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ABSTRACT:

The brain displays moment-to-moment activity fluctuations that reflect various levels of
engagement with the outside world. Processing external stimuli is not only associated
with increased brain metabolism but also with prominent deactivation in specific
structures, collectively known as the default-mode network (DMN). The role of the DMN
remains enigmatic partly because its electrophysiological correlates and temporal
dynamics are still poorly understood. Using unprecedented wide-spread depth recordings
in epileptic patients, undergoing intracranial EEG during pre-surgical evaluation, we
reveal that DMN neural populations display task-related suppressions of gamma (60-140
Hz) power and, critically, we show how millisecond temporal profile and amplitude of
gamma deactivation tightly correlate with task demands and subject performance. The
results show also that during an attentional task, sustained activations in the gamma band
power are presented across large cortical networks, while transient activations are mostly
specific to occipital and temporal regions. Our findings reveal a pivotal role for
broadband gamma modulations in the interplay between activation and deactivation
networks mediating efficient goal-directed behavior.

Key words: Default-mode network, intracranial EEG, gamma-band activity, gamma-band
suppression, goal-directed behavior, attention, visual search, and epilepsy.

RESUME

Le cerveau présente des fluctuations de son activité qui reflétent différents niveaux
d’engagement avec le monde extérieur. Le traitement des stimuli externes n’est pas
seulement associ¢ avec une augmentation du métabolisme cérébrale, mais également avec
une désactivation importante dans un ensemble des structures spécifiques connus sous le
nom de ‘Default-Mode Network’ (DMN, réseau par défaut). Le role du DMN reste
énigmatique en partie parce que ses corrélats électrophysiologiques et sa dynamique
temporelle sont encore mal compris. En utilisant des enregistrements
¢léctrophysiologiques intracranien chez le patient épileptique, nous démontrons que la
population neuronale de ce réseau montre des suppressions de 1’activité gamma (60-140
Hz). Plus important, nous montrons de quelle maniere le profil temporale (en
millisecondes) et ’amplitude de cette désactivation sont étroitement corrélés avec la
difficulté¢ de la tache et la performance individuelle. Les résultats mettent également en
évidence que pendant une tiche attentionnelle, une activation soutenue dans le temps de
la bande gamma est présente dans un large réseau, alors que des activations transitoires
sont spécifiques aux régions temporale et occipitale. Nos résultats révelent ainsi un role
essentiel des mécanismes d’activation et de désactivation des oscillations large bande
gamma dans I’exécution d’un comportement orienté vers un but.

Mots clés : Default Mode Network, électroencéphalographie intracranien, oscillation
gamma, désactivation gamma, €pilepsie, attention, et recherche visuel.
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1.1 Introduction

At the beginning of the last century took place a conspicuous debate around the brain
function, in which two main views emerged (Raichle, 2009). Sir Charles Sherrington
(Sherrington, 1906), postulated that the brain is primarily reflexive, driven by the
momentary demands of the environment. Thomas Graham Brown put forth a competing
hypothesis that the brain’s operations are mainly intrinsic, involving the acquisition and
maintenance of information for interpreting, responding to, and even predicting

environmental demands (Brown, 1911).

Figure 1: Portraits of Sir
Charles Scott Sherrington (left)
and Thomas Graham Brown.

In the seminal paper, ‘On the nature of the fundamental activity of the nervous centres;
together with an analysis on the conditioning rhythmic activity in progression, and a
theory of the evolution of function in the nervous systems’, Brown criticizes Sherrington’s
views of the reflex systems (T. G. Brown, 1911). According to Sherrington’s
interpretation, the reflex arc principally compensates the activity between an afferent and
efferent limb. The arc that mediates this relation from periphery to periphery through is
called the ‘reflex arc’. That arc itself is usually regarded as built up of various subsidiary
morphological units: the receptive organ, the afferent neuron, one or more interposed
neurons, the efferent neuron, and the effectors organ (T. G. Brown, 1911; Sherrington,

1906). However, this vision is not valid for Brown for two principal reasons:



a) The first reason is that “every afferent path tends, in its activity, to activate
many efferent paths, and every path is activated by many afferent paths”, or in other

words, the systems is more than a ‘reflex arc’ (T. G. Brown, 1911).

b) The phenomenon of ‘narcosis progression’. In this phenomenon walking, running, or
galloping movements may occur in all four limbs in cats under the influence of a general
anesthetic. In other words, we can observe a rhythmical movement in the cat when the

spinal reflexes are abolished (T. G. Brown, 1911).

