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Chapter 2

Neural Mechanisms and Systems.

I saw the hideous phantasm of a man stretched out, and then, on the working of some powerful
engine, show signs of life, and stir with an uneasy, half vital motion. Frightful must it be;
for SUPREMELY frightful would be the effect of any human endeavour to mock the stupendous
mechanism of the Creator of the world.
Preface to the 1831 Edition
Frankenstein; or, The Modern Prometheus
Mary Shelley

2.1 Overview.

In this chapter I focus on particular areas of current neuroscientific research
which, I suggest, are most relevant to the biological structures underpinning
virtue.

I focus first on the umbrella category of mechanisms underpinning brain plasticity,
the anatomical restructuring of the brain in the process of learning, through the
impact of environment or as a result of passive or freely elected experience.
Plasticity is of central interest in this study because virtue is a manifestation of
conscious experiential learning. I review the numerous cellular, molecular and
genetic systems and mechanisms of neuronal structural plasticity, and suggest
that mechanisms of structural plasticity underpin the formation of virtue,
understood as good habits. “Neuroplasticity is the key bridging process” for
learning. 242 Plastic anatomical changes are at the neuronal basis of a range of
phenomena, including habitual actions,243 and the attention, motivation and goal
election required in conscious learning.

I then present current research into learning and memory. It is argued that, as
virtue development is a form of memory and learning, mechanisms of plasticity
242

Pontifical Council for the Sciences. Working Group on Neuroplasticity and Education. Final
Statement. October 2010. http://www.casinapioiv.va/content/dam/accademia/pdf/sv117.pdf.
(accessed 2 November 2012).
243
Typical of the literature: Graybiel, “Habits, Rituals, and the Evaluative Brain,” 359-87.
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such as long term potentiation (LTP) and other processes for synaptic
strengthening, as well as other mechanisms such as myelination that serve to
consolidate pathways, will be involved. Recently identified mechanisms for
imitation associated with what are known as mirror neurons, discovered by Italian
researchers in the early 1990s, are outlined as field that promises significant
insights into forms of imitative learning that occur in the early stages of virtue
development.

Then I review studies representative of major themes of current neuroscientific
research in a number of areas. My focus is on the brain’s capacity to develop
establish or consolidate pathways for behaviours and for the cognitive-emotional
regulation of those behaviours. Mechanisms of plasticity accord a degree of
permanence to the neurobiological changes in each of these areas and hence to
the behaviours supported by those neural bases.


Currents of contemporary research into the role of the BG are reviewed.
The BG have been understood for decades as having a role in the
formation of motor habits, but now also their contribution to decision
making and motivation is recognised.



I then consider the neural bases for emotional control. Emotional control is
central to a life of virtue. Virtue, as will be seen below, was understood by
Aristotle and Aquinas to empower us to manage our emotional lives.



Then the focus moves to current research into goal directed behaviours
and reward activation. Virtue consists not just any habitual action, but in
consciously elected good habits. Reward pathways provide a key
mechanism for positive goal election which is a necessary aspect of the
process of the development of virtue.



The final section in this chapter will review strands of current research in
the vast field of cognition and executive function. I will consider neural
bases for cognition and executive function including consideration of
consequences, planning, goal election and executive direction. Virtue, as
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understood by Aristotle and Aquinas, is a characteristic of rational life, and
therefore it is essential that any proposal for the neural bases of virtue
encompass conscious executive direction, decision making, planning,
assessment of consequences, all in the light of the underpinning
Aristotelian anthropology discussed in Chapter 1.

This selection of areas of focus has been progressively refined at the draft stage of
writing in the light of the analysis I develop in Chapter 5.

Figure 2.1 Gross anatomy of the human brain.
Source: Moore, K.L.et al. Clinically oriented anatomy. Philadelphia: Wolters Kluwer, 2010. 879.
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Specific neuroscientific content essential to the argument of the thesis is included
within this study proper. Familiarity with the fundamentals of contemporary
neuroscience is treated as assumed knowledge so I recommend that readers with
a non scientific background refer to Appendix 2. A Brief Introduction to
Neuroscientific Concepts and Terminology.244

2.1.1 Rationale for the structure adopted.

In this section my selection of the above areas of investigation is discussed and
justified.

