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1. Introduction

The brain is a complex organ composed by neurons, fundamental units of this system; their connectivity has a crucial role
in determining the dynamics of both individual neurons and the whole network. The system can be considered a directed
graph with the neurons soma as nodes and synaptic connections among neurons as edges. The computational properties
of different neurons and subnetworks depend on their topological organization [1-3], and numerous brain disorders can be
associated with abnormal topological structure [4,5]. Although several important results on the computational properties of
neurons can be investigated at the single cell level, e.g. to explain some chaotic behaviors [6], or to suggest an empirical
explanation for the storage capacity of an individual neuron [7,39], discovering the general rules underlying the connectivity
properties of their networks is a fundamental step to figure out how information is integrated and propagated within and
between brain regions.

The need to find a rule explaining how brain cells are connected cannot be overemphasized. Any large initiative on brain
research dedicates quite significant efforts to this problem. Since it would have an enormous influence on our understand-
ing of how the brain works. It is well known that several electrophysiological properties of neurons and networks can be
modeled as a system of ordinary nonlinear differential equations, so it may be questioned why investigate brain networks
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with graph theory. The rationale is that graph theory has been proven to be of a great help in understanding network prop-
erties and operations. Infection models such as the Susceptible Infected (-Recovered) (SI (R)) [8], are typical examples. In
these cases, a model that takes adequately into account the heterogeneity of the degrees observed in various real networks
represents the underlying network topology. Furthermore, Aledo et al. in [9] highlight a network of attractors in which the
graphs allow a better understanding of the system dynamics.

Since the central nervous system can be considered a complex network consisting of a large number of mutually in-
teracting excitatory and inhibitory neurons, it is appropriate to define a mathematical model capable of representing the
distribution of a large neuronal network [10-14]. Herculano-Houzel et al. estimated that the central nervous system net-
work involves more than 86 billion neurons [15], this implies fourfold synaptic connections and an enormous equivalent
processing per second. Therefore, understanding neuronal distributions and their relative functioning is a challenge that has
fascinated researchers in recent decades.

The different scientific areas of mathematics appear among those that can give insightful contributions for a better un-
derstanding of the neuronal distribution and related interconnections. Theoretical and applicative advances in the area of
graph theory provide a convenient framework for the study of brain structural connectivity, a problem that has not been
solved so far. In humans, the current state of the art relies on experimental data of macroscopic connectivity obtained from
diffusion tractography [16], but its resolution and the problems with its validation makes it practically impossible to inves-
tigate the single cell connectome [17]. Anatomical tracers in non-human studies (reviewed in [18]) give more information,
but they are still based on specialized labeling methods that also have shortcomings [19]. Therefore, it should be clear that
discovering the general rules underlying the connectivity properties of brain cells is a fundamental step to figure out how
information is integrated and propagated within and between brain regions.

Here we suggest an innovative model, exploiting the properties of exponential and power-law models. We were able to
use the available, but necessarily sparse, experimental data to generalize the rules underlying brain connectivity. This will
provide the basis for a better interpretation of experimental data, for analyzing in more details how the brain processes
information and, ultimately, to build large-scale model networks reproducing the observed connectivity. The model is tested
against detailed experimental and large-scale modeling data on the hippocampus and neocortex.

2. Materials and methods
2.1. Principles of graph theory

We start by defining:

. a graph as an entity G = (V,E) composed by a number of nodes N; = V(G),

. a set of edges E(G)c V(G) x V(G),

. Dg(i) as the number of the edges, where i is the node number (also called a vertex),
. an adjacency matrix A = (a;;) as

~[1. if (i.j) €E@G)
% =10, if (i, j) ¢ E(G)

In this paper we will consider only directed graphs. In a directed graph the vertex have independent incoming and
outgoing connections. The adjacency matrix is thus asymmetrical, and we need to distinguish between the in- and out-
degree .ofla vertex i, i.e. the number of incoming and outgoing edges respectively. We will denote them as D’G(i) and Dg(i),
respectively.

A WN

2.2. Exponential and power law models

In order to illustrate how our algorithm is implemented, consider the two well-known classes of random graphs, called
exponential (introduced in [20]) and power law (described in [21]). In an exponential model, the probability that exist an
edge starting from node i and arriving at node j is exactly p, a constant, for any distinct i and j and the in- and out-degree
distribution are

P(Dg = k) = P(Dg = k) = p*(1 - p)" """ (N; l>.