In this sense, according to the Brown’s view, the nervous system is composed by an

intrinsic activity, with a rhythmicity that is disturbed by the reflex system.

A primarily reflexive brain has motivated most neuroscience research, principally
because experiments designed to measure brain responses to controlled stimuli and
carefully designed tasks can be rigorously controlled (D. Y. Zhang & Raichle, 2010). In
fact, the tasks used in my thesis adopt this model. It does not surprise us the fact that
several cognitive functions have been associated with specific patterns of activation in

some brain regions.

Nevertheless, some works developed in the middle of the twentieth century propose a
completely different point of view of the brain function. We will begin with the
description of a classic article made by the Nobel Prize winner Roger W. Sperry, and
developed and reinterpreted by Maturana et al. in the 1950s at the Massachusetts Institute
of Technology (Lettvin, Maturana, McCulloch, & Pitts, 1959; Sperry, 1943). These
experiments manipulated the optic nerve of tadpoles by rotating it with respect to the eye
by 180 degrees. The tadpoles were then allowed to complete its larval development and
metamorphosis into an adult frog. When a worm was presented with the rotated eye
covered, the frog was able to perfectly strike it with its tongue. However, when the
experiments was repeated with the normal eye covered instead, with the normal eye
covered instead, the frog would miss every time, its tongue striking in the opposite
direction of its intended target (Sperry, 1943; Maturana and Varela, 1980). A frog with
such a rotated eye will always miss, with a deviation in aim equal to the rotation imposed

by the experimenter.
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Rotated

Figure 2. When the eye is rotated
180° the frog’s prey catching behavior is
inverted (From Sperry, 1943).

For Varela and Maturana this experiment “reveals in a dramatic way that for the animal
there is no such thing as up and down, front and back, in reference to an outside world,
as it exists for the observer doing the experiment. There is only an internal correlation
between the place where the retina receives a given perturbation and the muscular
contractions that move the tongue, the mouth, the neck, and, in fact, the frog’s entire

body” (Maturana and Varela, 1980).

According to these authors, as well as other experiments done since the 1950s, this
finding can be direct evidence that the operation of the nervous systems is an expression
of its connectivity and that behavior arises because of the nervous system’s internal
relations of activity (Maturana & Varela, 1970, 1980). Or, in other words, perception is
not the precise reconstruction of an external world, because such properties depend on
sensory motor coupling. Although the frog's action is indeed a reflex, its response is a

reflex of its internal sensory-motor coupling.

Some years after the Sperry’s experiment, Sokoloff and colleagues published an article
that reinforces the notion that the nervous system is not only primarily reflexive
(Sokoloff, Mangold, Wechsler, Kenney, & Kety, 1955). This group used the Kety-

Schmidt nitrous oxide technique' to ask whether cerebral metabolism changes globally

A method for measuring organ blood flow first applied to the brain in 1944 by C. F. Schmidt and S. S.
Kety. A chemically inert indicator gas (in this case N20) is equilibrated with the tissue of the organ of
interest and the rate of disappearance from the organ is measured. Blood flow is calculated on the
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when goes from a quiet rest state to performing a difficult arithmetic problem. To their
surprise, metabolism remained constant in this task that demands focused cognitive effort.
While their initial conclusion, the unchanged global rate of metabolism suggests that the
rest state contains persistent brain activity that is as vigorous as that when individuals
solve externally administrated math problems (Buckner & Carroll, 2007). This paper was
the first to show that there are not large differences between the brain activity during
undirected mentation and demanding cognitive task. We know today that, depending to
the approach used, it is estimated that 60% to 80 % of the brain’s enormous energy
budget is used to support communication among neurons, functional activity by definition
(Raichle & Snyder, 2007). The additional energy burden associated with momentary
demands of the environment may be as little as 0.5% to 1% of the total energy budget
(Raichle & Mintun, 2006; Raichle, 2010). This cost-based analysis alone implies that
intrinsic activity may be at least as important as evoked activity in understanding overall
brain function (Raichle & Snyder, 2007; Raichle, 2010). The experiments explained
before really were exceptions in the exponential development of the neuroscience during
the past century. In the third chapter of this thesis I develop the history of a sub-area, the

visual attention.