My argument is summarised as follows. New imaging techniques and a
consequent increasing weight of studies argue that it is possible to identify
specific areas, pathways, systems and mechanisms in the brain that, at the neural
level, support behaviour. Moreover the Templeton grants provide a rule-of-thumb
confirmation that areas of investigation in this study are consistent with the
contemporary attempts of others. Furthermore a simple analysis of the human
act identifies a number of key systems that one would expect to find implicated in
habitual behaviours. Finally, several arguments are proposed with a view to
justifying the inclusion of the BG as an important area of investigation in this
study.

2.1.1.1 Imaging the brain.

Although there is no literature detailing the neural substrates for virtue, rigorously
defined, it is a fortuitous time to be attempting such a task. A wealth of data and
enriched understanding of brain structure and function have come to light in the
past two decades directly as a result of new imaging techniques. Neuroscientist
Antonio Damasio wrote in 2005, “More may have been learned about the brain
and the mind in the 1990s, than during the entire previous history of psychology
244

My more detailed and broader review of fundamental neuroscience, prepared as introductory
work on this thesis, is also available on request.
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and neuroscience.”245 These imaging techniques not only permit high resolution
studies of brain activation in real time, but they offer insights into previously
unrecognised contributions of deep brain regions, and the data may be applied to
an understanding of virtue as good habit, simplistically speaking.

Figure 2.2 Examples of high resolution magnetic resonance images. These are T2 weighted
images in which white matter (myelination) appears darker than grey matter.
Source: Nolte, John. The human brain. An introduction to its functional anatomy. 6th ed. Philadelphia:
Mosby, 2009. 116. Obtained by courtesy of Dr Joachim F. Seeger, University of Arizona College of Medicine.

The implications for a greater understanding of human behaviour are far reaching.
Pontifical Academy of the Sciences gathering of experts in Human Neuroplasticity
and Education in October 2010 concluded:
The methods of brain and cognitive sciences have reached a
stage such that we can now objectively monitor the
developmental trajectory of the child’s brain and document
how this trajectory is being shaped by parenting, education,
and other environmental influences.246
245

Quoted in: David Rock, “Recent insights on the brain that change everything”, Quiet leadership:
Help people think better, don’t tell them what to do, prepublication draft (New York: Harper
Business, 2006).
246
Pontifical Council for the Sciences. Working Group on Neuroplasticity and Education. Final
Statement. October 2010.
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These imaging advances have allowed more precise temporal and spatial
identification of brain areas implicated in specific function and processes than has
ever been possible before, and have led to a surge in understanding of plasticity in
the brain, of localised functionalities, of connectivities, and of the scale of cortical
networking.

See 2.1.3.e. for caveats regarding neuroimaging. Principal neuroimaging
technologies in use are summarised in Appendix 3 Neuroimaging Technologies.

Figure 2.3

An example of the use of combined PET and MRI imagery to detect areas of
increased cortical activity in specified tasks. Imaging demonstrates changes in
blood flow on the lateral surface of the occipital lobe as subjects attend to
moving visual (as opposed to stationary) stimuli. The four images in each row
15
are of the same subject. PET scanning after intravenous injection of H 2 O
mapped blood flow, and T1-weighted MRI scans permitted reconstruction of the
surface of each brain. Data was then coregistered. Source: Watson, J.D.G. et al.
Cerebral Cortex 3:79 (1993). Cited in Nolte, John. The human brain. An introduction to its functional
anatomy. 6th ed. Philadelphia: Mosby, 2009. 136.
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2.1.1.2 Prima facie confirmation for the broad direction of this investigation:
Projects recognised in the 2009 Templeton Positive Neuroscience
Awards.

In 2009 the Templeton Foundation fund offered substantial grants, the Positive
Neuroscience Awards, for research into the neural bases for virtue. 247 Impelled
by this support there has been an explosion of research focussing explicitly on the
neural bases of virtue. Topics of the projects chosen by the recipients of the first
round of grants are broad and disparate:


The effect of specific genes on the neurotransmitter dopamine (DA) which
is understood to be a factor in resilience.



