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Emergent Spatial Patterns of
Excitatory and Inhibitory Synaptic
Strengths Drive Somatotopic
Representational Discontinuities and
their Plasticity in a Computational
Model of Primary Sensory Cortical
Area 3b

Kamil A. Grajski *

NuroSci, LLC., West Palm Beach, FL, USA

Mechanisms underlying the emergence and plasticity of repsentational discontinuities
in the mammalian primary somatosensory cortical represeation of the hand are

investigated in a computational model. The model consists foan input lattice organized

as a three-digit hand forward-connected to a lattice of corical columns each of

which contains a paired excitatory and inhibitory cell. Exitatory and inhibitory synaptic

plasticity of feedforward and lateral connection weights is implemented as a simple
covariance rule and competitive normalization. Receptiveld properties are computed

independently for excitatory and inhibitory cells and comared within and across

columns. Within digit representational zones intracolumar excitatory and inhibitory
receptive eld extents are concentric, single-digit, smd] and unimodal. Exclusively
in representational boundary-adjacent zones, intracolumar excitatory and inhibitory
receptive eld properties diverge: excitatory cell receptive elds are single-digit, small,
and unimodal; and the paired inhibitory cell receptive elgl are bimodal, double-digit,

and large. In simulated syndactyly (webbed ngers), boundg-adjacent intracolumnar
receptive eld properties reorganize to within-represerdtion type; divergent properties
arereacquiredfollowing syndactyly release. This study generates testdd hypotheses for
assessment of cortical laminar-dependent receptive eld poperties and plasticity within
and between cortical representational zones. For computabnal studies, present results
suggest that concurrent excitatory and inhibitory plastity may underlie novel emergent
properties.

Keywords: area 3b, somatosensory cortex, syndactyly, inhib itory synaptic plasticity, somatotopy, neuroplasticity

Frontiers in Computational Neuroscience | www.frontiersiorg 1

July 2016 | Volume 10 | Article 72


http://www.frontiersin.org/Computational_Neuroscience
http://www.frontiersin.org/Computational_Neuroscience/editorialboard
http://www.frontiersin.org/Computational_Neuroscience/editorialboard
http://www.frontiersin.org/Computational_Neuroscience/editorialboard
http://www.frontiersin.org/Computational_Neuroscience/editorialboard
http://dx.doi.org/10.3389/fncom.2016.00072
http://crossmark.crossref.org/dialog/?doi=10.3389/fncom.2016.00072&domain=pdf&date_stamp=2016-07-25
http://www.frontiersin.org/Computational_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Computational_Neuroscience/archive
https://creativecommons.org/licenses/by/4.0/
mailto:kgrajski@nurosci.com
http://dx.doi.org/10.3389/fncom.2016.00072
http://journal.frontiersin.org/article/10.3389/fncom.2016.00072/abstract
http://loop.frontiersin.org/people/201138/overview

Grajski Somatotopic Representational Discontinuities

INTRODUCTION characteristic spatial patterns of synaptic weights in both
) _ o N excitatory and inhibitory neural populations. The study
Representational discontinuity is a striking feature of tkemal  jjjustrates these spatial patterns and tracks their evolution

somatotopic map of the hand in primary sensory cortical area 3y simulated three-digit somatotopic map from initial random
in adult owl monkeys [{lerzenich et al., 1978; Merzeznich et al..conditions, to a baseline re nement, through simulated ity
1987; Kaas et al., 1979; Sur, 1980; Sur et al., 1980; Merzerdgidactyly, and release from syndactyly.
et al, 1990; Recanzone et al., J9Excitatory receptive elds  The e ects typically attributed to and which result as a
empirically derived in cortical layer IV samples spaced as ljloseconsequence of lateral inhibition are shown to be an emergen
as 50-10ém can have profoundly dierent extents on the property of neural networks whose connection weights are
skin surface. Within representational zones excitator)emilve subject to a Simp]e covariance adapta’[ion rule. These may
elds typically display a remarkable continuity: small to m@ul-  represent a novel emergent neural mechanism contributing to
sized, unimodal excitatory receptive elds overlap in smoothcortical somatotopy.
progressions over the skin surface. Between representationa
zones “step changes” were reported including those between
adjacent digits, between glabrous and hairy skin, betwekngra MATERIALS AND METHODS
pads and digits, and between the face and digits, among others
The purpose of this computational study is to explain—Model
at the level of spatial patterns of adapted synaptic weights ifhe model consists of a pair of forward connected two-
excitatory and inhibitory model neurons—the emergence andiimensional lattices each containing a 4545 array of nodes.
reorganization of somatotopic representational contiresteand An input layer (S) node consists of a single “input unit”
discontinuities. The model system is that of area 3b in adult  with exclusively ascending connections to its corresponding
monkeys and its reorganization subject to digital syndigcaynd  topographically centered 77 neighborhood of cortical layer (C)
releaseAllard et al., 199). nodes. There is no skin surface model and no mechanoreceptor-
This study shares features in common with previous studiespeci ¢ model. Individual input layer a erents are experimeityal
First, of interest is the contribution of the interplay betare activated as ON or OFF (with additive noise). The activity
excitation and inhibition (e.g., lateral or surround infiilon) in ~ on these aerents is considered to model individual and
determining individual and collective excitatory receptiveld  groups of fast conduction velocity low-threshold cutaneous
properties. Second the basic model unit is that of a corticalhechanoreceptors positioned in glabrous skifinfmerman
column that consists of excitatory and inhibitory cell(s)tlw etal., 201}
characteristic interconnectivity, including mutual etatory- A cortical layer node consists of an excitatory (E) and
excitatory cell connections and recurrent inhibition. inhibitory (I) cell pair. These are interpreted as a lumped
This study is unique in two ways. First, all synaptic typesepresentation of a cortical column. Cortical layer E-catls the
are adapted subject to a simple covariance rule. These includgclusive target of S layer ascending connections. A cbldiper
synapses between sensory a erents to cortical excitatofy, celE-cell makes collateral excitatory connections with itsslth
lateral cortical excitatory to excitatory cells, laterartical a corresponding topographically centered 77 neighborhood
excitatory to inhibitory cells, and lateral cortical infiibory  of E-cells, and with a neighborhood of I-cells. A C layer Ircel
to excitatory cells. Adaptation of the excitatory to exatgt makes collateral inhibitory connections with a corresporgli
connection type is Hebbian-like: spiking rate activity in thetopographically centered 7 7 neighborhood of E-cells. See
former is facilitative of changes in spiking rate in the latfEBhe  Tables 1A—G(formatted as proposed ifordlie et al., 2000
same holds for the excitatory to inhibitory connection ty@énce Neither axonal nor other spatial delay is modeled. Normaiira
the inhibitory to excitatory connection type is facilitatieé not  of input weights enforces planar boundary conditions. Cohtro
ring action potentials in the latter due to action potentiating  experiments con rm that for the present settings of lateral
by the former the adaptation rule is not strictly Hebbian, butconnection spatial divergence and network sikes 20 edge
is covariance-driven. Other than an initial local randomigle e ects are con ned to the regions one to three nodes in from
distribution, there is no external overlay of synaptic patieg, each edge. The C layer consists of 2025 columns (4050 cells)
for example, to e ect details of lateral inhibition. Secontdet and 400,000 synapses.
study reports the results of separate analyses of individoél a The model neuron is an RC-time constant membrane
collective receptive eld properties observed in the populatibn opotential ;) subject to depolarization and hyperpolarization
excitatory cells (excitatory receptive eldm)din the population through weighted input connections. The S layer input unit is,
of inhibitory cells (inhibitory receptive elds). This ena#s a in addition, driven by an external ON/OFF stimulus. Average
more detailed understanding particularly of the role of intiion ~ spiking rate ;) for the neurons and input units are modeled
in cortical somatotopy. Spatial patterns of synaptic strengties by passing the corresponding membrane potentigl through
observed that appear not to conform simply to lateral inhihitio a sigmoidal compression function. Stsble 1D.
(at least in its most simplistic stereotypical form). Synapses (connection weights) are initially assigned values
The study concludes that in the present neural networlkirom a uniform distribution. These are subsequently adapted
model, representational continuities and discontinuitiaed according to exponential decay, a simple covariance rule, and
their reorganization are a consequence of the emergence pbérmalization. Weight adaptation (plasticity) is controlldxy
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Somatotopic Representational Discontinuities

TABLE 1A | Model Summary.