Figure 3: Scheme of the apparatus
used by Sokoloff and colleagues (From
(Sokoloff et al., 1955).

assumption that the tissue and venous blood concentrations of the indicator gas are in diffusion equilibrium
at all blood flow rates and that the rate of disappearance of the indicator from the tissue is a function of how
much is in the tissue at any time (it is assumed to be an exponential disappearance).
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1.2. A brief history of the DMN

Two decades later to the Solokoff’s results, the Swedish physiologist Davis Ingvar
aggregate imaging findings from the rest task states and note the importance of consistent,
regionally specific activity patterns, using the xenon 133 inhalation technique’ to measure
regional cerebral blood flown (rCBF). Ingvar and his colleagues observed a frontal
activity that showed high levels during rest states. Ingvar proposed, to explain this
unexpected phenomenon, that the hyperfrontal pattern of activity corresponded to
undirected, spontaneous, conscious mentation, or in other words, “the brain work which
we carry out when left alone undisturbed” (Buckner, Andrews-Hanna, & Schacter, 2008;

Ingvar, 1979).

Despite the background information provided by Solokoff and Ingvar, the study related to
the neural correlate of unconstrained states was neglected during several decades.
However, this phenomenon drastically changed by an accidental discovery. The evidence
began accumulating when researchers first measured brain activity during undirected
mental states (Binder et al., 1999; Buckner et al., 2008; Raichle & Snyder, 2007,
Shulman, Fiez et al., 1997). Even though no early studies were explicitly designed to
explore unconstrained states, relevant data were nonetheless acquired because of the
common practice of using rest or other types of passive conditions as an experimental
control. These studies revealed that the activity in specific brain regions increased during
passive control states as compared to most goal-directed tasks (Binder et al., 1999;
Buckner & Carroll, 2007; Shulman, Fiez et al., 1997). In almost all cases, the exploration
of activity during the control states occurred as an afterthought-as a part of reviews and
meta-analyses performed subsequent to the original reports, which focused on the goal-

directed tasks.

2 Gamma emission from the radioisotope 133X e of xenon can be used to image the heart, lungs, and brain,
for example, by means of single photon emission computed tomography (SPECT).
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Focus
Area No.

Parictal Lobc
31
3177 1
L 40 2
L 40
L 39/19 3

R 40 4

Frontal Lobe
L lateral 8 5
L 8/9 6
R 8/9 7
L9 8
L10 9
10 (superior)
10 10
L 10/47 11
32 12
Temporal Lobe
L 20 13

L amygdala

R amygdala 14

Figure 4: Blood flow decrease in an overall megaimage that average the active minus passive
scan pairs from many goal-directed tasks (From Shulman et al, 1997). Numbers indicate the 14
foci illustrated in the table.

Because of their intrinsically elevated baseline activity during rest, distinct brain regions
that show systematic task-related deactivation collectively form a network known as the
default-mode network (Gusnard & Raichle, 2001; Raichle et al., 2001). This concept,
which was received with great skepticism by the community, breaks one of the
cornerstones of neuroscience, an assumption that the period prior to a task, named
baseline, is a neutral state, with low energy, that can be safely subtracted from a brain

region to obtain the neural correlate of a specific behavior.

The first criticism that comes up with this result is related to the redistribution of cerebral
blood supply (Shulman, Fiez et al., 1997). The apparent constancy of the blood supply to
the brain had led to suggestions that large blood increases in some areas may require
decreases in other areas (Haxby et al., 1994; Shulman, Fiez et al., 1997). Nevertheless,
decreases were often not accompanied by increases in neighboring regions (Shulman,

Fiez et al., 1997). The second main criticism is related to ‘active decreases’, because
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active tasks may produce decreases in neural activity within an area that is tonically
active. i.e. the tonic activity of neurons in the substantia nigra pars reticulata is decreased
during a saccade (Hikosaka & Wurtz, 1983; Shulman, Fiez et al., 1997). Similarly, an
active task may inhibit a primary area that would normally respond in the task
environment. For instance, performance of a difficult visual discrimination in the
presence of distracting auditory transient might produce inhibition of ongoing activity in

auditory areas (Haxby et al., 1994; Shulman, Fiez et al., 1997).

In these examples, different tasks decreased neural activity in different areas. However,
and how we will develop later, deactivations in the default mode network during a goal-

directed behavior are largely tasks-independent.

