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Abstract

Understanding the relationship between structure and dynamics of the mammalian cortex is a key
challenge of neuroscience. So far, it has been tackled in two ways: by modeling neurons or small circuits
in great detail, and through large-scale models representing each area with a small number of differential
equations. To bridge the gap between these two approaches, we construct a spiking network model
extending earlier work on the cortical microcircuit by Potjans & Diesmann (2014) to all 32 areas of
the macaque visual cortex in the parcellation of Felleman & Van Essen (1991). The model takes into
account specific neuronal densities and laminar thicknesses of the individual areas. The connectivity
of the model combines recently updated binary tracing data from the CoCoMac database (Stephan
et al.,, 2001) with quantitative tracing data providing connection densities (Markov et al., 2014a) and
laminar connection patterns (Stephan et al., 2001; Markov et al., 2014b). We estimate missing data
using structural regularities such as the exponential decay of connection densities with distance between
areas (Ercsey-Ravasz et al., 2013) and a fit of laminar patterns versus logarithmic ratios of neuron
densities. The model integrates a large body of knowledge on the structure of macaque visual cortex into
a consistent framework that allows for progressive refinement.

Introduction

In the study of cortical dynamics by bottom-up neuronal network simulations, two basic approaches have
been employed. In the first approach, each neuron is modeled explicitly. There is a wealth of such models
ranging from the level of local microcircuits to small numbers of interconnected areas, with varying
degrees of detail both on the single-cell level and in the connectivity. These models have for instance
addressed the statistical properties of neuronal spiking (Traub et al., 2005; Haeusler et al., 2009), slow
oscillations arising in thalamo-cortical circuits (Hill & Tononi, 2005), responses to external stimuli (Rasch
et al., 2011), and the influence of local connectivity structure on dynamics (Haeusler et al., 2009; Voges
& Perrinet, 2012).

Another type of models simulates the large-scale dynamics of the cortex by representing single areas or
populations with highly simplified models that reduce the ensemble dynamics to few differential equations,
such as Wilson-Cowan (Deco et al., 2009) or Kuramoto oscillators (Cabral et al., 2011). We also include
in this category models where entire areas are represented by small numbers of spiking neurons (Deco &
Jirsa, 2012). These models are able to reproduce several aspects of large-scale brain activity, including
resting-state oscillations between subnetworks at ~0.1 Hz (Fox et al., 2005; Fox & Raichle, 2007).

Considering current theories and experimental findings about cortical function, both types of models
have their limitations. Cortical processing is not restricted to one or few areas; it is rather the result of
complex interactions between many areas involving feed-forward and feedback processes (Lamme et al.,
1998; Pascual-Leone & Walsh, 2001; Riesenhuber & Poggio, 1999; Rao & Ballard, 1999; Bastos et al.,
2015). On the other hand, the high degree of connectivity within areas (Angelucci et al., 2002; Markov
et al., 2011) hints at an important role for local processing. Therefore, a better understanding of brain
function and dynamics can be expected from multi-scale models that combine the detailed features of
local microcircuits with realistic interactions between areas. Another advantage of multi-scale modeling
is that it enables the equivalence between simplified population models and models at cellular resolution
to be tested, instead of assuming it a priori.

The simulation of large-scale neuronal networks at cellular resolution has been hindered by two major
obstacles which are now gradually being overcome. First, simulating these models requires large compu-
tational resources on high-performance clusters or even supercomputers, and the simulation technology
has to be optimized in order to use these resources in an efficient way. Recently, important progress
in simulation technology (Kunkel et al., 2014) has been achieved and demonstrated for the NEST sim-
ulator (Gewaltig & Diesmann, 2007). The capability to simulate networks comprising up to 1.7 - 10°
neurons and 1013 synapses has been shown using the K supercomputer in Kobe, Japan (RIKEN BSI,
2013). Second, gaps in the anatomical knowledge have prevented the consistent definition of multi-area
models. The development of the CoCoMac database (Stephan et al., 2001; Bakker et al., 2012) has
facilitated the systematic gathering of connectivity data for the macaque cortex, and recent studies have
delivered quantitative data about cortico-cortical connections in the macaque brain including laminar
information (Markov et al., 2014a,b). Furthermore, an extensive brain simulation initiative within the
European Human Brain Project (HBP) sets out to deliver a comprehensive infrastructure which hosts
data, data-fusion algorithms and simulation engines at scales ranging from gene networks and synapse
distributions to gross anatomical features (Kandel et al., 2013; Tiesinga et al., 2015). However, data
concerning cortical architecture remain incomplete, so that it remains necessary to predict missing data
using regularities to fully specify large-scale cortical network models.

As a consequence of these difficulties, few simulation studies of large-scale spiking networks have been



conducted to date. A large-scale network based on macaque data has recently been successfully simulated
using the Compass simulator (Preissl et al., 2012). The network comprised ~ 65-10° neurons and ~ 16-10'2
synapses, corresponding to an average indegree of ~250, which is far less than the actual ~10* synapses
a neuron in the macaque cortex typically receives. The simulations were carried out on a neuromorphic
hardware restricting synaptic weights to a fixed value for all outgoing connections of a neuron. Moreover,
the authors used binary connectivity data from CoCoMac while in fact connection densities vary by several
orders of magnitude (Markov et al., 2014a). Another large-scale cortical network model was developed
by Izhikevich & Edelman (2008) who studied spiking patterns, oscillations and propagating waves in
a network model comprising 1 million multi-compartmental spiking neurons connected via ~ 0.5 x 10°
synapses. For computational reasons, the synaptic density was heavily reduced, so that each neuron
received on average only 500 synapses. Such downscaling generally affects network dynamics already
in terms of second-order statistics, leading to quantitatively and sometimes even qualitatively incorrect
results (van Albada et al., 2015).

