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Abstract

The mammalian prefrontal cortex known as the seat of high brain functions uses a six layer
distribution of minicolumnar neurons to coordinate the integration of sensory information and the
selection of relevant signals for goal driven behavior. To reveal the complex functionality of these
columnar microcircuits we employed simultaneous recordings with several configurations of
biomorphic microelectrode arrays (MEAS) within cortical layers in adjacent minicolumns, in four
nohuman primates (NHPs) performing a delayed match-to-sample (DMS) visual discrimination
task. We examined: 1) the functionality of inter-laminar, and inter-columnar interactions between
pairs of cells in the same or different minicolumns by use of normalized cross-correlation
histograms (CCH), 2) the modulation of Glutamate concentration in layer 2/3, and 3) the potential
interactions within these microcircuits. The results demonstrate that neurons in both infra-granular
and supra-granular layers interact through inter-laminar loops, as well as through intra-laminar to
produce behavioral response signals. These results provide new insights into the manner in which
prefrontal cortical microcircuitry integrates sensory stimuli used to provide behaviorally relevant
signals that may be implemented in brain computer/machine interfaces (BCI/BMIs) during
performance of the task.
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Introduction

The prefrontal cortex (PFC) located at the top of sensory-motor processing hierarchy
(Fuster, 2001, Alexander et al., 1986) has been traditionally viewed as the seat of higher
cognitive functions such as working memory, decision making and executive control of
behavior (Fuster and Alexander, 1971; Funahashi et al., 1989; Miller 2000). Prefrontal
cortical mechanisms of executive function, as outlined by the theories of cognition,
coordinate and control ‘online’ cognitive processes involving memory storage, behavioral
selection and motor planning (Baddeley 2002; Goldman-Rakic 1996; Graybiel 2008; Miller
& Cohen 2001; Miyaki et al., 2000; Posner & Snyder 1975; Shallice & Burgess 1996).
Prefrontal neural activity emerging from cortical layers and minicolumns is hypothesized to
play a critical role to integrate sensory information and to select signals for goal driven
behavior (Baddeley 2002; Goldman-Rakic 1996; Miller & Cohen 2001; Mountcastle 1997;
Rao et al., 1999; Casanova et al., 2007, 2009).

Cortical minicolumns consist of vertically-oriented “modules” of cell bodies that represent
the basic anatomic and physiologic microcircuitry of the cerebral cortex (Mountcastle 2003)
that consist of pyramidal cells and several types of GABAergic, inhibitory interneurons (i.e.
double-bouquet, basket and chandelier cells) (Sokhadze et al., 2012; Casanova 2007;
Casanova et al. 2002a,b). Minicolumns in PFC are interconnected to each other through
horizontal “long range” projections in layer 2/3 (Kritzer & Goldman-Rakic, 1995), inter-
laminar mini-loops (Weiler et al., 2008; Takeuchi et al., 2011) and “reverberatory loops”
through projections to the subcortical basal ganglia nuclei and thalamus (Alexander et al.,
1886). Such “reverberatory loops” combine incoming signals from thalamus in layer 4 and
inputs from cortical horizontal projections in layer 2/3, in order to compare inputs to a
threshold criterion triggering an output response under specific conditions. Each layer,
however, has also “short-range” projections involving inter-neurons in local circuit
operations within cortical layers. However, understanding the modulation of firing between
the two prefrontal cortical layers is now becoming necessary to perfect analyses and build
brain computer interfaces (BCls) for a broad range of cortically-related disorders (Lebedev
and Nicolelis, 2006; Opris, 2013).

To address this necessity, we recorded simultaneously firing patterns of cells (from PFC
area 46, 8 and 6) along cortical minicolumns (using W1 type MEAS) and between prefrontal
cortical layers using custom designed multi-electrode-arrays that allowed simultaneous
recording from both layers on adjacent minicolumns in four nonhuman primates (NHPs)
performing a delayed match-to-sample (DMS) visual discrimination task. Results presented
bellow provide new insights into the functionality of inter-laminar, intra-laminar and inter-
columnar interactions between pairs of cells in the same or different layer/minicolumn by
use of normalized cross-correlation (CCH) for short-lag CCHs that characterize short range
interactions, and for longer CCHs that characterize more persistent interactions. In addition
the modulation of Glutamate concentration in the layer 2/3 of prefrontal cortical cortex using
similar MEAS was assessed under the same behavioral task conditions to correlate with
columnar processing demonstrated under similar conditions. The results are relevant for the
implementation of cortical microcircuits in BCI/BMls.
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All animal procedures were reviewed and approved by the Institutional Animal Care and
Use Committee of Wake Forest University, in accordance with U.S. Department of
Agriculture, International Association for the Assessment and Accreditation of Laboratory
Animal Care, and National Institutes of Health guidelines.

