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The scala naturæ, or great chain of being: 
A combination of Aristotelian classification with Plato's ideas of the goodness of God, and of all 
potential life forms being present in a perfect creation, to organize all inanimate, animate, and 
spiritual beings into a huge interconnected system
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Introduction to Neuroscience

Sponges don’t have a nervous system but

different cell types with different functions not

tightly integrated to form a system like in

other animals i.e you could stick a sponge in

a blender and the sponge would reform

-The physiology and behavior is focused on creating a

flow of environmental  water through pores in the body

walls into the hollow center of the animal and back out

via a canal opening (osculum).

-The cells surrounding the osculum and pores,

myocytes and porocytes, can contract in a similar

fashion as muscle cells to regulate flow through the

sponge.

- These cells can be described as independent effectors

because they respond directly  to stimuli (water

chemicals or stretch) although the response is slow and

long lasting.

Collar cells with flagella beat, pulling in water

and food.  Influx passes through the matrix,

where amoeboid cells absorb food.

Structure maintained by spicules

Sponges (phylum Porifera)

Sponges are sessile (immobile), asymmetrical or radially

symmetrical aquatic animals. Sponges are primarily filter

feeders
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Introduction to Neuroscience

The Nerve net consist of sensory neurons and motor neurons

Sensory neurons provide three major evolutionary advantages:

•They are specialized to detect stimuli in a more sensitive

manner then independent effectors cells

• Posses axons that can conduct nerve signal (action potentials),

further decreasing response time

•The axon branches to innervate multiple contractile cells, thus

providing divergence of information and

  amplified responses to a given stimuli

Motor neurons act essentially as amplifier of input signals,

leading to enhanced behavioral responses

In cnidarians a net of axons lies between

the inner and outer body walls. Sensory

nerves project to the surfaces of the

animal, and nerves also attach to

contractile cells, which function similarly to

muscles in other animals. This nerve net

allows transmission of information from

one part of the animal to another, and

coordination of simple movements.
Cognitive Systems and Interactive Media (CSIM): neuroscience 2008

Introduction to Neuroscience

Are the simplest animals to display the classic embryonic tissue layers (ectoderm,

endoderm and a primitive mesoderm).

These radially symmetrical, aquatic animals have a mouth that leads to a gastrovascular cavity, and

they may display locomotor behavior as adult.

Cnidarians (hydras, corals, sea anemones, jellyfish)

Segmented
Ventral CNSSegmented

Cephalization

Nerve nets

Cells



Conservation of design principles: 
Fuxianhuia protensa 520 Ma

A1, antenna; Ab, abdomen; Es, eye stalk; Ey, eye; Hs, 
head shield; Oc, optic capsule; Th, thorax. Scale bar, 1 
cm.

Coenobita clypeatusFuxianhuia

Ma et al 2012 Nature

520 Ma Now
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The basic elements of the vertebrate system 
Phylum Chordata (Chordates -- tunicates, lancelets, vertebrates)



The Lamprey Action Selection 
circuit

Stephenson-Jones et al 2011; Grillner & Robertson 2016 Curr Biol 

pallidus interna (GPi) [3,12,16]. They contain GABAergic projec-
tion neurons, which are tonically active at a rather high rate
at rest, due to their inherent cellular properties [17]. As shown
schematically in Figure 2, subclasses of these inhibitory neurons
project to different motor centres in the brainstem that control,
for example, eye movements, as the superior colliculus (optic
tectum in early vertebrates), locomotion, posture, or other pat-
terns of behaviour [18,19]. These projection neurons often
send collaterals to the thalamus, which forwards information
back to the cortex and striatum regarding the commands to
brainstem centres, a form of efference copy [2,20]. There are
also separate projections to the thalamus. The net effect of this
arrangement is that during resting conditions the motor centres
are under tonic inhibition (Figure 2), and it is only when subpop-
ulations of neurons in the GPi/SNr are inhibited that the corre-
sponding motor centres will be disinhibited and free to become
active [3,12,18,21–26].
The Direct and Indirect Pathways for Initiation and
Suppression of Movements
The input structure of the basal ganglia, the striatum, contains
95% GABAergic spiny striatal projection neurons (SPNs) [7,27].
They are of two types. The first expresses dopamine D1 recep-
tors (D1R), is excited by dopamine, and projects directly to the
output neurons of the basal ganglia (SNr and GPi) [28,29]. These
neurons represent the ‘direct pathway’ through the basal ganglia
(Figure 2). The second type expresses dopamine D2 receptors
(D2R) and is instead inhibited by dopamine. They are part of
what is often called ‘the indirect pathway’ (Figure 3) and send
projections via the inhibitory globus pallidus externa (GPe) and
the excitatory subthalamic nucleus (STN), which in turn targets
the output level of the basal ganglia (GPi and SNr). The net effect
of the indirect pathway is to enhance the activity of neurons in
GPi/SNr and thus to provide additional inhibition of the motor
centres that are innervated by these nuclei. Whereas the direct
pathway provides inhibition of GPi/SNr, and thereby disinhibits
the motor centres, the indirect pathway instead strengthens
this inhibition and prevents motion [1,7,10,30,31].
Recent studies show that this basic organisation is also pre-

