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Abstract– Investigation of the input–output structures 

of cortical circuits is necessary to clarify their dynamical 

properties. However, conventional physiological studies 

have focused primarily on spiking activity, which reflects 

the output of neurons or neuronal circuits. Recently 

developed multicontact electrodes enable the evaluation of 

synaptic inputs through current source density (CSD) 

analysis of local field potentials (LFPs) in addition to 

recording spikes. Here, we present preliminary findings of 

CSD patterns in the prefrontal cortex (PFC) of a behaving 

monkey and provide examples of how PFC neurons 

change their firing properties dynamically depending on 

input to PFC local circuits. 

 

1. Introduction 

 

One of the fundamental missions of neuroscience is to 

assess the input and output of neuronal circuits to 

elucidate their functional properties. It is particularly 

important to uncover the executive functions associated 

with the prefrontal cortex (PFC) [1] because recent studies 

have shown that the output properties of PFC neurons 

dynamically change depending on their inputs [2–4]. 

However, most conventional electrophysiological studies 

using microelectrodes have investigated spike activity, 

which reflects the output of, rather than input to, neurons 

or neuronal circuits. 

Recently developed multicontact electrodes enabled us 

to record neural activity from regularly spaced recording 

sites [5–7]. Furthermore, we are able to estimate the 

current source density (CSD) of synaptic input to local 

circuits by calculating the second-order spatial difference 

of local field potentials (LFPs) [8]. 

Here, we present the preliminary results of a CSD 

analysis applied to spatiotemporal patterns from the PFC 

of a behaving monkey together with simultaneously 

recorded spike activity. 

 

2. Methods 
 

2.1. Subjects 

 

Experiments were performed on one male monkey 

(Macaca fuscata; 9.0 kg). All experimental protocols were 

approved by the Animal Care and Use Committee of 

Tohoku University. Furthermore, all animal protocols 

conformed with the National Institutes of Health (NIH) 

Guidelines for the Care and Use of Laboratory Animals. 

 

2.2. Behavioral Task 

 

The monkey was trained to perform a shape 

manipulation task (Fig.1) that required step-by-step 

movements using manipulanda. The goal was to fit the 

test shape to the sample shape. In each trial, a single shape 

was randomly selected from a set of display shapes. 

After a fixation spot appeared on the screen, a sample 

shape was displayed for 1 ± 0.2 s (sample cue). Following 

a 1 ± 0.2-s delay period (delay), a test shape that was 

homothetic to the sample shape but transformed (i.e., 

expanded/contracted and rotated) was displayed for 1 ± 

0.2 s (test cue). Thereafter, the color of the fixation point 
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Figure 1 Temporal sequence of events in the shape 

manipulation task. 
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was changed, which served as a go signal to initiate the 

first-step movement (first go). The animal was required to 

execute a movement within a specific time window and to 

wait until the second go signal (second go) appeared. At 

each go signal, the animal was allowed to make a single, 

one-handed movement. He was also permitted to perform 

any number of steps as long as a movement was executed 

within the time window. When the test shape was 

successfully transformed to fit the sample shape, the 

animal was rewarded with an isotonic drink. 

Shape manipulation was linked to the movements of 

two manipulanda installed in the chair that were operated 

with the right or left wrist. Left-hand supination and 

pronation controlled expansion (double the area) and 

contraction (half the area), respectively, and right-hand 

supination and pronation controlled rightward rotation (-

45 deg.) and leftward rotation (45 deg.) of the test shape, 

respectively. 

To dissociate the movements of the arms and the cursor, 

we trained the monkey to perform the task with two 

different arm-cursor assignments. In the first cursor 

assignment, left-hand supination, left-hand pronation, 

right-hand supination, and right-hand pronation were 

assigned to expansion, contraction, rightward rotation, and 

leftward rotation, respectively. In the second assignment, 

left-hand supination, left-hand pronation, right-hand 

supination, and right-hand pronation were assigned to 

leftward rotation, rightward rotation, contraction, and 

expansion, respectively. The assignment was changed 

every 68 trials. In the first half of the 68-trial block, the 

contour of the sample cue was displayed during the test 

cue period (visually guided task), and the contour was not 

displayed in the latter half (memory-guided task). The 

success rate was 89% [9]. 