Visual Delayed-Match-to-Sample (DMS) Task

Surgery

The NHPs utilized as subjects in this study (n=4) were trained for 2 or more years to
perform the well characterized, custom-designed visual delayed-match-to-sample (DMS)
task used in many prior studies (Opris et al., 2011; Hampson et al., 2011) shown in Fig. 1a.
Animals were seated in a primate chair with a platform in front of a display screen in which
position of the arm on the platform was tracked via a UV-fluorescent reflector affixed to the
wrist, illuminated via a 15 W UV lamp, and detected by an LCD camera positioned 30 cm
above. Hand position and movement was displayed as a bright yellow cursor on the screen
and position of illuminated clip-art images computed from the video image using a Plexon
Cineplex scanner. The DMS task paradigm is shown in Figure 1a. Trials were initiated by
the animal placing the cursor inside a yellow 3” circle or square randomly illuminated in one
of the 9 spatial positions on the screen. The presence of either the circle or square
constituted the “Start” signal for the trial and indicated the “trial type” with respect to the
Match-reward contingency on the same trial (Fig. 1a). Placement of the cursor into the Start
signal image produced a trial unique clip-art image randomly displayed in one of 8
peripheral screen positions on each trial for 2,0s, which characterized the “Sample Phase” of
the task. Movement of the cursor into the Sample image (Sample Response) blanked the
screen and initiated the Delay phase for 10-60s, randomly presented on different trials in the
session. The timeout of the Delay interval initiated the onset of the Match phase of the task
(Match”) in which the Sample image and 2—7 trial unique “distracter’ clip-art images, were
presented on the screen with position selected randomly on each trial. Placement of the
cursor into either, 1) the Sample image (red arrow-Object trial) or 2) the same location as the
prior Sample Response (blue arrow-Spatial trial), on the Match phase screen constituted the
correct “Match Response (MR)” which produced a drop of juice delivered via a sipper tube
near the animal's mouth, and blanked the screen for 10s until the next trial. Placement of the
cursor into a different (hon-match) distracter image on an Object trial, or into a different
spatial location than where the Sample image was responded to as required on a Spatial trial,
constituted a MR error that blanked the screen without reward delivery and initiated the 10s
inter-trial interval (ITI). All clip-art images (sample and distracter) were unique for each
trial in all daily sessions of 100-150 trials, due to random selection from a 10,000 image
selection buffer which was updated monthly. The 4 NHPs were trained to overall
performance levels of 70-75% correct with respect to the above described DMS task
parameters (Fig 1b).

Animals were surgically prepared with cylinders for attachment of a microelectrode
manipulator over the specified brain regions (Fig. 1c) where recordings were made in this
study.. During surgery animals were anesthetized with ketamine (10 mg/kg), then intubated
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and maintained with isoflurane (1-2 % in oxygen 6 I/min). Recording cylinders (Crist
Instruments, Hagerstown, MD) were placed over 20 mm diameter craniotomies positioned
via stereotaxic coordinates for electrode access to the Frontal Cortex (25 mm anterior
relative to interaural line and 12 mm lateral to midline/vertex) in the caudal region of the
Principal Sulcus. Access to the dorsal limb of Arcuate Sulcus in area 8 and the dorsal part of
premotor area 6 (Hampson et al., 2011), areas were previously shown by PET imaging to be
activated during task performance (Hampson et al., 2009). Two titanium posts were secured
to the skull for head positioning during task performance. Following surgery, animals were
given 0.025 mg/kg buprenorphine for analgesia and penicillin to prevent infection.
Recording cylinders were disinfected thrice weekly with Betadine during recovery and daily
during recording.