The default mode network (DMN) concept although only first introduced into the
published literature in 2001 (Raichle et al., 2001) has rapidly become a central theme in
contemporary cognitive and clinical neurosciences (Andrews-Hanna, Reidler, Huang, &
Buckner; Broyd et al., 2009; Castellanos et al., 2008; Gujar, Yoo, Hu, & Walker; Raichle,
2010; van Eimeren, Monchi, Ballanger, & Strafella, 2009). After a decade of studies, we
can summarize the principal characteristics of the DMN as follows (adapted from

Broyd et al., 2009):

1. During goal-directed activity some regions of the brain show task-non-specific
deactivations (this is the origin of the concept “task-negative network™).

2. The energy of this network varies in a coherent manner at rest (coherence and
functional connectivity within the DMN).

3. This energy fluctuation is characterized by low frequency BOLD signal.

4. There is an anti-correlation between this task-negative and the task-positive

networks at rest.

These four points are detailed below:

1.2.1 Regional task non-specific deactivations during goal-directed activity

Converging neuroimaging evidence supports the view that attention-demanding goal-

directed behavior is mediated not only by distributed patterns of cerebral activation but,
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remarkably, also by concurrent suppression of activity in specific brain regions (Shulman
et al., 1997; Raichle et al., 2001), even when the control state consists of lying quietly
with the eyes closed or passively viewing a stimulus (Raichle et al., 2001). As we have
mentioned, whereas cortical increases in activity have been shown to be task specific and,
therefore, vary in location depending of the task demands, many decreases appear to be
largely task-independent (Raichle et al, 2001). This task-negative networks comprise the
posterior cingulate cortex (PCC) / Precuneus (PrCC), medial prefrontal cortex (MPFC),
lateral temporal cortex (LTC), and temporal parietal junction (TPJ)’. As we can see in the
next figure, the brain regions that show a goal-directed deactivation are the regions that
consume more oxygen during the rest. From these results (Raichle et al., 2001), the
authors suggested the existence of an organized, baseline default mode of the brain

function that is suspended during specific goal-directed behaviors.

Figure 5: Regions of the brain regularly observed to decrease their activity during attention
demanding cognitive tasks shows in sagittal projection (Upper) as compared with the blood flow
of the brain while the subject rest quietly but awake with eyes closed (Lower). From Raichle et
al., 2001.

1.2.2 Coherence and functional connectivity within the DMN

How are different brain regions functionally connected? This question has become one of
the most widely explored topics in the last decade. To introduce this subject, we shall

summarize some basic principles of functional connectivity. Principles of functional

3 At the end of this chapter these regions are detailed.
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magnetic resonance imaging (fMRI) and the blood oxygen level dependent (BOLD)

signal will be presented in the second chapter.

Functional connectivity simply refers to the temporal correlation between fluctuations in
the BOLD signal of discrete anatomical regions' (M. D. Fox et al.,, 2005). Or, more
technically, the functional connectivity search patterns of statistical dependence between
often-remote neural units or brain regions (Friston, Frith, Liddle, & Frackowiak, 1993;
Sporns & Tononi, 2008). With the purpose of simplification of this concept we can think
of the functional connectivity as a statistical concept that captures deviations from
statistical independence (measuring correlation or covariance) between distributed brain
regions across the time. In its most general form, statistical dependence is expressed as an
estimate of mutual information (Sporns & Tononi, 2008). Unlike correlation, which is a
linear measure of association, mutual information captures all linear or nonlinear

relationships between variables.

One of the most robust characteristics of the DMN is the high level of functional
connectivity during the rest (B. B. Biswal et al., 2010; Castellanos et al., 2008; Greicius,
Krasnow, Reiss, & Menon, 2003). In the next figure we show one of the classical results
in the DMN literature, that compares the connectivity across this network during a visual

processing task and rest (Greicius et al., 2003).

Figure 6: Comparison of the Posterior
Cingulate Cortex (PCC) connectivity
patterns during the visual processing
task (Upper) and the resting-state
(Lower). (From Greicius et al., 2003).
el Wec can see in this figure that resting
PCC connectivity patterns remain
constant during the visual processing.