sent in cyclostomes [3,6,12,13,32]. The diagram in Figure 3

shows the key features of the basal ganglia that apply to both cy-
clostomes and mammals. To the right is a table comparing the
detailed factual knowledge between the two groups. As can
be appreciated, the organisation, connectivity and cellular com-
ponents are virtually identical. Only the presence of different
subtypes of striatal interneurons remains unclear — although
two subtypes have been identified in lamprey [5,33].
The Basal Ganglia of Amniote and Anamniote
Vertebrates are Similar
For a long time it had been assumed that the basal ganglia in am-
niotes (mammals, birds and reptiles) was much more developed
than in anamniotes (amphibians, fish and cyclostomes) [34–36].
The large similarities between the oldest group of anamniotes
(lamprey) and mammals [3] have, however, invalidated this
assumption (Figure 3). We will now look in greater detail at this
neural organisation.

Striatum — Intrinsic Circuitry and Input–Output
Relations
Compartments within Striatum
The striatum, the input stage of the basal ganglia, can be subdi-
vided into the ventral striatum or nucleus accumbens in mam-
mals, which has input from the limbic areas and hippocampus
in particular, and the dorsal striatum. In rodents, the dorsal stria-
tum, also referred to as neostriatum, can be subdivided into a
dorsomedial and a dorsolateral part, and in primates and hu-
mans into caudate nucleus and putamen. Finally, in lamprey
the striatum forms only one entity. All parts of the striatum are
further subdivided in a mosaic of compartments referred to as
striosomes and matrisomes, in both lamprey and mammals
[13,37,38]. They were discovered through their particular histo-
chemical characteristics, and both contain D1R- and D2R-ex-
pressing SPNs. The SPNs of the striosomes inhibit the activity
of the dopamine neurons, whereas the matrisomes take part in
the control of movement via the direct and indirect pathways
[37]. The striosomes can be regarded as related to a circuit of
value-based decisions [39–41], as they influence the level of ac-
tivity in the dopamine neurons in contrast to the matrisomes,
which influence movements (see also below). However, collat-
erals of the GABAergic SNr neurons have also been reported
to affect the activity of the dopaminergic SNc neurons [42].
Both compartments contain SPNs characterised by a large den-
dritic tree with numerous spines.
Input from Thalamus, Cortex/Pallium and GPe
The striatum was named as such because of the fact that large
numbers of fibres from the cortex/pallium to the brainstem and
spinal cord pass through this structure, rendering it a striated
impression [43]. The projection pattern from the lamprey pallium
to the midbrain, brainstem and spinal cord is very similar to that
of the rodent cortex [44]. Different parts of the cortex project to
specific parts of the striatum according to a topical arrangement
[45]. Many cortical/pallial ‘pyramidal tract’ axons (PT in Figure 3,
lower left) projecting to the brainstem and spinal cord give off
collaterals to neurons within striatum that synapse exclusively
on the many spines of SPNs [44,46,47]. This means that the PT
commands to the brainstem and spinal cord will also affect the
striatum. There is in addition a subset of pyramidal neurons
that have intratelencephalic axons (IT in Figure 3, lower left) pro-
jecting to the contralateral cortex/pallium, but they also target

Hagfish Lamprey
Elasmo-
branchi

Ray
finned
fish

Lobe
finned
fish Amphibians Reptiles Birds Mammals

Common ancestor of
jawed and jawless
vertebrates

300 mya

520 mya

560 mya

Current Biology

Figure 1. Phylogenetic tree of vertebrates.
The lamprey diverged from the vertebrate line 560 million years ago (mya). All
key features of the basal ganglia had emerged already at this time point in
evolution. (Adapted from [35].)

Current Biology 26, R1088–R1100, October 24, 2016 R1089

Current Biology

Review

Fish, Amphibians, Reptiles and Birds — The Interphase
Between Lamprey and Mammals
As mentioned above, most basal ganglia key features were
thought to have evolved within the amniote classes [34,36,101].
However, since the lamprey, the earliest anamniote, has the basal
ganglia developed in exquisite detail, this longstanding assump-
tion is incorrect. In select species the details can possibly vary
to some degree, but it can be assumed that in general the design
will be very similar in all vertebrates. This is also supported by
studies using classical anatomy, immunohistochemistry, tracing
techniques, electrophysiology and more recently the expression
of different transcription factors. In the different classes of verte-
brates the main components of the basal ganglia have been
demonstrated, although the knowledge may be fragmentary in
some groups [100,156–162]. In all vertebrate classes, including
lamprey, the pallidal regions contain large GABAergic cells and
express the pallial homeobox transcription factor Nkx2.1
[88,156,158,162,163]. In songbirds there appears be a somewhat
special arrangement in terms of the interaction between striatum
and different components of the pallium during the song-learning
phase [164–166].

