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Infertility is “a disease of the reproductive system defined by the failure
to achieve a clinical pregnancy after 12 months or more of regular
unprotected sexual intercourse.”... (WHO-ICMART glossary).
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International Committee for Monitoring Assisted
Reproductive Technology (ICMART) and the World
Health Organization (WHO) revised glossary of ART
terminology, 2009*

i . Prime Causes of Infertility*

and 8. Vanderpoel," for ICMART and WHO
tiag, Chile: " v diformia, Palo Alto and
i ey Other

D S M e N e S e, Coital problems
Objoctive: Many defiitions used in medically asisted reproduction (MAR) vary in diferent suings, making i Endnmetrinsislf u"e:”ai n ! II
\l

opare procedures and regions. pas inertility

.
R e e 1 e e o e S cervical mucous

wail-

assisted repr £y (ART) being pr i

Method: Scvery- ians, basic scientists, epidemiologists and social scientists gathered twgether at the
adquarters in Geneva, Switzerland, in December 2008, Several manths before, theee
working groups i ogy and

dures, labaratary procedures. ™
for Monitoring Assisted Reproductive Technology glossary. made secommendations for revisions and introdduced
hew terns to be considered fox glossary expansion

Resultis): A consensus was reached on 87 terms, expanding the original glossary by 34 terms, which included
definitions for mumerous clinkcal and laboratory procedures. Special emphasis was placed in describing oulcome
measures, such as cumulative delivery rates and other markers of safety and efficacy in ART.

ART jons. This glossary wil
and

icat i ART practce, as well ional, regioeal,
international registries. (Fenil Steril® 2009.92:1520-4. ©2009 Workl Health Ovganizuion. All rights reserved.
Published with permissice. )

Tubal damage \

Ovulatory failure

* Not applicable to all ' — Sperm problem
populations

Assistod Reproduc
he collection

e for
ART, published the fist

edical.Eihical. and Sucial Aspects of Assisied Reproduction
organized by the World Health Organization (WHO) in 2001 (7).

Prime causes of infertility. Causes of infertility in the U.S. Credits: Serono Laboratories

Fortiity and Sterility Vol. 82, No. 5, Novembar 2009 0015-0282/09/536.00
Copyright ©:2009 Warld Health Organization. All ights reserved. Published with permission.  dak 10,1016/ fertnsten.2009.09.009




Fertilization: the biological context
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More in depth: Biological complexity




Complexity: non-linearity of interactions
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Complexity: unpredictability

Strategies of spinal cord transplantation
and gene therapy
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Complexity: the Butterfly effect




the Emergence of proprieties

Complexity




The whole is more (different) than the
sum of the individual components




Human Genome Project
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Begun formally in 1990, the U.S. Human Genome

Project was a 13-year effort coordinated by the
U.S. Department of Energy and the National
Institutes of Health. The project originally was
planned to last 15 years, but rapid technological
advances accelerated the completion date to
2003. Project goals

identify all the approximately 20,000-25,000
genes in human DNA,

determine the sequences of the 3 billion
chemical base pairs that make up human DNA,

store this information in databases,
improve tools for data analysis,

transfer related technologies to the private
sector, and

address the ethical, legal, and social issues (ELSI)
that may arise from the project.




Cellular signalling
pathways
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"And that's why we need a computer.”




We need a model!




What is a model?
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What kmd of model we need?




Numerical models

Modafio Acque Albadie




Networks as model
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Image 2.1
The bridges of Konigsberg.

From the contemporary map of Konigsberg (now Kaliningrad, Russia) to Euler's graph. The graph constructed by Euler consists of four nodes (A, B, C,
D), each corresponding to a patch of land, and seven links, each corresponding to a bridge. Euler showed in 1736 that there is no continuous path that
would cross seven the bridges while never crossing the same bridge twice. The people of Konigsberg agreed with him, gave up their fruitless search and
in 1875 they built a new bridge between B and C, increasing the number of links of these two nodes to four. Now only one node was left with an odd
number of links and it became rather straightforward to find the desired path.

http://networksciencebook.com/
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Image 2.3

Real systems of quite different nature can have the same
network representation.