The neural processing of attention in schizophrenics and meditators.



The relationship between social support and genetic action.



The effects of meditation on the structure and function of the
ventromedial prefrontal cortex (VMPFC), hippocampus, and amygdala,
brain regions part of the neural circuit critical for deactivating conditioned
fears.



Neural connectivity in musicians.



Whether heroically altruistic people show greatest sensitivity to fearful
expressions, more amygdala activation, and enhanced amygdalaprefrontal connectivity.



The neural bases of trained resilience following intense stress.



Activity in the reward areas of the brain when subjects share the positive
emotions of others.



The relationship between the activity of nerve fibres transmitting gentle
touch, empathy and bonding.

247

Templeton Report; News from the Templeton Foundation, http://www.templeton.org
(accessed 8 July 2009) The Templeton Positive Neuroscience Award, funding “methodological
rigorous projects that apply the tools of neuroscience” in four categories. One category of grants is
for research identifying “the neural bases of the cognitive and affective capacities that enable
virtues such as discipline, persistence, honesty, compassion, love, curiosity, social and practical
intelligence, courage, creativity and optimism”.
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Brain regions for empathy and altruism.



A study of the impact of genotype, and hormonal, and neural differences
in nurturing behaviour of fathers.



The relation of reward systems of the brain to intrinsic reward.



A study of the possibilities of altering the response of one’s amygdala.



A study of the neural processes supporting positive thought and affiliation
to others.



A study of the cooperation of various neural regions in the processing of
emotion.

The areas of interest in these projects are broadly in accord with those selected in
this chapter. However it is noticeable that Templeton projects appear to lack a
rich understanding of virtue that could assist in directing their search. The work of
Chapters 3 and 4 will directly focus on provision of a coherent underlying
definition of virtue to assist in identification of neural bases.

Several observations are relevant:


The Templeton list provides insights into current thinking about the neural
bases of virtue. There is agreement that the neural bases of virtue are
identifiable and that they are multifaceted.



All subheading themes which are the focus of Chapter 2 are represented in
this current list, except, tellingly that of 2.4 focussing on the role of the BG.
It is possible this is so because the classic definition of virtue as good habit
has been overlooked. It is proposed that an Aristotelian-Thomistic
anthropology and definition of virtue can greatly assist the search for the
neural bases of virtue.



Furthermore without an Aristotelian-Thomistic understanding of the
intrinsic relationship of virtue to human flourishing, the neural features of
virtue may well remain elusive for they will have lost a connection with
biological development. This current study proposes that the neural bases
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of virtue, in the light of Aristotelian thought, denote not only the holistic
but also the biological flourishing of the organism.

It is hoped that his current study seeking neural bases consistent both with
rational psychology and the neuroscience will add substantially to the endeavour
of identifying the neural bases of virtue.

2.1.1.3 The human act provides insight into the function of virtue.

A further key to this task is the enriched understanding of the human act offered
by Aristotle and Aquinas. In a simplified model of any human act, there are four
steps leading to rational action: desire, emotion, reason, and choice/action. Such a
division provides a starting point for productive analysis with the purpose of
identifying neural correlates. Virtue must essentially be understood as the stable
disposition to act well, ie to carry out these four steps well. (See 3.1.3 for
elaboration of these points.)


Desire corresponds to the motivation underpinning acts. Aristotle argues
that, when a creature acts virtuously, it is motivated by the desire of acting
for its own natural good. Aquinas writes similarly, “a good habit is one
which disposes to an act suitable to the agent’s nature”.248 Hence the
motivational pathways, the pathways of reward activation, appear
implicated in our search for the neural bases of virtue. A further feature at
this point may be the pleasure that Aristotle argues accompanies the
exercise of virtue.249



A second key to understanding the neuroscience of virtue is to understand
the neuroscience of emotion. A classical understanding of virtue is that it
assists us to manage our emotional lives; hence, the neural bases for
emotion, and for the cortical regulation of emotional pathways, appear
implicated.

