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What we will learn today?

e The McCulloch-Pitts model

e Some notes on the “Mozart Effect” (this
section will be developed on Monday)

e The trion model



Models of biological neurons

The goal is to model single
biological model, or groups of
neurons on the basis of their
structure and/or behavior

Examples:

- the Hodgkin - Huxley (HH)
model

- the McCulloch - Pitts (MP)
model

- the “trion” model



Hodgkin-Huxley model
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MP model

Historically, MP is the first model
of the neuron: “A logical calculus
of the ideas immanent in nervous

activity” was published in the

Bulletin of Mathematical

B l Op hys l CS I n 1 94 3 / a decade “My object, as a psychologisl, was 10 inyem a least psyc)ﬁc event, or ‘psychqn‘,_that
before the HH model happened or eloe 0 ot ampen. Seoond, i was 1o happen ealy it bound cause had

happened-shades of Duns Scotus!--that is, it was to imply its temporal antecedent. Third
it was to propose this to subsequent psychons. Fourth, these were to be compounded to
produce the equivalents of more complicated propositions concerning their antecedents
... In 1921 1t dawned on me that these events might be regarded as the all-or-nothing

McCullock was a vt ot b5 e oo o ot
neuropsychologist and he tried to

construct a logic of transitive

verbs (1919), and of propositions

(1923)



In 1942, McCullock started his collaboration with
Pitts, then a 17-year-old student of logic at the

Chicago University

The idea: to consider neurons as computational
elements



MP model: key aspects

The neuron’s cell body can be
interpreted as an elementary
Computing NEURON

The neurons as input and the
next neuron as output

MP neurons are binary: they
take as input and produce as

output only 0 or 1



MP model: key aspects

Each neuron has a “voltage” threshold

The threshold associated to a neuron is represented
as a non negative number, T

Rule: signals from neurons are summed and outputs
1 if the threshold T is reached and O if not



Each input neuron is considered as a
variable x; € {0,1}; x; = 1 represents
that the neuron is active (able to
stimulate), x; = 0 the absence of
activation

The number of neurotransmitters
which can be released represents the
“efficacy” of the synapse; this
efficacy can be represented as a
value w;, called weight, associated to
each input neuron x;

The neuron output is associated to a
variable o € {0,1}




Mathematical formulation

o= 0(a)

where d = ZiWiXi - T, | = 1,
..., n where i is the number
of input neurons

O(x) is a step function such
that:

Ox)=1ifx>0

otherwise B(x) = 0

1, -
8 a

® => multiplication by weight




Example

e State: the degree of activation
of a single neuron (0 or 1)

e Weight: the strength of the
connections between 2
neurons (“efficacy” of
neurotransmitters)

e Rule: determines how inputs
are translated into the output

e What about the output if V\(I)eight:d
T=3?2And forT =1,57 ki i




MP vs. HH

HH accurately models the single action
potential, while MP how neurons could
be combined to do logical operations

MP model is an extremely simplified
representation of the neuron but any
finite logical proposition can be
expressed by a network of MP neurons

When the first neural networks were
modeled, the prevailing belief was that
intelligence was based on reasoning,
and that logic was the foundation of
reasoning
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How can we obtain the “NOT”?

By properly choosing wy and T
For example: wy = -1 and

T=-0,5

fx;=0,a=0>-0,5, so

o =1 (the “NOT” of 0)
fx;=1,a=-1<-0,5, so

o0 = 0 (the “NOT” of 1)



In the HH model, the neuron acts as a circuit
with resistances and conductor

In the MP model, inputs come from the output
of the other neurons, as transistors in a circuit

Like the transistor:

- MP neuron has a threshold T that needed to
be reached in order to activate the unit

- the output is stereotyped, being a binary 1 if
threshold is reached and remaining at resting
value at binary 0 otherwise

Furthermore, in a networks of MP neurons,
the inputs come from the outputs of other MP
neurons, just as the inputs to a transistor come

from other transistors

collector

bias V

emitter

-+ + — MP neuron

bt

dendrite
(lnPUt) St;mmed Inpu;

axon
(output)

Fig. 6.1: Comparison of transistor and MecCulloch-Pitts neu-
ron. Standard symbols are used: a perpendicular line segment
is excitatory (+) and a filled circle is inhibitory (—).



