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1. The 'Cyborg Drive' Recording Technology 

Following the first generation 'Warp Drive' that holds 144 single 

micro-electrodes (Hoffman and McNaughton, 2002; Battaglia et al., 2004), 

the 'Cyborg' Drive was developed in collaboration with Neuralynx, Inc. 

(Tucson, AZ).  The Cyborg Drive holds 240 electrodes in a 12x20 array with 

675 micron spacing between cannulae (Figure S1).  The advantages of the 

drive include the following: (1) each electrode can be positioned 

independently, (2) no head-stage is required because preamplifiers are 

integrated onto the drive, and (3) it has a compact (H: 45 mm, W: 35 mm, and 

D: 25mm) and light-weight design (~40g).  The Cyborg Drive extends over a 

rectangular area of 13 mm x 9 mm, covering multiple areas of the rat cortex 

(Figure S1B). 

Figure S2 shows the location of the electrodes where spike signals 

were recorded.  The left and right panels represent the 50-hr recording with 

a single exposure epoch and the 50-hr recording with dual exposure epochs, 
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respectively.  The colors of the electrode cannuli indicate the location of 

neurons included in the analyses; red, blue, yellow, green and pink represent 

cortex, caudate putamen, hippocampus, thalamus and other brain areas that 

are not included in the above four areas, respectively.  Neurons are collected 

from distributed brain areas in both hemispheres. 

 

Quartz-Glass Electrode: To obtain better recording quality, we loaded 

quartz-glass electrodes into the Cyborg Drive (Figure S3).  The fiber 

material and equipment are obtained from Thomas Recording, Inc. 

(Germany).  The fiber core is made of 95% platinum and 5% tungsten, and 

is insulated with quartz glass.  By heating and pulling the fiber within a N2 

chamber, a tapered tip is obtained.  The tapered tip is then circularly 

beveled so that the electrode core is exposed.  A typical tip has a conical 

shape with a core diameter of 13-15 microns with impedance between 1 – 2 

MOhms. 

 

Automated Electrode Advancing System: To advance 240 electrodes 

efficiently, an automated electrode advancing system was developed (Figure 

S4).   The position of each guide cannula is recorded by software, and an 

electrode is advanced by a computer controlled pushing rod.  A database to 

keep track of the depth of each electrode was also developed in-house, and it 

is updated automatically with a change in the position of the electrode. 
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Figure S1. The Cyborg Drive 

(A) A circuit diagram of the PC board is illustrated (Left), and the top view 

(Middle) and the side view (Right) of the drive are shown.  The guide 

cannula (30 gauge) are arranged in a 12 x 20 array with 675 micron spacing.  

Each PC board is connected to 24 cannuli and 10 boards are accumulated 

vertically, generating a total of 240 channels of output.  (B) The rat's 

cortical areas covered by the Cyborg Drive are illustrated.  Hollow red 

circles represent the position of each guide cannula.  (C) An X-ray image of 

the rat with a Cyborg Drive is shown.  The drive is chronically implanted on 

the rat's skull using dental acrylic anchored with small screws. 
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Figure S2. Locations of the neurons recorded by the Cyborg Drive 

(Left) Locations of the neurons recorded in the 50-hr recording with the 

single exposure are shown.  Red, blue, yellow, green and pink dots 

represent cortex, caudate putamen, hippocampus, thalamus and other brain 

areas, respectively.  Among a total of 31 units, 18 units are recorded from 

cortical areas distributed over motor cortex, somatosensory cortex and visual 

cortex, 8 units are from caudate putamen, 2 units are from hippocampus and 

1 unit is from thalamus.  (Right) Locations of the neurons in the 

50-hr-recording with the dual exposures are shown.  Among a total of 39 

units, 19 units are from cortical areas distributed over motor cortex, 

somatosensory cortex, visual cortex, anterior cingulate cortex, and prelimbic 

cortex, 9 units are from caudate putamen, and 7 units are from hippocampus.  