Possible Differences Between the Lamprey and
Mammalian Basal Ganglia
The projection neurons from cortex/pallium of the PT-type
(Figure 3) have the same target areas in the brainstem and spinal
cord in mammals and lamprey. However, their soma–dendritic
morphology differs in that the mammalian PT neurons typically

have one, sometimes two, apical dendrites targeting the molec-
ular layer, while the lamprey PT cells have two main dendrites
that ramify profusely as they approach the molecular layer
[44,167]. Clearly they pick up information from a much broader
area in the lamprey pallium than the apical dendrites in the rodent
cortex.
With regard to the interneurons in striatum, we know that there

are cholinergic interneurons and fast-spiking interneurons in
both lamprey and rodents [5,64,74]. We have not recorded
from the cholinergic interneurons and we do not know if they
have the same reciprocal relationship to the firing of the dopa-
mine neurons as in mammals [69]. During the last few years a
number of subtypes of striatal neurons, such as neuroglioform,
NOS-, 5-HT3A- and TH-expressing neurons [82,83], have been
identified in rodents, but their function remains to be determined
in mammals. Whether they exist in lamprey is as yet unclear.

Overarching Control — Conceptual Model
The inference from what we have discussed so far is that in
striking detail the basal ganglia of vertebrates are arranged in a
practically identical way with the same building blocks and con-
nectivity (e.g., direct, indirect and hyperdirect pathways), and
with the same transmitters, peptides and ion channels. The
role of the vertebrate basal ganglia in the control and selection
of behaviours is obvious. Since both the direct and indirect
pathways are conserved throughout vertebrate phylogeny, it
would appear likely that the basal ganglia circuit for selection
of behaviour provides a good solution that has not been possible
to improve further during evolution, at least with regard to these
central and basic features.
The tiny striatum of the lamprey only has to deal with a rather

limited behavioural repertoire such as locomotion, steering,
foraging, eye movements and control of body orientation.
Figure 7 summarizes a conceptual model of the basal ganglia.
As we have indicated earlier (Figure 2), the basal ganglia can
be subdivided into modules involved in the control of a variety
of motor programs such as locomotion, different eyemovements
and feeding. Neurons of both the direct and indirect pathway are
activated during initiation of a given behaviour [2,10,31,168,169].
Whereas the direct pathway will initiate behaviour through disin-
hibition of the appropriatemotor centre, the indirect pathway can
be assumed to suppress competing patterns of behaviour. For
instance, one cannot turn left and right at the same moment.
Each module will thus contain the D1R- and D2R-expressing
SPNs as well as their downstream elements. Whether a module
will be activated or not depends on the activation of the SPNs
from thalamus and pallium (cortex), and the responsiveness of
the SPNs depends on the concurrent dopamine activation, the
tonic level as well as the phasic activation known to occur [10]
as different movements are initiated.
During vertebrate evolution the size of the basal ganglia has

expanded to a very large structure in primates, with the striatum
being subdivided in several compartments linked to the control
of different patterns of behaviour.What seems to have happened
is that the basal ganglia has expanded in parallel with a progres-
sively enlarged and refined behavioural repertoire. In other
words, in parallel there would also be a progressive increase in
the number of behavioural modules. But the design of each
of these modules may have remained the same throughout
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Figure 7. Conceptual scheme of amodular organisation of the basal
ganglia, with one module for each type of motor program.
Each module would contain the D1R and D2R projection neurons and the
components of the direct and indirect pathway GPi (includes also SNr), GPe
and STN. Each module would be activated if sufficient drive occurs from
neurons in pallium/cortex and thalamus. The responsiveness of the modules
would be determined by the tonic dopaminergic drive. Whereas the lamprey
has a limited behavioral repertoire, mammals and particularly primates have a
very varied and versatile motor repertoire.
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interneurons have brief action potentials and can fire at high fre-
quency. In mammals, they are connected through gap junctions
at the soma level [80]. The cortex can also activate these neu-
rons, which provides a way of indirectly shutting off the SPNs.
The same fast-spiking interneurons can provide inhibition of
both subtypes of SPNs (D1R and D2R) [64,81].
The cholinergic and the fast-spiking interneurons may

each represent roughly 1% of the neuronal population in the
striatum of rodents. In addition, other subtypes of interneurons,
representing the remaining 3%, have recently been defined in
mammals and include the neuroglioform as well as NOS-,
5-HT3A- and TH-expressing neurons [82,83]. In contrast to the
other subtypes of interneurons, much less is known of the role
of these neuronswithin striatum. It is unknownwhether they exist
in lamprey. The overall role of the different subtypes of interneu-
rons in striatum remains far from being clear in either mammals
or lamprey.