Populations
Topology
Connectivity

Neuron model

Synapse model
Plasticity

Input

Measurements

Three: excitatory (E), inhibitory (1), extedrexcitatory input (S).
Cartesian grids for cortical layer (C) and exterhaput layer (S)

Rectangular mask; excitatory self-conneath: yes; inhibitory
self-connection: no; multiple connections: no.

Lumped RC model, average spiking raterjj proportional to
membrane potential ¢;) via sigmoidal function, g().
Connection weight\{;j D Wpost; pre)

Connection weight is a linear combination of exgnential
decay term and a term proportional to the covariance of
presynaptic and postsynaptic average ring rates, and
postsynaptically normalized to a population type dependen
“resource” level.

Fixed-size, xed-duration, and xed-magnitude (with adlitive
random noise) rectangular masks presented in random
positions within or across external input layer partitionto
model three independent digits of a hand.

Membrane potential; average spike rate; exteitory and
inhibitory receptive elds.

TABLE 1B | Populations.

Name Elements Size

E Cortical column Ng D 2025 (e.g., 45 45 cortical layer grid)
excitatory element

| Cortical column N; D 2025 (e.g., 45 45 cortical layer grid)
inhibitory element

S Excitatory external Ng D 2025 (e.g., 45 45 input layer grid)

input element

TABLE 1C | Connectivity.

Name Source Target Pattern

EE E E Centered localM M grid (M D 7);
random initial weights; no delay

IE E Centered localM M grid M D 7);
random initial weights; no delay

El | E Centered localM M grid M D 7);
random initial weights; no delay

ES S E Centered localM M grid M D 7);

random initial weights; no delay

an external ON or OFF signal. When ON, connection weight

adaptation occurs at each time stept in the numerical
integration. SeeTable 1E When ON, connection weights are network used throughout this study. This protocol controts f
normalized at the end of each stimulus presentation triak Sethe e ects of overall stimulation count.

Table 1F

Model Inputs and Experimental Protocol
The present study is organized as an “experimental” traclimulated receptive eld mapping is a two-step process. A
consisting of three phases (baseline, syndactyly, and styylac Receptive Field Probe trial is run one at a time once for each
release) and a corresponding “control” track (baselinegdagtyly
control, and syndactyly release control). Each phase dsrafis
set of 15 cycles. Each cycle consists of a set of 0.350 sotluratprocessed to calculate receptive eld response magnitude, are
trials. Model inputs are presented and model outputs measuregkxtent), orientation and position, for each cortical layecdl

during each such trial. S@able 1k

Phase | “baseline renement” is the simulation that
models the emergence and maintenance of somatotopy
from random initial conditions. A single baseline re nemien
cycle consists of stimulating all possible patches of a xed si
one at a time per trialwhile respecting digit “boundaries.”
The number of 7 7 patches in a 45 45 baseline
network is 351 per digit (total 1053/cycle). The baseline
re nement phase consists of 15 cycles (15,795 trials). Weight
adaptation is ON during baseline re nement. A receptive
eld map is derived after each cycle. Séable 1G During
the receptive eld mapping procedure weight adaptation
is OFF.

Phase Il “syndactyly re nement” is the simulation that moslel
the response of a baseline re ned network to simulated digita
syndactyly. The driving stimuli are spatially localized, etated
inputs on layer S. A single syndactyly re nement cycle consists
of stimulating all possible patches of a xed size one at a time
per trial while respecting the D2-D3 boundary, but ignoring the
D1-D2 boundary The number of 7 7 patches in a 45 45
syndactyly network is 351 for D3 and 936 for the syndactyly ®1+
(total 1287/cycle). The syndactyly re nement phase consists
of 15 cycles (19,305 trials). Weight adaptation is ON during
syndactyly cycles. Areceptive eld map is derived after egclec
During the receptive eld mapping procedure weight adaptation
is OFF.

Phase Il “syndactyly release” repeats Phase |, but uses the
syndactyly network as its starting point. Weight adaptatioBi¢
during syndactyly release. A receptive eld map is derivedraft
each cycle. During the receptive eld mapping procedure weight
adaptation is OFF.

The Experimental track evolves a single network of xed size
and xed input patch size through Phase | (baseline re nement)
Phase Il (syndactyly) and Phase IIl (syndactyly release)th®n
Experimental track, digits 1 and 2 are the “experimental” tigi
D3 provides within-network control.

The Control track starts with the Experimental Phase |
baseline re ned network and subjects it to two additional
complete baseline re nement runs. In this protocol D3
undergoes the same total number of stimulation trials oltera
on both the Control and Experimental tracks. Similarly,
all areas of digits 1 and 2 (suciently distant from the
D1-D2 border) undergo the same number of stimulation
trials.

Figure 1shows the per trial stimulation count for baseline and
syndactyly trials normalized to the same magnitude scalehfer t

Model Outputs

layer S nodeN D 2025) and the cortical layer E and | cell
activity stored. Se@able 1F Next, the recorded data is post-

and| cell. Sefable 1G
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TABLE 1D | Lumped Neuron and Input Unit Models.

Type Description
P P P
Cortical column excitatory element vEEC 1)D am vE() C er.t/ Wi'jES(t) c rjE.t/ WEE(I) rj'.t/ Wi'jf'(t) c .t;
j j j
amD.1 h=tm/; hD0.001;t,, D 0.025, (t)i.i.d.uniform distribution of values between 0.01
P
Cortical column inhibitory element vitC1)D am Vi) C rjE.t/ WiIJ-E('[) c @
i
Excitatory input layer element vis(t C1)D am vis(t) C is(t)C A,
iS S uniti output OFF DO0) or ON 1)
h i
Spiking, r rDg(v)D %( 1Ctanh m v % ; mD4.0
Numerical Fourth Order Runge-Kutta numerical integration with 1 ms sp size:4t D h D 0.001.

TABLE 1E | Synapse Model.

Initialization All initial weight values uniform i.i.d. Pynaptic normalization. Planar boundary conditions. Nogsatial preconditioning.
Adaptation witC1)D  wwi)C w .t/ .t/ ),
wD .1 h=ty/;ty, D 100tm;
w.-TC1l D w T D0.99; ,.TDO0/D.0.00025/; T de ned below (Table 1F)
Postsynaptic Normalization Excitatory 3 j Wij D RwD 2.0 Inhibitory: - j Wij D RwD 1.0
1 1

TABLE 1F | Input.

Type Description
Baseline Organization Model three digits of the hand as nooverlapping 45 15 subarrays of 45 45 external input grid.
Baseline Trial A 350 ms trial in which a contiguoupatch of S layer units of xed-size (7 7) is set to ON with magnitude.vD 1.0C .t/ for 50 ms

following a 100 ms pre-stimulus period; in each time step dung stimulus presentation the input is vector normalized tonagnitude 4.0;
patch position is random and respects digit “boundaries”

Baseline Cycle One cycle (T) consists of the block of trialslg) required to present every possible Baseline Trial once iamdom order.

Syndactyly Organization Model surgical “fusion” of two di¢s as a 45 30 subarray of the 45 45 external input grid; the remaining 45 15 subarray serves as
the “control” digit

Syndactyly Trial For the control digit same as a Baseline @i For the fused digits same as Baseline Trial, but the inpytatch position ranges over the
45 30 subarray. Input patches delivered to both the control andifsed digits respect the “boundary” between the control digiand
fused digits.

Syndactyly Cycle One cycle (T) consists of the block of tr&(N,) required to present every possible Syndactyly Trial onca random order.