In the figure we show a small subset of (a) the Internet, where routers
(specialized computers) are connected to each other; (b) the Hollywood
actor network, where two actors are connected if they played in the same
movie; (c) a protein-protein interaction network, where two proteins are
connected if there is experimental evidence that they can bind to each
other in the cell. While the nature of the nodes and the links differs wide-
ly, each network has the same graph representation, consisting of N=4
nodes and L= 4 links, shown in (d).

http://networksciencebook.com/




The node

(e, EGF, 1GF-1,
D190 c-met,
c-ahi)
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The link

b Directed network
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Intermediate steps lead
to a messenger that can
open or close ion channels
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binds receptor dissociates subunits

Gy (or Gg,) activates effector
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NETWORK NAME

Internet
WwWw
Power Grid

Mobile-Phone Calls

Email

Science Collaboration
Actor Network

Citation Network
E. coli Metabolism

Yeast Protein Interactions

NODES

routers
webpages
power plants, transformers
subscribers
email addresses
scientists
actors
papers
metabolites

proteins

LINKS

Internet Connections

links

cables

calls

emails

co-authorships

co-acting

citations

chemical reactions

binding interactions

DIRECTED/
UNDIRECTED

Undirected
Directed
Undirected
Directed
Directed
Undirected
Undirected
Directed
Directed

Undirected

N

192,244
325,729
4,941
36,595
57,194
23133
212,250
449,673
1,039

2,018

L

609,066
1,497,134
6,594
91,826
103,731
186,936
3,054,278
4,707,958
5,802

2,930

K>

2.67
4.60
2.67
251
1.81
16.16
28.78
10.47
5.84

2.90

Table 2.1

Network maps and their basic properties.




Network topology
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Network Topology

the number of nodes: which represents the total number of

molecules involved: In an undirected network total number of links, L, can be
? expressed as the sum of the node degrees:

[
L_E;{f (1)

Here the 1/2 factor corrects for the fact that in the sum (1)
each link is counted twice.

the number of edges: which represents the total number of
interaction among nods within the network;

the node degree (or connectivity): which indicates how many links

N

each node has to other nodes; W=iyi=L o
N&" N

In directed networks we distinguish between incoming de-
gree, k", representing the number of links that point node
i, and outgoing degree, k™ , representing the number of
links that point from the node i to other nodes and the total
degree, k., given by

k[' — k;’n +k;mr (8)




the node degree distribution P(k): which represents the
probability that a selected node has exactly & links;

Nk
P, = —
“ N

the clustering coefficient. 1t 1s a measure of how the

nodes tend to form clusters: the more the clustering
coefficient 1s higher, the more the presence of clusters

will increase:

C, = 2n/k(k-1),

where n; 1s the number of links
connecting the k; neighbours of
node I to each other




clustering coefficient




the network diameter: which 1s the largest distance
between two nodes;

the averaged number of neighbours: which 1s the mean
number of connection of nodes;

the characteristic path length: which 1s the expected
distance between two random individuated connected
nodes.




Fath

shartest Path

PATH: A sequence of nodes such
ihat each node is connected to

the next node along the path by

a link. A path always conzists of n
nodes and 1 - 1 links. The lengith of
a path is defined az the number of
itz links, counting multiple edges
multiple times.

SHORTEST PATH [geodesic path, dl:
the path with the shortest distance
d betwicen two nodes. We will call
it the distance between two nodes.

DIAMETER (d__]: the longest short-
est path in a graph, or the dis@nce
between the two furthest away
niodes.

AVERAGE PATH LENGTH [wt):
the average of the shortest paths

hysraps Bath Lenpth DEtween all pairs of nodes.

MRS+ &y a4t
-+
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Egif.avpiding Fath

Eulerian Fath

sfisfofed

Hamiltanian Fath

CYCLE: a path with the zame start
and cnd node.

SELF-AVOIDING PATH: a path that

does not intersect itself, i.e. the
same node or link does not oecur

twice along the pathe

EULERIAM PATH: a path that tra-
verses each link exacthy once.

HAMILTOMNIAN PATH: a path that
visits each node exactly onee.