248
249

ST, Ia, Q.54, Art.3.
NE, 1104b.
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Next we apply the understanding that human acts, and hence virtuous acts
as a subset of human acts, must be guided by reason. Aquinas wrote, “the
habits of the moral virtues are caused in the appetitive powers, according
as they are moved by the reason”.250 The various pathways of the brain
that contribute to planning, memory, logic and cognition, are relevant
here.



Furthermore all human acts require the exercise of choice. The coconstituent of man’s rationality is the will, man’s capacity for choice.251 In
fact, Aristotle proposed that virtue is the “habit of choosing”. The neural
bases of executive action, goal election and attentional systems appear
implicated in the neuroscience of virtue.

Add to these constituent steps of the human act, the understanding that virtue is
a stable and easily repeated behaviour. So, it is necessary to investigate the
neuroscience of habit formation. Further, it will be argued in Chapters 3 and 4
that the four cardinal virtues have distinctive roles each with specific neural basis.
Hence distinction at the neural level, of the four cardinal virtues, will be also
require discussion.

2.1.1.4 Insights into the basal ganglia.

The brain regions and pathways associated with the BG, linking habit formation
and volition, appear to offer a significant key to understanding the neural bases of
virtue. Research into the BG sheds light on procedural memory and habit learning,
and recent studies of cortical plasticity and the role of BG-thalamo-cortical loops
with their widespread cognitive-emotional interaction offer understanding of
processes of planning, goal selection, self regulation, attention and motivation.

250

ST, Ia-IIae, Q.51, Art.3.
The term “co-constituent” is used a number of times in the course of this thesis, denoting the
relationship to virtue of both rationality and biophysical processes.
251
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a) Pathological insights into dysfunctional basal ganglia: Huntington disease,
Obsessive Compulsive Disorder, Parkinson disease, and Encephalitis Lethargica.

Pathological studies into Huntington disease, Obsessive Compulsive Disorder
(OCD), Parkinson disease, and Encephalitis Lethargica (EL), assisted by new
imaging technologies, argue for an expanded role attributable to the BG.
Consistent with this view, this study presents the BG as an important player in the
complex interplay of multiple brain regions active in reward and emotion
processing, motor instruction, and goal election. Prior to this study there appears
to be no literature identifying a decisive role of the BG in the formation and
exercise of virtue.

An important source of knowledge about the brain, and particularly about
subcortical structures is obtained through autopsy seeking causes for abnormal
behaviours in the years preceding death. A number of conditions are linked to
diseases of the BG. Although loss of motor control is the most obvious
manifestation in each case, behaviour change associated with the illness provides
insight into the breadth of function of the BG. In many cases dysfunction in the BG
has been associated with a significant loss of emotional regulation, executive
capacity, and capacity to read social cues.252

In The Exceptional Brain, Robert Kaplan, a clinical professor of psychiatry,
documents the trajectory of BG diseases of the BG on Woody Guthrie (Huntington
Disease), Howard Hughes (OCD), and Adolf Hitler (Parkinson Disease). His broad
brush conclusions throw into relief the cognitive contribution of the BG, thereby
adding weight to the view that the BG play an integral role not only in motor
function but also in the development of conscious and volitional habits.

The most significant conclusions may be summarized:

252

Robert M. Kaplan, The Exceptional Brain (Sydney: Allen and Unwin, 2011).
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Huntington disease is characterised by uncontrolled movements, not
uncommonly accompanied by symptoms of psychological dysfunction:
increased moodiness, anger, loss of self control, depression, substance
abuse, absence of personal hygiene and loss of sexual inhibition. Psychoses
are evident in up to 12% of cases. 253 Huntington disease is caused by
neural degeneration in the BG as a result of a gene mutation. Huntington is
characterised by severe degeneration of the putamen and caudate in the
BG and of the frontal cerebral cortex, and is associated with an excess of,
or supersensitivity to, DA in the substantia nigra (SN).254 That Huntington is
associated with changes in personality and psychological health argues for
a broader attribution to the BG than that of movement control.