 

2.3. Electrophysiological Recording 

 

The surgical procedure has been described previously 

[3]. Following surgery, the cortical sulci were identified 

using a magnetic resonance imaging (MRI) scanner 

(OPART 3D-System; Toshiba, Tokyo, Japan) and by 

mapping single-unit activity recorded using conventional 

metal electrodes. 

Electrophysiological recordings were performed using 

linear-array multi-contact electrodes (U-Probe; Plexon, 

Inc., Dallas, TX, USA) containing 15 recording contacts 

(impedance, 0.3–1.3 MΩ at 1 kHz) with an inter-contact 

spacing of 200 μm. We used a guide needle to introduce 

the electrode. Once the electrode reached the dura mater, 

advancement of the guide needle was stopped, and the 

electrode was inserted into the cortex perpendicular to its 

surface. The electrode was precisely positioned. It was 

lowered until the multi-unit activity initially encountered 

through the bottommost contact (ch. 15) was detected 

through the top contact (ch. 1). Signals from the electrode 

were collected using a data-acquisition system (Neuralynx, 

Bozeman, MT, USA). LFP and spikes were obtained by 

band-pass filtering the raw signal from 0.1 Hz to 475 Hz 

and from 600 Hz to 6 kHz, respectively. 

 

2.4. Data Analysis 
 

Only the data obtained from correct trials with a 

minimum of two steps were included in the analyses. LFP 

signals were averaged across trials. CSD was calculated 

from the LFPs using numerical differentiation to 

approximate the second-order spatial derivative of the 

voltage recorded at each recording contact [8]. CSD at the 

nth contact, Dn, at a time point was calculated as follows: 

 

Dn = – σ [φ (n+1) + φ (n-1) – 2 φ (n)] / Δ
2
,        (1) 

 

where σ is tissue conductivity assumed to be constant 

(0.3 S/m), φ (n) is the LFP signal at the nth contact of the 

electrode, and Δ is the spacing between the neighboring 

electrode contacts (200 μm). Negative and positive Dn 

values indicate the current sink and current source at the 

nth contact, respectively. CSD waveforms were smoothed 
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Figure 2. Example of a task-dependent current source 

pattern. A. Trial-average CSD pattern at one recording site 
(23.0, 33.0) at the mediolateral (ML) and anteroposterior 

(AP) coordinates. Asterisks denote significant and valid 

current sinks or sources. Crosses denote significant but 

invalid sinks or sources (see text). B. CSD and spike patterns 

recorded from ch.10 (arrow in A) simultaneously with 

execution of the memory guided task. C. CSD and spike 

patterns recorded from ch. 10 simultaneously with execution 

of the visually guided task. 
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using a sliding averaging window of 50 ms. The presence 

of a peak and trough, namely the current source and sink, 

respectively, was statistically tested using a bootstrapping 

method. We defined the reference period as the time from 

-1,000 to -500 ms relative to the sample cue onset for each 

dataset because no salient current sinks or sources were 

observed in any dataset during this period. We calculated 

all possible quasi-CSD values by shuffling the channel 

number of the electrode at each time point, then we 

obtained lower and upper significance levels of P = 0.05 

and P = 0.95, respectively. Only epochs exhibiting 

significant sinks or sources in consecutive time steps for 

more than 50 ms were regarded as significant. When 

significant sinks and sources were detected 

simultaneously from adjacent contacts, we selected the 

one that exhibited the larger magnitude and deemed it 

valid so as to exclude return or artifactual current density. 

 

3. Results 

 

We recorded LFP signals from 10 sites on the ventral 

side of the PFC principal sulcus. Each dataset included 

approximately 140 correct trials with a minimum of two 

steps (i.e., entire task variation). Meanwhile, we recorded 

from stable neurons. Data were analyzed for the 

preparatory period of the task. 

Figure 2A is an example of a trial-average CSD pattern 

recorded from the inferior convexity of the ventral PFC. 

In this pattern, a significant current source was observed 

in ch. 10 at approximately the onset of the test cue. At the 

same time, we observed a significant current sink in the 

adjacent channel below, namely ch. 11. However, the sink 

was not considered valid because the magnitude was 

lower than that of the source in ch. 10. 