In the present model, we more closely approximate the numbers of synapses per neuron found in the
primate brain. The model builds on a recently published model simulating a canonical microcircuit of a
1mm? cortical patch containing about 10° neurons (Potjans & Diesmann, 2014), which extends the classi-
cal balanced random network model (Brunel, 2000) to multiple populations (see also Potjans & Diesmann,
2013). This is the smallest network size where realistic connection probabilities (~ 10%) and realistic
numbers of inputs per neuron (~ 10,000) can be combined. Its main feature is the population-specific
connectivity map, synthesized from a combination of electrophysiological recordings and reconstructions
of axonal and dendritic trees. The model reproduces patterns of spontaneous spiking activity across pop-
ulations, and provides insight into the laminar processing of transient thalamocortical input. However,
in the 1 mm? patch, only ~50% of the incoming synapses of each neuron are actually simulated in the
model, while the rest originates outside of the microcircuit and is therefore replaced by stochastic input.
Increasing the size of the simulated patch leads to the integration of more intra-areal synapses into the
model, while including more cortical areas adds cortico-cortical synapses. In both cases, the influence of
random input is reduced, and the resulting models more accurately reflect recurrent interactions.

We here focus on the extension to multiple areas, yielding a model encompassing the entire vision-
related cortex parcellated into 32 areas after Felleman & Van Essen (1991). We concentrate on the
macaque monkey both because of the availability of extensive connectivity information, and because
of the relative similarity of macaque and human brains (Goulas et al., 2014; Li et al., 2013). Like
the microcircuit model of Potjans & Diesmann (2014), the multi-area model combines simple single-
neuron dynamics with complex structural connectivity and thereby allows us to study the influence of
the connectivity itself on the network dynamics. Neurons are represented by the leaky integrate-and-fire
model with identical intrinsic properties connected via current-based static synapses. The connectivity
map is adapted from the microcircuit model complemented with anatomical data about neuron densities
and inter-areal connections (Stephan et al., 2001; Markov et al., 2014a). A new release of CoCoMac is
used (Bakker et al., 2012), in which mappings between parcellation schemes are revisited to ensure a
consistent transfer of connections to the FV91 atlas. The use of tracing data avoids the unreliability
especially for long-range connections of diffusion MRI (Thomas et al., 2014), on which the connectivity
in most multi-area modeling work is based.

Our model bridges the gap between single-area or -population models on the one hand and macroscopic
brain models on the other, and enables us to relate mechanisms on multiple scales, such as the propagation
of transient input inside areas (Schroeder et al., 1998; Sakata & Harris, 2009) and interactions between
areas (Shen et al., 2012, 2015). We here present the model construction, leaving an account of its
dynamical properties to future work. Preliminary results have been presented in abstract form (Schmidt
et al., 2013, 2014).



Construction of the model

A: Model summary

Populations 254 populations: 32 areas with eight populations each (area TH: six)

Topology —

Connectivity area- and population-specific but otherwise random

Neuron model leaky integrate-and-fire (LIF), fixed absolute refractory period (voltage clamp)
Synapse model exponential postsynaptic currents

Plasticity —

Input independent homogeneous Poisson spike trains

Measurements spiking activity, membrane potentials

Type Elements Number of populations Population size

Cortex LIF neurons 32 areas with eight populations N (area- and population-

each (area TH: six), two per layer  specific)
C: Connectivity

Type source and target neurons drawn randomly with replacement (allowing autapses and
multapses) with area- and population-specific connection probabilities
Weights fixed, drawn from normal distribution with mean w and standard deviation

dw = 0.1w; 4E to 2/3E increased by factor 2 (cf. Potjans & Diesmann, 2014);
weights of inhibitory connections increased by factor g; excitatory weights < 0 and
inhibitory weights > 0 are redrawn

Delays fixed, drawn from Gaussian distribution with mean d and standard deviation
dd = 0.5d; delays of inhibitory connections factor 2 smaller; delays rounded to the
nearest multiple of the simulation step size h = 0.1 ms, inter-areal delays derived
from distances with constant transmission speed; delays < 0.1 ms before rounding
are redrawn

D: Neuron and synapse model

Name LIF neuron
Type leaky integrate-and-fire, exponential synaptic current inputs
Subthreshold AV = VB LD i (s g 47
dynamics V) =W else
L(t) = X, , wi et/ @ (t — t*) k: neuron index, i: spike index
Spiking IfV(t=) <OAV(i+) >0
1. set t* =t, 2. emit spike with time stamp ¢t*
Type Target Description
Background LIF neurons independent Poisson spikes (see Table S1)

F: Measurements
Spiking activity and membrane potentials from a subset of neurons in each population

Table 1: Model description after Nordlie et al. (2009).

The model comprises 32 areas of the macaque cortex involved in visual processing in the parcellation of
Felleman & Van Essen (1991), in the following referred to as FV91. Each area consists of 8 populations
representing layers 2/3, 4, 5 and 6 each with an excitatory and an inhibitory population, with the
exception of area TH which does not contain a granular layer. The model for each area is based on that
of Potjans & Diesmann (2014), which we refer to as the microcircuit model. Table 1 summarizes the
resulting multi-area model, in which each area is represented by a 1 mm? patch of cortical surface.

The single-neuron dynamics and the distributions of intra-areal delays correspond to those of Potjans
& Diesmann (2014). The neuron and synapse parameters are listed in Table S1. We assume a constant
transmission speed of vy = 3.5m/s between areas as measured in monkey visual cortex (Girard et al.,
2001), and draw the inter-areal delays from a Gaussian distribution with mean d = s/v; where s is the
distance, and standard deviation dd = d/2. The distance between each pair of areas is computed as
the median of the distances between all vertex pairs of these two areas in their surface representation in
F99 space, a standard macaque cortical surface included with Caret (Van Essen et al., 2001), where the
vertex-to-vertex distance is the length of the shortest possible path without crossing the cortical surface
(Bojak et al., 2011).

In the following, we describe the data integration process leading to population sizes and connection
probabilities from a combination of experimental data and statistical regularities.