L8110 e 3 e 1 2

nodes are recipes, like Chicken Marsala, the szcond set corresponds to
the ingrediznts each recipe has (like flour, sage, chicken, wine, and butter
for Chicken Marsala), and the third st captures the flavor compounds, or
chemicals that contribute to the taste of a particular ingredient.

Image 2_10b
Tripartite network.

A projection of the tripartite network, resulting in the ingredient network, often called the flavor network. Each node denotes an ingredient; the node
d if they share a significant

Lfrar [12]]




sets an edge between each pair of nodes with equal probability, independently of the

other edges
G(n,p)

@ (b) ©




Random networks
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b (k) <1  Subcritical regime

- Cluster size distribution:
P(g) ra g—*
=  The size of the largest duster:
Nograln N
= The dusters are trees.

(ky=1  Critical poi
= Mo glant component.
= Cluster size distribution:
P(s) ~ 5732
= Size of the largest duster:
Ng~ N3
= The dusters may contzin loops.

d} (k) =1 Supercritical regime

= Single giant component.

= Cluster size distribution:
P(a) ru g

= Size of the giant compaonent:
N~ [p— poN

= The small clusters are treas.

= GC has loops.

e
connected regime
Single giant component.
Mo isolated nodes or dusters.
Size of the giant component:
Ne=N
GC has many loops.

Image 3.6

Evolution of a random network.

(a) The relative size of the giant component in function of the average
degree « in the Erdds-Rényi model.
(b)-() The main network characteristics in the four regimes that charac-

ferize a random network.




Watts and Strogatz model

* However the ER graphs do not have two important properties
observed in many real-world networks:

* They do not generate local clustering and triadic closures. Instead
because they have a constant, random, and independent probability
of two nodes being connected, ER graphs have a low clustering
coefficient.



http://en.wikipedia.org/wiki/Erd%C5%91s%E2%80%93R%C3%A9nyi_model
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Six degree of separation

Milgram experiment
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Image 3.11

Six degrees? Facebook finds only four.

Milgram’s experiment could not detect the true distance between his
study’s participants, as he lacked an accurate map of the full social
network. Today Facebook has the most extensive social network map ever
assembled. Using Facebook's social graph of May 2011, consisting of 721
million active users and &8 billion symmetric friendship links, the average
distance between the users was 474 The figure shows the distance
distribution, p_, for all pairs of Facebook users worldwide (full dataset) and
within the US only. Therefore, instead of 'six degrees’ researchers detected
only ‘four degrees of separation’ [4], closer to the prediction of Eq. (20)
than to Milgram’s six degrees [23]. Using Facebook's N and L Eq. (19)
predicts the average degree to be approximately 3.90, not far from the
reported four degrees.




The hubs




Barabasi-Albert model

* Node degree: y=ax?®
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transportation




A biological example...
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Robustness against random attacks

Scale-Free Network, Accidental Nede Fallure

Failed node

=




... in conclusion

A Random network B Scale-free network € Hierarchical network

Aa

Ab

i

Bb Cb

Clk)
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Going back to fertilization




Biological Networks biology and reproduction
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The model

Bernabe et al. BMC Systems Biology 2010, 4:87
http://www.biomedcentral.com/1752-0509/4/87

BMC
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The spermatozoa caught in the net: the biological
networks to study the male gametes
post-ejaculatory life
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The networks

Capacitaton Acrosome reaction




Networks topology

Table 1: Main topological parameters of capacitation and AR networks

Table 2: Result of power law fitting of IN and OUT
capacitation and AR networks

capacitation AR capacitation AR
in out in out
N°nodes 146 141
N°edges 197 191 r 0.992 0.997 0.992 0.989
Clustering coefficient 0.029 0.026 R2 0.897 0837 0.906 0.823
Diameter 20 20 b -1.547 -2.046 -1.657 -2303
Averaged n°neighbours 2.667 2.695
Char. path length 6.606 6.736
The number of nodes represent the total number of molecules involved, the number of edges represents the total number of interaction
found, the clustering coefficient is calculated as Cl = 2nl/k(k-1), where nl is the number of links connecting the kI neighbours of node | to each
other, the network diameter is the largest distance between two nodes, the Averaged n°neighbours represent the mean number of
connection of each node, the Char. path length gives the expected distance between two connected nodes.
Table 3: Most connected nodes (the hubs) of capacitation and AR networks
Network Node Number of links

capacitation
capacitation
capacitation
capacitation
capacitation
capacitation

AR
AR

[Ca®];
ATP
Tyr phosphorylation
PKA
ADP
PLD1
[Ca®];
ATP

25
14
13
9
8
8
23




Hubs removal
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Figars 3 Diagram showing the siruciuraof the C A nefwork. T nooes deamelar B ropoeional o e numier of inis, e cokor varkes depend ) :
g e ol 11l 0 s oA o ke s K. W gt T il e Char. path length gives the expected distance between two