Electrophysiology: Recording and Stimulation

Electrophysiological procedures and analysis utilized the Plexon MAP Spike Sorter (Dallas,
TX) for 64 channel simultaneous recordings. All customized conformal designed ceramic
multielectrode arrays (MEASs) were constructed by Dr. Greg Gerhardt with at University of
Kentucky, Center for Microelectrode Technology — CenMet, Lexington, KY, and consisted
of etched platinum pads (Fig. 2 a-c) designed via collaboration for recording multiple single
neuron activity in specific brain regions (Hampson et al., 2004, 2011). Single extracellular
action potentials were isolated and analyzed with respect to activity on specific recording
pads (impedance range 0.5-3.0 MOhms) during different events within DMS trials. The
configuration of the MEA (Fig. 2 a-c) was specially designed to conform to the columnar
anatomy of the PFC such that the top 4 recording pads recorded activity from neurons in the
supra-granular layer 2/3 (L2/3) while the lower set of four pads (Fig. 1d), separated
vertically by 1350 um, simultaneously recorded neuron activity in the infra-granular layer 5
(L5) of the PFC. In order to study the 3-dimensional columnar-laminar organization of the
cortex we can use multiple MEAs (4 to 16 arrays) for PFC recordings and 4 MEAS for
hippocampal recordings.

Electrochemical Recording

Ceramic MEAs similar to those utilized above (Fig. 2) for electrophysiological recording
were also prepared for electrochemical recording (Fig. 6; Burmeister et al. 2004, 2008;
Quintero et al. 2007, 2011; Hascup et al. 2008, 2011; Fuqua et al. 2010). The
electrochemistry arrays consisted of four recording sites (15 x 333 uM) in two rows,
separated by 500 um, with a 7 cm polyimide shaft for depth positioning. The electrodes were
configured to record from Layer 2/3 with the reference in Layer 1. MEAs were dip coated
with Nafion®, a fluoropolymer which excludes the passage of anions, thus ensuring that
only cations would reach the platinum recording surface. The dorsal (“sentinel” or
reference) recording sites were coated with bovine serum albumin (BSA) plus
glutaraldehyde; ventral recording sites were coated with Glutamate oxidase and BSA +
glutaraldehyde. The GluOx coating allowed the ventral pads to be sensitive to glutamate
release through the enzymatic production of H,O,. A +0.7V charging potential was applied
to the MEA once per second (using an Ag/AgCl reference electrode) to oxidize the H,O,
resulting from detection of glutamate at the electrode. The “relaxation” current from H,0,
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oxidation was proportional to second-by-second changes in glutamate concentration at the
electrode (Quintero et al. 2011).

Data Analysis

Task performance was determined for each animal (n=4) as percent correct trials within and
across sessions and related to simultaneous MEA recordings on individual trials during
Match phase image selection (MR) in the task (Hampson et al., 2011). Cell types were
identified as regular firing pyramidal cells in terms of baseline (nonevent) firing rate (Opris
et al., 2009) and significant changes (z > 3.09, p < 0.001) in firing (see below) on single
trials in perievent histograms (PEHSs) derived for intervals of + 2.0s relative to the time of
Match screen presentation that signaled onset of the Match phase of the task (Fig. 2,3).
Task-related neural activity was classified according to locations on the biomorphic MEA
positioned specifically in L2/3 and L5 (Fig. 2) upon insertion in PFC prior to the start of the
DMS session. To account for neuronal responses in terms of columnar microcircuit
organization neurons recorded on the MEAS were characterized by 1) simultaneously
detected cell activity on both sets of vertical separated (1350 um) MEA pads (L2/3 cells on
upper 4 pads, and L5 cells lower pads), during electrode positioning at the start of the
session (Fig. 2 D-F) whether firing of the same cell pair on pads with the same vertical
location on the MEA was modulated similarly during the Match phase of the DMS task
(Hampson et al., 2012). Standard (Z) scores of increased firing rates relative to nonevent
baseline values were calculated for individual cells for each DMS task event. Firing rate was
analyzed in 250 ms bins for £ 2.0 s relative to time of initiation (0.0s) task events. Only
neurons with firing rates significantly elevated from that in pre-event phases (=2.0 to 0.0s)
baseline period were included for analysis. Differences in cross-correlation between neuron
spikes of L2/3 and L5 cell pairs on the same vertical alignment on MEA pads (Fig 2B&C,
Fig 2E&F) were assessed for the same temporal intervals using standardized distributions of
correlation coefficients assessed under different conditions related to performance in the
Match Phase (Figs. 4 and 5). Scatter plots compared normalized CCHs coefficients relative
to time lag of synchronized firing for the same populations of cell pairs under different
experimental conditions (Fig. 5), all of which satisfied a 99% confidence requirement (Opris
et al., 2011). CCHs were generated using a shift predictor algorithm (NeuroExplorer) (http://
www.neuroexplorer.com/), which computed chance cross-correlation levels by randomizing
the actual spike sequence and calculating cross-correlations 5 different times for a given pair
of neurons, which was then subtracted from the task derived coefficients for CCHs to adjust
for correlated firing due to differences in cell firing rates and/or frequency of bursting (Opris
etal., 2011; Takeuchi et al., 2011). Population CCHs, were computed across individual cell
CCHs, normalized as a function of probability, by averaging coefficients across multiple cell
pairs and plotting the mean values (SEM) in 1.0 ms bins.