Neuron numbers

First, we estimate the number of neurons N (A4, ) in population i of area A in three steps:

1. Neuronal volume deunsities provided in a different parcellation scheme (total neuron densities from
Hilgetag et al. (2015), laminar-specific data from H. Barbas and C. Hilgetag, personal communi-
cation) were mapped to the FV91 scheme and partly estimated using the notion of architectural
types. The translation uses the data of the most representative area in the original scheme. The
classification of areas into architectural types (Hilgetag et al., 2015) extends a classification previ-
ously developed for prefrontal cortex (Barbas, 1986; Barbas & Rempel-Clower, 1997; Dombrowski
et al., 2001) to the visual areas. Table 4 of Hilgetag et al. (2015) shows the classification which we
translate to our area scheme as detailed in Table S2. The architectural type reflects the distinc-
tiveness of the lamination as well as the degree of development of granular layer 4, with the lowest
values corresponding to agranular and dysgranular cortices, and the highest value corresponding to
V1. Areas MIP and MDP were not classified due to insufficient data and were manually assigned
type 5 like their neighboring area PO, which is similarly involved in visual reaching (Johnson et al.,
1996; Galletti et al., 2003), and was placed at the same hierarchical level by Felleman & Van Essen
(1991). To estimate neuron densities for areas not included in the data set, we compute the average
density of layer v across areas with architectural type a.

2. Total cortical thicknesses D(A) were provided for 14 areas by H. Barbas and C. Hilgetag (personal
communication). The data partially overlap with Hilgetag et al. (2015). These show a significant
decrease with architectural type. A similar trend was recently demonstrated in MR measurements
of cortical thickness (Wagstyl et al., 2015). The total thicknesses of the other 18 areas were esti-
mated using this linear fit. Laminar thicknesses were determined from quantitative data combined
with estimates from a large number of micrographs from the literature (Fig. 1). For those areas
for which we found no data in the literature, we estimate laminar thicknesses using a linear least-
squares fit of per-area average relative thicknesses against architectural type for each layer. Since
the thicknesses of L2/3 and L6 relative to the total thickness of cortex show no notable change
with architectural type, we filled in missing values using the mean of the known data for these
quantities. Relative L4 thickness increases (as expected, since L4 thickness enters into the defini-
tion of architectural types) and relative L5 thickness decreases with architectural type. For areas
with missing data these linear regression fits are used to compute relative L4 and L5 thicknesses.
Absolute thicknesses follow from the product of relative thickness and total thickness. We also
tested for a linear trend of total and laminar thicknesses with logarithmized total cell densities, as
another correlate of the structural differentiation of areas. This slightly increases the significance
of the linear fit for total thicknesses (r = —0.71, p = 0.004). Similarly, the fit of L4 thicknesses
shows higher correlation (r = 0.87, p = 10~%). However, L5 thicknesses do not reveal a significant
trend (r = —0.32, p = 0.32). Here, we use the linear relationships with architectural types, keeping
in mind that the L5 trend merits further investigation.

3. The fraction 7(v) of excitatory neurons in layer v is assumed to be identical across areas. For the
laminar dependency, the values that Binzegger et al. (2004) observe in cat V1 are used (see Table
2).

layer NPAENI NPJ\J?NI
2/3 078 0.22

4 0.80 0.20

5 0.82 0.18

6 0.83 0.17

Table 2: Proportions of inhibitory and excitatory neurons in each layer of cat primary visual cortex according
to Binzegger et al. (2004).

These data and assumptions deliver the number of neurons in population i of area A,

v (v;) ifieé&



where v; denotes the layer of population ¢, S(A) the surface area of area A computed with the Caret
software (Van Essen et al., 2001) on the basis of its representation on the F99 cortical surface (Van Essen,
2002), D(A,v;) the thickness of layer v;, and £,Z the pool of excitatory and inhibitory populations,
respectively. Table S3 lists the surface areas S(A) we use in the derivation of the connectivity.
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Figure 1: Relative laminar thicknesses vs architectural types. Thickness data compiled from Angelucci
et al. (2002); Boussaoud et al. (1990); Eggan & Lewis (2007); Felleman et al. (1997); Lavenex et al. (2002);
Markov et al. (2014a); O'Kusky & Colonnier (1982); Petrides & Pandya (1999); Preuss & Goldman-Rakic
(1991); Rakic et al. (1991); Rockland (1992); Rozzi et al. (2006). Solid lines are linear least-squares fits (L2/3
(dark blue): » =0.03, p = 0.92, L4 (light blue): » = 0.80, p = 0.001; L5 (orange): r = —0.55, p = 0.08, L6
(red): » = —0.17, p = 0.62).

Each neuron in the network receives synapses of four different origins, as sketched in Fig. 2A. In the
following, we describe how the counts for each of these synapse types are computed.

Local connectivity

In line with a number of anatomical observations (Harrison et al., 2002; O’Kusky & Colonnier, 1982;
Schiiz & Palm, 1989; Cragg, 1967), we assume that the total synaptic volume density is constant across
areas. Cragg (1967) provides an average indegree in monkey visual cortex of ~5, 600 synapses per neuron

while O’Kusky & Colonnier (1982) report 2,300 synapses per neuron. We take the average 3,950 of both

3950 N(V1) . 8 synapses
D(V1)S(V1i) — 5.9-10 mm3
pses

which approximately agrees with 6.3 - 108% reported for somatosensory cortex of rat by Markram
et al. (2015).