The model is called exponential because the tail of the functions describing the indegree and outdegree decays faster than
any power law. In power law networks, called BA models (from Barabasi and Albert, who first described them in [22]), the
underlying assumption is the existence of a preferential connection between nodes, and the probability for a node to have
k connections decreases as k=”. The construction of a power law model is based on an integer positive random variable ¥,
with distribution o, and expected value ¢ (c = E(o})). As previously demonstrated [21], for degrees k much greater than
an arbitrary constant a, the indegree distribution can be approximated by

. B(k+a2+9)

= ~ k- (+8)
k B(a,1+¢) : '
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where B(x, y) is the Beta function [23]. The outdegree will follow a ¥ distribution with a spike at 0,

N —
P(D, = k) = (%80(10 4 Nmook),

where §y(k) is the discrete Dirac’s delta distribution, and mg is a free parameter, calculated with a function described in
[21].
For the indegree of this model, a particularly important case is when a = c,

;  B(k+a,3) 2(a+1)a 3

Pv="Ba2) ~@ikid@rkiDail K

for k much higher than a. The value of -3 is the typical tail value assumed for a scale free model.

3. Theory: Our model
3.1. Initial considerations

Networks rarely exhibit an exponential tail in their distributions, and biological networks often exhibit a tail behavior
that can be approximated by a power law [24-28]. The tails behavior is a very important property, because it gives a direct
estimation of the network hubs (which are correlated to the way in which information can propagate in the brain [29]).
However, the tail alone it is not sufficient to completely describe the properties of a network, since the entire range of
connectivity should be considered. The major problem is that neither the exponential or power models can represent the
full range of connectivity exhibited by biological networks [24-28]. With respect to a biological network, exponential models
have too few highly connected nodes, and power law models have too many nodes with low connectivity. This situation is
schematically illustrated in Fig. 1, where we plot a typical example of indegree distribution for an exponential model (Fig. 1,
red curve), a power law model (see Fig. 1, blue curve), and a stereotypical case of a brain network [27,28]. As can be seen, an
exponential model can reproduce the low-connectivity range of a biological network and a power law model can fit the tail,
i.e. the high-connectivity range. This is the reason why, in most cases, the common choice to analyze experimental findings
is to ignore the low connectivity range and fit only the tail of the distributions with a power low model, as schematically
shown in the inset of Fig. 1 (purple tail fitting line). In this work, instead, we propose a mathematical model based on a
convolutional approach in which a power law and exponential model are convolved to obtain a distribution exhibiting the
same properties observed experimentally for the entire range of connectivity.

To explain how these models are convolved, we start from u;, and v, two probability distributions.

Definition 1. We define the convolution distribution as

+00
[ug * vl = Z UgVk_q

q=-00
in particular if u;, and v, are zero for negative values of k, then it holds

k

[uq * Vq]k = Z UqV_q-
q=0
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Fig. 1. Degree distribution for different type of networks. Typical Probability Density (PD) distribution of degrees for a power law model, an exponential
model, and a biological network [30]. The inset shows the LogLog representation of the three models, and a line fitting the tail of the power law model.
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Theorem 1. Let’s consider two directed graphs F and G with Ng and Ng nodes, with indegree distributions flﬁ and gf( and outde-
gree distributions f,? and gf(’ Let’s create the directed graph TM starting from the disjoint union of F and G. We will then define
Prc and pgr in [0,1] as the probability that a node of F is connected to a node of G and the probability that a node of G is
connected to a node of F, respectively.

The degree distributions of the TM graph are:

P(DIM_k)_[fI (NIIN Boe, (@) + IiN Pfc(q)ﬂ

Ng
POy =) = [ 17+ (B @ + e B @) |
Proof of Theorem 1. Let’s start observing that

P(D}y, =k) = P((D5yy =k) N (V € F)) + P((Dyyy = k) N (V € G))
= P(D}y, =k|V e F)P(V € F) + P(D}y; = k|V € G)P(V € G)

Nr Ng
_P(DM_I<|VeF)N T Ne +P(DM_k|VeG)NF+NG,
briefly
[ _
P(DTM_k)_P(DM_kWeF)N N +P(DM_I<|VEG)N y (1)

We now introduce the notation P(D},, = k|V € F) = P((D,,IV € F) = k), where the random variable (D,|V € F) is the sum
of two random variables (D’TM|V eF)= (D’F|V eF)+ (D’6|V € F). The first term represents the degree contribution of the
graph F in the degree of a node of F. The second term is the contribution of G.

So we can write

P(Dyy = kIV € F) = P(((DEIV € F) + (DL|V € F)) = k).