Identification of Cortical Layers and Minicolumns

The neuromorphic MEAs (model W2 and W3, Fig. 2 B&C) were designed so that the two
sets of recording pads could only record simultaneous activity from neurons separated by
~600 pm (for W2), 1350 um (W3), which given the orientation of insertion into PFC
perpendicular to cell layers, could only consist of infra-granular layer 5 and supra-granular
layer 2/3 cell activity recorded at the same time as a function of placement depth of MEA
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(Opris et al., 2011;Takeuchi et al., 2011; Hansen & Dragoi, 2011). Model W1 (Fig. 2A), in
addition to supra- and infra-granular layers allowed recording in granular layer 4, as well.
Misplacement of the W2/W3 probes due to a different angular penetration relative to
columnar orientation in PFC was detectable by the absence of simultaneous cell recordings
on the sets of vertically separated (600 and 1350 um) pads. In addition, the MEAs (Opris et
al., 2011; Hampson et al., 2004) employed here allowed simultaneous recording of two
adjacent PFC minicolumns (Fig. 2A-C) since, activity from adjacent minicolumns could be
detected, since MEA pads were separated laterally by 40um which exceeds the distances
reported (28um) via anatomic assessments (Casanova et al., 2009).

Four nonhuman primate (NHP) subjects (Macaca mulatta rhesus) were trained to perform a
delayed-match-to-sample (DMS) task with instructions to select the image (object) or the
spatial location of the image (spatial) presented in the prior Sample phase from a set of 2-7
distracter images in the Match Phase after an intervening Delay of 1-50 sec (Fig. 1a). NHPs
made hand tracking movements to visual targets presented on the screen in front of them to
obtain a juice reward for selection of the correct (Sample) image. The key variables in the
task were the number of distracter images and the duration of the delay (1 to 50 sec)
presented randomly on single trials in sessions with 100-150 trials.

A. Neural recordings of cortical layers and minicolumns with neuromorphic MEAs

New approaches to the study of columnar/laminar microanatomy/microcircuitry and
functionality of the brain have emerged recently (Opris et al., 2011, 2012a, 2012b; 2013;
Constantinople and Bruno, 2013, Hansen et al, 2012 Takeuchi et al., 2011, Mahan and
Georgopoulos, 2013). Among most effective recent microelectrode technologies, the
neuromorphic ceramic-based multisite electrode arrays (MEAS) are instrumental for in vivo
single-neuron recording (Moxon et al. 2004) both in neocortical and hippocampal neurons of
rodents and primates. Figure 2 D-F shows examples of recorded cells with the configuration
of neuromorphic arrays of type W1-W3 (Fig. 2 A-C). On can easily distinguish neurons
from supra-granular (blue) or infra-granular (pink) layers, as well as cells from the granular
(green) layer. A major feature of these MEAS resides in the fact that they allow us to get
insight into the functional microanatomy of cortical layers and minicolumns in order to trace
the cognitive processing of inter-laminar microcircuits.