The connection probabilities of the microcircuit model listed in Table 5 of Potjans & Diesmann
(2014), which have been computed from various anatomical and electrophysiological studies (with large
contributions from Binzegger et al., 2004; Thomson & Lamy, 2007), serve as the basis of our calculations.
The connectivity between any pair of populations in the model is spatially uniform. However, to derive
the corresponding connection probabilities, we approximate the underlying probability C' for a given pair
of neurons to establish at least one contact as falling off with distance according to a Gaussian probability
distribution with standard deviation o = 297 um (Potjans & Diesmann, 2014). To determine average
connection probabilities, we approximate each brain area A as a flat disk with (area-specific) radius R
and assign polar coordinates r and € to each neuron. The radius R hence determines the cut-off of the
Gaussian distribution and the precise values of the population connectivities. The average connection
probability between a pre- and postsynaptic neuron pair is then obtained by integrating over all possible
positions of the two neurons:

_ C’ R p2npR p2m — 7’2 + T2 — 27"17’2 COS(91 — 92)
C(R) = F2]0%4 /0/0 /o/o exp (i 473 52 ) r17r2df1dridfadrs, (2)

where Cj is the connection probability at zero distance. This can be reduced to a simpler form (Sheng,
1985), reading

_ 2CY 2 2 /952 2R —r 1/2 . 2R —r 1/2
R)=— B! n —sin| 4 n dr.
C(R) e /0 e arcta. SREr Si arcta SR rdr (3)

Averaged across pairs of populations, the value of Cy is 0.143 (computed from Eq. 8 and Table S1 in
Potjans & Diesmann, 2014)). Note that Potjans & Diesmann (2014) use a simpler approach where only
the position of one neuron is varied while keeping the other neuron fixed in the center of the disk (Eq.9 in
that paper). Connection probabilities computed with the latter approach are denoted with the subscript

values as representative for V1. The resulting volume density is psyn =
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Figure 2: Contributions of different synaptic sources. A Scheme of the different types of connections
to a cortical neuron. |: Simulated intra-areal synapses, Il: Intra-areal synapses from outside the 1 mm?
patch modeled as Poisson sources, Ill: Simulated cortico-cortical synapses, IV: Synapses from subcortical and
non-visual cortical areas modeled as Poisson sources. B Relative contributions to indegrees in V1 (stacked
vertically) for increasing cortical surface area (horizontal) covered by the model. The number of simulated
intra-areal synapses (red, 1) increases at the cost of random input from non-simulated intra-areal synapses
(light red, 1) while the number of cortico-cortical synapses (light blue, 111) and random inputs from subcortical
and non-visual cortical areas (blue, 1V) stays constant. The vertical dashed line signals the surface area of

1 mm? used in the present study.

PD14. Moreover, in the following, we use primes for all variables referring to a network with the laminar
distribution of neurons of the microcircuit model.

We use (3) to determine the population-specific spatially averaged connection probabilities. The
parameters of the microcircuit model are reported for a 1 mm? patch of cortex, corresponding to R =
v/1/mmm, which we call Ry. For each source population j and target population 4, we first translate the
connection probabilities of the 1 mm? model to area-dependent R via

C'(R)
C!(R) = Cl. Ry) =——
J( ) j,PD14 ( 0) CI/:)D14 (RO)

with Cl’jm 4(Ro) = 0.066. From the connection probability, we compute the number of synapses for a
projection from population j to i as

log (1 — C4j)
Nsyn,ij = —17
log (1 — —N,-N,-)

which follows from randomly drawing source and target neurons with replacement (cf. Eq. 1 in Potjans &
Diesmann, 2014). The indegree K;; is the number of incoming synapses per target neuron, Ngyn i;/N;. In
the following, all numbers of synapses Ngyn(A) and indegrees K;;(A) are area-specific. For simplicity, we
leave out the argument A. Since mean synaptic inputs are proportional to the indegrees, we consider them
as a defining characteristic of the local circuit and preserve their relative values to approximately preserve
relative influences between populations when adjusting the model to area-specific neuron densities,



- K' (R
KulB) _ Bu®) ikt
Kiy(R) Kj,;(R)

54 K”(R) = CA(R)K{j(R) Vi, g, (4)

where c4(R) is an area-specific conversion factor, which is larger for areas with smaller neuron densities
because of the assumption of a constant synaptic volume density. The total number of synapses local to
the patch (type I) is the sum over the projections between all populations of the area:

Noyn,1(R) = ZNi(R)Kz‘j(R) = ca(R) ZNi(R)K{j(R) :

We thus obtain c4(R) by determining Nsyn,1. To this end, we use retrograde tracing data from Markov
et al. (2011) consisting of fractions of labeled neurons (FLN) per area as a result of injections into one
area at a time. The fraction intrinsic to the injected area, F'LIV;, is approximately equal for all 9 areas
where this fraction was determined, with a mean of 0.79. We translate this into numbers of synapses by
assuming that, on average, each labeled neuron establishes the same number of synapses in the injected
area, so that the proportion of synapses of type I is 0.79 for the full area size. For areas modeled with
reduced size, this fraction is smaller because, in that case, synapses of both type I and II contribute to the
value of 0.79 (Fig. 2B). We approximate the increasing contribution of type I synapses with the modeled
area size as the increase in indegrees averaged over population pairs,

Nsyn,I(R)/Nsyn,tot (R) _ Kz(R) _ K;] (R)
Nsyn,I(Rfull)/Nsyn,tot (Rfull) Kij (Rfull) Iy K{j (Rfull) ij ,

where in the last step we use (4). Using Ngyn,1(Rsun1)/Nsyn,tot (Rrun) = F'LN;, we obtain

Nayat(R) = Nognson (1) FLN | 0D
synﬁl( )* SynﬂtOt( ) ! m i]7

where Ngyn tot(R) = psyanQD with D the total thickness of the given area. The conversion factor can

thus be obtained with
eal) = o)y [ BGUD
> Ni(R) K (R) K;(Rean) Y

We substitute this into (4) for the modeled areas where R = Ry and obtain the population-specific
indegrees for synapses of type I:

Kij1 = K;j (R = Ro) (5)

Cortico-cortical connectivity

In the model, all synapses onto a neuron in the target area originate exclusively in the 1 mm? patch
representing the source area. This is similar to assuming that the connections between areas are parallel
on the 1 mm? scale. In nature, these connections exhibit a certain degree of spatial convergence and
divergence (Colby et al., 1988; Salin et al., 1989; Gattass et al., 1997; Markov et al., 2014b). However,
our choice enhances the interactions between areas and counteracts the dilution of inter-areal influences
due to the lack of spatial organization within the modeled patch.