OCD is associated with obsessional behaviours. Untreated OCD can
develop a psychiatric or psychotic dimension, a loss of touch with reality.
OCD is caused by dysfunction in the caudate nucleus and irregularities in
the BG (with some frontal cortex contribution) of DA and 5hydroxytryptamine (5-HT) more commonly known as serotonin. The
repetitive nature of activity appears caused by excessive DA release.
Anxiety manifests as a comorbidity when this compulsivity is associated
with lack of 5-HT control over DA release. 255 Kaplan describes OCD as “an
anxiety disorder”. That this disease of the BG may often be successfully
treated by cognitive therapies,256 possibly suggests that the caudate
possesses plasticity, and that the caudate has a cognitive role. 257 In any
case, intractable cases of OCD can be successfully resolved by operating to
disconnect the pathway between the thalamus and the prefrontal cortex
(PFC), the striato-thalamocortical pathway. That OCD is associated with
changes in personality and psychological health argues for a broader
attribution to the BG than that of the mediation of repetitive behaviours.

253

Kaplan, The Exceptional Brain.
th
Kathryn L. McCance and Sue E. Huether, Pathophysiology, 6 ed. (Missouri: Mosby Elsevier,
2010), 568, 570.
255
McCance and Huether, Pathophysiology, 662.
256
As documented by Schwartz and Begley, The Mind and the Brain.Schwartz is a recognised
authority on OCD therapies.
257
Kaplan, The Exceptional Brain, 253-256.
254
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Parkinson disease is a common movement disorder resulting from
degeneration of the BG. Some 50% of sufferers of Parkinson disease also
show cortical and executive function deficits in addition. Parkinson can also
be associated with the development of OCD. Both these comorbidities
attest to the cognitive contribution of the BG. When the DA inhibitory
influence in the BG is diminished, the tremors of Parkinson disease
develop. 258 259

Furthermore, encephalitis lethargica (EL) the mysterious sleepy sickness epidemic
early in the 20th century, appears to have been a disease of the BG. Amongst the
alarming effects were a loss of will, and at times an insensitivity to situations
requiring will power.260

b) A role for the basal ganglia in volitional habits.

The pathways and mechanisms of addition (2.6.6) and insights into the cognitive
consequences of diseases of the BG provide important insights into the
development of volitional habits. The fact that addictions develop not only from
the intake of substances (for example, nicotine and alcohol), but also from
behaviours (for example morally negative behaviours such as viewing
pornography, and morally neutral behaviours such as computer gaming and
distance running). A subject may find himself addicted against his will because of
ignorance of addictive behaviours (video gaming, for example), but an addiction
258

McCance and Huether, Pathophysiology, 569, 572; Carol Mattson Porth, Essentials of
rd
Pathophysiology, 3 ed. (Philadelphia: Wolters Kluwer, 2011), 912.
259
Often Parkinsonian patients manifest the disease on one side only. Kaplan points out that Hitler
demonstrated a dominance of the right hemisphere long before his Parkinson became obvious in
the last years of the war. Any exaggerated dominance of one hemisphere brings with it clear
deficits. Hitler manifested extreme emotional reactions in keeping with right hemispheric
dominance of affectivity. This is further in keeping with underdeveloped left hemisphere, a poorly
developed capacity to step back and reflect, or to appreciate timing (consider the debacle
following the German invasion of Russia). It is clear that the greater the integration of the various
neural areas the greater the capacity to flourish. That Parkinson is associated with changes in
personality, psychological health and emotional regulation argues for a broader attribution to the
BG than that of motor control. See Kaplan, The Exceptional Brain, 253-256.
260
Paul Foley, “The Encephalitis Lethargica Patient as a Window on the Soul” in The Neurological
Patient in History ed. L. Stephen Jacyna and Stephen T. Casper (Rochester, NY: U of Rochester
Press, 2012), 184-214.
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may also result from the subject knowingly indulging in an activity that he knows
will become harder and harder to resist. This raises the distinct likelihood that
positive behaviours may also be pursued with intention that such behaviours
become facilitated.

Of course not all activities become addictive; no amount of washing up or making
our beds will give us an addiction to washing up or making our beds. Yet it is
universal human experience that activities frequently performed in childhood
induce not only a capacity to perform that activity in adult life, but also a tendency
to do so (to make one’s bed on rising, to wash glasses rather than leave them in
the sink, etc). Such tendencies are not addictions, but are rather what we could
call volitional habits.