Nkx2.1 in Lamprey and Other Vertebrates
The GPi and SNr constitute the output stage of the basal ganglia.
Both structures are present in lamprey and mammals and
they appear to have partially overlapping targets [3,11,12].
Although the physiology, immunohistochemistry and tracing
studies confirmed the presence of globus pallidus in lamprey,
a study by Murakami et al. [84] had indicated that in contrast
to all other vertebrate groups, the expression of the pallidal ho-
meobox transcription factor Nkx2.1 was absent in the lamprey
forebrain — a study that led a number of investigators to
conclude that the pallidum was missing in lamprey [84–87].

Recently, however, researchers from the Kurutani laboratory,
who earlier showed the absence of Nkx2.1 in the lamprey pal-
lidum, could demonstrate that Nkx2.1 is indeed present [88],
and this controversy is thus resolved.

Neurons of GPi/SNr
The GPi/SNr cells are tonically active at a high rate, although
their neurophysiological characteristics differ somewhat, depen-
dent on their targets [10]. The spontaneous activity is inherent in
that it does not depend on excitatory input. They have an exten-
sive dendritic tree, which is arranged in a discoid fashion,
perpendicular to the direction of the input fibres from e.g. the
striatum [11].
As has been noted above, different subpopulations of cells

target different motor centres, including the superior colliculus/
optic tectum, centres for the control of locomotion, posture,
swallowing, chewing, and other structures [18,22,24,26,89,90].
At rest all the different motor centres are kept under tonic inhibi-
tion; that is, the basal ganglia can determine if a motor behaviour
should be allowed to manifest itself or be kept inhibited.

IsOneMainRole of theGPi/SNr-Thalamo-Cortical Loops
to Provide Efference Copy Information to Cortex/
Pallium and Striatum?
The output axons of GPi/SNr that project to the different brain-
stem motor centres also provide collaterals to the thalamus
(70% or more; Figures 2 and 3), to forward information to the
cortex/pallium or the striatum [11,91], in the form of an effer-
ence copy of the commands issued. These thalamic neurons,
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Direct ‘go’ pathway

Figure 3. The organisation of the basal
ganglia is almost identical throughout
vertebrate phylogeny — from lamprey to
primates.
Top left: the striatum consists of GABAergic
neurons (blue colour) and also Globus Pallidus
externa (GPe), Globus Pallidus interna (GPi)
and Substantia Nigra pars reticulata (SNr). SNr
and GPi represent the output level of the basal
ganglia, which projects via different sub-
populations of neurons to optic tectum (superior
colliculus), the mesencephalic (MLR) and dien-
cephalic (DLR) locomotor command regions and
other brainstem motor centres, and also back to
thalamus with efference copies of information
sent to the brainstem. The indirect loop is rep-
resented by the GPe, the subthalamic nucleus
(STN) and the output level (SNr/GPi) — the net
effect being an enhancement of activity in these
nuclei. The striatal neurons of the direct pathway
to SNr/GPi express the dopamine D1 receptor
(D1) and substance P (SP), while the indirect
pathway neurons in striatum express the dopa-
mine D2 receptor (D2) and enkephalin (Enk).
Excitatory glutamatergic neurons are represented
in red and GABAergic structures in blue colour.
Also indicated is the dopamine input from the
substantia nigra pars compacta (SNc, green)
to striatum and brainstem centres. Lower left:
many cortical/pallial axons projecting to the
brainstem and spinal cord (PT) give off collaterals
to neurons within striatum. There is a subset of
pyramidal neurons that have intratelencephalic
axons projecting to the contralateral cortex/

pallium (IT) that also target the striatum. To the right: a table depicting the key features of the basal ganglia organisation that are found in both mammals
and lamprey. So far, subtypes of fast-spiking striatal interneurons have not been demonstrated in the lamprey.
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Pushing the envelope of complexity exploi7ng a small set 
of common design principles



Strausfeld & Hirth 2013 Science

Mammalian versus Invertebrate 
brains
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Lamarck proposes Lamarckianism 
(1800)

• The inheritance of acquired characters or soft inheritance
• The first truly cohesive theory of evolution. 
• 2 principles:

– 1: the environment gives rise to changes in animals.  

– 2: life is structured in an orderly manner 

• 2 forces are at work:

– Le pouvoir de la vie: The complexifying force drives animals from simple to complex forms. 
– L'influence des circonstances: a force adapting animals to their local environments and 

differentiating them from each other force adapted them to local environments through interaction 
with the environment and the  use and disuse of characteristics, differentiating them from other 
organisms. 

• These forces must be explained as a necessary consequence of basic physical principles, favoring a 
materialistic attitude toward biology. 