As a starting point, we determine whether a pair of areas is connected using the union of all connections
available in the FV91 scheme in the CoCoMac database (Stephan et al., 2001; Bakker et al., 2012; Suzuki &
Amaral, 1994a; Felleman & Van Essen, 1991; Rockland & Pandya, 1979; Barnes & Pandya, 1992) (Fig. 3A,
see supplementary section “Processing of CoCoMac data” for details) and all connections reported by
Markov et al. (2014a). We use a new release of CoCoMac, in which mappings from brain regions in other
nomenclatures were scrutinized to ensure a consistent transfer of connections into the FV91 name space.
We then determine the population-specific numbers of modeled cortico-cortical synapses in three steps:
1. determining the area-level connectivity; 2. distributing synapses across layers; 3. assigning synapses
to target neurons.

For the first step, we compute the total numbers of synapses formed between each pair of areas using
retrograde tracing data from Markov et al. (2014a). The data consist of fractions of labeled neurons
FLN pp = NLNap/Y g NLNap/, with NLN the number of labeled neurons in area B following an
injection in area A. Markov et al. (2014a) used a parcellation scheme called M132 which is also available
as a cortical surface, both in native and in F99 space. On the target side we use the coordinates of the



injection sites registered to the F99 atlas available via the Scalable Brain Atlas (Bakker et al., 2015) to
identify the equivalent area in the FV91 parcellation (cf. Table S4). There is data for 11 visual areas
in the FV91 scheme with repeat injections in six areas, for which we take the arithmetic mean. To
map data on the source side from the M132 atlas to the FV91 parcellation, we count the number of
overlapping triangles on the F99 surface between any given pair of regions and distribute the FLN
proportionally to the amount of overlap, using tools available at the CoCoMac site (http://cocomac.
g-node.org/services/f99_region_overlap.php). Fig. 3B shows the result of this mapping procedure.
To estimate values for the areas not included in the data set, we make use of a roughly exponential fall-off
of connectivities with distance (Ercsey-Ravasz et al., 2013), modeled as

FLNAB =C- exp (*AdAB) . (6)

A linear least-squares fit of the logarithm of the FLN (Fig. 3C) predicts missing values. The total number
of synapses Ngyn ap between each pair of areas {A, B} is assumed to be proportional to the number of
labeled neurons NLN 2p and thus to FLN4p,

Nsyn,AB _ NLNap _ FLNap "
ZNsyn,AB’ ZB/ NLNAB/ ZB’ FLNAB/.
B/
———

=1IVsyn,tot, A

This corresponds to individual neurons in each source area (including area A itself) on average establishing
the same number of synapses in the target area A. For each target area, the F'LN in the model should
add up to the total fraction of connections coming from visual cortical areas. However, this fraction
is not known a priori. To provide a normalization, we therefore consider also non-visual areas, for
which distances are available and for which we can hence also estimate the FLN. The total fraction
of all connections from subcortical regions was found to average 1.3 % in eight cortical areas (Markov
et al., 2011). This allows us to normalize the combined FLN from all cortical areas as ) 5, FLNap =
1 — FLN; —0.013, where B here runs over both modeled and non-modeled cortical areas. Fig. 3D shows
the result of combining the binary information from CoCoMac with measured and estimated FLN to a
connectivity matrix on the area level.
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Figure 3: Construction of the connectivity map at area level. A Binary connectivity information from the
CoCoMac database. Black, existing connections; white, absent connections. B Fractions of labeled neurons
(FLN) from Markov et al. (2014a) mapped to the parcellation scheme of Felleman & Van Essen (1991).
C Connection densities fall off approximately exponentially with inter-area distance. Distances computed as
median vertex distance in the cortical surface representation of the M132 areas. Black line: linear regression
with log (FLN) = log (C) — Ad (C = 0.045, A = 0.11,p = 107'%; cf. (6)). D Area-level connectivity of the
model, based on data shown in panels A-C, expressed as relative indegrees for each target area.

As a next step, we determine the distribution of connections across source and target layers. Cortico-
cortical connections tend to follow specific laminar patterns that are related to the differences in archi-
tectural types or neuron densities of the areas (Hilgetag et al., 2015), and consequently also to their
relative positions in an approximate processing hierarchy (Felleman & Van Essen, 1991). On the source
side, the laminar pattern of projections can be expressed as the fraction of supragranular labeled neurons
(SLN) in retrograde tracing experiments (Markov et al., 2014b). To determine the SLN entering into
the model, we follow a similar procedure as for the F'LN: We use the exact coordinates of the injections
to determine the corresponding target area A in the FV91 parcellation, and in case of repeat injections
into the given target area, for each pair of areas we take the mean SLN across injections. To map the
data from the M132 parcellation to the FV91 scheme, we weight the SLN by the overlap cg g between
area (8 in the former and area B in the latter scheme and the FFLN to take into account the overall
strength of the connection, so that

Z,@ CngFLNA,BSLNA,B
> 5c83FLNAg

Since SLN data are not available for all pairs of areas, we estimate missing values using a sigmoidal
relation between SLN and the logarithmized ratio of overall cell densities of the two areas (Fig. 4A). This