* We can also study functional connectivity with PET, MEG, EEG and intracranial EEG.
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1.2.3 DMN characterized by low frequency BOLD signal

Spontaneous activity, as measured with blood oxygen level-dependent (BOLD) functional
MRI (fMRI) in the resting awake’ or anesthetized brain, is organized in multiple highly
specific functional anatomical networks, called resting state networks, RSNs (B. B.
Biswal et al., 2010; Mantini, Perrucci, Del Gratta, Romani, & Corbetta, 2007). These
RSN fluctuate at frequencies between 0.01 and 0.1 Hz, and exhibits striking patterns of
coherence within known brain systems (Raichle & Snyder, 2007). One point that we can
emphasize is the following: although RSNs patterns of coherence do respect patterns of
anatomical connectivity in both the monkey (Vincent et al., 2007) and human brain (D.
Zhang et al., 2008), it is clear that they are not constrained by these anatomical
connections (Raichle, 2010). Thus, the absence of monosynaptic connections between
brain areas, e.g., right and left primary visual cortex (Vincent et al., 2007), does not
preclude the existence of functional connectivity as expressed in the maps of resting state

coherence (Raichle, 2010).

Here we describe the principals resting state networks (RSNs):

RSN 1: a network corresponding to DMN. Putatively associated with internal
processing (Buckner & Carroll, 2007; Greicius et al., 2003; Raichle et al., 2001). This
networks involves the posterior cinculate/precuneus, medial frontal gyrus, and bilateral

inferior parietal lobule.

RSN 2: corresponding the dorsal attention network mediating goal stimulus-response
selection (Corbetta, Patel, & Shulman, 2008; Mantini et al., 2007). The brain regions

include in this network are the intraparietal sulcus (bilateral), the intersection of the

> We can define the resting state as a behavioral state characterized by relaxed wakefulness usually with
eyes closed but occasionally, in the experimental setting, with eyes open with or without visual fixation
(Gusnard & Raichle, 2001; Laufs et al., 2003; Raichle, 2010) We presume that during the resting state
subjects experience an ongoing state of conscious awareness largely filled with stimulus-independent
thoughts (or, more popularly, day dreaming or mind wandering). It is important to distinguish between the
resting state, defined behaviorally, and the state of the brain that accompanies the resting state. The brain is
never physiologically at rest as evidenced by ongoing intrinsic activity and a very high-energy consumption
that varies little between the resting state and engagement in attention-demanding tasks (Raichle, 2010).
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precentral and superior frontal sulcus (near the human frontal eye field), and the middle

frontal gyrus (dorsolateral prefrontal cortex, DLPFC).

RSN 3: a visual posterior network, involving the retinotopic occipital cortex and the
temporal-parietal regions including human MT (Lowe, Mock, & Sorenson, 1998; Mantini

et al., 2007).

RSN 4: corresponding to the auditory-phonological system, and including the bilateral

superior temporal cortex (Biswal et al., 1997).

RSN 5: a motor network, including the precentral, postcentral, and medial frontal gyri,
the primary sensory-motor cortex and the supplementary motor area (B. Biswal, Yetkin,

Haughton, & Hyde, 1995; Mantini et al., 2007).

RSN 6: network related to self-referential mental activity (D'Argembeau et al., 2005),
including the medial-ventral prefrontal cortex, the pregenual anterior cingulate, the

hypothalamus, and the cerebellum.

50 1550
TTTTO T

15

50 1550 1
nm nm

50 1550 15 50 1550 15
(LTI T (LT T T

Figure 7: Cortical representation of the six RSNs. From Mantini et al., 2001
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1.2.4 Anti-correlated task-positive and task-negative resting networks

In the resting state the brain activity incorporate both task-negative and task-positive
components (Broyd et al., 2009). The DMN (RSN 1) has been described as a task-
negative network given antagonism between its activation and task performance. On the
other hand, the dorsal attention network (RSN 2) has been described as task-positive
network, because appears to be associated with task-related patterns of increased
alertness, and has also been related to response preparation and selection (Broyd et al.,
2009; M. D. Fox et al., 2005; M. D. Fox, Corbetta, Snyder, Vincent, & Raichle, 2006;
Fransson, 2005, 2006; Sonuga-Barke & Castellanos, 2007). Remarkably, the task-positive
network and the DMN are temporally anti-correlated during the resting, and the high
degree of temporal anti-correlation emphasizes the potential degree of antagonism
between these two networks and the psychological functions that reflect (Sonuga-Barke

& Castellanos, 2007).

In the next figure, we show a figure of a classic work (M. D. Fox et al., 2005), where we

can summarize the concept of functional connectivity and anti-correlation.