105

Jean-Baptiste Lamarck
August 1, 1744 - December 18, 1829 
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Lamarck proposes Lamarckianism 
(1800)

• 2 Laws:
– 1: In every animal which has not passed the limit of its development, a more frequent 

and continuous use of any organ gradually strengthens, develops and enlarges that 
organ, and gives it a power proportional to the length of time it has been so used; while 
the permanent disuse of any organ imperceptibly weakens and deteriorates it, and 
progressively diminishes its functional capacity, until it finally disappears” 

– 2: All the acquisitions or losses wrought by nature on individuals, through the 
influence of the environment in which their race has long been placed, and hence 
through the influence of the predominant use or permanent disuse of any organ; all 
these are preserved by reproduction to the new individuals which arise, provided that 
the acquired modifications are common to both sexes, or at least to the individuals 
which produce the young” 

106

Jean-Baptiste Lamarck
August 1, 1744 - December 18, 1829 
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• Anaximander (c. 610–546 BC) proposed that life had originally developed in the 
sea and later moved onto land. 

• Empedocles (c. 490–430 BC) wrote of a non-supernatural origin for living things 
where adaptation did not require an organizer or final cause. According to 
Aristotle: "Wherever then all the parts came about just what they would have been 
if they had come to be for an end, such things survived, being organized 
spontaneously in a fitting way; whereas those which grew otherwise perished and 
continue to perish…" although Aristotle himself rejected this view.

CSIM Paul Verschurespecs.upf.edu

History of evolutionary thought is long 

• In the late 19th century Erasmus Darwin proposed "that all 
warm-blooded animals have arisen from one living filament... 
with the power of acquiring new parts" in response to stimuli, 
with each round of "improvements" being inherited by 
successive generations (Zoonomia).  

• An idea further elaborated by his grandson.

12 December 1731 - 18 April 1802
“Would it be too bold to imagine that, in the great length of time since the earth began to exist, perhaps millions of ages before the 
commencement of the history of mankind would it be too bold to imagine that all warm-blooded animals have arisen from one living filament, 
which the great First Cause endued with animality, with the power of acquiring new parts, attended with new propensities, directed by irritations, 
sensations, volitions and associations, and thus possessing the faculty of continuing to improve by its own inherent activity, and of delivering down 
these improvements by generation to its posterity, world without end!” (Zoönomia)

http://en.wikipedia.org/wiki/Zo%25C3%25B6nomia
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Darwin
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A bit of history….. a few dates to remember

Introduction to Neuroscience

Luigi Galvani publishes work on electrical stimulation of frog nerves

Alessandro Volta invents the wet cell battery
1791

1800

1808 Franz Joseph Gall publishes work on phrenology

Jan Purkyne (Purkinje) describes cerebellar cells;

1817

Samuel von Sommering identifies the "substantia nigra" in the midbrain

James Parkinson publishes An Essay on the Shaking Palsy

1832 Sir Charles Wheatstone invents the stereoscope

Phineas Gage has his brain pierced by an iron rod

1839

1848

Theordor Schwann proposes the cell theory

Charles Darwin publishes The Origin of Species1859

1870 Hitzig and Fritsch use electrical stimulation of motor cx 

1889 Ramon y Cajal argues on nerve doctrine



The Darwinian (R)Evolution

Charles Robert Darwin 1809-1882
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Darwin
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Principles

111

• Inherited variation 
• Survival leads to amplification 

(reproduction) 
• Competition for resources 
• Variation gives unique advantages / 

disadvantages



Design principles

Herculano-Houzel  2009 Front  Hum Neuro
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”The question at once arises how these superior adaptive 
responses are selected from the multiplicity of responses of 
which an organism is capable, and then fixated and 
perpetuated. To those who tried to answer this question, 
hedonism and the pleasure-pain principle provided the 
principle of selection, and the laws of association the 
mechanism of fixation”. 
(Postman 1947, pp. 491) 

CSIM Paul Verschurespecs.upf.edu

From evolution by selection to the 
comparative study  

of learning and adaptation



“...Rengger describes a monkey employing a stick herewith to prise open the lid 
of a chest, which was too heavy for the animal to raise otherwise. This use of a 
lever as a mechanical instrument is an action to which no animal other than a 
monkey as ever been known to attain;...my own observation has fully 
corroborated that of Rengger in this respect” (Romanes 1967, pp. 52). 

CSIM Paul Verschurespecs-lab.com

Post Darwin, comparative psychology 
is taking off

116
Romanes, G. (1888). Animal Intelligence, New York: Appleton
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Krubitzer & Prescott TINS 2018

Contemporary study of evolution is cast 
in terms of epi-genetics
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Krubitzer & Prescott TINS 2018
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3 Humans are animals
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Evolution has no goal

114
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Dawkins: The Selfish Gene
• The gene-centred view of evolution: 

– "all life evolves by the differential survival of replicating entities" 
– the gene is the principal unit of selection in evolution 

• Ruthlessly reductionistic 
• The paradox of altruism 
• Has give rise to sociobiology and evolutionary psychology 
• Meme: the cultural equivalent of a gene:  

– describes how Darwinian principles might be extended to explain 
the spread of ideas and cultural phenomena.  

– memetics 
• The Blind Watchmaker (1986) 

– evolution progresses through “blind” non-teleological processes 
– even in the time of Hume, God was not considered a complete 

explanation for complex biological structures, but man had to wait 
for Darwin before it was possible to be an intellectually fulfilled atheist 

• 9/11 is evidence of religion as dangerous nonsense that was undeserving 
of respect. 