SLNap =



is similar to the relation between SLN and hierarchical distances found by Markov et al. (2014b), but
avoids the cyclicity of estimating SLN from the hierarchy which itself was obtained using the SLN data.
A relationship between laminar patterns and log ratios of neuron densities was suggested by Beul et al.
(2015). Following Markov et al. (2014b), we use a beta-binomial generalized linear model (GLM), which
assumes the numbers of labeled neurons in the source areas to sample from a beta-binomial distribution
(e.g. Weisstein, 2005). This distribution arises as a combination of a binomial distribution with parameter
p giving the probability of supragranular labeling within each source area, and a beta distribution of p
across areas with dispersion parameter ¢. With the probit link function g (e.g. McCulloch et al., 2008),
the relation between the measured SLN and the log ratio ¢ of neuron densities for each pair of areas
becomes

g(SLN) =ao | @ | +ail, (8)
1

where ¢ and SLN are vectors and {ag, a1} are scalar fit parameters. To fit SLN to logarithmized ratios
of cell densities, we map the FV91 areas to the Markov et al. (2014b) scheme with the overlap tool
of CoCoMac (see above) and compute the cell density of each area in the M132 scheme as a weighted
average over the relevant FV91 areas (each with cell density either measured, or estimated according
to its architectural type). For areas with identical names in both schemes, we simply take the neuron
density as determined in the FV91 scheme. Fig. 4A shows the result of the SLN fit carried out in R (R
Core Team, 2015) with the betabin function of the aod package (Lesnoff & Lancelot, 2012). In contrast
to Markov et al. (2014Db), who excluded certain areas when fitting SLN vs. hierarchical distances in view
of ambiguous hierarchical relations, we take all data points into account to obtain a simple and uniform
rule.
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Figure 4: Laminar patterns of cortico-cortical connections. A Fractions of source neurons in supragranular
layers depend sigmoidally on the logarithmized ratio of the overall cell densities of the two areas. SLN data
from Markov et al. (2014b), neuron densities from Hilgetag et al. (2015). Black curve: fit using a beta-
binomial generalized linear model (8) (ag = —0.134, a1 = —1.27, ¢ = 0.212). B Schematic illustration of the
procedure for distributing synapses across layers. Source neuron j from area B sends an axon to layer v of
area A where a cortico-cortical synapse scc is formed at the dendrite of neuron 7. The inclusion of a layer in
a source or target pattern is determined by CoCoMac data if available, and otherwise based on measured or
estimated SLNN. The diagram illustrates the distribution of synapses for connected sets of layers. To distribute
synapses across excitatory populations in the sending area, SLN is combined with projection densities from
CoCoMac if available, or with neuron numbers as proportionality factors. Layer 1 is only modeled as a target
layer where synapses are formed and associated with cell bodies in layers 2 — 6. In the target area, synapses
are distributed across the layers contained in the target pattern using projection densities from CoCoMac if
available, or in proportion to laminar thicknesses. The synapses are then attributed to neurons with the help
of data from Binzegger et al. (2004). Finally, synapses are re-distributed between excitatory and inhibitory

neurons such that 95 % of synapses target excitatory neurons. See (13) for the formal definitions.

As a further step toward determining laminar distributions of synapses, we combine the measured or
estimated SLN with data from CoCoMac. The SLN data and CoCoMac complement each other, with
the SLN being quantitatively more precise and CoCoMac containing more detailed laminar patterns.
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Specifics of the processing of the laminar CoCoMac data are given in supplementary section “Processing
of CoCoMac data”. CoCoMac gives the connection strength a(v) of a layer v on a rough quantitative scale,
ranging from 0 (absent) to 3 (strong) in integer steps. To distribute synapses between layers, we assume
that the connection strengths from CoCoMac represent numbers of synapses in orders of magnitude.
The inclusion of a layer in the source pattern Py is based on CoCoMac (Felleman & Van Essen, 1991;
Barnes & Pandya, 1992; Suzuki & Amaral, 1994b; Morel & Bullier, 1990; Perkel et al., 1986; Seltzer
& Pandya, 1994) if the corresponding data is available (this is the case for 45% of all cortico-cortical
connections); otherwise, we include layers 2/3, 5 and 6 in the calculation. The exclusion of granular layer
4 from the source pattern is in line with most anatomical observations (Felleman & Van Essen, 1991).
Furthermore, we model cortico-cortical connections as emanating from excitatory neurons only, which is
a good approximation to experimental findings (Salin & Bullier, 1995; Tomioka & Rockland, 2007). If a
layer is included in the source pattern, we assign a fraction of the total outgoing synapses to it according
to the SLN. Since the SLN does not further distinguish between the infragranular layers 5 and 6, we use
the rough connection densities from CoCoMac for this purpose when available, and otherwise we assume
a constant outdegree, distributing synapses in proportion to the numbers of neurons. On the target
side, we determine the pattern of target layers P; from anterograde tracer studies contained in CoCoMac
(Jones et al., 1978; Rockland & Pandya, 1979; Morel & Bullier, 1990; Webster et al., 1991; Felleman &
Van Essen, 1991; Barnes & Pandya, 1992; Distler et al., 1993; Suzuki & Amaral, 1994b; Webster et al.,
1994), which are available for 29 % of all cortico-cortical connections. For connections without laminar
information on the target side, we use termination patterns suggested by the SLN based on a relationship
between source and target patterns. Using the terminology of visual hierarchies, we denote projections
with low, intermediate, and high SLN respectively as feedback, lateral, and feedforward projections.
A finer classification may be obtained by simultaneously considering target patterns (Felleman & Van
Essen, 1991, Figure 3). We take SLN < 0.35 to correspond to feedback projections, SLN > 0.65 to
feedforward projections and SLN € [0.35,0.65] to lateral projections. Feedforward projections terminate
preferentially in layer 4 (F), feedback projections tend to have a multilaminar (M) termination pattern,
and lateral projections tend to have a columnar (C) termination pattern encompassing all layers (Felleman
& Van Essen, 1991). In this case, the termination pattern P; can thus be of the following types:

F ={4} for SLN > 0.65
M ={1,2/3,5,6} for SLN < 0.35 , (9)
C ={1,2/3,4,5,6} for SLN € [0.35,0.65]

and we distribute synapses among the layers in the termination pattern in proportion to their thickness.