Figure 8: Intrinsic correlation
between a seed region in the PCC and the
other voxels in the brain for a single
subject during resting fixation. The spatial
distribution of correlation coefficients
shows both correlations (positives values,
in red) and anticorrelations (negatives
values, blue). The time course for a single
run is shown for the seed region (PCC,
yellow), a region positively correlated with
this seed in the MPFC (orange), and a
region negatively correlated with the seed
region in the IPS (blue). From Fox et al,
2005.
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1.3 A new view of the brain function

As we mentioned in the first paragraph of this thesis, we can return to the old discussion
of the brain function. Nevertheless, thanks to the advance of the imaging techniques, and
especial to the discovery and robustness of the resting state networks, we can reformulate
almost all the questions that have been developed in the field, from what are the neural
correlates of a particular behavior, to, how is intrinsic activity modulated by particular

behavior?

1.3.1 Functional role of the Default Mode Network

We have seen throughout this chapter that spontaneous activity (measured with BOLD) in
the resting brain is organized in multiple functional networks (RSNs). In order to develop
this thesis, we need to emphasize the role and characteristics of one of these, the DMN, or
task-negative network, that is deactivated during task performances, and shows a high
oxygen consumption during the rest with a high degree of functional connectivity
(Raichle et al., 2001; Broyd et al., 2009). To understand the functional role of the DMN,

we can develop two ideas:

a) First, the relation between the pattern of deactivation in the DMN and the degree of
attention demanding. Recent articles deepen this issue. McKiernan and colleagues
manipulated cognitive load using an auditory working-memory task and detected an
increasing magnitude of deactivation in the DMN with increasing task difficulty. In other
words, the more demanding the task the stronger, the deactivation appears to be in
the DMN (McKiernan, Kaufman, Kucera-Thompson, & Binder, 2003; McKiernan,
D'Angelo, Kaufman, & Binder, 2006; Singh & Fawcett, 2008). In the next figure we

illustrate this important point:
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Figure 9: Magnitude of deactivation (and activation) as measured by fit coefficients averaged
across 30 subjects within each ROI by condition. Each panel represents the magnitude of
deactivation during: (A) easy task of stimulus discriminability, with moderate level for
presentation rate; and (C) difficult level of stimulus discriminability with fastest stimulus
presentation rate. From McKiernan et al., 2003.

The second point that we can explore for understanding the functional role of the DMN
arise in a subgroup of tasks that are not associated to a deactivation in the DMN, but
rather, with activation. A notable exception to this pattern of deactivation during goal-
directed activity occurs in relation to tasks requiring self-referential thought where only
specific DMN regions are specifically activated, i.e.: tasks involving judgments that were
self-referential (Broyd et al., 2009; Gusnard, Akbudak, Shulman, & Raichle, 2001)
resulted in increased activity in the dorsal MPFC, while the activity in the ventral MPFC
is attenuated (Gusnard et al., 2001). In the same way, an increase in the PCC activity has
been associated with increasing working memory load (Esposito et al., 2006). These
results suggest that some brain regions of the DMN are associated with introspective

thought (Buckner & Carroll, 2007).

In the same sense, some authors observed the behavioral competition between task-

focused attention and processes subserving stimulus-independent thought. During
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performance of cognitive tasks, thoughts occasionally emerge unrelated to the task or
goal (M. D. Fox et al., 2005; Simpson, Snyder, Gusnard, & Raichle, 2001). The more
stimulus-independent thoughts that occur during a task session, the worse the subject's
performance (M. D. Fox et al., 2005). Conversely, increasing the difficulty and attentional
demand of the task results in fewer stimulus-independent thoughts (M. D. Fox et al.,
2005). Given this and other evidence, the principal functional interpretation that we done
to DMN denote in the control of a state in which an individual is awake and alert, but not

actively involved in an attention demanding or goal-directed task.

(a) REMEMBERING (b) PROSPECTION (c) THEORY OF MIND

T T
LN

0| )

' .

Figure 10: Brain activation during three forms of self-projection. Each image displays the
midline of the left hemisphere with brighter colors, indicating regions of increased activation.
Note the remarkable similarity between the default regions and those engaged during self-
projection. From Buckner and Carroll, 2007.