• The existence of God is a scientific hypothesis.

Clinton Richard Dawkins 
26 March 1941 
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Freud

122

(May 6, 1856 – September 23, 1939

Behavior and experience is 
motivated by sex 

We are not aware of most 
of our the mental states that 
influence our personality 
and experience 

Freud,1923

The Ego comprises that part of personality that includes defensive, perceptual, intellectual-cognitive, and executive functions. Conscious awareness resides in the ego, although 
not all of the operations of the ego are conscious. The ego separates what is real and organises thoughts and makes sense of them and the world around us.



Ben Libet (1916 - 2007)
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Libet (1983)
Ben Libet (1916 - 2007)

Haggard 2008 Nature Reviews Neuroscience

RP follows: 

After decision 
Post-decisional 

Reflects causal chain 
Ontologically real 

Nonconscious 
Precedes awareness 



Also in single cells

Figure 3.
(A–H) Examples of response profiles. (A–D) Neurons increasing their firing rates prior to W (p < 10!5, 10!5, 10!7, and 10!5, respectively). (E and F) Neurons

decreasing their firing rates prior to W (p < 10!5, 10!4, respectively). (G and H) Neurons decreasing their firing rate prior to W and then increasing their firing rates

around W (p < 10!3, 10!5, respectively). The conventions are as in Figures 2E and 2F.
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Figure 2.
(A and B) Example waveforms for five single units (A) and five multiunits (B). After spike sorting, units were classified into single units or multiunits according to

the criteria described in (Tankus et al., 2009).

(C) Distribution of the coefficient of variation of the interspike interval distribution for MUA (red) and SUA (blue). The dashed lines indicate the mean of the

distribution and the horizontal bars denote one standard deviation. All units in Table 1 are included here.

(D) Anatomical location of electrodes in the frontal lobe displayed on a Montreal Neurological Institute (MNI) brain (average of 305 brains) (Collins et al., 1994).

Each electrode included eight recording microwires.

(E and F) Raster plots and histograms showing the responses of a neuron in left ACCd displaying a significant response after W (rank sum test, p < 10!6) (E),

and one neuron in left pre-SMA with response onset prior to W (rank sum test, p < 10!3) (F). All plots are aligned to W (time = 0). Error bars indicate SEM

(n = 63 repetitions). The green line in the PSTH denotes the average time of key press across all trials. Bin size for the PSTH = 100 ms.

See also Figures S2–S4 and S7.
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Also in single cells and with long time 
windows

Figure 3.
(A–H) Examples of response profiles. (A–D) Neurons increasing their firing rates prior to W (p < 10!5, 10!5, 10!7, and 10!5, respectively). (E and F) Neurons

decreasing their firing rates prior to W (p < 10!5, 10!4, respectively). (G and H) Neurons decreasing their firing rate prior to W and then increasing their firing rates

around W (p < 10!3, 10!5, respectively). The conventions are as in Figures 2E and 2F.
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(C) Distribution of the coefficient of variation of the interspike interval distribution for MUA (red) and SUA (blue). The dashed lines indicate the mean of the

distribution and the horizontal bars denote one standard deviation. All units in Table 1 are included here.

(D) Anatomical location of electrodes in the frontal lobe displayed on a Montreal Neurological Institute (MNI) brain (average of 305 brains) (Collins et al., 1994).

Each electrode included eight recording microwires.

(E and F) Raster plots and histograms showing the responses of a neuron in left ACCd displaying a significant response after W (rank sum test, p < 10!6) (E),

and one neuron in left pre-SMA with response onset prior to W (rank sum test, p < 10!3) (F). All plots are aligned to W (time = 0). Error bars indicate SEM

(n = 63 repetitions). The green line in the PSTH denotes the average time of key press across all trials. Bin size for the PSTH = 100 ms.

See also Figures S2–S4 and S7.
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uncorrelated to the choice of task. Therefore, any information
regarding the content of the decision that was decodable from
brain activity could not possibly be a result of covert motor
preparation. In 97.4% (SE = 0.5%) of the trials, participants
indicated that the decision was made three frames before the
response; that is, in frame 0, showing that they followed the task
execution sequence exactly as instructed. On average, partic-
ipants made a spontaneous decision 17.8 s (SE = 1.8 s) after trial
onset, resulting in 12.2 (SE = 0.8) decisions per experimental
run. This long delay facilitated the search for unconscious neural

precursors of the decision while avoiding contamination from the
preceding trial.
We first investigated which cortical regions contained pre-