Receptive Field (RF) Probe Trial A 350 ms trial in whichsingle S layer unit is set to ON with magnitudev D 1.0 C .t/ for 50 ms following a 100 ms pre-stimulus
period.

RESULTS dashed lines in each panel indicate digit stimulation bouneka

. . . projected to topographically equivalent positions on the caitic
Temporal Response during Receptive Field lattice. Edge e ects appear as expected and are limited to the
Probe extreme edges and corners of the network.

Figure 2shows typical receptive eld probe trial activity from a  Of particular interest in this study are the boundaries betwe
single column C layer E cell and | cell. The response consfists 0digits 1 and 2 (the experimental discontinuity) and betwedgitd

low latency excitatory response in the E cell and a delayedtro 2 and 3 (the control discontinuity). In the unre ned netwotke
excitatory response in the corresponding | cell. Both excitat distribution of centroids is largely uniform and random. lihe
levels build during the early portion of stimulus presentatio paseline re ned network centroids cluster to either side loé t
The E cell subsequently undergoes strong hyperpolarizatiogigit midline. There are no centroids located on the nodes on

I cell activation decays with a dominant RC-time constantejther side of and immediately adjacent to digit boundatiegh
characteristic. The time series shown is from a network poegll  the exception of a few nodes at network edge).

by the Phase | baseline re nement protocol. Following a single syndactyly re nement cycle the D1-D2
) ] ) ) boundary is nearly obliterated. The border between digits @&
Excitatory Receptive Field Centroids remains intact (with the exception of a few nodes at the nekwor

Figure 3 depicts the evolution of excitatory receptive eld edges). Additional syndactyly re nement cycles ne-tuneet
centroids over the course of the experimental track. Theentroid map.
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TABLE 1G | Measurements.

Type Description
Unit Activity Membrane potential\j), average ring rate (j), connection weights ()
Receptive Field Receptive eld is de ned as the subset of layeB nodes that drive the given cell ring rate to greater than 50%f the maximum ring rate observed

in that cell across the entire set of receptive eld probe trits. Receptive eld response magnitude is de ned as the maximunobserved ratio of
mean stimulus-period ring rate to mean pre-stimulus periodring rate.

Receptive eld location is de ned as the maximum likelihood eSmate of position over the set of layer S nodes in the receptée eld (e.g., sample
estimate of the mean), where each layer S node is assigned a cadinate on a uniform 2D grid. Receptive eld orientation is pproximated using
maximum likelihood estimation (e.g., sample estimates) dlfie covariance matrix of the positions of the layer S nodes ithe receptive eld.

For display purposes, the mean and covariance values are usleas input parameters to a unimodal Gaussian distribution tgenerate an estimate of

the receptive eld extent (e.g., 50% level). Note: with such @rocedure multi-peaked or discontinuous receptive elds wli display as single large
receptive elds so it is important to inspect and to interpretmap displays accordingly.

Stimulation Count Stimulation Count

Baseline Cycles Syndactyly Cycles
60 60
50 50
a 40 40
A 30 30
e 20 20
10 10

0 0

10 20 30 40

Dist.->Prox.

FIGURE 1 | Relative frequency of stimulation. A single experimental “cycle” consists of the application foall possible stimuli of a given xed size (e.g., 7 7) once
in random sequence across the simulated three-digit hand. Bown are the spatial distributions of the number of times edtinput layer node is stimulated per cycle
under normal(left) and syndactyly (right) con gurations. There is a differential amount of stimulatio within-digits (more along the medial longitudinal; relately less
toward the lateral edges), but the stimulation count pro led the same (per node) across digits. Across digits this exp@nental design controls for stimulation count
effects in results observed in syndactyly zones (digits 1 @ah2). (Values shown x- and y-axes are the node labels in the 45 45 network).

Syndactyly release cycles reverse the e ects of simulated A dramatic dierence between excitatory and inhibitory
syndactyly. Following a single cycle, a D1-D2 represematio receptive eld centroid distributions is the observation of
boundary begins to reemerge, though there remain centroidghibitory receptive eld centroids positioned on the nodes on
located on nodes immediately adjacent to the boundaryeither side of and immediately adjacent to digit boundarigse E
The D1-D2 boundary is fully restored with additional cell and I cell within these single cortical columns havesdient
re nement cycles. The eects observed at the edges dfentroids.
the D2-D3 border during syndactyly are reversed as well. Following a single syndactyly re nement cycle the D1-D2
Additional syndactyly release cycles produce a map of éxcjta boundary is nearly eliminated. The D2-D3 boundary remains
receptive eld centroids indistinguishable from a baselineintact. The consequence of additional syndactyly re nemen

re ned map. cyclesis a ne-tuning of the D1-D2 centroid map.
o ) ) ) Syndactyly release cycles reverse the e ects of simulated
Inhibitory Receptive Field Centroids syndactyly. The border between D1-D2 begins to reemerge

The results for inhibitory receptive eld centroids are atam following a single baseline re nement cycle. Inhibitory rptiee
similar and strikingly di erent from those for excitatory oeptive  eld clusters begin to migrate back toward their respectivgitdi
eld centroids. Figure 4 illustrates the evolution of inhibitory midlines and inhibitory receptive eld centroids reappearated
receptive eld centroids. on the nodes on either side of and immediately adjacent td dig
In the unre ned network the distribution of centroids is boundaries.
largely uniform and random. In the baseline re ned network, With additional syndactyly release cycles the D1-D2
in similar fashion to excitatory receptive elds, the inhibiy  boundary is fully restored. Inhibitory receptive eld
receptive eld centroids cluster to either side of the digitiine.  centroids reappear located on the nodes on either side
The E cell and | cell within these single cortical columnséhavof and immediately adjacent to D1-D2 boundary. At the
coincident centroids. D2-D3 boundary the inhibitory receptive eld centroids
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RF Probe Trial RF Probe Trial
Avg. Membrane Potential Avg. Spiking Rate
=] e
o —
@© <
o (=)
= © ® ©
s o Zo 7
g T &
& 1 s &o 7| — R
|
— Rs
N o~
o <3
o
S
! o C | ==
T T T I - © e T T T | T
100 120 140 160 180 100 120 140 160 180
Msec. Msec.
FIGURE 2 | Receptive eld probe trial temporal response. Average membrane potentia(left) and action potential ring rate (right) for the excitatory cell (black)
and inhibitory cell (red) in a single cortical column. Theceptive eld probe is modeled as a depolarization of the inputayer node (green). For visual clarity, the input
layer node depolarization is plotted with its own scale (shen on right ) in the average membrane potential plot.