Now we observe that

+o0

(((DEIV e F)+ DGV e F)) =k) = | J (((DFlV e F) =q)n ((D;|V € F) = (k- q))).

q=—o00
since all events have empty intersections, it will be

400

P(((DEIV € F) + (DglV e F)) =k) = Y P(((DIV e F) =q) n ((DglV € F) = (k- q)))

q=-00

Z P((DE|V € F) = @)P((Dg|V € F) = (k—q)) = [P((D;|V € F) = q) x P(DG|V € F) = @)]i;

g=—o00

the last passages were possible because of the independence of the random variables.

Noting that the random variable represents the degree contribution of the nodes of F in a node of F seen inside TM,
P((D’F|V €F)=¢q) = f,; is the degree D} itself. For the variable (D’GIV € F) we observe that a node of F has a probability pgr
to be connected to a generic node of G. Thus, the probability to have q links is p%F(l — per)Ne~9 multiplied by the number

N¢ va(Ne
. We can then express P((DL|V € F) = q) = p}.(1 — pgp) ¢4 pGF(q) and we write
q aq

P(Diy = K|V € F) = [ f}  ByS, (@)]x. (2)
With the same method it can be proved that
P(Dy = K|V € F) = [f{ By () - 3)

In the same way for the graph G, P(D,, = k|V € G) = P((D};|V € G) = k). We write the random variable as (D},,|V € G) =
(DLIV € G) + (DLIV € G), and proceed to also prove that

P(Dpy = kIV € G) = g, * By (@)1, (4)

of possible permutations (

and

P(DYy = kIV € G) = [g * B, (- (5)
In conclusion, for the indegree the Egs. 1, 2 and 4 give

P(Dhy = k) = ————[f3 By, (@l + o— g} * By (@]

N+N N+N
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and for the outdegree we have

P(DYy = k) = ——[fQ * By (@)]k + —— 189 % Byt () -

Nr +N Ng +N
If we assume that is always f! = g{( and fO = gﬁ and given the bilinearity of convolution, then the indegree becomes

P(DIM_k)_[fI (N I:J:N B, (@) + Ij—N Prc(q))]

and the outdegree becomes

P(D’V’_k)_[fo (N IZI:N B (@) + IiN Pcf(q))]

d
The degree distributions will then be all of the form
P(Dpy = k) = [ f3 = Kg,]k (6)
and
P(DRy = k) = [fQ +KJ],. (7)

Definition 2. We will call the distributions K} and K kernels of the convolutions, and f] and fQ the starting models. A
model with the structure defined above will be defined as convolutional model.

We now prove that this kind of model preserves a power law tail.

Theorem 2. Consider two probability distributions, f, e g, such that:

o limy, o fl}f =1,Vs > 0;

e dAI>0|Vt>1=g =0.

If we define ¢, = [ fq = &qly, then it holds:

Proof of Theorem 2. Observe that

i i

(

I
G _ [fo+8lk _ Zq qugk q_ Z L Z fi ig
—k— f =0

since limy_, , f’}—;f =1 is true by the hypothesis, then

I
Ck fr- j . fk j

lim — lim lim —/= =1

k—+o0 fk Z Ji &i= ]Z=; < &= Zgj

k— +oo k— o0
O

We used these conditions because they are satisfied by f;, for a power model, and by g, for a binomial distribution. This
result demonstrates that, if we consider models with f; as a power law and g as a finite support, after the convolution we
will preserve the asymptotic behavior of f;. Thus, convolutive models are power law if the starting model is power law and
the kernel is finite.

3.2. Random variables

Definition 3. We define 8, (k) = 84, where d is a non negative integer and 4 is the Kronecker's delta (1 if the indices are
equal and 0 otherwise).

This distribution is the discrete equivalent of the Dirac’s delta in the theory of continuum distributions and its funda-
mental property is equivalent to the continuum case.

Theorem 3. If f, is a distribution, then:

[fa*8a( @k = fiea-
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Proof of Theorem 3.

+00
fax8a@lk= Y fiugba(@) = fiaba(d) = fi_a

g=—o00

O
We note that
[fq * SO(q)]k = fk

then convolving with 8, has no effects on f;. We now define two random variable that will be used later:

Definition 4. The variable A, is a random variable with distribution §4(k), which represents a random variable with a
certain outcome d,

Definition 5. A Bernoulli random variable, that we will denote with X), is a random variable with distribution

xp(k) = 1D, ifk=1
0, otherwise

this implements a binary random variable with a probability p to assume the value 1 (for details see [31]).
These random variables have the following properties
o if Y, ... Y™ ~ Xp, then ZL Yi = B(n, p) which is a binomial random variable;

© Xl Ag=Ayn g
o for every distribution Z, ZA, = aZ.