dictive information about the outcome of the abstract decision to
perform addition or subtraction, and whether such information
was available before or after the decision reached conscious
awareness. For each discrete point from 8 s before to 18 s after
the decision (14 points, each 2 s), and in different regions across
the whole brain, independent classifiers were trained to distin-
guish between the spatial patterns of brain activity related to
the two choices (adding and subtracting). The accuracy with
which each independent classifier could predict the specific
choice revealed whether a particular cortical region contained
information related to the content of the intention at a specific
point in time. This method has previously been shown to be highly
sensitive in decoding simple motor intentions and in uncovering
the flow of information in task preparation (2, 23).
We found that up to 4 s before the conscious decision, a me-

dial frontopolar region (P < 0.00005 uncorrected, 5-voxel cluster
threshold, 59.5% accuracy) and a region straddling the pre-
cuneus and posterior cingulate (P < 0.00005 uncorrected, 5-voxel
cluster threshold, 59.0% accuracy) began to encode the outcome
of the upcoming decision (Fig. 2). During this early phase, the
overall signal in both regions did not show any significant change
from baseline (t16 < 1), nor was there any significant difference
between addition trials and subtraction trials (t16 < 1), suggesting
that the information was encoded in the fine-grained spatial pat-
tern of activation, rather than any global increase or decrease in
neural activity (Fig. S2). We ensured that this early information
was not a result of carry-over of information from the previous
trial (SI Text S1).
We also looked for brain areas that encoded the decision after

it was made, during the task preparation and execution phase.
The task choice could be decoded from the angular gyrus 4 s after
the time of the conscious decision (Fig. 2, Right; P < 0.00005
uncorrected, 5-voxel cluster threshold, 64.2% accuracy). Increase
in information began as early as 2 s postdecision and reached
statistical significance at 4 s postdecision. Taking into account the
hemodynamic delay, this means that the angular gyrus probably
began to encode the task choice around the time of conscious
decision. This likely reflected the preparation followed by actual
performance of the arithmetic task, as the angular gyrus has been
found to be involved in the retrieval of overlearned arithmetic
facts from memory (24, 25). As expected, there was also a global
increase in blood oxygen level–dependent (BOLD) signal in the
angular gyrus, peaking around 4–6 s after the decision was made

Fig. 1. Measuring the onset and content of spontaneous abstract inten-
tions. A trial began with a continuous series of stimulus frames refreshed
every second, each consisting of a central fixation point, a letter below it,
a single-digit number above it, and four single-digit response options, one in
each corner. Immediately when participants felt the spontaneous urge to
perform either adding or subtracting, they first noted the letter on the
screen (frame 0 relative to time of decision). The chosen arithmetic task was
then performed on the numbers presented above the central fixation in the
next two stimulus frames (frames 1 and 2). The response options for the
numbers in frames 1 and 2 were randomly presented in the four corners of
the subsequent stimulus frame (frame 3): the correct addition answer, the
correct subtraction answer, and two incorrect response options. Participants
selected the correct answer for the chosen task by pressing one of four
corresponding buttons, thereby revealing the content of their abstract de-
cision. After the response was given, four letter options were presented
from which participants selected the letter presented at frame 0, thereby
revealing the time of conscious decision.

Fig. 2. Decoding the outcome of abstract decisions
before and after they reach conscious awareness.
Projected onto the medial cortical surface are brain
regions that predicted the outcome (red) of the
abstract decision before it was consciously made
(MNI coordinates). Inset shows similar results for the
decoding of free motor decisions before conscious
awareness in our previous study (2). The lateral
surface shows the region that encoded the outcome
of the decision after it became conscious. Line
graphs depict for each cortical region the accuracy
with which the abstract decision to perform addi-
tion or subtraction could be decoded at each time
(error bars, SE; chance level, 50%). The vertical red
line indicates the point of conscious decision, and
the vertical gray dashed line indicates the onset of
the next trial. Given the hemodynamic delay, in-
formation available at 0 s would have been a result
of neural activity occurring a few seconds earlier.
Please note that none of the points below chance
level was statistically significant and should thus be
attributed to random fluctuation.
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uncorrelated to the choice of task. Therefore, any information
regarding the content of the decision that was decodable from
brain activity could not possibly be a result of covert motor
preparation. In 97.4% (SE = 0.5%) of the trials, participants
indicated that the decision was made three frames before the
response; that is, in frame 0, showing that they followed the task
execution sequence exactly as instructed. On average, partic-
ipants made a spontaneous decision 17.8 s (SE = 1.8 s) after trial
onset, resulting in 12.2 (SE = 0.8) decisions per experimental
run. This long delay facilitated the search for unconscious neural

precursors of the decision while avoiding contamination from the
preceding trial.
We first investigated which cortical regions contained pre-

dictive information about the outcome of the abstract decision to
perform addition or subtraction, and whether such information
was available before or after the decision reached conscious
awareness. For each discrete point from 8 s before to 18 s after
the decision (14 points, each 2 s), and in different regions across
the whole brain, independent classifiers were trained to distin-
guish between the spatial patterns of brain activity related to
the two choices (adding and subtracting). The accuracy with
which each independent classifier could predict the specific
choice revealed whether a particular cortical region contained
information related to the content of the intention at a specific
point in time. This method has previously been shown to be highly
sensitive in decoding simple motor intentions and in uncovering
the flow of information in task preparation (2, 23).
We found that up to 4 s before the conscious decision, a me-