located on the nodes on either side persist and undergo nefrom the D1-D2 border and toward the D1 midline, and
tuning. The overall result is a map of inhibitory receptivereceptive eld sizes are smaller than those on the controkirac
eld centroids nearly indistinguishable from a baseline Following a single syndactyly re nement cycle the D1-D2
re ned map. boundary is nearly obliterated. All of the excitatory receeti
elds recorded on the experimental track have shifted their
. . . centroid away from the D1 midline and have acquired
Excitatory Receptive Field Extents and “double-digit” receptive eld extent. Other features of
Overlap normal somatotopy persist on both the experimental and
Figure 5 depicts along representative xed longitudinal control tracks. The consequence of additional syndactyly
recording tracks the evolution of excitatory receptive eldre nement cycles on the experimental track is a ne-
extents and overlap. One recording track is located immedyjat tuning and greater uniformity of excitatory receptive eld
adjacent to the D1-D2 border on the D1 side and serves asze. Dierences in excitatory receptive eld size between
an “experimental” track. The second recording track is ledat extreme edge and interior on the experimental track
along the midline of D3 and servers as a “control” track. Bothmitigate.
tracks are selected on the basis that in the event of a strict The e ects of simulated syndactyly are reversible. Following
one-to-one mapping of input layer to cortical layer these tsacka single cycle of baseline stimulation, excitatory receptive
would correspond to the zones indicated. The dashed lines irelds on the experimental track begin to migrate back in
each panel indicate digit boundaries. the direction of the D1 midline (not shown). Receptive eld
In the unre ned network, control track excitatory receptive sizes, orientations and extent of overlap are more variable
elds are of similar though not uniform size, orientation dn Additional syndactyly release cycles result in a map of ataniy
overlap. Experimental track excitatory receptive elds are ofeceptive eld centroids indistinguishable from a baseline
similar size, orientation and overlap. They are all doubigit®1,  re ned map.
D2 in extent.
Baseline re nement yields features of normal somatotopy . . . . .
on both the experimental and control tracks. First, receptivdNhibitory Receptive Field Extents and
elds are continuous, single-peaked, and roughly unifornsine ~ Overlap
(with possible though limited edge e ects). Second, topographiThe results for inhibitory receptive eld extents and overlare
order is preserved within digit representations. Third, ngitee  at once similar and strikingly di erent from those for excitay
eld overlap is greatest for immediately adjacent withilgid receptive eld extents and overlap.
recording sites, and decreases monotonically with distaieng Figure 6depicts along xed longitudinal recording tracks the
the digit longitudinal axis. Last, representational distiouities  evolution of inhibitory receptive eld extents and overlaphd
emerge. With the exception of a few sites at the extreme edgescording tracks are the same adHigure 5.
of the network, there are no longer any double-digit exaitgit In the unre ned network, control track inhibitory receptive
receptive elds on the experimental recording track. On theelds are of similar though not uniform size, orientation
experimental track, receptive eld centroids have shiftecagaw and overlap. Experimental track inhibitory receptive elds are
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E-Type Iter 0 Baseline E-Type Iter 15 Baseline I-Type Iter 0 Baseline I-Type Iter 15 Baseline

8 8 a8 8
A A " A
a a a a
Distal -> Proximal Distal -> Proximal Distal -> Proximal Distal -> Proximal
E-Type Iter 15 Syndactyly E-Type lter 15 Release I-Type Iter 15 Syndactyly I-Type Iter 15 Release
3 3 8 8
A A B A
3 3 oY )

Distal -> Proximal Distal -> Proximal

Distal -> Proximal Distal -> Proximal

FIGURE 4 | Inhibitory receptive eld centroid position loca tion. Map of
inhibitory cell receptive eld centroids demonstrates the mergence and
reorganization of a strikingly different somatotopic orgaization compared with
excitatory receptive elds before, during and following digal syndactyly.
Baseline iteration O(top left) is the network in its initial random condition.

FIGURE 3 | Excitatory receptive eld centroid position loca tion. Map of
excitatory cell receptive eld centroids demonstrates the energence and
reorganization of cortical somatotopy before, during anddilowing digital
syndactyly. Baseline iteration Qtop left) is the network in its initial random
condition. Excitatory cell somatotopy after 15 cycles of remement is shown

(top right) . The distributions of centroids following 15 syndactyly agles
(bottom left) . That the changes driven by syndactyly are reversible is sk
by a restoration of normal somatotopy following a single itation (bottom
right) and 15 cycles of baseline re nement(bottom right) . The experimental

Inhibitory cell type somatotopy after 15 cycles of re nements shown (top
right) . The distributions of centroids are shown following 15 synactyly cycles
(bottom left) . That the changes driven by syndactyly are reversible is sho
by a restoration of the baseline inhibitory cell type somatopy following 15

cycles of baseline-type re nement(bottom right) .

design affords the opportunity to compare neural mechanism that maintain
the representational discontinuity between digits 2 and 3hiroughout the
experimental protocol with those whose initial representsnal discontinuity
between digits 1 and 2 is established (baseline), obliteratl (syndactyly) and
then restored (release).

greater than those of excitatory receptive elds in the same
cortical column.

Comparison of the excitatory and inhibitory experimental
tracks reveals profound dierences in receptive eld extent,
of similar size, orientation and overlap. Experimental trackorientation and degree of overlap. By visual inspection bitbry
inhibitory receptive elds are double-digit in extent andrdger  receptive eld extent is much greater, there is less or no apgaren
than corresponding excitatory receptive elds. orientation, and there is greater overlap. Whereas E celpteae

Baseline re nement yields features of normal somatotopyelds are single-digit in extent, | cell receptive eld extentea
on both the experimental and control tracks. First, receptivelouble-digit and as will be shown below bimodal. A consequence
elds are continuous, single-peaked, and roughly uniformof baseline re nement is a subset of cortical columns whose E
in size. Second, topographic order is preserved within digitell and | cell receptive eld characteristics profoundly die
representations. Last, receptive eld overlap is greatest forhis divergence is located exclusively along (both sides of)
immediately adjacent within-digit recording sites, anccoesases representational discontinuities.
monotonically with distance along the digit longitudinal  Following a single syndactyly re nement cycle changes are
axis. observed in both the control and experimental tracks. On the

There are di erences between the control and experimentatontrol track, by visual inspection the single cycle syngsct
tracks. On the control track, inhibitory receptive eld lodahs inhibitory receptive eld extents appear to be more variable,
have not changed, but they are reduced in size and are sirgjte diwith some possible e ects at the network edges, compared
in extent. On the experimental track, inhibitory receptivelde with the baseline re ned results. It is likely that the changes
positions have not signi cantly translocated, but extentrisch  observed on the control track are driven by a combination
larger. of network edge e ects, frequency of stimulation and the

Comparison of the excitatory and inhibitory control tracks profound changes occurring on the experimental track. On the
shows that inhibitory receptive eld extent and overlap areexperimental track, again by visual inspection, the inhikjto
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FIGURE 5 | Excitatory receptive eld extents and overlap. Excitatory cell FIGURE 6 | Inhibitory receptive eld extents and overlap. Inhibitory cell
receptive elds measured along a pair of representative lorigudinal recording receptive elds measured in the same nodes as in this gure showa strikingly
tracks in the simulated cortical layer conform to expectatins of small, different organization. In each panel the upper longitudinarack is along D3
overlapping receptive elds that form smooth representatioal progressions. midline (row 38 of 45 in the network; row 8 in the 15 row D3 reprsentation);
Without loss of generality only every third cortical columresults are shown. In the lower track is along the longitudinal axis on the D1 sidefdhe
each panel the upper longitudinal track is along D3 midlineqw 38 of 45 in the representational border between digits 1 and 2 (row 15 of 346 in the network;
network; row 8 in the 15 row D3 representation); the lower trek is along the row 15 in the 15 row D1 representation). Baseline evolutiors ishown for
longitudinal axis on the D1 side of the representational bder between digits 1 iteration O (top left) and after 15 cycles of re nement(top right) . Receptive
and 2 (row 15 of 45 in the network; row 15 in the 15 row D1 represatation). eld extents and overlap are shown following 15 syndactyly cgles (bottom
Baseline evolution is shown for iteration Qtop left) and after 15 cycles of left).
re nement (top right) . Receptive eld extents and overlap are shown following
15 syndactyly cycles(bottom left) . That the changes driven by syndactyly are
reversible is shown by a restoration of somatotopy followin 15 cycles of
baseline re nement (bottom right) . were there a one-to-one mapping of input layer to cortical
layer these tracks would correspond exactly to the zones
indicated.

Figure 8 depicts the evolution of the spatial pattern of
intracolumnar excitatory and inhibitory receptive eld cgnids
aivergence over the course of the experimental track. Darerg
is de ned as the Euclidean distance between the E and | reeeptiv
eld centroids. Assuming unit distance separation between inpu
layer units, a divergence valx€l.414 represents a shift of one

nit diagonally. Divergence values are highest in the bands
of columns immediately adjacent to and on both sides of
representational discontinuitie$hese numerical results con rm
the visual observation to be shown below that in the regiars n

eld c;ntrmds_rlﬁrgely mdt!stlngwshaple frpmﬂt}ha; of a lt:asef discontinuities the E cells are unimodal, single-digisamall, and
rened map. 1he exceplions aré minor in the form of a 1eW,q | co|is are bi-modal, double-digit and large.

inhibitory receptive elds whose size or orientation appear
somehow “in between” that of the syndactyly re ned and bameeli . . . .
re ned network. Detailed Analysis of Individual Simulated

Figure 7 depicts along representative xed cross-digitCortical Columns
recording tracks the evolution of representative inhibjtor Detailed analysis of individual simulated cortical columesgeals
receptive eld extents and overlap. Each recording track igharacteristic di erences between columns located within a
located in approximately the middle of the distal, mid, proxima cortical representational zone and those immediately afjato
phalange, respectively. Tracks are selected on the basis thad on either side of a cortical representational discoritinu

receptive elds are smaller and show relatively more origata
compared with the baseline re ned results. The consequefice
additional syndactyly re nement cycles on the experimetratk

is a further reduction in inhibitory receptive eld extent and
increased orientation.