3.3. Analysis of the model

To derive the degree distribution of our model, consider a graph F of Nr nodes, with indegree distribution f,ﬁ and out-
degree distribution f,? We initialize the graph B with the disjoint union of two copies of F, which we will call A; and A,.
Then V(B) =V (A1) UV (A,). Because it is a convolutive model, we must obtain

Py =) = [f+ K],
for the indegree and, analougously, for the outdegree,
P(DY = k) = [fJ «KJ],.

k
where K} and K depend only from the connectivity between A; and A,.
Theorem 4. Defining the graph B as the disjoint union of two copies (A; and A,) of a random model F and subdividing A; and

A, in partions of cardinality | and connecting every partition of A; with a partition of A, with a connection pattern dependent
from the assigned probabilities p, ¢y and ¢p, it is possible to obtain a graph B such as the degree distributions are:

*M
P =) = [+ (((1 = P)So(@) + PBl (@) * (pSo(@) + (1 - PIBL (@) ™|, (8)
and
*M
PDF =1 = [ 9+ (((1 = P)3o@) + Bl @) + (pbo(@) + (1 = PIBo(@))™] . 9)
Proof of Theorem 4. In order to find K,’c, we choose a positive integer [, which divides Ng, and we calculate M = # Then
we subdivide A; in M random sets of cardinality I, obtaining A} ..... A’1V’ partitions of A;. We proceed in the same way for A,
obtaining Al, . A’z"’ partitions of A,. We now define M? independent random variables Bij and ,Bi’j ~Xp, fori,j=1,.... M,

with a fixed p € [0, 1]. They represent connections starting from A"1 and arriving in Aé and from Aé and arriving in A{,
respectively. Now we define two groups of N2 random variables: 7 ~ Xyu and vs ~Xyp, for s € V(A;) and t € V(A3), and

where @Y, ¢P € [0, 1] are two real numbers. In the same way we define 7/, ~ Xyu and v}, ~ XD for s € V(Ay) and t € V(A7).

If the node s in A; belongs to A"1 and the node t in A, belongs to Aé, the random variable representing the number of
edges starting from s and arriving at t is

Vst = (Uscﬁij + Ve (1 - ,3,]))

In the same way,
Vis = (77813}1' + vlfs(] - /3]/1))

Let’s calculate Djaz |[V(Ap); consider a generic s € Ai1
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M M

(D542|V(A1)) = Z Vis = Z Z (MsBji + Vs (1 = Bj)) = Z Bii Z Nws + (1 - ﬂ]/l) Z Vis

teV(Ay) =1 wenj j=1 weB; wel

We observe that if we have a random variable Z ~ X, for some 7 < [0, 1] and a random variable W with distribution
wj, we have, for the probability of the product,

PIW = k) = PZ=0)+PZ=1)PW =0)=(1-n)+7PW =0), ifk=0
- - P(Z:])P(W:k):ﬂP(WZk), else
so we can write P(WZ = k) = (1 — )8y (k) + mwy. Under this condition, it will be

*M
P((D}, IV € V(A1) = k) = [((1 - p)do(@) + PBLy (@) * (pSo(@) + (1 — P)BL(@)]:.
where *M at exponent is the M-th power convolution. With an analogous procedure we obtain

Ki, = KQ = P((DS,|V € V(A1) = k) = P((D} |V € V(A;)) = k) = P((DR |V € V(A)) = k) =

= [((1 ~ P)o(@) + PBly (@) * (pSo(@) + (1 — P)Bo (@) ..

Finally, we have

P(Dy = k) = [fé % (((1 = p)8o(@) + PBl (@) * (P80 (q) + (1 — p)By (q)))*M]k (10)
and
PODF = k) = [ £ (1= P)3o(@) + Bl @)  (Pho(@) + (1 = B (@)™ ] O (1)
A power law exponential our model

PG =)= [+ (0 =pla) + B @) « (o) + (- DB (@)) ™ |

PR == [fqo * ((“ ~P)do(a) +pBév(q)) * (P%(q) +(1 7p)B;D(<1)))*M]

k

B (

J\
_

_
AN

1 N/2 N

Al
N/2 > |/~
;

N

Fig. 2. Schematic representation of the model. A) (top) schematic representation of the convolution process; (bottom) the equations describing the result
of the convolution between the two original models to obtain the in- and out-degrees of the new model (see Suppl. Material for their derivation). B)
Graphical illustration of the convolution process, which starts from the connectivity matrix of a network B and its blocks A; and A,. The final connectivity
matrix B is calculated by considering the two power law blocks on the main diagonal and two exponential blocks in the antidiagonal of B as indicated in

the diagram. Each subblock is a § x ¥ matrix.