Probably, MP model has been more influential with
computer scientists (Von Neumann became intrigued by
this model), while HH model with physiologists

MP neuron is a static model, while HH model analyzes
neuronal dynamics

MP is good for exploring computational properties while
HH captures realistic important details of neuronal activity

HH is realistic but much complex; although ODE solvers
can be applied directly to the system, it would be intractable
to compute temporal interactions between many neurons



The “Mozart Effect”

The first model of neuron picked up the most
significant features of a biological neuron:
all-or-none output resulting from a transfer
function applied to a sum of inputs

Subsequent neuronal models evolved where
inputs and outputs were real-valued, and the
threshold was replaced by a linear or non-
linear functions

We will not study the network of MP
neurons, but we will use the Shaw’s trion, a
basic unit of the neural network model of the
neocortex, to explain the Rauscher-Shaw’s

“Mozart Effect”



A profound dilemma of historical origin is the similarity
among such higher brain functions as music,
mathematics and chess

For example, original, creative results have been obtained
before the age of puberty by Gauss in mathematics,
Mozart and Rossini in music

The “Mozart Effect” refers to an enhancement of
performance or a change in neurophysiological activity
associated with listening to Mozart music, in particular
the K448 sonata



Mozart's Sonata 1

‘'or Two Pianos in D

Majo

" (K448)

* It is composed by Wolfgang Amadeus

Mozart in 1781, when he was 25

* It is written in strict sonata-allegro form

* |t was composed for a performance he L

would give with fellow pianist
Josephine von Aurnhammer

e This is one of his few compositions

written for two pianos

e The piece typically takes about 25
minutes to be performed.

Sonata in D Major
Sor 2 Pianos

K448




Mozart's Sonata for Two Pianos in D
Major (K4438)

The sonata is written in 3 movements:

2-Piano Sonata in D Major, K 448/376a
. Mozart
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The Mozart Effect

In 1993, Rauscher and Shaw published a letter in
“Nature” that demonstrated a temporary
improvement in performance on abstract spatial
reasoning tests after 10 min of listening to
Mozart’s sonata K448

The improvement was shown to last for no longer
than 15 minutes after the listening period, and
was only tested for spatial-temporal reasoning

This startling finding became known as the
“Mozart Effect”, and has since been explored by
several research groups

An exciting public debate has arisen over the
music of Mozart



The original paper

relationship between music and spatial-
temporal reasoning

* 36 college students participated to the
study protocol

e One reasoning test taking from the
“Stanford-Binet intelligence scale” was
given after 3 conditions: the T movement
of Mozart piece, relaxation tape, silence

s 5756 1 120

Standard age scores
IQ equivalents

* The subjects participating in the music
conditions had scores higher than the
. Standard age scores for each of the three listening con-
other 2 conditions ditions.

Music Relaxation

e The enhancing effect of the music
condition was temporal

¢ The students were not musicians, so it was
no possible to discriminate between
musician and non-musicians



Example of spatial-temporal task: which of the 4 unfolded pieces of
paper in the right frame corresponds to the 1 folded in the left frame?

N. Jausovec et al. | Clinical Neurophysiology 117 (2006) 2703-2714

TEST

= 7 7
y=E3r .
Jooe| [ B B B

1 2 3 4

Spatial temporal reasoning involves maintaining, transforming, and
comparing mental mages in space and time, in absence of a physical
model



Prelude or requiem for the “Mozart
effect”?

The
have

1993
since
proven to be
controversial,  with
some  researchers
confirming the
results, and others
being unable to
reproduce them
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Another interesting aspect

The subjects in the original study were 36 college
students, so the “Mozart Effect” became baby
centered?

Maybe, in children whose cortices are highly plastic,
the “Mozart Effect” or, in general, music training
should produce long-term enhancement of spatial-
temporal reasoning



Some experimental observations in
neurological disorders

e Exposure in epileptic patients,
even in coma, to the K448
showed a (potentially long -

term) reduction in Eary, W. A. MOZART
) . g ot SONATA aqd FUGUE

neuropathological spiking e o 10T 2 PEOS K

o e . . - ,&':'-x 2 oot ;}‘._}/\5 j
activity, which characterizes ot 7 i AR

. . e . . . ("mn"%’? = _’_.%;:J_.; 3';.'?? ifjrf:?rﬁ:' Ferrperr
epileptic activity and clinical e oo, i
selzures et A PR i S — 252

e Alzheimer’s disease had
enhanced short term spatial-
temporal reasoning



The opinion of Oliver Sacks
(“The Man Who Mistook His Wife For a Hat”,
“Awakenings”)