Following a single post-syndactyly release cycle of norm
stimulation, inhibitory receptive elds on the experimental
track resemble those of a baseline re ned network. Addition
syndactyly release cycles result in a map of inhibitory péee

Frontiers in Computational Neuroscience | www.frontiersiorg 8 July 2016 | Volume 10 | Article 72


http://www.frontiersin.org/Computational_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Computational_Neuroscience/archive

Grajski

Somatotopic Representational Discontinuities

I-Type Iter 0 Baseline

Distal -> Proximal

I-Type Iter 15 Baseline

Distal -> Proximal

D1->D3

@OOED
D1->D3

I-Type Iter 15 Syndactyly I-Type Iter 15 Release

Distal -> Proximal

D1->D3
D1->D3

Distal -> Proximal

FIGURE 7 | Inhibitory receptive eld extents and overlap. Inhibitory cell
receptive elds measured across digits along recording traks xed on the
distal-proximal representational axis in the simulated atical layer. Shown are
representative columns “within representation” and thosstraddling
representational borders. Each panel shows three tracks: idline of distal
phalange (left), midline of middle phalange(middle) ; and midline of proximal
phalange (right) . The progression of panels is same ag-igure 6.

o set from center. The con guration remains stable throught
syndactyly re nement. The spatial pattern of excitatory to
excitatory synaptic weights is single-peaked and remains
stable from baseline re nement through syndactyly re nerhe
Notably, following baseline re nement, the spatial pattern of
inhibitory to excitatory weights is nearly uniform with tie or no
orientation. The range of values of the weights is wideofeihg
syndactyly, though still narrow (ratio of maximum to minimum
is 1.16 in contrast to excitatory to excitatory connectig/pe
maximum to minimum ratio of 2.7). The inhibitory cell in
cortical column #333 receives weighted inputs from a 77
grid of excitatory cells. Following baseline re nement tpatial
pattern of weights is single-peaked, through broad, contirgjou
and slightly o set from center away from the discontinuity
between digits 2 and 3, and slightly proximal. Following
syndactyly re nement, the spatial pattern remains single-jeelak
continuous, but is more concentrated in a zone distal to cente
and slightly toward the border between digits 2 and 3.

The above analysis was repeated on all applicable cortical
columns with similar results. These results establish a gro |
of characteristic spatial patterns of incoming excitatorydan
inhibitory synaptic weights within cortical representatain
zones. The stage is set for a comparative analysis with abrtic
columns straddling a cortical representational disconitiywu

Cortical column (#648) lies immediately adjacent to the
D1-D2 cortical representational discontinuitlfigure 11 shows
the evolution of E cell and | cell receptive eld extent
and response magnitude across experimental conditions. In
the case of the excitatory cell, what emerges from baseline
re nement and persists through syndactyly re nement is a
continuous, coincident, single-digit, single-peaked peice
eld. The excitatory receptive extent follows a charactéist

Column (#333) is within the D1 representation adjacent toevolution across experimental conditions: double-digitratial

the D1 representational midlindzigure 9 shows the evolution

random state; single-digit as a result of baseline re nement

of E cell and | cell receptive eld extent and response magmtud(including translocation of the receptive eld centroid)ne
across experimental conditions. In both cases, whatemé@es double-digit (including translocation of the receptive cel
baseline re nement and persists through syndactyly re netmencentroid) as a result of syndactyly.

are continuous, coincident, single-digit, single-peakezkbpive
elds with common orientation. The inhibitory receptive el

The inhibitory receptive eld—from the same cortical
column #648—undergoes a dramatically di erent evolutioheT

larger in extent and lower response magnitude than the etxariga  progression from initial conditions to a baseline re ned map

receptive eld.

results in a large, double-digit receptive eld. The progiess

Figure 10 shows the evolution of E cell and | cell spatialfrom baseline re ned map to a syndactyly re ned map—wherein
patterns of incoming synaptic weights across experimentdhe D1-D2 representational boundary is obliterated—resinlts
conditions. Each panel is a zoomed 77 image with its own an inhibitory receptive eld single-digit pro le charactetis of a
magnitude scale to enhance contrast and to reveal ne spatialormal within-representational inhibitory cell. Not shows the

detail. The coordinates of column #333 are at center (4, époh

further result that following syndactyly release, the deubigit

subplot. The interpretation of the data shown in each panel isnhibitory receptive eld characteristic is restored and is
that the cell positioned in the center receives inputs frorelfts indistinguishable from that recorded at baseline re nerhen

and neighboring cortical columns. The anatomical parangter

Figure 12 shows the evolution of E cell and | cell spatial

selected for this model establish the maximum number of inpupatterns of incoming synaptic weights across experimental
weights as coming from a 7 7 grid of cortical columns. Each conditions for cortical column #648. The organization of
panel shows all of the incoming weights to the cortical columrFigure 12 is the same af&igure 10 For every type of synapse
located at the center. Time evolves within the gure columnsstudied there is a dramatic progression of changes across

from top to bottom.

experimental conditions from initial random conditions to

The spatial pattern of input layer to excitatory cell synapticbaseline re nement to syndactyly re nement.
weights following baseline re nement is a single-peaked, The spatial pattern of input layer to excitatory cell synaptic
continuous distribution concentrated within a sub-zonéhktly ~ weights undergoes shifts that are highlighted in comparison
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FIGURE 8 | Intracolumnar excitatory and inhibitory receptiv. e eld centroid divergence.  Receptive eld centroid divergence is de ned as the Euclidean
distance on the input layer lattice between the excitatoryeceptive eld centroid and the inhibitory receptive eld centoid. Immediate neighbors on the input lattice
differ by 1 unit horizontally or vertically and by 1.414 diagnally. Intracolumnar centroid distances greater than 2 dgonal units—divergence—are found exclusively
straddling the digit representational borders. The progmesion of panels is same asFigure 6 .