Since we use a point neuron model, we have to account for the possibly different laminar positions
of cell bodies and synapses. The data of Binzegger et al. (2004) deliver three quantities that allow us to
relate synapse to cell body locations. The first is the probability P(scc|cg (s € v) for a synapse in layer
v on a cell of type cg (e.g., a pyramidal cell with soma in layer 5) to be of cortico-cortical origin. Second,
Binzegger et al. (2004) provide the relative occurrence P(cp) of the cell type ¢, and third, the total
numbers of synapses Ngyn (v, cg) in layer v onto the given cell type. We map these data to our model by
computing the conditional probability P(i|s.. € v) for the target neuron to belong to population i if a
cortico-cortical synapse sc. is located in layer v. This probability equals the sum of probabilities that a
synapse is established on the different Binzegger subpopulations making up our populations,

P(i|scc € v) = P( U CB|Sec € V) = Z P(cB|Scc € ). (10)
CBEL CBEL
where
P(e ) Sec € V)
_ 11
P(Scc €0) (11)

The numerator gives the joint probability that a cortico-cortical synapse is formed in layer v on cell type

P(cBlsec € v) =

CB,
Nsyn,CC ('U; CB)P(CB)

o e, Nsyn,co (v, ) P(eg)

Plep ﬂscc €Ev) = 5 (12)

and the denominator equals the probability of finding a cortico-cortical synapse in layer v, which is
computed by summing over cell types,

P(scc €E0) = ZP(CB ﬂscc €v).
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Nsyn,cc(v, cB) represents the number of cortico-cortical synapses in layer v on cell type cg,

Nsyn,CC(v; CB) = P(SCC|CB ﬂ ENS ’U) Nsyn(vv CB) P(CB) 5

which can be directly determined from the data. Combining these equations, we obtain the number of
cortico-cortical (Type III) synapses from excitatory population j of area B to population i of area A
(cf. Fig. 4B):

Nsyn,III(i; Aaja B) = Zi Z YU 7)(Z|SCC S 'U) Xj Nsyn,III(Aa B) I} (13)
vELP: source side
target side
SLN if j € SO P,
(1— SLN) 0% ifj e Tand a(v;) > 0
with X; = Jet ato >0 10 ,
(1- SLN)% if 7 € I Ps but no CoCoMac data available
Jer JJ
0 ifj ¢ b
10@(1;) .
and Y, = chz/)ﬁo)lo ) .
Z,Di(jv') if no CoCoMac data available

Here, S = 2/3E and I = {5E,6E} respectively denote the supragranular and infragranular excitatory
populations. Z; is an additional factor which takes into account the experimentally found phenomenon
of E-I-specificity in feedback connections. Various studies have found that cortico-cortical feedback con-
nections preferentially target excitatory neurons rather than inhibitory neurons (Johnson & Burkhalter,
1996, 1997; Anderson et al., 2011). Z; is area-specific and depends on the excitatory or inhibitory nature
of the target population, but not on the target layer. Different values for the proportion of excitatory
targets have been found, ranging between 87 % and 98 %. As a representative value, we choose a fraction
of 93 % of connections targeting excitatory population in the target area. For each feedback connection
in the model, we thus redistribute the synapses across the excitatory and inhibitory target populations

and determine Z; such that - ‘
>ice 2 Neynui(i, A, j, B)
Ngyn,111(4, B)

=0.93.
Fig. S1 shows the resulting connection probabilities between all pairs of populations in the model.

External, random input

Finally, inputs at synapses formed outside the scope of our model, i.e., white-matter synapses from non-
cortical or non-visual cortical areas as well as gray-matter synapses formed by cells outside the 1 mm?
patch, are replaced by Poisson spike trains. The external inputs to each population of the microcircuit
model of Potjans & Diesmann (2014) are estimated as a sum over gray- and white-matter inputs and
thalamic afferents, and are representative of V1. However, corresponding experimental data are not
consistently available across the areas of our model. Furthermore, since laminar patterns of external
inputs from cortical areas (Markov et al., 2014b) as well as from subcortical regions such as pulvinar
(Felleman & Van Essen, 1991; Rockland et al., 1999) differ between areas, we cannot simply copy the
numbers for V1 to the remaining areas. In the absence of area-specific data, we use a simple scheme: For
each area, we compute the total number of external synapses as the difference between the total number
of synapses and those of type I and III and distribute these such that all neurons in the given area have
the same indegree for Poisson sources. The only exception is that in area TH, we compensate for the
missing granular layer 4 by increasing the external drive onto populations 2/3E and 5E by 20 %.

Conclusion

In this report, we present the construction of a multi-area model of macaque visual cortex in a modular and
algorithmic manner facilitating further refinements as new data become available. The resulting formal
network specification enables simulations of the spiking dynamics using the NEST simulator (Gewaltig &
Diesmann, 2007). Mean-field theory supports the systematic investigation of the link between structure
and dynamics (Schuecker et al., 2015), exploiting the fact that insights from two-population balanced
random network models generalize to multi-population networks (Potjans & Diesmann, 2013). Thus, the
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present study lays the foundation for further work describing the dynamical behavior of the model and
its relation to brain activity measured in experiments.
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Supplement

Neuron and synapse parameters

Synapse parameters

Name Value Description
w %+ dw V1. 87.8 £ 8.8 pA, excitatory synaptic strength
either equal for other
areas or scaled as
w x p(A)", k€ [0,1]
g variable, relative inhibitory synaptic strength
g € [—10, —4]
de + 0d, 1.54+0.75 ms local excitatory transmission delay
d; £ 6d; 0.75 + 0.375 ms local inhibitory transmission delay
d+dd s/vy £ 35/ inter-areal transmission delay, with s the dis-
tance between areas
Vg 3.5m/s transmission speed
Neuron model
Name Value Description
Tm 10 ms membrane time constant
T 2 ms absolute refractory period
Ty 0.5 ms postsynaptic current time constant
Ch 250 pF membrane capacity
Vi —65mV reset potential
0 —50mV fixed firing threshold
b, —65mV leak potential

Table S1: Parameter specification for single synapses and neurons.

