrast level for static stimulation in order to 
better understand the dependence of these features on contrast. 
 
A third area of interest was the effect of 3rd order stimulus parameter fluctuation on response. 
We found that when contrast varies within the trial in a triangle shape (linearly increasing until 
the middle of the trial and linearly decreasing from middle until the end of the trial), we see a 
strong, robust feature in the ERP signal that could potentially represent a prediction error signal 
to the change of the slope of contrast variation. We were further interested to see whether this is 
a generalized response feature, irrespective of the varied stimulus parameter or if this is specific 
to contrast variation. Therefore, we introduced stimuli that varied in other stimulus parameters, 
like mean brightness and angle. 
 
Also, another limiting factor was of more technical nature. Due to the increased number of 
stimulation conditions, we changed the memory management strategy for our stimulus 
presentation software. Specifically, in preliminary experiments, we uploaded all images 
corresponding to all conditions within one dataset into computer memory at the beginning of 
the dataset. This was convenient because inter-trial-intervals (ITIs) were precisely controlled. 
However, the new set of stimuli caused an increased memory load which limited the hardware 
specifications of our setup. In order to avoid this, we adapted the stimulus presentation software 
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so that images corresponding to each trial are uploaded into memory in the ITI. This results in a 
more variable duration of the ITI, dictated by the time it takes to load respective frames into 
computer memory. We found that for loading 300 frames of 800x600 pixels, the upload duration 
has an average of 2 s and the maximum error is around 500 ms. These time constants are 
convenient, as an ITI between 1.5 and 2.5 is within our desired range. Also, the randomness of 
the upload duration can be used to generate a variable ITI, more suitable for better suppression 
of periodic noise from our recordings. 
 
The novel stimulation strategy for the follow-up experiments is shown in Fig. 35. In the next 
months, after project completion, we will continue to record new data in order to further 
investigate the very interesting findings presented above. 
 

 
 

Fig. 35. Upgraded experimental condition diagram 
 

Development of an experimental protocol for intracellular evaluation of membrane 
resonance during gamma oscillatory activity 

Our findings presented in section II indicate that membrane resonance may be one of the key 
players in the generation of gamma oscillations. Resonance may also contribute to the non-
linear relation between stimulus features and gamma features presented in section III. In 
addition, the strong involvement of cholinergic modulation in shaping gamma response 
properties and its correlation to putative predictive coding suggests that some cellular 
mechanisms may be at work, and we suspect that membrane resonance is involved. The circuit-
level analysis indicated consistent phenomena that are typical for a RING-type gamma 
generation mechanism (Moca et al. 2014). 
 
In order to study the relevance of membrane resonance on gamma we needed to design an 
experimental paradigm to measure individual neuron membrane properties while eliciting 
visually-evoked gamma oscillations in a living animal. Specifically, we are interested in the 
presence of resonance in fast spiking interneurons, which have been proven to be instrumental 
for the entrainment and maintaining of robust gamma oscillations. Fast spiking interneurons can 
be targeted with fluorescent probes using their expression of Parvalbumine (PV). Therefore, we 
can design an experiment where we use fluorescence microscopy to detect PV+ cells, then use 
the patch-clamp technique to record across the membrane of these cells, while simultaneously 
recording population activity. We then present the visual stimuli described in the previous 
section and relate the features of the population oscillatory response with membrane properties 
of interneurons embedded in the network. 
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The table below depicts the experimental protocol chosen for this paradigm.  
 