with the position of the D1-D2 border indicated by the ratio of maximum to minimum connection weight across digits
green line. The result of baseline re nement is a tight cust is >100x (in favor of D1). As a result of syndactyly there is
of weights exclusive to D1 locations spanning the regiora signi cant shift such that there is a large, nearly symraetr
between the D1 midline and the D1-D2 representationakontinuous pattern with contributions from excitatory cells
boundary. As a result of syndactyly there is a signi cantwhose receptive elds are “double-digit” from both D1 and
shift such that there is a large, single-peaked continuouB2, and where the ratio of maximum to minimum connection
pattern spanning locations on both D1-D2. The resultingstrengthis 2.25x. The resulting distribution is indistinguishable
distribution is indistinguishable from that of a normal tel;ie  from that of a normal baseline within-representational zone
within-representational zone pro le. Not shown is the furthe pro le. Following syndactyly release the baseline re nedpma
result that following syndactyly release re nement theddge  spatial pattern is reacquired.
rened map spatial pattern is largely, if not completely, The spatial pattern of inhibitory to excitatory cell synaptic
recovered. weights changes shares many, but not all of the features
The changes in spatial pattern of excitatory to excitatoryof those described for sensory aerent to excitatory, and
cell synaptic weights across experimental conditions m#&rorexcitatory to excitatory. The notable dierence is that as
those of the sensory a erent to excitatory cells. The resfilt oa consequence of baseline re nement the excitatory cells
baseline re nement is a broad nearly at distribution of wgbits  receive inputs from inhibitory cells on both sides of the
originating from a subset of connected excitatory cells $ého representational border. The source of inhibitory inputsrfro
receptive elds, in turn, are located exclusively on D1 lomasi D2 is restricted to the two rows wide band immediately
spanning the region between the D1 midline and the D1-DZadjacent to the D1-D2 representational boundary. The
boundary. The ratio of maximum to minimum connection spatial pattern of connection strengths is highly oriented
weight within-digit (proximal-distal axis) is 2x, whereas the across-digits, but nearly uniform within-digit represeritat.
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FIGURE 9 | Column #333 (within-representation) concentrics ~ ame node E cell and | cell receptive eld response. The position of this column (#333) is
adjacent to the D1 cortical representational midline. Eacpoint in the spatial map represents the log (base 10) of the mamum response elicited in column #333 in
response to a receptive eld probe applied at the topologicdly equivalent nodes over the entire 45 45 input layer. Excitatory receptive eld extent for initialandom
conditions (top left) , following 15 cycles of baseline re nementmiddle left) , and following 15 cycles of syndactyly re nement(bottom left) . Inhibitory receptive eld
extent for initial random conditions(top right) , following 15 cycles of baseline re nement(middle right) , and following 15 cycles of syndactyly re nement(bottom
right) . Typical of within-representational cortical columns, th excitatory and inhibitory receptive elds maintain a concetric, single-digit, and unimodal characteristic.

The results are consistent with and reveal at the level dafells whose own receptive elds lie on the opposite side of the
individual synaptic weight patterns the basis for the observerepresentational border (on D2) and with a slight distal o set
double-digit inhibitory receptive elds. Following syndsty A broader, less concentrated contribution arises from exoity
release re nement, the baseline re ned map spatial pattern isells whose own receptive elds lie on the same side (D1) of the
reacquired. representational border. These are showrFigure 12 second
The progression of changes across experimental conditiomew, rightmost column.
of the spatial pattern of excitatory to inhibitory cell synapti The above analysis was repeated on all applicable cortical
weights is unique compared to those discussed above. Thi rescolumn pairs straddling a representational border with sanil
of baseline re nement is a multi-peaked distribution of wieig  results. These results establish a pro le of charactersgigtial
whose sources are from excitatory cells on both sides of thgatterns of incoming excitatory and inhibitory synaptic wietg
representational border. There is a concentration fromteory  that contribute to cortical representational discontinas.
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FIGURE 10 | Column #333 (within-representation) concentric same node E cell and | cell receptive eld extent spatial distr ibution of input synaptic
weights by type and experimental condition. Each panel shows a (7 7) magni ed view of the spatial pattern of input synaptic weibts by type and experimental
condition in the node whose E cell and | cell receptive eld exint and position are shown inFigure 9. Three experimental conditions are shown: initial basekn
conditions before re nement (top row) ; following 15 baseline re nement cycles(middle row) and following 15 syndactyly re nement cycles(bottom row) . Four
input synapse types are shown: input layer (S) to Excitatof) cell(left-most column) ; local E cell to E cel(second from left column) ; local Inhibitory (1) cell to E
cell (second from right column) ; and local E cell to | cel(right-most column) .

Control Experiments a similar pattern to that shown ifrigure 1 With the exception
Experimental Track Il yields conrmatory control data (not of the rstfew outer rings of the network every input layer ned
shown) wherein the network undergoes substantially simolar received the same maximum number of stimulations per cycle.
nearly identical counts of stimulation but absent the syetgtlly ~ The control experiment con rms the absence of representation
procedure. Throughout all phases, cycles and trial, the ndt¢wo discontinuities and the absence of spatial patterns of eb@ita
maintains expected features of topographic organization andnd inhibition characteristic of regions adjacent and onttbo
receptive eld characteristics. Visual observation of topgic  sides of representational discontinuities. Results are stergi
order and convergence of the network were con rmed withwith the conclusion that the observations reported in thisdst
numerical measures of topographic order (not showapodhill  are unique to representational discontinuity.
and Sejnowski, 1996 Multiple control experiments were conducted to test the
A control network was stimulated as a variation on Baselindiypothesis that the results obtained in this study are merely
Re nement in which the input patches ranged smoothly over thean artifact due the input stimulation pattern. In particular,
entirety of the input layer. The frequency of stimulationlfaled  during Baseline Re nement, there is a descending gradient in
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FIGURE 11 | Column #648 (representational boundary-adjacen t) divergent same node E cell and | cell receptive eld extent. Same layout asFigure 9.
Each point in the spatial map represents the log (base 10) ohe maximum response elicited in column #648 in response to aeceptive eld probe applied at the
topologically equivalent nodes over the entire 45 45 input layer. The position of this column (#648) is on the Ddide immediately adjacent to the D1-D2
representational boundary. Typical of representationaldundary-adjacent cortical columns, the excitatory and inibitory receptive elds have divergent characteristics
in the baseline condition: excitatory receptive eld exters are single-digit, limited extent, and unimodal; inhibity receptive eld extents are double-digit, large, and
bimodal, where one of the modes is concentric with the excitory receptive eld. Under syndactyly, these cells' receptie eld properties reorganize to those
indistinguishable from within-representational cells ahreacquire boundary-adjacent characteristics upon relese from syndactyly.

stimulation count moving away from midline toward the digit input stimulus duration from 50 to 250 ms; (d) input stimulus
border or network edge. Sdeigure 1 left A 15 15 input magnitude [1.0, 2.0, 4.0, 8.0]; (e) varying the size of tlallo
pattern eliminated this gradient. With the exception of theextent of connectionsfrom3 3to4 4,and5 5; (f) repeated
proximal-most and distal-most edges of the network all inputtrials (N D 5) with 45 45 networks with independent random
layer nodes received the same count of stimulations. Rengnni number generator seeds; and (g) repeated triblsl¥ 3) with
the entirety of this study using the 1515 input patch yieldedno 75 75 networks with independent random number generator
obvious di erences (by visual inspection and numerical measu seeds. The results reported above were con rmed across all of
of topographic order) from the results reported above. Thethese parameter variations and network trials.

study was repeated with additional parameter variations.sEhe A nal set of control experiments sought to characterize the
included: (a) a range of input patch sizes from S to 15 15; width of the “band” of double-digit inhibitory cells straddg

(b) additional cycles up to 20 to con rm convergence; (c)yiag  the digit representational discontinuities. In a network size
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FIGURE 12 | Column #648 divergent same node E cell and | cellrece  ptive eld extent spatial distribution of input synaptic we ights by type and
experimental condition. Each panel shows a magni ed view of the spatial pattern of inpusynaptic weights by type and experimental condition in theode whose E
cell and | cell receptive eld extent and position are shown ifrigure 11. Same layout asFigure 10.