B. Multi-functional firing of neurons in cortical layers and minicolumns

Prefrontal cortical cells have been implicated in a variety of cognitive functions, including
the multi-functional (multitasking) neurons that may enable efficient monitoring and control
of ongoing behaviors that depend on attention, working memory and target selection. Figure
3 shows the differential firing of two neurons from layer 2/3 (upper panel) and layer 5
(lower panel), on spatial or object type (Fig. 3A&B; See also Opris et al., 2013) and correct
and error trials (Fig. 3C; See also Opris et al., 2012a). Also, during target selection the layer
2/3 cell fires higher on correct trials than on error trials (Fig 3C). These results reveal the
multi-functional ability of prefrontal cortical microcircuits.
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C. Complex microcircuitry between cortical layers and minicolumns

Columnar-laminar microcircuits in prefrontal cortex have a complex interactive routine as
shown in Figure 4, including inter-laminar (Fig. 4A) and inter-columnar (Fig. 4B)
interactions that are extracted by constructing cross-correlation histograms (CCHSs) for each
cell pair to be compared Hampson et al 2012, Opris et al 2013). These types of inter-laminar
interactions were sensed by biomorphic MEAs (Fig 4A) positioned to simultaneously record
neurons in layers 2/3 and layer 5 in adjacent “columns” during all phases of the DMS task.
Figure 4C shows inter-columnar interactions with long range connections from other
subcortical structures (McFarland and Haber, 2002; Opris et al., 2011, 2012ab, 2013;
Constantinople & Bruno, 2013). In addition, the direct interaction between different
minicolumns is faster or “short ranged” and in some cases bilateral (Zhang and Alloway,
2006) as shown in Fig. 4B.

A typical “long lag” cross-correlation histogram for a layer 5 cell pair separated by 100 um
on the MEA, has a broad peak at 100 ms lag (Fig. 5A). In Figure 5B is shown the
distribution of cross-correlation peaks as a function of temporal lag for inter-layer CCHs
(red; n=154 pairs) and intra-layer CCHs (blue; n=56 pairs). The normalized CCHs (Opris et
al., 2012a,b) show the probability of synchronized firing of layer 5 cells within £ 150.0 ms
of individual spike occurrences from the layer 2/3 cell (0 ms in CCH). Similarly, the
distribution of short lagged CCHs (Fig. 5C) is shown in Fig 5D. The CCH in Fig. 5C
provides evidence for common input on both cells of the pair and direct input from left to
right cell. The distribution of the intra-layer (blue; n=60 cells) cross-correlation peaks as a
function of temporal lag indicates the existence of inter-laminar mini loops.

It is becoming clear that the pairs of cells that showed high correlated firing between layers
are part of the complex intra-laminar and thalamo-cortical reverberatory loops involved in

the cognitive function of prefrontal cortex (Swadlow and Gusev, 2002; Salinas et al. 2000;
Constantinople and Bruno, 2013).

D. Glutamatergic modulation of prefrontal cortical microcircuitry

The excitatory inputs from glutamate neurotransmission have been intimately involved in
learning and memory (Hascup et al., 2008, 2011). The ability to evoke glutamate release
events is necessary to investigate the glutamate's role in learning and memory. Performance
of the DMS task was examined for release of glutamate within NHP prefrontal cortex. After
glutamate sensor biomorphic MEASs (Figure 6) were placed in layer 2/3 of PFC, basal
glutamate concentrations, number of glutamate release events, and the change in glutamate
concentration were analyzed in relation to emission within different the phases of the DMS
task (Opris et al., 2012b; Hampson et al., 2013b). Figure 6A shows the MEA used to record
Glutamate from PFC layer 2/3 (Fig. 6B) in nonhuman primates.

Tonic glutamate levels (Fig. 6C,D) were shown to increase significantly (p<0.001;
ANOVA) in the Match (decision) phase of DMS task for both Spatial and Object trials,
while increased transient glutamate release (frequency) increased in the Sample (encoding)
phase of the task (Fig. 6E,F). In addition, spatial vs. object DMS trials evoked differential
changes (p<0.001; ANOVA) in glutamate amplitude levels (Fig. 6G&H). The tonic vs.
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phasic % change in glutamate concentration and frequency of events is compared in by
scatter plots in Fig. 61&J.