 
Experimental protocol 
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 Select the mouse and place it in the induction chamber 
 Set the anesthesia vaporizer to 3%  
 Wait 5-10 minutes until the mouse is unconscious 
 Disconnect the adaptor of the induction chamber and connect the output of 

the vaporizer to the inlet of the anesthesia mask fixed on the stereotaxis 
 Remove the mouse from the induction chamber and place it on the 

homeotermic blanket in the stereotaxis 
 Fix the mouse in the stereotaxis and pull on the anesthesia mask, covering the 

nose and mouth 
 Wait for 2-3 minutes for anesthesia to stabilize 
 Apply the eye-protection: silicone oil on right eye and ophthalmic ointment 

(Paralube) on the left eye 
 Adjust the body position of the mouse for a natural and comfortable position 

of the head, ensuring correct respiration 
 Fix the year bars to stabilize the skull 
 Plug the rectal temperature probe 
 Inject and anti-inflammatory: dexamethasone/furosemide mixture 0.25 / 0.2 ml 
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 Cut into the scalp (2cm length) over the implant site 
 Clean the skull with diluted hydrogen peroxide 
 Place bone coating on the skull 
 Fix the head post (1g, 1.5 cm, 0.3-1cm wide, Al) using glue 
 Add dental cement to fix thoroughly  

 

M
ea

su
re

m
en

t o
f i

nt
ri

ns
ic

 o
pt

ic
al

  
si

gn
al

s 

 
 Move animal onto imaging rig holder and fix using headbar 
 Cover skull with ringers solution 
 Project red light on the skull and set imaging parameters 
 Adjust light intensity to nearly saturate the image 
 Position the objective so the focus plane is 1200um below bone surface 
 Present visual stimuli in an orderly manner, while recording images with the 

camera 

 Compute the   
∆𝑅
𝑅

  
 Detect region which is activated by the delivered stimulus and mark it with a 

surgical marker 
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 Over the identified region, perform a small craniotomy (500 um diameter). 
 Lift the bone fragment using a small syringe needle or a fine forceps 
 Use a fine forceps to remove dura mater 
 Add a layer of agarose on top of the brain to protect tissue, reduce swelling 

and stabilize further recordings 
 Constantly add ringers solution on the craniotomy to keep agarose humid 



 
 40 

2-
Ph

ot
on

 
ta

rg
et

in
g 

PV
 

in
te

rn
eu

ro
ns

 

 Start visual sensory stimulation 
 Place the animal under the imaging rig 
 Open shutter for 2 photon imaging 
 Identify a PV interneuron in the brain volume accessible via the craniotomy.  
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 Electrophysiological recordings are performed using two different techniques: 
 Extracellular recordings 

o Apply DiO (non-toxic die) on the tip of the probe or wire for histological 
reconstruction of recording location 

o Lower the silicon probe (or one wire electrode) slowly (ca. 2um/s) into 
the cortex 

o Wait for a 1 minute to assess quality of recorded responses 
 Intracellular recordings 

o Pull a glass pipette using PC-100 (ca. 10 um tip diameter) 
o Set the patch clamp amplifier on voltage clamp 
o Set positive pressure inside the pipette 
o Lower pipette into brain tissue until approaching the targeted neuron 
o Release pipette to attach to the cell and get a gigaohm seal 
o Apply brief negative pressure to break into the cell membrane 

 After the electrodes are positioned, turn off 2-photon imaging 
 Start recording datasets 

 

Te
rm

in
at

io
n  Termination is achieved via overdose of anesthetic (K/X or Isoflurane) 

 Death is validated by checking for heartbeat and breathing 
 The animal is perfused 
 The brains are investigated histologically to determine the exact location of the 

recording probes. 

 
Table 1. Experimental protocol 
 

III.3. Cross-species validation of gamma feature dependency on contrast 
To determine whether the observed dependency of gamma oscillation properties on the 
contrast of the visual stimulus is a general cortical phenomenon, or if it depends on the animal 
species and the experimental preparation, we further analyzed data recorded in the lab of Prof. 
Wolf Singer at Ernst Strüngmann Institute (ESI) in Frankfurt. Datasets were recorded in adult 
macaque monkeys that had to perform a visual attention task with bilaterally presented grating 
stimuli having two levels of contrast: 50% and 100%. Stimuli were always oriented such that they 
would drive optimally the cells whose corresponding receptive fields were stimulated. Data was 
recorded using 32-channel Gray Matter Research probes, with independently moving 
electrodes. We extracted the LFP for each electrode and initially determined the average power 
spectrum across all electrodes as a function of contrast (Fig. 36A). On average, gamma power 
and frequency increased with contrast, matching our results in mice (Fig. 29). 
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Fig. 36. Modulation of gamma power and frequency as a function of contrast in awake macaque 
monkeys performing a visual attention task. A. Peak power (top) and frequency of the peak 
(bottom) in the gamma band along trials as a function of contrast (low = 50%; high = 100%) 
determined from frequency spectra averaged across electrodes. B. Relation between peak 
gamma power on individual electrodes observed during high- versus low-contrast conditions. 
 