30 30 the width of the band of double-digit inhibitory cells DISCUSSION
was con ned to a single row on either side of the discontiguit
for a total of two rows. In the present 45 45 case there Summary of Results

are two rows of such cells on both sides of the discontinuitysimulation studies with a computational model of area 3b
for a total of four rows. Across repeated trials with 4545 demonstrate novel emergent properties of inhibitory cellsited
and 75 75 networks, the rst row immediately to either exclusively in zones immediately adjacent to and on eithée si
side of the discontinuity inhibitory cells uniformly took on of cortical representational discontinuities. The modehsists
the characteristic of double-digit, bi-modal, large redepteld  of a lattice of cortical columns wherein a simple covariance
extent. In the next unit distance row away from the disconity ~ Synaptic plasticity rule is paired with competitive normalipat

and on both sides, inhibitory cells clearly maintained a bled  to tune all of the network connection weights. These inhibitory
digit characteristic, but for cells on the D1 (D2) side thecells' input spatial patterns of synaptic weights, and receptive
receptive eld extent and response magnitude favored D1 (D2)eld extent, orientation and overlap on the input layer dier
sites. In all cases the divergent characteristic was cestriat ~ profoundly from those observed in: (a) the paired excitatory
most to the rst two rows on either side of a representationalcell in the same cortical column, though with charactedsti
discontinuity. overlap; and (b) excitatory and inhibitory cells' properties in
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cortical columns located at a distance from the represemali is how to interpret such results with respect to the corticatlan
discontinuity. The stabilization of and reversible reorgaation inverse cortical magni cation rules. The cortical magréton

of the properties of these inhibitory cells contributes to therule appears to hold in that cortical magni cation of input zame
plasticity of simulated cortical representational discooity is roughly proportional to relative frequency of stimulatiaf
observed before, during and following release from sinadat that zone. However, with receptive eld sizes held relayivel
digital syndactyly between two of the digits in a simpli edé¢le- constant (the primary mode of reorganization is transloocatof
digit model of the hand. These simulations suggest that: (ajeceptive eld centroids) this study does not contribute ditlg
local and long-range receptive eld structure and its plagtic to the question of inverse cortical magni cation.

may re ect fundamentally emergent properties of cortical redu Network stability is a consideration and by itself a potentially
networks of the present type; (b) where computational networKruitful area for further exploration using networks of the
connectivity is assignealpriori, results may mask these emergentpresent type Grajski and Merzenich, 1990; Binas et al., 2p14
properties; and (c) the magnitude of excitatory and inhibjtor The conditions over which present results are reproduced are
receptive eld structure plasticity in and around represeidadl  those wherein a balance is obtained between excitation and
discontinuitiesmustbe of greater magnitude—and thus may beinhibition locally in the network. This is empirically detained
more readily accessible to measurement by the neurophygstlo by setting of individual connection-type resource (R) paraenet
perhaps through the analysis of laminar di erences—comparetb assure return to steady state following presentation ahpot

to within-representational zones. stimulation in each trial. While the present results are rearced
o ) across a range of conditions, a number of pathological caommtt
Limitations and Extensions (seizure-type activity, degenerate cortical maps) are obgerv