8 G. Giacopelli, M. Migliore and D. Tegolo /Applied Mathematics and Computation 377 (2020) 125150

These are the equations to use to analyze and reproduce a network with the same connectivity observed in brain net-
works. Of course they can also be used to create new networks with the desired connectivity properties. The procedure is
synthetically depicted in Fig. 2.

3.4. Implementation of the model

We will generate a graph B from A; and A,, where the graph A; and A, are BA model graphs with initial configuration a
ER graph with my nodes and probability p with N nodes and %, q, |, p, ¢V and ¢ are other parameters. A pseudocode to
generate the graph B is shown in Figure Algorithm 1.

Algorithm 1 Generate a new graph from two BA model graphs.

1: function GRAPHGEN(Z, a, mg, p, I, N, p, ¢y, ¢p)
: Ay =BA(X,a,mg, p)

2
3 A; =BA(Z,a,mg, p)

4 B=AUA

5: M = N/l

6:  create {Al, ..., AV} partition of A;
7 create {Al, ..., A}} partition of A,
8 foric{1,.... M} do
9 for je{1,...,M} do

10: r; = random number between [0,1] with uniform distribution

1: if r; < p then

12: s; = random number between [0,1] with uniform distribution

13: if s; < ¢y then

14: Add an edge from every node of Ag to every node of A} inside B
15: end if

16: else

17: s; = random number between [0,1] with uniform distribution

18: if s; < ¢p then

19: Add an edge from every node of A to every node of A} inside B
20: end if

21: end if

22: r, = random number between [0,1] with uniform distribution

23: if , < p then

24: s, = random number between [0,1] with uniform distribution

25: if s; < ¢y then

26: Add an edge from every node of A} to every node of Ai1 inside B
27: end if

28: else

29: s, = random number between [0,1] with uniform distribution

30: if s; < ¢p then

31: Add an edge from every node of A to every node of A"1 inside B
32: end if

33: end if

34: end for

35: end for
36: end function

3.5. Convolutive equations

Suppose that f, and h; are two probability distributions (zero for negative k). We would like to know if exist a succession
g (zero for negative k) such as

[fq*&lk =M. Vk=0

and if this g, which is the solution of a convolutional equation, is unique. As a starting point we will suppose a weak
equation, i.e.

[fo*8qlk =M, 0 <k <k

where ks is a positive integer.

Theorem 5. If fo # O then the solution of the equation exists and it is unique:
[fq *gq]k =h, 0 <k <k,

for any positive integer k.
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Proof of Theorem 5. Rearranging this equation we observe that is equivalent to the linear system
fo&o = ho
fi180 + fog1 =My (12)
fi.8o + - + fok, = hy,

and we observe that if fy # 0 then the system is Kramerian and it admits only one solution. Also the infinite equation have
only one solution, because if we suppose two distinct solutions then they must differ in at least one k; let it k the minimum
k for which it happens, then the problem

[fq *gq]k = hlu 0< k < k
has two distinct solutions, which is a contradiction O

Following this result we write the deconvolution as

g = [hg ! falk
meaning that g, is the only solution of the equation
[fq * &gk = -
Theorem 6. The equation [gq * §4(q)], = hy (with d > 0) has solution if only if hg =...=hg_; =0.

Proof of Theorem 6. The deconvolution system takes the form
0=354(0)g0 =ho

0=hy
go=hy

8k-a = hy
and we observe that it has a solution only if hg =...=h;_; =0 O

This trivial result derives from the fact that §;(0) = 0, negating the condition guaranteeing that the deconvolution exists
and is unique. The other equations suggest that g, = hy, 4. We observe that if hy is positive for k < d this equations doesn’t
admit any solution.

If we assume that g, = h4 is an approximate solution, it will be:

{0, ifo<k<d—1

+00 +00
[gg* 8a(@ ik = Z 8r—q0a(q) = Z hi_q1ada(q) = he ifk>d—1

q=—00 q=—00

we observe that we have lost the values of h, before d. In other words, by ignoring the first d equations we have lost
information. We suppose now to fix a € € ]0, 1] and, in order to obtain a convex linear combination, we try to solve the
new equation

(8q * (€80(q) + (1 — €)8a(q@))], = hy (13)
this equation is a perturbation of the previous one, and it respects the hypothesis that £6¢(0) + (1 — €)84(0) = € # 0. Then
a solution exists and is unique for every hy. In particular, calling the solution g;, following Eqs. 13 and 12, we have
ifo<k<d-1
ifk>d-1

and we observe that for ¢ — 0 then g goes to infinity. This example explain how a little perturbations of the kernel can
lead to large changes in the deconvolution.

hy
g =[hg =" (£80(q) + (1 — £)84(q)) |k = {hgk_ (-8)h g
B g2 ’

3.6. Fitting a distribution
To calculate the degrees of the new graph, we start by declaring mg, p and [ as independent parameters; we also intro-
duce a shape parameter of the model, E.