A comparison of the CSD pattern and simultaneous 

single-unit activity recorded at ch. 10 for the memory- and 

visually guided tasks are shown in Figure 2 B and C, 

respectively. In the memory-guided task, the strong 

current source emerged close to the onset of the test cue, 

and the firing rate of the simultaneously recorded single 

unit was virtually flat during this period (Fig. 2B). In 

contrast, we observed a transient increase in the firing rate 

of the single unit immediately following termination of 

the current source, whose duration was quite short in the 

visually guided task (Fig. 2C). These findings illustrate 

that the current source is not always a passive return 

current but may reflect inhibitory synaptic input. That is, 

the strong current source inhibited an increase in firing 

rate in this case. 

The task-dependent changes in the significant and valid 

sink and source currents for all recording sites are shown 

in Figure 3. The 10 recording sites can be divided into 

convex (six sites) and sulcus (four sites) groups [10] as 

indicated by the dashed lines in Figure 3. In the convex 

group, the electrodes penetrated the cortex vertically, 

whereas the electrodes were inserted horizontally into the 

ventral bank of the principal sulcus in the sulcus group. As 

a result, few significant and valid sinks and sources were 

observed in the upper contacts (ch. 2–8) of the convex 

group compared with the sulcus group (P < 0.05, 

binominal test). We compared the task-dependent current 

sink and source patterns between the two groups. 

Significant and valid sinks were observed only in the 

sulcus group during the sample cue period and were 

dominant in that group during the test cue period (P < 

0.05, binominal test for both). Furthermore, significant 

and valid sources were dominant in the sulcus group 

during the peri-sample onset (P < 0.05, binominal test) 

and delay (P < 0.05, binominal test) periods. The absence 

of significant and valid sink currents during the sample 

cue period in the convex group was statistically significant 

(P < 0.05, binominal test); however,  we observed a 

considerable number of significant and valid source 

currents during the test cue period (P < 0.05, binominal 

test). 

 

4. Discussion 

 

We simultaneously recorded multiple LFPs and spike 

signals from the PFC of a behaving monkey. A CSD 

analysis revealed task-dependent current sink and source 

patterns. 

Current source is often considered a passive return 

current accompanied by an excitatory synaptic stimulation 

[11]. However, we observed several current sources that 

had magnitudes larger than those of the adjacent sinks and 

that appeared to be biologically meaningful; specifically, 

they appeared to reflect inhibitory synaptic input. This 

view is supported by our finding of consistent spike 

activity at the same contact where a significant and valid 

current source was observed. Current source as a 

reflection of inhibitory synaptic input has been reported 

previously [12]. Future studies are needed to establish a 

more accurate method for defining current source that 

exclude simply describing it as passive return current. 

We were able to distinguish between CSD signals in the 

inferior convex and the principal sulcus. In the convex 

group, significant and valid current sinks and sources 

were virtually absent at the upper contacts (ch. 2–8). In 

the sulcus group, significant sinks were observed 

frequently at lower and upper contacts. These differences 

presumably reflect the different orientation of the 

electrodes in the convex and sulcus groups. 

The sulcus group exhibited several current sinks during 

the sample and test cue periods, but not during the delay 

period, a time period when numerous sinks were observed 

in the convex group. These differences likely reflect 

anatomical or functional heterogeneity in our recording 

sites [1].  

Our physiological technique coupled with the 

application of multicontact electrodes and CSD analysis, 

enabled the examination of fine cortical input structures. 

Thus, combined analysis of the spike activities reflecting 

neuronal output can reveal the functional roles of cortical 

circuits in greater detail. 
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Figure 3 The spatiotemporal patterns of significant sink and source currents. The position of each pentagonal shape represents 

the position of a recording site in the ventral prefrontal cortex. The vertical placement of the red and blue bars within the 

pentagon represent the vertical positions of significant and valid sink and source currents, respectively. The dotted lines show the 

border between the convex and ventral bank of the principal sulcus. Peri-sample onset (-400 to 100 ms), sample cue (100 to 600 

ms), peri-delay start (600 to 1,100 ms), and delay (1,100 to 1,600 ms) of sample cue onset. Peri-test onset (-400 to 100 ms), test 

cue (100 to 600 ms), and peri-1st go (600 to 1,100 ms) of the test cue onset. Inset: A, anterior; P, posterior; M, medial; and L, 

lateral. 
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