Limitations and available extensions of the present study arunder not too “distant” conditions. Such conditions incled
in relation to variation of system parameters, certain as yemanipulating the connection weight adaptation rate, boosting
unexplored con guration which themselves may prove fruitful or reducing the e ectiveness of the excitatory-to-excitgito
and network stability conditions. connections, boosting or reducing the e ectiveness of exaity-
Results are reproduced and con rmed in networks obtainedo-inhibitory, and inhibitory-to-excitatory R values, dn other
by systematically varying some, but not all network paramsete cases, by introducing various combinations of connectigpe
Parameters systematically varied include network $izéd( 15  silencing to simulate cortical lesion or stroke. Pathoésgare
to N D 45 in steps of 5; andN D 75), input patch size observed in both temporal and spatial domains.
(3 1-15 15), synaptic plasticity adaptation rate, number In a characteristic temporal pathology, the network does not
of cycles per run, input patch stimulation duration and trial return to steady state following an input stimulus, but instea
length, among others. Variables not systematically vagesl spiking oscillates in the range 20-40 Hz with amplitude at-the-
those relating to the anatomical spread of input node corticalimits. In certain of these cases, such as a preliminary calrti
layer connections, and the extent of local connectivity agei  lesion experiment, oscillations were reduced and eventually
connection types intrinsic to the cortical layer. One reason eliminated following a conclusion of the standard 25-cycle
not prioritize such analysis is that even with the present galure nement procedure. In this particular case, somatotopy was
of 7 7 local connectivity grids, the excitatory-excitatorylcel maintained (though with reduced cortical magni cation as
connections values, for example, are observed to conceritrat the same input layer was driving a smaller cortical network.)
sub-regions with rapid fall o to the edges. A systematic assly In other cases, whether temporal pathologies are observed,
could vary the local neighborhood connectivity from lesarth or not, the topographic map becomes “degenerate”: three to
7 7 to an all-to-all connection motif. Other limitations in th  four representational zones emerge with exceptionally high
present study that could potentially be material include tls® u cortical magni cation of a few restricted zones on the input
of only a single xed input patch size in a given experimentlayer, and at times including double-digit receptive elds
and the presentation of only a single stimulus per trial. More(even where the input stimulation patterns were single-digit
complex characterizations of area 3b receptive eld structurenly).
have been obtained experimentallyi¢arlo et al., 1998; DiCarlo Finally, as with much of cortical neural network modeling,
and Johnson, 2002and explored in a subsequent computationalcorrespondence is most easily drawn with a salient feature of
model (Detorakis and Rougier, 20L.4With regards to such cortical neuroanatomy—the cortical column. While it is pits
analyses, the present results beg the question as to thelspat@observe complex and meaningful spatial-temporal dynamics
distribution of the di erent observed receptive eld structes in these lumped cortical column models, the present results
with respect to representational discontinuities. do not explicitly take into account feed-forward and feed‘bac
An unexplored observation in the present study is why themechanisms involving sub-cortical contributiondofies, 2000;
emergentreceptive eld sizesinthe excitatory and inhibyteells  Haider et al., 2013; Qi et al., 2014
take on their particular observed values? What are the x@ati
contributions of factors such as connection weight adaptati Relationship to Other Studies
step size, input-to-cortical aerent spread, extent of localThe contribution of the present study is both con rmatory
connectivity, and input patch grid size? Receptive eld sizes ilmand distinctly novel with respect to neurophysiological and
the present study remained within 15% average size with respezomputational studies of cortical columns and cortical redur
to the baseline re ned network. Unexplored in the present studynetworks.
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Neurophysiology a standard receptive eld mapping protocol to analyze adjacent
Allard et al. (1991)demonstrated that temporally correlated cortical representations that each have su ciently high tocal
a erent input activity plays a role in the emergence and plastici magni cation and su ciently small layer IV excitatory regtive
of receptive elds and representational maps in the primaryeld sizes. Such conditions may be met in the cortical
somatosensory cortex of adult monkeys. These ndings areepresentation of the glabrous skin surface of the phalanfies o
reproduced here through simulated di erential use of digits i adjacent ngers of the hand in the monkey, or at the face-
a model hand. When adjacent input layer patches on opposinfprearm representation in the rat. By su ciently high corét
digits were driven by temporally correlated stimulation (eedt = magni cation is meant a representation that is large enough t
consequence of simulated digital syndactyly) cortical pgee  support identi cation of a “within-representational” zonestant
elds transformed to extend across the line of syndactylyodhe  from all representational discontinuities. By su cientlx&nsive
“joined” input layer patches of both fused digits and aboltiee  representational borders is meant a region of discontintliigt
digit representational boundary. The model mechanism thlylou permits multiple penetrations along and on both sides of the
which di erential use transformed receptive eld charactéigs  discontinuity. And by su ciently small within-representanal
and representational topography was the operation of #ayer IV excitatory receptive eld sizes is meant that inaes
covariance learning rule on excitatory and inhibitory speas. in excitatory (inhibitory) receptive eld size within- and
The present model provides a framework within which tobetween recording penetrations should be readily and olshou
generate hypotheses to link neurophysiological observatomnl  detectable using standard receptive eld mapping procedures.
mechanisms with features of cortical neuroanatomy principall The present model predicts that with the above protocol the
the cortical column. data should, in their simplest form, yield two charactedsti
Initial neurophysiological descriptions of somatosensorystatistically signi cantly di erent, laminar di erence prdes.
cortical columns remarked upon the similarity of receptivédde One prole will correspond to the “within-representation”
size and overlapMountcastle, 1957, 19R7Subsequent studies type (e.g., type WR) and the other will be the “boundary-
observed that receptive eld extent was smallest in layewity  adjacent” type (e.g., type BA). Furthermore, subject to
overlapping similar receptive eld sizes, or larger to substdly  experimental manipulation of the type described in this
larger receptive eld extent in supragranular and infragréaru  study, the experimenter will be able to cause reversible ginan
areas Gur et al., 1985; Chapin, 1986; Haupt et al., 208tudies from type BA to type WR, and from type WR to type BA. A
in rat whisker-barrel cortex have demonstrated short laten variation on the above hypothesis is to induce plasticity in a
excitatory response in inhibitory cell8{umberg et al., 1999; representational discontinuity contemporaneously with &g
Petersen and Diamond, 200and inhibition of excitatory cells unit or multi-unit recordings of both excitatory and inhitory
(Simons and Carvell, 1989; Brumberg et al., )& &ing from  cells and taking into account laminar position.
activation of principal and adjacent whiskers. Studiegofitro
adult rat neocortical functional borders have describededse ~Computational Studies
excitatory and inhibitory outcomes following tetanic stilation ~ The present computational model shares features in common
(Hickmott and Merzenich, 2002; Paullus and Hickmott, 211  with the literature of distributed self-organizing neuratworks
Neuroanatomical contributions to laminar similarities én (Wilson and Cowan, 1972, 1973; von der Malshurg, 1973;
di erences have been attributed to the laminar distributiofcell ~ Freeman, 1975; Willshaw and von der Malsburg, 1976; Takeuchi
types and di erential input-output patterns. Electrophysiologi and Amari, 1979; Kohonen, 1982; Oja, 1982; Grajski and
contributions have been attributed to the interplay betweerMerzenich, 1990; Joublin et al., 1996; Eglen and Gjorgjieva,
thalamo-cortically driven feed-forward excitation andeée  2009; Detorakis and Rougier, 2012, 2014; Harris and Mrsic-
forward inhibition, recurrent intra- and inter-columnar Flogel, 201Bwhich may be considered as a subclass (winner-
excitatory and inhibitory circuits, and complex polysynaptictake-all networks) of general models of unsupervised learnin
cortico-cortical connections. A possible functional cabtition  networks @inas et al., 20)4 The robustness of the results
or consequence of receptive eld size similarities and direves reported above in response to variations of the particular
may re ect dierential contributions to general principles of covariance rule was con rmed by varying connection stréngt
cortical layer 1V processingddiller et al. (2001)noted common relaxation time constant (), the weight adaptation step size
organizing principles in a comparative analysis of cat primary ), the weight adaptation step size relaxation time constant
visual cortex (V1) and the whisker-barrel elds of rodentpany ( ), and normalization frequency (i.e., per time-step vs per
somatosensory cortex with respect to response sharpening wfal). Anecdotally, the formation of topographic maps with
excitatory ells and enhancement of response to e ective dtimu representational discontinuities was most sensitive to thiyit
An additional possible role has been discussed with respect tmlaptation step size {,). Excitatory receptive eld organization
modulating excitability and preventing hyperexcitabilittu(n  was more sensitive than inhibitory receptive eld organiaat
et al., 2006; Benali et al., 2008 For example, with much larger values than those listed in
The present results are unique in generating novel hypothesd&able 1E(e.g.,> 10x), while inhibitory receptive eld centroids
for neurophysiological testing. The results focus on obasller distributed as reported, excitatory receptive eld centsid
laminar di erences in receptive eld size in neurophysiologiic organized in a degenerate fashion (see Section Limitatmials
recording tracks oriented perpendicular to the pial surfaceextensions). The dependence of reported results on additiona
(e.g., cortical columns) in adult monkey area 3b and rat Svariations of the simple covariance rule (e.g., connection
cortex. The experimental protocol might proceed to implementwveight constraints other than normalization) or more comple
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dependencies (e.g., spike timing-dependeiiceiels et al., 2013; Stavrinou et al., observed correlates of reorganizatiorr ov
Kleberg et al., 20)4as not been explored. the course of a roughly 6h long preparation during which
The present computational model di ers from and extendsarti cial syndactyly was imposed and released. Mogilner et al.,
previous results in several ways. First, a erentand latezaMork  observed reorganization of primary somatosensory cortiaath
connectivity details are not assignedpriori. In prior studies representation in two patients following surgical separation
it is not unusual to nd that aerent connection strengths of webbed ngers. The degree of reorganization correlated
are modeleda priori as arising from a localized Gaussianwith the severity of syndactyly. For one patient, reorgainira
distribution. This is distinct from assignment of spatialelting  yielded somatotopy and nearly normal representational area.
of input so as to model skin e ects. In the present case, a erenFor the second patient, though reorganization yielded didtin
connection strengths are drawn from a uniform distribution cortical locations for digits, the representational areaswa
With respect to lateral connectivity, prior studies may de nesmaller than normal and nonsomatotopic. Could the present
a parameterized lateral connectivity pattern in order to e ectmodeling framework, simulation protocol and measurements
lateral inhibition. The present study initializes local deil combined with individualized clinical data be combined to
connection strengths from a uniform distribution. Second,predict post-surgical cortical reorganizational outcom€s2ild
network dynamics are simply those that evolve as given by thibese predicted outcomes, in turn, be applied to predict extent
network equations with no additional higher order operatito  and progression of recovery of sensation in the hand? Several
select maximum responses or otherwise a ect the time evatutioextensions to the present hand model could potentially lead
of the network. Third, a quite simple covariance rule is appliedo clinically meaningful results. First, select one or more
to drive synaptic plasticity orall connections of the network, clinical assessments or psychophysical tasks (localizatian,
in particular inhibitory plasticity. In prior studies it is not point discrimination, vibratory sense) as behavioral touohges
unusual that only certain classes of connections are plasti{®ellon, 198). Second, select a mechanoreceptor class or classes
and subject to a range from simple to complex adaptatiorand skin surface model corresponding to the selected beteavio
rules. Fourth, detailed analysis of somatotopy, receptidd e task Zimmerman et al., 2004 Last, tailor model input layer,
size and cortical magni cation are provided separately foroutput layer and input stimulation pattern parameters through
the component excitatory and inhibitory cell populations.the translation of individual area 3b nger representation
Fifth, the experimental simulation protocol is designed toneuroanatomical and functional details/gn Westen et al.,
isolate a speci ¢ experimentally observed phenomenon (calrtic 2009. Combined with the experimental protocol described
representational discontinuity and its reorganization) @t in this paper, these extensions could generate model cortical
its neural mechanism can be compared and contrasted witheorganizational correlates of behavioral task perforneaunader
controls at the level of the evolution of spatial patterns byety syndactyly, release from syndactyly, and potentially to other
of individual synaptic connections strengths. Finally, fliesent hand-related peripheral and central injuries.
study suggests that perhaps there are additional feature=up&h
networks that may be understood as fundamentally emergent. SOFTWARE AND DATA

Future Directions
This author is aware of few studies, until quite recently

comparable with the present study in which there is synapti(l‘.__igures in this paper have been placed iGaHuUb repository:

plasticity on all connections and, in particular, inhibitasynaptic o o . e .
plasticity Grajski and Merzenich, 1990; Vogels et al., 2013; Bina%tﬁps.//g|thyb.com/kgrajsk|/Kam|IGrajskl Somatotopic
iscontinuity-Plasticity/.

et al., 2014; Kleberg et al., 2014#resent results establish a
foundation for further numerical studies. How does the hand
representation reorganize in response to targeted “silgicin AUTHOR CONTRIBUTIONS
or “ampli cation” of combinations of local cortical population
subtypes? How does reorganization compare between withif-he author con rms being the sole contributor of this work@n
representation and boundary-adjacent representationalegdn approved it for publication.
Can the present model framework be extended to better relate
features of cortical maps and their reorganization to séosat FUNDING
and the recovery of sensation in the clinical neurology o th
hand? This work was entirely self-funded.

The modeling study reported here may have potential
application in personalized medicine analogous to that descti ACKNOWLEDGMENTS
for The Virtual Brain project (eon et al., 2013; Falcon et al.,
2019. Speci cally, primary somatosensory cortical plasticityThe author gratefully acknowledges reviewers' comments, and
following release from syndactyly has been observed ithe encouragement of Dr. Dean V. Buonomano, Dr. Peter
adult humans [/logilner et al., 1993; Stavrinou et al., 2207 Hickmott, and Dr. Michael Merzenich.
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