DISCUSSION

Our results provide new and detailed insights into the manner in which prefrontal cortical
microcircuit integrates sensory stimuli used to provide behaviorally relevant signals during
the execution of the task. On the other hand, recordings from prefrontal cortex with
biomorphic MEAs, which reveals complex columnar-laminar microcircuits, allows not only
to understand how the brain performs cognitive processing, but, also, to think about
potential applications to brain neuroprosthetics and interfaces of the brain with computer
(BCI) or a machine (BMI). Some of this is reviewed below with respect to: a) the role of
biomorphic MEAs in electrophysiological and electrochemical recordings, b) the complexity
and multitasking functionality of microcircuits, c) the glutamatergic modulation, and d) their
direct implication for the design of future BCI and BMI.

a. Neuromorphic ceramic probes for electrophysiology and electrochemistry

The neuromorphic probes were recently employed to record neural activity and
glutamatergic dynamics of prefrontal cortical activity involved in perception, working
memory and executive control of behavior that emerges from operation of columnar-laminar
microcircuits. Prefrontal cortical cell layers 2/3 are hypothesized to participate in temporal
long-range supra-granular laminar circuit operations using horizontal convergent synaptic
connections from cortical sensory areas. Inter-laminar microcircuits with layer 5 cells play
key roles in the selection of behaviorally relevant stimuli as well as in short-range or local
circuit operations within cortical layers. The inter-laminar signals are conveyed to the sub-
cortical structures controlling behavioral response selection via reverberatory thalamo-
cortical loops (Swadlow and Gusev, 2002; Salinas et al. 2000; Constantinople and Bruno,
2013).

It was then examined the interactions between cells of the same/different layer by use of
cross-correlation with binsize = 0.1 ms (short-lag interactions), and long-lag interactions
with cross-correlations in a binsize =1 and 5ms. As shown in Figs 4&5, these analyses
dissociated neural firing in supra-granular, granular and infra-granular layers. The
interaction between cells appears as inter-laminar (Fig. 4A) or inter-columnar (Fig. 4B)
indicated by short lag CCHs (inter-laminar loops) and long lag CCHs (likely thalamo-
cortical reverberatory loops). Our results point to a broad spectrum of interactions involving
neurons from both infra-granular and supra-granular layers showing cross-correlations
characteristic of inter-laminar loops, as well as long-range feed-forward or thalamo-cortical
loops. These interactions reflect the involvement of cortical modules in the integration of
stimuli in the supra-granular layers that integrate sensory signals and biases for goal driven
behavior (Opris et al., 2011, 2013). Furthermore, to capture the causal relationships between
these minicolumns the use of Dynamic Bayesian Networks (Smith et al., 2006) and Granger
Causality (Granger, 1969) will help to infer the complex flow of neural signals involving
these microcircuits.

J Neurosci Methods. Author manuscript; available in PMC 2016 April 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Opris et al.

Page 9

In order to fully study the 3-dimensional columnar organization of the cortex, obviously it is
required to use multiple electrode arrays in a small area to cover a patch of the cortex. A
nontrivial aspect for future implementation in BCI/BMI relates to the limitation of MEAs
density i.e. the smallest distance between arrays that may be compatible with cortical tissue.
In an attempt to demonstrate MEAs feasibility, prefrontal cortical cells were recorded with 2
MEAs and in hippocampus with 4 MEAs, separated by 2 mm from each other (Hampson et
al., 2013a ; Opris et al., 2014). Nevertheless, a probe with 16 MEASs (128 channels) having
1-2 mm separation between MEAS seems feasible in terms of scalability for future
implementation in BCI/BMI.

b. Multitasking microcircuits

The prefrontal cortex has been implicated in a variety of cognitive functions, including
working memory, attention, response inhibition, self-monitoring, motor planning, rule
implementation, reward estimation, and decision making (Fuster, 2000; Miller and Cohen,
2001; Schall et al., 2002; Passingham and Sakai, 2004; Johnston and Everling, 2006;
Muhammad et al., 2006; Champod and Petrides, 2007; Lee et al., 2007; Tanji and Hoshi,
2008). The multitasking neurons in PFC may enable efficient monitoring and control of
ongoing behaviors that depend on both working memory and attention. For example, during
a visual search, multitasking neurons may help distinguish locations that have previously
been searched from those that need scrutiny. In general, the presence of multitasking
neurons suggests a strategy by which the prefrontal cortex can efficiently represent different
cognitive attributes of a given location and selectively access any such attribute depending
on the behavioral context (Messinger et al., 2002).