“This so-called Mozart Effect was
described, actually, in a very modest
way about 15 years ago, and it then
got taken up by the media and hyped
and exaggerated in a way which was
rather embarrassing to the original
describers

Real engagement with music, and
especially performing music or

listening attentively, can make a great

deal of difference, especially early in
life”



Generally, researchers evaluate
the effects of K448 sonata, by
analyzing changes in
electroencephalographic (EEG)
signals of subjects, before,
during and after Mozart music

EEG is a recording of the
spontaneous electrical
activity of the brain from the
scalp




EEG

* The first recording of the electric field
of the human brain was made by the

German psychiatrist Hans Berger, in
1924

e The internationally standardized
10-20 system is usually employed to
record the spontaneous EEG

* |n this system 21 electrodes are
located on the surface of the scalp (

e |n addition to these 21 electrodes,
intermediate 10% electrode positions
are also used

Electroencephalogram (EEG)

/ EEG reading



FEG waves

Alpha waves: 8 - 12 / 13 Hz
Beta waves: 15 /18 - 30 Hz
Theta waves: 3,5/4-7,5/8 Hz
Delta waves: 0,75/1-3/4,5 Hz

Gamma waves: > 31 Hz

1Awa'ke — low voltage — random, fast

gl A g eIy AN | 50
ad

1 sec

Drowsy — 8 to 12 cps — alpha waves

M g N o

Stage 1— 3 to 7 cps —theta waves
Theta Waves

WWWWWWWW’W

Stage 2 — 12 to 14 cps —sleep spindles and K complexes
Sleep Spindle
)

K Complex —

Delta Sleep — 1/2 to 2 cps — delta waves >75 pV

REM Sleep — low voltage — random, fast with sawtooth waves

Sawtooth Waves Sawtooth Waves

W\,N’WWW\MNVJWLM\NVWWAW\V“"\



Waves

Alpha waves occur with closed eyes,
relaxation, wandering mind
Alpha waves normally disappear

with attention

Beta waves characterize awake,
normal alert consciousness
Drugs can augment beta waves

For some researchers, gamma waves
can be associated to the music




“Mozart effect” and EEG

e Some studies on “Mozart effect” have determined the
alpha (6 - 12 Hz) and gamma (31 - 49 Hz) waves
because these bands are associated to different cognitive
function

e The “lower alpha band” is mainly related to attentional
tasks demands

e The EEG recordings show that the listening of the K448
activates the same areas of the brain relevant for spatial-
temporal tasks



A complementary approach is to characterize
the distinctive aspects of the Sonata K448,
compared with music of well-known
composers (this topic will be developed
on Monday)



The trion model and how this model
explains the “Mozart Effect”

The Shaw’s trion model is
a mathematical
representation of the
columnar organization of
the neocortex, proposed
in 1957 by Vernon
Benjamin Mountcastle
(1918, 2015)




Organization of the neocortex

The neocortex of human is a
thin, extended, convoluted
sheet of tissue with a surface
area of ~ 2600 cm?, and
thickness 3 — 4 mm

A NEOCORTEX
“~LIMBIC SYSTEM
REPTILIAN COMPLEX

It contains up to 28 x 10?
neurons

Cortical neurons are connected
by 102 synapses



Organization of the neocortex

The basic unit of the neocortex is
the mini-column, a chain of 80 -
100 neurons extending vertically

1. MOLECULAR LAYER

Mini-columns contain all the e 1o
major neural cell types, so they are iR
the basic elaboration unit of the R R

5. INTERNAL PYRAMIDAL  —
- LAYER SRt

neocortex

6. MULTIFORM LAYER 1 7~ 20

Cortical columns (about 500
micron in diameter) are formed by
many mini-columns bound
together by horizontal connections



The trion

The trion is the representation of the

Mountcastle’s mini-column, i.e. it is a
localized group of neurons (30 - 100

neurons)

A basic network of trions represents
the Mountcastle’s cortical column

With respect to the HH and MP
models, which mainly refer to a single
neuron, the trion model is an attempt
to abstract the level of individual
neurons to a network of neurons

iéz
.
. <«——— A Trion
/mng chels
T l

Above Average Below
Avengc Average




The trion model

A basic network of trions (generally 6 trions) has
got inherent repertoire of spatial-temporal firing
patterns (MPs = magic patterns)