Note that only 6 yellow dots are shown, because one electrode recorded two 

hippocampal neurons. 
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Figure S3. Quartz-Glass Electrode 

A microscope image of the electrode tip is shown.  The tip of 

platinum/tungsten core is exposed and the shaft is covered by quartz glass. 
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Figure S4. Automated Electrode Advancing System 

(Left) A diagram of the electrode advancing method is shown.  A pushing 

rod is inserted on top of the electrode, and gently pushes the electrode 

downwards.  The precision of pushing rod control is within 2 microns.  

(Right) An image of the automated pushing system is shown.  A thin 

pushing rod (0.005 gauge wire) is attached to solid blocks on the pushing 

system. 

 

 

2. Novel Objects 

Four novel objects were prepared following the essential design of the 

long-lasting neuronal reverberation study (Ribeiro et al., 2004).  Figure S5 

depicts the four objects that were used in the single exposure 50-hour 
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recording and in both of the 25-hour recordings.  Figure S6 shows four 

additional objects that were used in the dual exposure 50-hour recording. 

 

 
Figure S5. The four novel objects 

(A) Frootloops are stored inside a PVC tube.  The rat can smell the 

frootloops, but is not able to reach or eat them.  (B) A golf ball is attached to 

a spring.  The spring produces motion when the rat touches the golf ball.  

(C) A common brush is used to generate gentle stimulation.  (D) Pins are 

glued onto a piece of wood. 
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Figure S6. The additional set of four novel objects 

(A) Frootloops are stored inside a plastic case such that they can be smelled 

but not eaten.  (B) Instead of a golf ball, a piece of metal is attached to a 

spring.  (C) Another common brush is used to generate moderate 

stimulation.  (D) A metal object with holes. 

 

 

3. Behavior during Exposure to Novel Objects 

During the exposure to the four novel objects, the animals were awake from 

40% to 90% of the time, depending on the recording session.  During the 

wake period, the time spent in direct contact with the novel objects varied 
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from 5% to 28%.  The detailed behavioral score is summarized in Tables S1 

and S2. 

 

 50h-S (R1) 50h-D1 (R1) 50h-D2 (R1) 25h-PFC (R2) 25h-HC (R3) 

Wake (sec) 1902 1915 1524 3218 2136 

Rest (sec) 1715 1633 2094 315 2022 

% Awake 53% 54% 42% 91% 51% 

Table S1. Wake/Rest Comparison during Exposure 

Each column represents individual exposure epochs.  Left to right; the 

50-hour recording with the single exposure (50h-S, Rat 1), the first exposure 

in the 50-hour recording with the dual exposures (50h-D1, Rat 1), the second 

exposure in the 50-hour recording with the dual exposures (50h-D2, Rat 1), 

the 25-hour recording from the prefrontal cortex (25h-PFC, Rat 2), and the 

25-hour recording from the hippocampus (25h-HC, Rat 3).  The top and 

middle rows represent the time spent in awake and at rest in seconds, 

respectively.  The bottom row represents the percentage of time awake 

during the exposure epoch. 
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 50h-S (R1) 50h-D1 (R1) 50h-D2 (R1) 25h-PFC (R2) 25h-HC (R3) 

Frootloops 4 (27 secs) 16 (149 secs) 14 (80 secs) 19 (555 secs) 25 (490 secs) 

Spring 6 (14 secs) 6 (41 secs) 7 (46 secs) 6 (37 secs) 8 (38 secs) 

Brush 8 (38 secs) 5 (43 secs) 6 (29 secs) 6 (40 secs) 5 (49 secs) 

Pin/Metal 1 (14 secs) 7 (52 secs) 5 (16 secs) 11 (66 secs) 3 (16 secs) 

Total 19 (93 secs) 35 (285 secs) 32 (171 secs) 42 (698 secs) 41 (593 secs) 

% Awake 4.9% 15% 11% 22% 28% 

Table S2. Number of Contact to the Novel Objects 

The first through fourth rows show the total number of times the rat touched 

each novel object.  The total duration of touch (in seconds) to individual 

objects is also shown in the parenthesis.  The fifth row represents the total 

touch count and duration for all the objects.  The last row shows the 

percentage of time spent touching the objects during the wake period (the 

last row of Table S2 is divided by the first row of Table S1). 