It is possible to propose that these volitional habits may be mediated by plasticity
in the upper cortex but this explanation in isolation appears less than adequate. It
fails to take into account the demonstrated role of the BG in mediating repetitive
behaviours arising from addiction, OCD, Tourette Syndrome, and in its
demonstrated contribution to consciously directed movement, a role that has
become dysfunctional in Huntington, Parkinson and EL. There is a very strong case
to be made that the BG are integrally involved in the development of volitional
habits (2.4):


We know that, without dependency on the PFC, the BG are integral to
non-volitional habits, addiction and compulsions (OCD, Tourette
Syndrome, etc). It does not logically follow that just because the BG are
integral to non-volitional habits that they are not also implicated in
volitional habits. In fact, given recent knowledge of pathways,
interdependence, and the cognitive contribution of lower cortical
structures, I suggest the weight of evidence has dramatically shifted
towards this latter view.



The role of the BG is now increasingly understood in both cognitive
operations, and in reward based activity, and therefore in emotional
97

management and goal setting. The role of the BG in instructing cortical
areas, in clarifying motor and reward messages to cortical areas, is now
also better understood. (See especially 2.4 and 2.6 for references.)


We now know that reward representations in the cortex, in the
orbitofrontal cortex (OFC) and PFC (see 2.6.5) are linked to the reward
representations in the BG. Horvitz, for example, draws attention to the
sustained activity in cells of the striatum in anticipation of reward as a
mirror of reward coding in the OFC.261 Such cortical management of
striatally based behaviour patterns is consistent with the action of virtue.



We also know that these volitional, reward based responses are mediated
in the ventral striatum, and that in time these transform to reward
independent, overlearned experiences mediated in the dorsal striatum.262
Sustained volitional behaviour in the face of a lessened significance of
reward is consistent with the action of virtue.

A mechanism for volitional habits appears present here. This appears to be a
neural pathway integral to the support of virtues in the brain. It remains to be
demonstrated whether the BG be implicated in the full range of habitual
behaviours that arise through virtue, or only in simpler procedural, but volitional
and virtuous, behaviours, such as habitual routines of work and courtesy, respect,
and positive self talk.

In conclusion, it may be seen that there is prima facie evidence for the selection of
the key subheadings of Chapter 2: mechanisms of plasticity, mechanisms of
learning, memory and imitation, understandings of particular neural structures
with a particular focus on the BG, neural bases for emotional control, goal
directed behaviours and reward activation, and cognition and executive function.

261

Jon C. Horvitz, “Stimulus-response and response outcome learning mechanisms in the
striatum,” in Behavioural Brain Research 199 (2009): 133.
262
Lovinger offers an excellent overview of current knowledge of plasticity in the dorsal striatum.
David M. Lovinger, “Neurotransmitter Roles in Synaptic Modulation, Plasticity and Learning in the
Dorsal Striatum,” Neuropharmacology. 58(7) 2010: 951–961.
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2.1.2 Search information.

Information about my search for relevant neuroscientific studies is set out in
Table 2.1 in the endpapers. My focus was to obtain studies representative of
current knowledge. By preference I sought recent studies and recent, review
studies. Of the studies yielded by these literature searches, I deemed many
inappropriate for selection because they were irrelevant to this project, too
narrow in scope, anecdotal and pertaining to limited samples, or superseded by
later studies. I obtained a number of other studies first identified as references in
studies that I had selected in the search process. In addition material was
obtained from numerous recently published texts and monographs. Several
prominent authors in the fields of plasticity were contacted in an effort to locate
all relevant studies. In my final stage of writing and editing, I checked for new
information and included content from some 25-30 new studies.

Consequently material obtained from close study of some 110 papers and
approximately 30 recently published texts and monographs has been integrated
into the discussion of this chapter.

2.1.3 This neuroscientific investigation carries some caveats.

Although the goal of associating complex psychological phenomenon with neural
substrate is still very much a field in its infancy, this study draws on a growing
tradition of highly credentialed contemporary literature which links function with
specific processes, mechanisms, pathways and areas of the brain.