This network has the capability of being excited
and create complex spatial-temporal firing patterns

The creation of such patterns forms the
information processing of the neocortex



States of trions

In the network of interconnected neurons, each neuron has 2
possible state and each trion has 3 possible states (or firing levels) S,
denoted by + 1, 0, and - 1 which represent a firing output above
background, at background, and below background, respectively

Associated with S, there is a g(S), with g(0) >> g(+ 1) and
g(0) >> g(- 1), which takes into account the number of equivalent
firing configurations of the trion's internal neuronal constituents

g(0) >> g(+ 1) and g(0) >> g(- 1) give the firing patterns stability

The trion states are updated synchronously in discrete time steps t,
which is roughly 30 - 100 ms



Derivation of the state of the system at
nt time

S’;and S”; are the states of the " trion at times (n - 1)t and
(n - 2)t, respectively

S at nt is updated in a probabilistic way related to the states
of the 2 previous discrete time steps

Vi; and Wj; are the interactions between trions i and j
between time nt and times (n - 1)t and (n - 2)t, respectively

V' is the threshold for the i™ trion



Derivation of the state of the system at
nt time

The picture shows a network of
N trions at 3 time steps

Each trion i has connections in
one time step (n - 1)t to nt from
itself with strength Vj; its nearest
neighbors V.1 and Vi and its
next-nearest neighbors Vi, and
Vij2

There are similar connections Wj;
In two time step, (n - 2)t to nt
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The probability for the firing level S; of trion i at nt is
determined by the connection strengths, the firing levels S’
and S” (of the connected trions) at times (n-1)t and (n-2)t,
and a parameter B inversely proportional to the noise and/
or random fluctuations of synapses in the system:

_ 9(S)-exp[B-M;S] = S VoS + WeS] - VT
P(S)=~5 - oxp (B M. 5] M= 3 (VyS + WyS) = VI,

There are cyclic boundary conditions so that trion i = trion
I + N

The success of this model rely on the fact that the basic
repertoire of neural firing patterns of the network of
trions can be readily enhanced with only small changes in

the interaction strengths (i.e. in the synaptic changes),
using learning algorithms



CLINICAL ELECTROENCEPHALOGRAPHY
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Each row of 6 squares indicates the state of a 6-trion network at a particular
discrete point in time, with each individual column indicating the evolution in
time of the state of one of these trions



The trion model and the “Mozart
Effect”

* A small network of trions has inherent neural firing pattern
which probabilistically develop in more complex tasks (like
spatial-temporal tasks), through small modifications to their
connectivity strengths

e Shaw and colleagues suggest that listening to K448 helps to
“organize” the cortical firing patterns specific for spatial-
temporal processes, working as an exercise aimed to improve
connectivity strength

e |t is likely that the super-organization of the neocortex
resonates with great organization found in Mozart music

e Other factors such as the subjects' age, musical training, and
aptitude for the spatial-temporal reasoning may also play a role



e K448 acts as an exercise and priming the inherent
repertoire and sequential flow of the cortical firing
pattern responsible for higher brain functions

e Music can be used as a “window” into examining
higher brain function, since it is the most
universally appreciated of the high cognitive
processes

e Perhaps the neocortex's response to music is the
“Rosetta Stone” for the code or internal language
of higher brain function



e Shaw and Rauscher have chosen Mozart since they expect
that Mozart (composing by the age of 4) was exploiting the
inherent repertoire of spatial-temporal firing patterns in the
cortex in a special manner

e As the musical abilities are evident in infants and
neonates, music may serve as a “pre-language”, with
centers distinct from language centers in the neocortex,
which can access inherent cortical spatial-temporal firing
patterns and enhance the cortex's ability to accomplish
pattern development

e The role of music may be more evident in early ages, and
perhaps listening to specific music would give an
enhancement of spatial-temporal reasoning



Some unsolved questions

- Are there certain music pieces which are beneficial
for specific cognitive processes (not only for spatial-
temporal reasoning)?

- Are there certain music pieces which are beneficial
for specific pathological conditions?
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Some exercises

* How can you implement the MP model?

e How can you simplify the

conductances of sodium ano
constants?

model if the

potassium are



https://www.youtube.com/watch?v=v58mi-PB8as