Common elements

Table 4: Main topological parameters and the most
connected nodes of C A network

CA
N°nodes 109
N°edges 143
Clustering coefficient 0.036
Diameter 20
Averaged n°neighbours 2.606
Char. path length 6.957
IN degree distribution b=-1.829
r=0.997
RZ=0.948
OUT degree distribution b=-2.240
r=0992
RZ=10.894
Hub (n°edges) ATP (13); Ca®+(12)

The number of nodes represent the total number of molecules
involved, the number of edges represents the total number of
interaction found, the clustering coefficient is calculated as Cl =
2nl/k(k-1), where nl is the number of links connecting the ki
neighbours of node | to each other, the netwaork diameter is the
largest distance between two nodes, the Averaged n°neighbours
represent the mean number of connection of each node, the

I v DD [ LG Thi CRICRCaDE 5PN e

connected nodes.




Consequently ...

* It is possible to represent the biological events
involved in reproduction as networks models;

* They are scale free networks;
* The have a ultra small-world topology;
* It is possible to take important inerences.




Experimental validation of the model

Bermabd et al. BMC Systems Biology 2011, 5:47

httpy//www biemedcentral.com/1752-0509/5/47
P ! BMC

Systems Biology

RESEARCH ARTICLE Open Access

The role of actin in capacitation-related signaling:
an in silico and in vitro study

Nicola Bernabd”, Paolo Berardinelli, Annunziata Mauro, Valentina Russo, Pia Lucidi, Mauro Mattioli and
Barbara Barboni
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Organization of signalig systems

extracellular
| o
1e
o plasma
membrane
Table 2 Most connected nodes (the hubs) of capacitation
network
L Node Number of links
S G 28
ATP 15
Tyr phosphorylation 13
cytosol PKA 9
ADP 8
’ PLD1 8
e NADH 8
Actin polymerization 8
_. cyoskeleton
______ mitochondria
(J ma _.A'u
— acrosome
e
Figure 1 Diagram showing the structure of the boar spermatozoa capacitation network and the subcellular localization of nodes. The
node size was proportional to the connection number and the node color gradient was dependent from the closeness centrality. This
pammeter is computed as: Cdn) = VavglLinm}), were L {n,m) is the length of the shortest path between two nodes n and m. The closeness
centrality of each node rangas from O (red) to 1 (green) and 1t is a measure of how fast the information spre from a given node to the other
nodes. The actn polymerization node is indicated by the red arrow, its links by blue line. All the nodes were localized in their specific subcellular
domain {Cerebral V.2).




Membrane fusion is impossible
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Figure 2 Diagram showing the structure of the boar spermatozoa capacitation network after “actin polymerization” node removal.
The node size was proportional to the connmection number and the node color gradient was dependent from the closeness centmlity. This
parmmeter is computed as: C(n) = 1/avg(Linm)), were L (nm) is the length of the shortest path between two nodes n and m. The closeness
certrality of each node ranges from 0 (red) to 1 (green) and it is a measure of how fast the information spreads from a given node to the other
nodes. The spatial network armngement was obtained by using the Cytoscape Spring-embedded Layout (see the text for explanation).
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Acrosome reaction

A) 20
8 CTR sZP-imduced AR . .
& 40 CTR spontaneoins AR
‘é’ 30
g
B 20
e
- I
oW
& -
0
0 1 2 3 4
Time (I}
B)
30
m D sZP-induced AR
4 O spontaneons AR
E
5]
£ 30
=
B 20 e il
o] &
=
o N " i "
a
]
0 1 2 3 |
Time (l)
Figure 4 Histogram representing the percentage of
spermatozoa undergoing spontaneous and sZP-induced AR in
CTR (A) and CD (B) treated spermatozoa. Histograms showing the
percentage of spermatozoa undergoing spontaneous (light gray) or
sZP-induced {dark gray) AR in spemmatozoa incubated under control
conditions (pangl A) or in the presence of CD (panel B). All the values
are represented as mean + S0 ** = p< 001 vs. CTR.