dial frontopolar region (P < 0.00005 uncorrected, 5-voxel cluster
threshold, 59.5% accuracy) and a region straddling the pre-
cuneus and posterior cingulate (P < 0.00005 uncorrected, 5-voxel
cluster threshold, 59.0% accuracy) began to encode the outcome
of the upcoming decision (Fig. 2). During this early phase, the
overall signal in both regions did not show any significant change
from baseline (t16 < 1), nor was there any significant difference
between addition trials and subtraction trials (t16 < 1), suggesting
that the information was encoded in the fine-grained spatial pat-
tern of activation, rather than any global increase or decrease in
neural activity (Fig. S2). We ensured that this early information
was not a result of carry-over of information from the previous
trial (SI Text S1).
We also looked for brain areas that encoded the decision after

it was made, during the task preparation and execution phase.
The task choice could be decoded from the angular gyrus 4 s after
the time of the conscious decision (Fig. 2, Right; P < 0.00005
uncorrected, 5-voxel cluster threshold, 64.2% accuracy). Increase
in information began as early as 2 s postdecision and reached
statistical significance at 4 s postdecision. Taking into account the
hemodynamic delay, this means that the angular gyrus probably
began to encode the task choice around the time of conscious
decision. This likely reflected the preparation followed by actual
performance of the arithmetic task, as the angular gyrus has been
found to be involved in the retrieval of overlearned arithmetic
facts from memory (24, 25). As expected, there was also a global
increase in blood oxygen level–dependent (BOLD) signal in the
angular gyrus, peaking around 4–6 s after the decision was made

Fig. 1. Measuring the onset and content of spontaneous abstract inten-
tions. A trial began with a continuous series of stimulus frames refreshed
every second, each consisting of a central fixation point, a letter below it,
a single-digit number above it, and four single-digit response options, one in
each corner. Immediately when participants felt the spontaneous urge to
perform either adding or subtracting, they first noted the letter on the
screen (frame 0 relative to time of decision). The chosen arithmetic task was
then performed on the numbers presented above the central fixation in the
next two stimulus frames (frames 1 and 2). The response options for the
numbers in frames 1 and 2 were randomly presented in the four corners of
the subsequent stimulus frame (frame 3): the correct addition answer, the
correct subtraction answer, and two incorrect response options. Participants
selected the correct answer for the chosen task by pressing one of four
corresponding buttons, thereby revealing the content of their abstract de-
cision. After the response was given, four letter options were presented
from which participants selected the letter presented at frame 0, thereby
revealing the time of conscious decision.

Fig. 2. Decoding the outcome of abstract decisions
before and after they reach conscious awareness.
Projected onto the medial cortical surface are brain
regions that predicted the outcome (red) of the
abstract decision before it was consciously made
(MNI coordinates). Inset shows similar results for the
decoding of free motor decisions before conscious
awareness in our previous study (2). The lateral
surface shows the region that encoded the outcome
of the decision after it became conscious. Line
graphs depict for each cortical region the accuracy
with which the abstract decision to perform addi-
tion or subtraction could be decoded at each time
(error bars, SE; chance level, 50%). The vertical red
line indicates the point of conscious decision, and
the vertical gray dashed line indicates the onset of
the next trial. Given the hemodynamic delay, in-
formation available at 0 s would have been a result
of neural activity occurring a few seconds earlier.
Please note that none of the points below chance
level was statistically significant and should thus be
attributed to random fluctuation.
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3 The response options for the numbers 
in frames 1 and 2 were randomly 
presented in the four corners of the 
subsequent stimulus frame (frame 3): 
the correct addition answer, the correct 
subtraction answer, and two incorrect 
response options. Participants selected 
the correct answer for the chosen task 
by pressing one of four corresponding 
buttons, thereby revealing the content 
of their abstract decision.

1 continuous series of stimulus frames refreshed every second

2 Immediately when participants felt 
the spontaneous urge to perform 

either adding or subtracting, they first 
noted the letter on the screen. The 

chosen arithmetic task was then 
performed on the numbers presented 
above the central fixation in the next 

two stimulus frames (frames 1 and 
2). 

4 After the response was 
given, four letter options 

were presented from 
which participants 
selected the letter 

presented at frame 0, 
thereby revealing the time 

of conscious decision.  
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Up to 4 s before the conscious 
decision: a medial frontopolar 
region and a region straddling 
the pre-cuneus and posterior 

cingulate began to encode the 
outcome of the upcoming 

decision (Fig. 2). … the 
information was encoded in the 
fine-grained spatial pat- tern of 

activation, rather than any global 
increase or decrease in neural 

activity.  
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The “HARD” problem of consciousness
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To explain the “raw feel” of experience?

Nagel: “Something it is like to be”