 

 

4. Additional Data for 'Parameter Dependence of Long-Lasting Neuronal 

Reverberation with the Louie-Wilson Measure' 

Figure 4 in the main text represents the calculation for the 25-hr recording 

from hippocampus.  Three additional datasets corresponding to the 50-hr 

recording with the single exposure, the 50-hr recording with the dual 

exposures, and the 25-hr recording from prefrontal cortex are shown in 

Figures S7, S8 and S9, respectively. 
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Figure S7. Parameter Dependence of the Louie-Wilson Measure in the 50-hr 

Recording with the Single Exposure 

LW-correlations for the 50-hr recording with the single exposure are 

calculated with three bin widths (50 msec, 250 msec and 1,000 msec) and 

three template lengths (1 sec, 9 sec and 80 sec). 
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Figure S8. Parameter Dependence of the Louie-Wilson Measure in the 50-hr 

Recording with the Dual Exposure 

LW-correlations for the 50-hr recording with the dual exposure are 

calculated with three bin widths (50 msec, 250 msec and 1,000 msec) and 

three template lengths (1 sec, 9 sec and 80 sec). 
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Figure S9. Parameter Dependence of the Louie-Wilson Measure in the 25-hr 

prefrontal Recording 

LW-correlations for the 25-hr recording from the prefrontal cortex are 

calculated with three bin widths (50 msec, 250 msec and 1,000 msec) and 

three template lengths (1 sec, 9 sec and 80 sec). 

 

 

5. Speed of Mean Firing Rate Change and Induced Long-Lasting 

Reverberation 

Our investigation indicate that, in this novel experience protocol, slow 

fluctuations of mean firing rates contribute primarily to the correlation 

amplitude while the fine temporal structure of spike trains has almost zero 
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effect.  If this is the case, it is also important to assess the effect of slow 

fluctuations of mean firing rates on induced long-lasting reverberation.  

Real data are, however, not appropriate for this purpose because variability 

of mean firing rate is intrinsically generated and cannot be easily controlled 

in in-vivo experiments.  We, therefore, conducted another simulation study 

where mean firing rates of inhomogeneous Poisson spike trains were 

systematically modified.  To estimate the initial mean firing rates, 

pre-exposure and post-exposure epochs of the experimental data from 25-hr 

recording from PFC were divided into 4-hr blocks.  Then the initial mean 

firing rate of each neuron was estimated by averaging over each 4-hr block 

and also over the 1-hr exposure block.  The mean firing rate of each neuron 

is then modified using sinusoidal modulation with a random phase for each 

neuron.  Top panels in Figure S10A show the whole-trace LW-correlations 

calculated with three different modulation speeds.  The top-left panel has 

wavelength 4.5 sec, corresponding to a very fast change of mean firing rates, 

the top-middle panel has a wavelength of 6 hrs, corresponding to a moderate 

speed change of mean firing rates, and the top-right panel has a wavelength 

of 72 hrs, corresponding to a slow change of mean firing rates.  In other 

words, the 4.5 sec, 6-hr, and 72-hr modulations emulate a fast, moderate and 

slow decay of similarity between two matrices at different time points.  As 

was expected, the fast modulation shows almost flat LW-correlations, 

because the similarity between two matrices decays more quickly than the 

sampling rate (30 sec).  The intermediate case shows correlations that were 

modulated in a ~6-hr interval, but the whole trace calculation of the 
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LW-measure does not indicate any long-lasting reverberation.  The slow 