Theorem 7. By fixing the parameters mg, p and | and a shape parameter Ey, it is possible to find a combination of parameters
of the model such as

P(Dy = k) ~ ..

Proof of Theorem 7. The idea is to approximate the indegree equation (see Eqs. 6 and 7)

N—-mg Mo ,my—1
T
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with an equation of this form

(B ReB @)« 8@ =

The problem is to find the parameters o, d, a and p. In order to find d, we first rewrite the equation in the form
[ag * 84 (], = k’
and we impose that E(ay) = E(v}) — Ex = Ey — Ex, because E([aq K} )k = E(et) + E(K}) = Ey — Ex + Ex = Ey = E(}).
We also note that, since the equatlon
[org * (Sd(CI)]k e UL,
can not be solved under certain conditions (see previous subsection), we will define ¢, as an approximation of a solution.

ul
Note that o, = "*dv is a distribution. Then we can calculate the expected value as follows
s=d
+o0 | +00 Jo0)l ~+00 | +00 o1 ] +00 1
v kv (s—dyv svl—dY v
_ k+d _ k+d _ s=d s _ s=d °Ys s=d Vs
E(ay) = Zkak Zk ol - < Fool = Foo
d s=d s=d Ys s=d Vs
-1
B Y gvi- (] _ZJ 0 ])
1-y4 j:0 v

Remembering that o, is still dependent from d, which is a free variable, we can impose the condition on the expected value
creating the system

sz ]UI ( Z10 ])

11—y
IE(O{/C) = EV — EKA

E(ak) -

= (p(d, UL)

From the above system, defining k as the biggest integer such as v}( > 0, we find

d=argmin,_, |(Ev —Ex) —(d v}l

From d we also find «y, as

N—-mg Mo my—1
U= —— Ok + WBZ"’ (k)
and then we have
mo mo—1
= —_ B 0 ] .
%k meoak N —mg e (()

0 p(mg — 1). The reason why a =E(X) lays in the

From this equation it also follows that a = E(X) = N_LmO(EV - NTmO

fact that the decay has exponent 2 + ]E(E)
In order to find p, we observe that

Ex = E([(((l = P)80(q) + PBYy (@) * (pSo(@) + (1 - p)Bly (@) ] )
= ME([((1 - P)6o(@) + B @) * (pSo(@ + (1 - P)BYo(@)], )

= (E([((1 - pdo(@) + B @)],) + E([(PSo(@ + (1 - B (@)],))

= M(plgy + (1 — p)lgpp) = N(ppy + (1 — p)¢p).
Then we have the linear equation

Ex = N(ppy + (1 — p)¢p)

E
which solved in p returns p = ¢U Z;D ~ E" (for ¢V ~ 1 and ¢P ~ 0).

In conclusion, substituting in Eqs. 8 and 9 the values f] = o and f? =

B(k+a2+%)
B+ 0)

P(Dy=k) = [ak x(((1 = p)8o(q) + pBly (@) * (pSo(q) + (1 — p)BL, (q)))*M]k ~ U

we have

and
B(k+a,2+9)

P(DO:k):|: B(a,1+9)

* (((1 = P)8o(q) + pBLu (@) * (Po(q) + (1 - p)Bly, (q)))*M}

k
d
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4. Results and discussion

We tested our model with two quite different sets of data on cell-to-cell connectivity, to validate the results under two
extreme conditions: three network instances of a large-scale, highly validated and biologically realistic, neocortical column
model [33], downloaded from the neocortical portal (https://bbp.epfl.ch/nmc-portal/downloads), and seven small (approxi-
mately 100 neurons) subnetworks of GABAergic hippocampal neurons, recorded in vitro from different slices [32].