c. Glutamate Modulation

Conformal ceramic electrodes were used in this study to record tonic glutamate
concentration and transient release in PFC layer 2/3. Tonic glutamate concentration
increased in the Match (decision) phase of the DMS task, while increased transient
glutamate release occurred mostly in the Sample (encoding) phase of the task. Further,
spatial vs. object-oriented DMS trials evoked differential changes in PFC layer 2/3
glutamate concentration. Thus the same conformal recording electrodes were capable of
electrophysiological and electrochemical recording, which revealed similar evidence of
event specific neural processing in layers 2/3 and layer 5 during cognitive processing in a
behavioral task.

d. Implications for the design of BCI/BMI

A major advance provided by the modularity approach is the fine manipulation of the
columnar microcircuits in the prefrontal cortex that can be implemented in BCI/BMI. Future
BCI/BMIs seem to have a broad applicability from patients who suffered from stroke or
have memory deficit to people with various executive dysfunctions. With the advance of
nanotechnology (Vidu et al., 2014) nano-neuro-chips may be designed and be implanted in
the prefrontal cortex of humans to repair the dysfunctions of cortical microcircuits (Opris,
2013). BCI/BMI may potentially improve cognitive performance, as it was already
demonstrated in nonhuman primates (Opris et al., 2012a,b; Hampson et al 2012, 2013b). As
shown by Steven Wise's team (Messenger et al., 2002) multitasking neurons in prefrontal

J Neurosci Methods. Author manuscript; available in PMC 2016 April 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Opris et al.

Page 10

cortex may increase the degrees of freedom of a BCI/BMI, while keeping the same number
of microelectrodes. This and other advantages may recommend multi-functional
(multitasking) neurons as potential candidates for BCI/BMI. The BCI/BMIs with columnar
architecture may be implemented by microchips implanted in the cortex and activated by a
wireless controller. Moreover, changes in the normal functioning of the columnar
microcircuits can help the understanding of different mental disorders and BCI/BMIs can
help in the rehabilitation of the patients. Nevertheless, our previous work has shed light into
the enhancement of cognitive performance by means of patterned microstimulation
(Hampson et al., 2012, 2013b, Deadwyler et a., 2014).

In summary, these unique results show that columnar relations between prefrontal neurons
that encode and process information relevant to executive function and decision making
(target/response selection) are necessary for successful task performance (Fig 2) and are the
factors responsible for disrupted cognition in neurological and psychiatric disorders. The
actual neural basis for effective performance in this task therefore relates to the significant
correlation between PFC layer 2/3 and layer 5 cell activity during target presentation by a
microcircuit that provides the “selection bias” emerging from similar spatially tuned
responses (i.e. inter-laminar correlated firing) during the decision phase of the task.
Moreover, given this effect on glutamatergic substrates, the modulation in inter-laminar
firing provides insight into an entire spectrum of cognitive functions, which has proven
critical for initial investigations involved in the use of neuroprostheses (BCI/BMIs) for
repairing impairments related to disrupted cortical function in primate brain (Hampson et al
2012; Opris et al., 2012a,b).
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Figure 1. Simultaneous columnar-laminar recording in primate brain during cognitive tasks
A. Behavioral paradigm showing the sequence of events in the DMS task. The DMS task

consisted of (1) presentation of a “Start Ring” to initiate the trial, (2) presentation of the
Sample Target image, followed by (3) a variable Delay Period of 1-50 sec, prior to (4)
presentation of the Match Target (i.e. Sample) image accompanied by 1-7 other Non-match
(distracter) images on the same screen in which movement of the cursor into the correct
image (Match response) produced juice reward via a sipper tube placed next to the animals
mouth. B. Behavioral performance in the DMS task. Mean percent correct performance
(over all animals) in Spatial (blue) and Object (red) trials. C. Site of the recording chamber
in the prefrontal cortex (PFC) of NHP. D. Coronal section showing relative location of
neuromorphic multielectrode array (MEA) for recording in layers 2/3 and 5.
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Simultaneous Recording with Neuromorphic Ceramic Probes
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Figure 2. Example of simultaneous recordings of prefrontal neurons with neuromorphic multi-

electrode arrays

A,B,C. lllustration of configuration for three different types of neuromorphic probes W1,
W2, W3 used in columnar recordings. D,E,F. Example of simultaneous recordings in the
prefrontal cortex. The code color for the neural activity in cortical layers is: layer 2/3 (blue),
layer 4 (green) & layer 5 (red). Peri-event histograms (PEHS) of cell activity simultaneously