case reflects the slowly changing drift of mean firing rates, but no 

long-lasting reverberation is apparent in the whole trace comparison.  The 

lower panels in Figure 9A depict the parts of exposure and control 

correlations that were not calculated in Ribeiro et al. (2004) in blue.  Figure 

S10B shows a partial comparison together with a Bonferroni significance 

test, and we can clearly see that apparently 'significant' reverberation or 

anti-reverberation is obtained depending on the speed of modulation of the 

mean firing rates.  Because inhomogeneous Poisson spike trains represent 

statistically independent spike sequences, these 'significant' reverberations 

or anti-reverberations were created entirely from mean firing rate 

modulations. The highest reverberation and anti-reverberation may be 

observed when the peak and trough of the modulation of the firing rates are 

within the range of the partial calculation of correlations. 
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Figure S10. Effect of the speed of mean firing rate modulation on 

long-lasting reverberation investigated by inhomogeneous Poisson spike 

trains 

(A, Top) The whole-trace Louie-Wilson measure is calculated on 

systematically modulated inhomogeneous Poisson spike trains.  From left to 

right, mean firing rate is modulated with wavelength 4.5 sec, 6 hrs, and 72 

hrs, respectively.  The parameter combinations, bin width = 250 msec and 

template length = 9 sec, are used.  The Louie-Wilson correlation is 

modulated with the wavelength, but the change such as Figure 1 is not 

observed, indicating that no significant long-lasting reverberation is detected.  
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(Bottom) The parts of the correlation curves that were not calculated in 

Ribeiro et al. (2004) are colored in blue.  (B) Deleting the blue curves and 

superimposing the red and black curves produces artificial long-lasting 

reverberation (right panel, 72-hr modulation) and crossover between 

reverberation and anti-reverberation (middle panel, 6 hrs modulation).  

Significance was assessed by Bonferroni test, and significant reverberation 

was depicted by a color scale ranges [0,0.05] (yellow-red) and significant 

anti-reverberation by [-0.05,0] (dark blue-dark blue).  Since spike timing of 

inhomogeneous Poisson spike trains is statistically independent, these 

artificial reverberations are produced by modulation of mean firing rate.  

The highest reverberation and anti-reverberation may be observed when the 

peak and trough of the modulation of the firing rates are within the range of 

the partial calculation of correlations. 

 

 

6. Artificial Spike Trains with Time Dependent Instability 

In long term recordings it may occur that some cells exhibit more instability 

at the beginning of the experiment (e.g. due to the recent attachment of 

cables) and settle into a more stable firing pattern with slow remaining drift 

throughout the rest of the recording.  As a simple qualitative model of such 

a scenario we simulated an artificial dataset of 50 'neurons', each producing 

an inhomogeneous Poisson spike-train where the mean firing rates vary 

every 2 secs according to a Brownian random walk in a range between 0.2 – 

20Hz (Fig S11).  The step-size of the random walk was set to a larger value 
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at the beginning of the 'experiment' (large initial instability) and decreased 

exponentially with a decay-time constant of 1 hr to a very small step-size 

(small remaining drift).  The step-size parameters were chosen to keep the 

majority of the mean rates mostly within the 0.2-20 Hz range. Whenever the 

random-walk went outside this range a hard floor and ceiling was applied by 

setting the exceeding values equal to the limits. The initial firing rates of the 

50 'cells' were drawn from an exponential distribution with a mean of 2 Hz.  

  

 
Figure S11. Time evolution of the mean firing rates of all 50 neurons used in 

the simulation. 

The mean firing rates (Hz) versus time (hrs) of all 50 model neurons used in 

the simulation.  Each subfigure shows the graphs of 5 cells.  Note that 

large instabilities exist in the first ~2 hrs.  After that, a small remaining 
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random drift causes some cells to gradually increase/decrease their rate, 

while others remain approximately stable. 
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