Translation of architectural types

Area in Hilgetag et al. (2015) FV91 area | Area in Hilgetag et al. (2015)  FV91 area
V1 V1 MST MSTd, MSTI
V2 V2 PIP PIP
V3 V3 PIT PITd, PITv
VP VP PO PO
MT MT TF TF
V3A V3A VIP VIP
V4 V4 Adbv 46
V4t V4t ATa 7a

VOT VOT AIT AlTd, AlTv

CIT CITd, CITv FST FST

DP DP STP STPa, STPp

FEF FEF TH TH
LIPd, LIPv LIP

Table S2: Scheme for translating areas given in Table 4 of Hilgetag et al. (2015) to the modeled areas in the

parcellation scheme of Felleman & Van Essen (1991).
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Area surfaces

Area Surface area (mm?) | Area Surface area (mm?) | Area Surface area (mm?)
V1 1484.63 V3 120.57 PO 75.37
V2 1193.40 ClITv 114.67 VOT 70.11
V4 561.41 DP 113.83 LIP 56.04

STPp 245.48 PIP 106.15 MT 55.90
TF 197.40 PITv 100.34 FST 61.33
46 185.16 AlTd 91.59 CITd 57.54
FEF 161.54 VIP 85.06 MIP 45.09
Ta 157.34 V3A 96.96 TH 44.60

PITd 145.38 AlTv 93.12 MSTI 29.19
VP 130.58 STPa 78.72 V4t 28.23

MSTd 120.57 MDP 77.49

Table S3: Surface areas computed with Caret (Van Essen et al., 2001) on the basis of each area’s represen-
tation on the F99 cortical surface (Van Essen, 2002). Areas are ordered from large to small.

Processing of CoCoMac data

The CoCoMac database provides information on laminar patterns on the source side from retrograde
tracing studies as well as on the target side from anterograde tracing studies. The data was extracted by
using the following link, which specifies all search options:

http://cocomac.g-node.org/cocomac2/services/connectivity_matrix.php?dbdate=20141022&
AP=AxonalProjections_FV9Ol&constraint=&origins=&terminals=&square=1&merge=max&laminar=both&
format=json&cite=1

Furthermore, we obtained the numbers of confirmative studies for each area-level connection with the
following link:

http://cocomac.g-node.org/cocomac2/services/connectivity_matrix.php?dbdate=20141022¢&
AP=AxonalProjections_FV9l1l&constraint=&origins=&terminals=&square=1&merge=count&laminar=off&
format=json&cite=1

To process these data, we applied the following steps:

e A connection is assumed to exist if there is at least one confirmative study reporting it.

e A connection from layer 2/3 is modeled if CoCoMac indicates a connection from either or both of
layers 2 and 3.

e In the database, some layers carry an ‘X’ indicating a connection of unknown strength. We interpret
these as ‘2’ (corresponding to medium connection strength).
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http://cocomac.g-node.org/cocomac2/services/connectivity_matrix.php?dbdate=20141022&AP=AxonalProjections_FV91&constraint=&origins=&terminals=&square=1&merge=max&laminar=both&format=json&cite=1
http://cocomac.g-node.org/cocomac2/services/connectivity_matrix.php?dbdate=20141022&AP=AxonalProjections_FV91&constraint=&origins=&terminals=&square=1&merge=max&laminar=both&format=json&cite=1
http://cocomac.g-node.org/cocomac2/services/connectivity_matrix.php?dbdate=20141022&AP=AxonalProjections_FV91&constraint=&origins=&terminals=&square=1&merge=max&laminar=both&format=json&cite=1
http://cocomac.g-node.org/cocomac2/services/connectivity_matrix.php?dbdate=20141022&AP=AxonalProjections_FV91&constraint=&origins=&terminals=&square=1&merge=count&laminar=off&format=json&cite=1
http://cocomac.g-node.org/cocomac2/services/connectivity_matrix.php?dbdate=20141022&AP=AxonalProjections_FV91&constraint=&origins=&terminals=&square=1&merge=count&laminar=off&format=json&cite=1
http://cocomac.g-node.org/cocomac2/services/connectivity_matrix.php?dbdate=20141022&AP=AxonalProjections_FV91&constraint=&origins=&terminals=&square=1&merge=count&laminar=off&format=json&cite=1

Mapping of injection sites to FV91 parcellation

Monkey M132 area FV91 area | Monkey M132 area FV91 area
M88RH V1 V1 M101LH V2 V2
M121LH V1 V1 M101RH V2 V2
M81LH V1 V1 M103LH V2 V2
M85LH V1 V1 M123LH V4 V4
M85RH V1 V1 M121RH V4 V4
BB289RH STPr STPa M119LH TEO V4
BB289LH STPi STPp BB135LH 7A 7a
M90ORH STPc STPp M89LH DP DP
M106LH 9/46d FEF BB272RH 8l FEF
M133LH MT MSTd M116LH 46d 46
M116RH 9/46v 46 BB272LH 8m FEF
M128RH TEPd CITv M108LH PBr STPp

Table S4: Injected areas of the data set of Markov et al. (2014a) in the M132 parcellation and corresponding

areas in the FV91 scheme. Only the injections in vision-related cortex are shown.

Mapping of synapse to cell-body locations

Detailed calculation in section “Construction of the model”. The numbers are listed in Table S5.

Synapse layer
1 2/3 4 5 6
§ 2/3E| 057
5 2/3l 0.16
32 4E 0.18 0.84 0.73
g 4 0.16
b 5E 0.25 0.02 0.76
b0 51 0.1
P 6E | 0.003 0.09 0.14 0.85
6l 0.15

Table S5: Conditional probabilities P(i|s.. € v) for the target neuron to belong to population i if a cortico-
cortical synapse s is located in layer v, computed with (11) applied to the data set of Binzegger et al. (2004).
Empty cells signal zero probabilities.
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Connection probabilities
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Figure S1: Connection probabilities of the model encoded in color.

architectural types, and populations inside the areas are ordered as [2
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Areas are ordered according to their
/3E, 2/31, 4E/, 4l, 5E, 5I, 6E, 6l].
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