For the neocortical column model, we separately analyzed the relatively large excitatory and inhibitory networks (com-
posed by approximately 26,000 and 5,000 neurons, respectively); the probability distributions (see Fig. 3A) show a low
variability among the different network instances. They follow the general shape expected for a brain network, with no dis-
connected neurons, a decreasing number of highly connected neurons, and no fully connected neurons. A direct comparison
of the survival function for these networks with that obtained from a pure exponential or a power law model (see black
and orange lines in Fig. 3B), demonstrates the peculiar properties of brain networks’ connectivity, and illustrates why it
has been impossible to describe it by a theoretical model so far. In striking contrast with the neocortical column networks,
the survival function for the in- and out-degrees calculated from the hippocampal slices, exhibited a rather large variability
(Fig. 3C). This is somewhat expected, since just a few hundred neurons belonging to a much larger network were sampled
(there are many thousands of GABAergic neurons in a rat hippocampus). Very interestingly, a network of a similar number
of neurons but composing the entire nervous system of a C. elegans (Fig. 3C dotted line) shows a relatively similar connec-
tivity. A deeper look at the shape of these plots also reveals the possible consequence of the slicing process. By cutting many
existing connections, this procedure can artificially increase the observed number of poorly connected neurons. The effect
can be inferred by the large negative values of the survival function for low degrees, which is more evident for incoming
connections (see orange and dark blue plots in Fig. 3C). This is clearer in the typical distributions shown in Fig. 3D for two
typical slices, in which the lowest degree has the highest probability to occur.

0 20 40 60 80 0 20 40 60 80 0 0
3.0 5 3.5 4
-0.5/ -0.5
25 4 3.0 < power law B
S . S 4
20 /! 251/ | 3 g E
. -15| -15
g20|/ s 8 5 5 2 Ex
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Fig. 3. in- and out-degree from brain networks. A) Probability density of in- and out-degree for the excitatory (blue plots) and inhibitory (orange plots)

neurons in three instances of the NC model network. Raw data were downloaded from (https://bbp.epfl.ch/nmc-portal/downloads) B) survival functions
calculated from the plots in A); for comparison, the lines representing a power law (with degree distribution f, = % with ¢ = 17 and a = 100c) and

; 1 p(1— p)N’]’k with p=.0033 and N = 5180) model are also shown. C) survival functions calculated

from the data obtained in vitro in 7 slices (different line color) from neurons in the GABAergic CA3 region (from [32]). For comparison, the survival function
obtained from the C. elegans network composed by all neurons connected through chemical synapses is also plotted (C.e., black dotted line, data taken and
redrawn from [30]); the function for three slices are (sl4, sl6, and sl6) are explicitly indicated D) The in- and out-degree distribution for slice 4 and 6. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

an exponential (with degree distribution g, =
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Fig. 4. Large-scale network connectivity can be extrapolated by sampling a set of subnetworks. (Left) y for the indegree distribution as a function of
network size, in terms of number of nodes (log10 scale); Blue symbols represent the y values calculated from the experimental data recorded from CA1
interneurons in 7 hippocampal slices; Red symbols represent the y values for networks composed by different number of nodes, obtained by randomly
sampling a 5,000-neurons network built with our model using parameters that best fit the experimental distributions. Black symbols are the y values
calculated from 7 instances of the approximately 5000 neurons composing the NC inhibitory network. Green symbols represent the y values obtained
from smaller networks, randomly sampled from the 5,000-neuron network from [33]. Purple symbols represent our models projection for larger networks.
(Right) same as in the left panel but for outdegrees.

Taken together, these results suggest that there might be a lower limit to the number of neurons that should be in-
vestigated to effectively characterize the network to which they belong, and also point to the need of finding a method to
extrapolate the full network behavior from a sparse set of data. To better illustrate the results that can be obtained with
our model, and to make an easier comparison with the analyses carried out in the field so far, we used the y value best
fitting the tail of the distributions as a reference parameter. Let’s first consider the relatively large inhibitory network of
the neocortical column model. From the 7 network instances downloaded from (https://bbp.epfl.ch/nmc-portal/downloads)
we calculated the y for the in- and out-degree distributions (black symbols in Fig. 4). We then sampled, from the original
network, many other smaller networks by changing only the number of neurons (green symbols in Fig. 4).

In other words, we made a series of in silico experiments, in which we sampled subnetworks of different size composed
by neurons randomly chosen from the 5,000-neuron network. Instead, to extrapolate the results to a larger network, we
fitted one of the 5000-neuron networks with our model and used the same parameters to build a 30,000-neuron network
by just upscaling the degree distributions by a factor of. Again, we then made a series of in silico experiments, in which we
sampled subnetworks of different size composed by neurons randomly chosen from the full 30,000-neuron network. These
networks had y values that approached those obtained from the 7 original networks (purple symbols in Fig. 4). However,
the y values systematically decreased for smaller and smaller subnetworks, with a sudden more dramatic spread of values
for networks composed by only a few hundred neurons. These results indicate that the connectivity properties of a network
may not be properly assessed by subsampling, because the resulting connectivity can be quite different. One way to resolve
this problem is to always sample a number of neurons more representative of the full network size.