We then looked at how power on individual electrodes is modulated when contrast is increased 
from low (50%) to high (100%). We found that while many electrodes followed the observations 
in the average, a sizeable fraction (> 20%) did not display a covariation of power with increasing 
contrast, or showed a mild decrease with increasing contrast. These results are very similar to 
those we obtained in anesthetized mice (Fig. 30) indicating that mechanisms generating gamma 
oscillations are similar across species and that their implications may be revealed in both acute 
and chronic preparations. In the follow-up of the present project we will investigate in more 
detail how conclusions on the mechanistic properties of gamma and its dependence on stimulus 
features generalize across species and experimental conditions. 
 

III.4. Dissemination of results in 2017 
A number of journal articles are currently being prepared in order to report the findings 
presented here. Specifically, we are preparing a manuscript that will report the surprising, non-
linear and non-monotonic relation between stimulus properties and the features of the ensuing 
gamma oscillations, arguing that current models of gamma generation cannot explain these 
observations and that gamma generation may be much more complex than previously thought. 
Second, we are currently performing experiments and will analyze the data to consolidate the 
findings related to cholinergic modulation of gamma oscillations, searching for direct evidence 
that resonance is involved. In addition, we are exploring the potential relation between 
cholinergic modulation, membrane properties, gamma oscillations and the putative predictive 
coding observed in primary visual cortex under anesthesia. This is the subject of a more 
extensive, large manuscript that will be submitted to a high-impact journal. 
 
In 2017 results of the project have been presented in the European Conference on Visual 
Perception (ECVP 2017) in Berlin, Germany and the Computational Neuroscience Meeting 
(CNS*2017) in Antwerp, Belgium. We also submitted a number of manuscripts with spin-off 
results from the present grant. Finally, while being supported from this grant, members of the 
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team contributed to other publications that acknowledge this support. In 2017 the following 
scientific works have been published, accepted for publication, or submitted: 

1. Dăbâcan A., Bârzan H., Gheorghiu M., Mureșan R.C. (2017), Modulation of oscillatory activity 
and synchrony in V1 as a function of stimulus features. European Conference on Visual 
Perception (ECVP 2017), Berlin, Germany, P58 [abstract and poster].  

2. Gheorghiu M., Mimica B., Whitlock J., Mureșan R.C. (2017), Theta/alpha coordination of pre-
motor and parietal networks during free behavior in rats, BMC Neuroscience 2017, 18 (Suppl 
1):P182 [abstract and poster]. 

3. de Calbiac H., Dăbâcan A., Marsan E., Tostivint H., Devienne G., Ishida S., Leguern E., Baulac S., 
Mureșan R.C., Kabashi E., Ciura S. (2017), DEPDC5 knockdown causes mTOR hyperactivity in a 
zebrafish model of epilepsy [submitted]. 

4. Mureșan R.C. (2017), Soft++, a powerful activation function for deep neural networks 
[submitted]. 

5. Dolean S., Geiszt A., Mureșan R.C., Dînșoreanu M., Potolea R., Țincaș I. (2017), A Scaled-
Correlation based approach for generating and analyzing functional networks from EEG 
signals. International Workshop NFMCP in conjunction with European Conference on 
Machine Learning and Principles and Practice of Knowledge Discovery (ECML-PKDD 2017), 
Sep 18-22, 2017, Skopje, Macedonia [conference article to be published in Springer]. 
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