In conclusion

* The model has been validated;
* A new role of actin during sperm capacitation has been proposed.




Evolution of the system
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Sea Urchin Reproduction - ok.flv
Sea Urchin Reproduction - ok.flv

Sea urchin .. elegans Human
Symmetry Fivefold Bilateral Bilateral
Sexes Male/Female | Hemaphrodited Male| MalefFemale
Fertilization Extemal Internal Intemal
Sperm maotility Flagellum Amoeboid Flagellum
Acrosome reaction Yes Mo Yes
Membrane remodeling NOD Yes Yes
Cytoskeleton remodeling Actin MSP Actin
Time for sperm activation Seconds Days Hours to days

Table 5 Main biological characteristics of reproduction and spermatozoa in sea
urchin, C. elegans and Human.
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The nodes diameter is proportional to the number of links, the color vares The nodes diameter is proportional to the number of links, the color varies The nodes diameter is propomunall to the number of Ilnkg»: the color varies
depending on the closeness centrality (see text for explanation). The networks  depending on the closeness cenfrality (see text for explanation). The networks dependlng on the closeness c_entral fty (see fext for explanation). T_he networks
were spatially represented using the Cyloscape Degree Sorted Circle Layout: were spatially represented using the Cytoscape Degree Sorted Circle Layout ~ Were spatially represented using the Cytoscape Degree Sorted Circle Layout
all nodes woth the same number of links are located together around the circle  all nodes with the same number of links are located fogether around the circle &l nodes with the same number of links are located together around the circle
(see Cytoscape's User Manual). {see Cytoscape User Manual). (see Cytoscape User Manual).

Figure 1: Diagram showing the sea urchin spermatozoa activation network.  Figure 2: Diagram showing the C. elegans spermatozoa activation network. Figure 3: Diagram showing the Human spematozoa activation netwark




The number of nodes represant the total number of molecules involved; the num-
her of edges represants the total number of interactions; the clustering coefficient
is calculated as Cl=2nilkik—1), where nl is the number of links connecting the ki
neighbours of node | to each other; the network diameter is the largest distance
hetween two nodes; the Averaged n® neighbours represents the mean number
of connections of each node; the Char. path length gives the expected distance
hetween two connected nodes.

Table 1: Main topological parameters of Sea urchin, C. efegans and Human sper-
matozoa activation networks.

Human spermatozoa activation networks.

Sea urchin . elegans Human
Node |N® of links |Node N® of links | Node N® of links
[Ca>], (19 [Ca*] 10 [Ca*]' 25
[H], 14 [H1], g Tyr phosph.|13
ATP |G ATP 7 ATP 15
cGMP |15 Motility 8 PEA 5
cAMP |13 Vesicle fusion T

NADH 7
NAD~ [
Pseudopod exten- |6
sion

Table 3: Most connected nodes (the hubs) of sea urchin, C. elegans and Human
spematozoa activation networks.

Sea urchin C. elegans Human -
N° nodes 127 100 151 Sea urchin C. elegans Human
N° edges 175 112 02 IN ouT IN ouT IN ouT
Clustering coef- 0.023 0.032 0.028 R 0.94a 0.957 0.952 0.571 0.938 0.897
ficient Rz 0.748 0.924 0.866 0.884 0.890 0.828
Diameter z 2 20 b 1589 |-2421 |-2067 |2127 |1542 |-1993
Avg. n® neighbours 2740 2620 2.662
Char. path length 8128 7816 6546 Table 2: Results of power [aw fiting of IN and OUT sea urchin, C. efegans and




In conclusion

* Different organisms share the same topology




Possible applications

* Contraception;

* unexplained infertility;

e Personalized medicine;

* in vivo — in vitro - in silico systems




Human Sperm Interactome