Unfortunately, this is not always technically possible, and a much lower number can be usually tested, as for the
hippocampal gabaergic network in this work. To find out whether we could extrapolate the full network properties from
these data, we calculated the y from the seven slices (blue symbols in Fig. 4) by fitting each of them with our model.
The average value was then used to build a network of 5000 neurons. We hypothesized that if this large network (roughly
one-third of the real hippocampal CA3 GABAergic network) was a plausible representation of the real network, in silico
experiments sampling smaller subnetworks should end up with values of y consistent with those found experimentally
for the seven slices. The results (red symbols in Fig. 4) confirmed our hypothesis: the cloud of y values obtained for the
outdegrees of networks composed by a few hundred neurons were consistent with those found experimentally (Fig. 4,
right, compares blue and red symbols). Those obtained for the indegree (Fig. 4, left plot) showed some discrepancy, with
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Fig. 5. The new approach results in a quantitative agreement between model and data. A) Comparison between the survival functions of one of the NC
datasets (solid lines) and our model (dotted lines) (p < .025 for both the populations, with the Exc-Inh and Inh-Exc terms calculated from Kolmogorov-
Smirnov distance). B) three representative experimental slices (solid lines) and three similar networks (dotted lines) extracted from the 5000 nodes net-
work generated with our algorithm (p < .1 for orange, blue, and green traces calculated comparing y distributions of best fits). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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the experimental findings exhibiting less connectivity (i.e. higher y). This result suggests a bias in the number of observed
incoming connections caused by the slicing process.

Furthermore, it suggests that to fully and correctly characterize a network’s connectivity, it can be sufficient to analyze
(with our model) several instances of a relatively smaller network, and then extrapolate these to a network size more
representative of the real system. This approach should be applied whenever the real network size is much larger than the
measured sample. Very large networks, such as an entire brain region, may not be sufficiently described by sampling only
once even thousands of neurons. This is suggested by the gamma values obtained for inhibitory cortical networks larger
than 5000 neurons (cyan symbols in Fig. 4). In this case, the values keep increasing with the network size, in striking
contrast with the hippocampal slices, which are relatively constant for networks larger than several hundreds of neurons.
This suggests that the cortical column model may not represent the full connectivity properties of the corresponding entire
cortical region.

A more detailed comparison between data and model is shown in Fig. 5, here our model can quantitatively reproduce all
in- and out-degree cumulative distributions for both the neocortical column model (Fig. 5A) and the experimental findings
from hippocampal slices (Fig. 5B). The results for the hippocampal slices are particularly interesting because they show how
the model can quantitatively capture the physiological variability observed experimentally by sparsely sampling a much big-
ger network. It is important to note that the distributions best reproducing the experimental data (Fig. 5B, dotted lines) were
just found by sampling, from the full network, subnetworks with the same number of neurons recorded in the experiments.
Although (by considering the y distributions of the best fits) they are all statistically indistinguishable from their experi-
mental counterpart, it should be stressed that these networks do not have the slicing effect observed for the indegrees. This
can be explained by the fact that they were sampled from an intact network. In other words, the model is able to predict
the real distribution that may be expected for a small subnetwork.

5. Conclusions

Several fundamental conclusions can be drawn from this work. First of all, it introduces a mathematical framework to
quantitatively reproduce the entire range of a brain network’s connectivity, a vital step to better understand information
processing in the brain. Also, the proposed model is the only way available so far to extract the full network connectivity
from a few sets of experimental recordings of small subnetworks, and it is able to provide an indication on whether ex-
perimentally tested subnetworks are a reasonable representation of the full system’s connectivity. Furthermore, the model
changes the paradigm with which large-scale model networks can be built, from probabilistic/empiric connections or lim-
ited (and most likely also misleading) data, to a process based on a rigorous theoretical background that can algorithmically
generate networks composed by neurons connected as in the real systems. This is important because, as previously noted
[34], the degrees distribution is the only information necessary to fully characterize the general properties of a large net-
work. Finally, this new theoretical framework gives the intriguing possibility to investigate in more details both functional
and dysfunctional network connectivity properties. This aspect can have a paramount role in finding innovative methods
or indicators to identify the most influential nodes within a network [35], opening the way to design innovative molecular
targets. From a more general point of view, the same framework described here for brain networks can also be applied to
social networks [36] and real-world complex networks [37,38].
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