In conclusion, the broad range of exogenous stimuli that cause deactivation in DMN
related areas lead to the view that endogenous processes need to be inhibited for the
successful execution of a task (Buckner and Carroll, 2007; Broyd et al., 2009; Raichle,
2010). This suppression of internal mental activity is thought to enable the reallocation of
attentional resources from internal processes to goal-directed behavior (Gilbert,
Dumontheil, Simons, Frith, & Burgess, 2007; Mason et al., 2007). As discussed earlier,
these results opened the door to the study of unconstrained states, present during rest and
modulated in a goal-directed behavior, e.g., monitoring of the body image, unconstrained
verbal thought or monitoring the external environment. As we will discuss below, some
researchers consider the DMN, as a system in the same way we might think of the motor

or visual system (Raichle, 2010).
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1.3.2 Anatomic considerations about the DMN

We had mentioned that the regions that make up the DMN comprise principally the
posterior cingulated cortex (and the adjacent precuneus), the medial prefrontal cortex, and
the posterior lateral cortex. Then, we summarize in anatomical and physiological terms
the main characteristics of these regions. In order to facilitate the description, we illustrate

the Brodmann Areas in the Human Brain.

Figure 11: Lateral and Medial surface of the brain with Brodmann’s areas (BA) numbered.
Kornibian Brodmann (1868-1918) was an anatomist who divided the cerebral cortex into
numbered subdivisions based on cell arrangements, types, and staining propierties.

1.3.2.a Posterior Cingulate Cortex/ Precuneus

Cytoarchitectonically the posterior cingulate cortex (PCC) is associated with Brodmann
areas 23 and 31, while the precuneus (PrCC) is associated with area 7. These regions
remain some of the less precisely mapped areas of the whole cortical surface (Vogt &

Laureys, 2005).

We highlight three main features about the PCC/PrCC: The first characteristic is
anatomical; PrCC has reciprocal corticocortical connections with the PCC and
retrosplenial cortices. This intimate interconnection is also bilateral, bridging homologous
components of the two hemispheres, and to some extent providing an anatomical basis for
their functional coupling (Cavanna & Trimble, 2006). PrCC is also selectively connected
with other parietal areas, namely the caudal parietal operculum, the inferior and superior

parietal lobules (SPLs), and the IPS, known to be involved in visuo-spatial information

24



processing (Cavada & Goldman-Rakic, 1989; Cavanna & Trimble, 2006; Leichnetz,
2001; Selemon & Goldman-Rakic, 1988). As we illustrated in Figure 12, the PrCC has

cortical and subcortical connections, most of which are bidirectional.

CORTICAL CONNECTIONS: SUBCORTICAL CONNECTIONS:
Medial parietal cortex: Thalamus,
posterior cingulate cortex posterior complex

PRECUNEUS central intralaminar complex
lateral posterior nucleus
ventrolateral nucleus
pulvinar (mainly lateral)

retrosplenial cortex

Lateral parietal cortex
inferior parietal lobule
superior parietal lobule

lateral intraparietal cortex

medial intrapanietal cortex

caudal parietal operculum

Frontal cortex; /
mid-dorsolateral prefrontal cortex

dorsal premotor area
supplementary motor area
Other association cortices

antenor intralammar nuclei

7

Stnatum
caudate nucleus and putamen

Claustrum
Brainstem

zona incerta
pregeniculate nucleus

/TR

pretectal nuclei

anterior cingulate cortex )
R (nghaTe o superior colliculus

medial prestnate cortex nucleus reticularis tegmenti pontis
superior temporal sulcus dorsolateral pontine nucleus

Figure 12: Summary of the cortical (left) and subcortical (right) connections of the precuneus.
Bidirectional arrows indicate reciprocal projections; unidirectional arrows indicate
afferent/efferent projections. From Cavanna and Trimble, 2006.

The second main characteristic of these regions is their particular metabolism. The
PCC/PrCC has the highest level of metabolism in human brain (Andreasen et al., 1995;
Magquet, 1997; Minoshima et al., 1997; Vogt & Laureys, 2005). Finally, the third main
feature is behavioral. PrCC and PCC are involved in episodic memory retrieval
(D'Argembeau et al., 2010; Greicius, Supekar, Menon, & Dougherty, 2009; Ries et al.,
2006; Shannon & Buckner, 2004; Szpunar, Chan, & McDermott, 2009), self-processing
(D'Argembeau et al., 2010; J. M. Moran, Lee, & Gabrieli, 2010; Ries et al., 2006),
consciousness (Cavanna & Trimble, 2006; Vogt & Laureys, 2005), and visuo-spatial
imagery®. These studies suggest that the precuneneus and the posterior cingulated cortex

play an important role in a diverse array of highly integrated functions that can no longer

% Some experiments have shown that the PrCC is more responsive during motor imagery than during real
execution of joystick and finger movements (Stephan et al., 2005; Cavanna, 2006).