Much about neural processes remains currently undescribed so it is necessary to
be somewhat measured in conclusions. While likely biological mechanisms have
been identified, the basis of the interface between biological molecular processes
and conscious learning and memory is still conjectural. For example it is not
understood how modifications of neuronal connections form a representation of
reality to the person. What has become clear is that the brain operates as a highly
99

complex network, with sophisticated, concurrent signalling and reciprocal
interactions between multiple brain regions and systems, attuned to the
orchestration of outputs at the service of the acting person.

As is evident in Chapters 2, 3 and 5 this approach aligns with the methodology of
much contemporary neuroscientific research in seeking to identify brain regions
and pathways which are actively implicated in specific activities (eg executive,
cognitive, attentional, limbic, sensory regions and pathways). While it is true that
rigid localisation theories of the brain have given way to a broader focus on
pathways, on integrated and flexibly acting brain regions, and on some
appreciation of the complexity of networking in brain, it is also clear that specific
areas and pathways demonstrate direct and at times critical involvement in
particular functions.

There are contrasting schools of thought with reference to the anatomofunctional model, a form of localisation, that has arisen as a consequence of more
precise imaging. Desmurget et al. propose that their data calls into question what
they see as a fashion of functional localisation that has penetrated even our most
complex human faculties. (See also 2.2.6.) They cite an extensive list of papers
that they argue have taken the concept of localisation to an unwarranted degree,
including the work of Anderson et al. in 1999 who placed our moral sense in the
PFC, Azari et al. who argued that religious experience is built into our nervous
system within a restricted fronto-parietal network, and Bartel’s and Zeki’s thesis
that romantic and maternal love engages the medial insula and the anterior
cingulated cortex. They argue that the brain is not “a rigid mosaic of
independently encapsulated modules.” 263

Furthermore, philosopher Martha Nussbaum uses the very notion of plasticity to
argue against precise localisation of function, and to oppose the view that we
“include a particular physiological process as a necessary element in a definition of
263

M. Desmurget et al. “Contrasting acute and slow growing lesions: a new door to brain plasticity
(Review),” Brain 130 (2007): 898-914.
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a given emotion type”.264 Yet she uses the word plasticity in a slightly unusual
manner in relation to the vast contemporary literature on physiology of the brain,
suggesting that plasticity is opposed to a view that specific processes, pathways
and locations may be identified with any certainty in the brain.

These are however the dissenting voices. Although “functional localisation” is by
no means a universally accepted position, a judicious acceptance of the notion of
“localisation” may be found in the vast majority of relevant current studies.
Certainly the old localisation theories are now discredited but new imaging
approaches and advances in molecular biology are helping us identify when
information about processes, pathways and locations is reliable or when greater
caution should be applied.

a) The brain is constantly in a state of change.

The brain changes physically and constantly in response to input from within and
outside the body. In addition to this passive process, the individual has the
capacity to self-manage change. In other words every choice we make, wherever
we direct our attention, every move we make, every word we speak, in short,
every input from our environment, works change in our brains on a functional and
often structural basis.

This study takes the position, aligned with a great majority of current
neuroscientific studies seeking neural bases for processes, that this state of
constant change does not preclude the possibility of detecting patterns of neural
activation.

b) Our appreciation of the complexity of brain networking is at a rudimentary
level.

264

Martha C. Nussbaum, Upheavals of Thought (Cambridge: Cambridge University Press, 2001),
115.

101

The complexity of the human brain is a result not only of the vast numbers of
neurons and glial cells (some 100 billion neurons and perhaps twice that number
of glial cells), nor simply of the number of synaptic interconnections between
neurons (estimated at an average of several thousand per neuron), but also of the
pathways and networking that integrate the various brain regions. For example,
the significance of certain subcortical areas reciprocally connected to the cortex is
being increasingly understood. Sub-cortical areas that had been thought, only two
decades ago, to be mere relay stations for motor commands are now understood
to play integral roles in cognitive function. The complex contribution of the
cortico-striatal-thalamocortical pathways, as a further example, have been a rich
field of research in recent years.