recorded with neuromorphic probes during a single session. Separation distance of the

recording pads is shown for each MEA diagram with cells recorded from those locations
indicated by different markers.
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Figure 3.
Peri-event histograms and rasters showing differential firing of two neuron pairs recorded

from supra (layer 2/3) and infra-granular (layer 5) layers of the prefrontal cortex. PEHs
depict layers 2/3 (blue) & layer 5 (red) in the DMS task on spatial and object trials during
sample (A), match (B) and correct vs. error trials (C) in the same session. Figures A & B
were adapted from Opris et al, 2013 and Figure C was adapted from Opris et al. 2012a.
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Figure 4. Complex minicolumnar firing
Cross-correlation histograms (CCHs) showed inter-laminar (A), inter-columnar (B,C)

microcircuit interactions between prefrontal cells in different (or same) cortical layers and
different (or same) minicolumns, respectively. To distinguish the time base of the neural
interactions we used short-lag (0 to 5 ms) with binsize of 0.1 ms and long lag (0-400ms).
with binsize of 5ms. The 99 % confidence intervals are depicted by red lines indicating
events with significant covariant firing. Shift predictor was subtracted. This red lines
indicate events with significant covariant firing.
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Short vs. Long-lag Cross-correlations within Prefrontal
Cortical Minicolumns

Long-lag pair-wise cross-correlation as Inter-layer vs. intra-layer correlation
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Figure 5.
A. Example of long-lag cross-correlation histogram (CCH) for an infra-granular cell pair

(vertically separated by 100 pm on the MEA) with a broad peak at 50-100 msec lag
(binwidth was 5 msec). B. Distribution of the inter-layer (red circle) vs. intra-layer (blue
circle) cross-correlation peaks as a function of temporal lag. CCHs show probability of
synchronized firing (ratio of extracellular spike occurrences) of layer 5 cells within + 150.0
ms of individual spike occurrences from the layer 2/3 cell (0 ms in CCH). There were 154
intra-layer pairs and 56 of interlayer pairs. Firing synchrony calculated over entire trials
between start ring onset and reward delivery. C. Example of short-range cross-correlation
histogram (CCH) for an infra-granular cell pair (horizontally separated by 40um on the
MEA) with a central sharp peak and a broader peak having a 1-2 msec lag (binwidth was 0.1
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msec). CCH provides evidence for common input on both cells in the pair and direct input

from left to right cell. D: Distribution of the intra-layer (blue circle) cross-correlation peaks
as a function of temporal lag. The 99 % confidence intervals are depicted by red lines in A

& C. The mean Shift predictor was subtracted from all CCHs.
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Figure 6. Glutamate Recording with Biomorphic MEAs on DMS Task
A. Spencer-Gerhardt 2 microelectrode arrays consist of four recording sites (15 x 333 uM)

on a 7 cm polyimide shank that were coated with Nafion®, forming an anion exclusion
layer. Dorsal recording sites (Sentinel) were coated with BSA + glutaraldehyde. The sentinel
site records the current generated from any electroactive interferents that are not excluded by
the Nafion® coating. Ventral recording sites were coated with Glutamate oxidase and BSA
+ glutaraldehyde. The GluOx coating allows the ventral pads to be sensitive to glutamate
release through the enzymatic production of H,O,. A +0.7V potential applied to the MEA
vs. Ag reference electrode oxidizes HoO» resulting in a current that is directly related to the
glutamate concentration. B. Coronal section with the MEA inserted for glutamate recording
in layer 2/3 of prefrontal cortex in NHPs. C,D. Comparison of mean tonic glutamate
concentration over 2 seconds after Match Target presentation, broken down by high/low
load in correct/error trials across Spatial vs Object trials. E,F. Comparison of mean phasic
glutamate release frequency under the same conditions across Spatial vs. Object trials. G,H.
Comparison of mean phasic glutamate release amplitude across Spatial vs. Object trials that
were successful (high load) vs. likely errors (low load) determined by assessment of neuron
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firing (Figure 3). 1,J. Scatter plots comparing % change in glutamate concentration (1) and
frequency (J) of release events. **p <0.001; ANOVA analyses with post hoc tests.
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