25



be regarded as a simple extension of the visual-spatial processes subserved by the lateral

parietal cortices (Cavanna & Trimble, 2006).

1.3.2.b Medial prefrontal cortex (MPFC):

a) Ventral MPFC

Among the areas most prominently exhibiting a deactivation during a goal-directed
behavior is medial prefrontal cortex (MPFC) (Gusnard et al., 2001). The MPFC areas
involved often include elements of both its dorsal and ventral aspect. Dorsally, when
decreases are observed, they tend to spare the cingulated cortex, which usually exhibits an

increase activity during attention-demanding tasks (Gusnard & Raichle, 2001).

The ventromedial prefrontal cortex has been described as equivalent to Brodmann area
10. Sometimes, the term is saved for the area above the medial orbitofrontal cortex, while
at other times, 'ventromedial prefrontal cortex' is used to describe a broad area in the
lower (ventral) central (medial) region of the prefrontal cortex, of which the medial
orbitofrontal cortex constitutes the lowermost part. The orbitofrontal cortex (OFC) is
composed of cytoarchitectonically discrete areas that receive a range of sensory
information from the body and external environment (Gusnard & Raichle, 2001). This
information is relayed to the ventral MPFC through a complex set of interconnections.
Ventral MPFC also heavily connect to limbic structures, such the amygdala, ventral
striatum, hypothalamus, and brainstem autonomic nuclei (Doron & Moulding, 2009;
Sheline, Price, Yan, & Mintun, 2010; Shu, Wu, Bao, & Leonard, 2003). Because these
anatomical data implicate ventral MPFC in aspects of emotional processing, it has been
suggested that decreases in this area during focused attention might reflect a dynamic
interplay between continuous cognitive and emotional processes, as shown in many

functional imaging studies (Gusnard & Raichle, 2001; Shulman, Fiez et al., 1997).
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b) Dorsal MPFC

The dorsal MPFC often decreases its activity together with the ventral MPFC during
goal-directed activities (Gusnard & Raichle, 2001); however, both activities can
sometimes be dissociated. In some occasions, dorsal MPFC (BA 8, 9 and 10) present an
increase above baseline in its activity. The cognitive processes that are covered fall into
two general categories. The first involves monitoring or reporting one’s own mental
states, such as self-generated thoughts (Gusnard & Raichle, 2001; McGuire, Paulesu,
Frackowiak, & Frith, 1996, Pardo, Pardo, & Raichle, 1993), intended speech and
emotions (Frith & Frith, 1999; Gusnard & Raichle, 2001; Pardo et al., 1993). A second
category of experiments that engage this region involves attributing mental states to

others, or explicit representations of states of self (Frith & Frith, 1999).

Similar mental activity arises spontaneously when subjects are not actively engaged in
goal-directed behaviors, i.e., stimulus-independent thoughts (or daydreams) (Burgess,

Dumontheil, & Gilbert, 2007) and task-unrelated imagery and thought (Giambra, 1995).

1.3.2.c Posterior lateral cortices

Task-independent decreases in the posterior lateral cortex occur bilaterally in BA 40 and
39 (parietal lobe), and in BA 22 (temporal lobe) and 19 (occipital lobe) (Gusnard &
Raichle, 2001; Raichle et al., 2001; Shulman, Fiez et al., 1997). In order to describe these
regions, we need necessarily to make a differentiation between the DMN and the ventral
attention network (VAN). Corbetta and collaborators have developed a detailed work
about this network, that comprise the supramarginal gyrus, the superior temporal gyrus
(or temporal parietal junction, TPJ), and middle and inferior prefrontal cortex (Corbetta &
Shulman, 2002a; Corbetta et al., 2008). As with the DMN, we can observe a sustained
deactivation in VAN when we focus the attention in an object. In contrast to the DMN,
when an unexpected but important event evokes a reorienting of attention these region are

transiently activated (Corbetta et al., 2008). In the next figure we illustrate this point.
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Figure 13: Focusing attention on an object (Left panel) produces sustained deactivations in
ventral regions as supramarginal gyrus, superior temporal gyrus (TPJ), and middle and inferior
prefrontal cortex (blue colors), but sustained activations in dorsal fronto-parietal regions in the
intraparietal sulcus, superior parietal lobe, frontal eye fields, 