As scanning technologies have improved, localisation theories of the brain have
given way to an understanding of the flexibility, complexity and integration of
neural networking. In 5.3 I will be discussing the extension of neural networking
and collaboration of systems in the brain. Within this context much contemporary
neuroscientific research seeks identify brain regions which are actively implicated
in specific function.265 It remains clear that specific areas demonstrate direct and
at times critical involvement in particular functions. Conclusions in this study will
be required to respect principles of functional integration and of specific function.

c) The basis of the interface between molecular processes and conscious
processes, such as learning and memory, is still conjectural.

265

A corollary of this point is that there is a lack of universal agreement about language and
terminology from one author/researcher to another. This seems to arise principally because
knowledge in this field is expanding faster than the conventions of discussion. By the term
“consolidation” of pathways I will refer to changes in the anatomical characteristics of the neurons
with the result that neuronal activity is facilitated; by “hard wiring” I will understand the
anatomical structures of neurons, the subunits of all nerve pathways, a meaning is often found in
the literature. Note however, there is no universal agreement on this usage. Some authors use the
term to refer to neurons established before birth, or in critical stages of development, others
distinguish “hard wired” by which they mean not experience dependent, from what they call “soft
265
wiring”, by which they refer to experience dependent . In a similar way, “hardwired” is
sometimes opposed to “plastic”. Note usage in Doidge, The brain that changes itself, 95.
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Although various convincing hypotheses (eg LTP) are proposed for the molecular
mechanisms of memory with the support of a growing body of evidence, and
while the manner by which networked neurons may mediate memory and
learning is supported by plausible computer modelling, the actual processes are
not described. Currently there is no neuroscientific understanding of the
relationship between neural mechanisms and mental representations.266 The
position of this study, based on the integrity of rational and the biological in man
according to Aristotle and Aquinas, is that mental and biological events are
coincident manifestations of the one phenomenon. (Refer to Chapter 1
discussion.)

In line with the abundant current research into plasticity, memory and learning,
we will seek to identify processes, mechanisms and pathways that are implicated
and, at times critically so, in the functioning of the person.

d) Our experimental knowledge of brain function is derived from animal as well
as human studies.

It is necessary to be cautious in transferring conclusions in animal studies to the
human domain. Nevertheless “clinical findings strikingly parallel animal
experimentation data,” indicating that function and structure can be highly
phylogenetically conserved.267

e) Our capacity to study neuronal activity in real time and with precision is
uneven and still developing.

The “voodoo correlations” and “neurotrash” line of criticism popularised by
Raymond Tallis, in rubbishing practically every attempt to relate localised brain
function to human behaviour, goes beyond what is broadly acceptable in the
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Daniel J. Siegel, Neurobiology of We, (Sounds True Audio Lectures, 2008).
See for example discussion in A. V. Kalueff, “Neurobiology of memory and anxiety From genes
to behaviour. (Review) “Neural Plasticity,” Hindawi Publishing Corporation (2007): ID 78171, 6.
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neuroscience community.268 Of more weight however are the tightly argued
criticisms of Edward Vul et al.269

Neuroimaging has definite limitations. Educator and neuroscientist John Geake
comments: 270


We must always bear in mind that brain structure is extremely complex,
and function, non linear.



The vast functional interconnectivity of the brain means that mappings of
structure to function, the neural bases of specific tasks,271 are not straight
forward activities.



The data is limited by the imaging method chosen.



Neuroimaging data is a statistical comparison of indicators of neural
activation against a baseline that has been set by the researcher, and that,
as “most of the brain is involved in any cognitive task”, changes in
statistical parameters will change the apparent results. Imaging data
defining areas of heightened neural activity in a given task certainly must
not be interpreted to mean that other areas of the brain may not be
implicated in that activity.272



The mere fact that an area of the brain is implicated in a given activity does
not provide direct insight into the contribution that area makes.

Johnson et al. reflect this wariness. They argue that imaging depends upon choices
of the researcher: “thickness of brain slices, level of clarity and detail, techniques
for filtering signal from noise, and choice of individuals to be sampled”; and they
caution that there is rarely a 1:1 correspondence between region and function.
268

See above, 1.5.
Edward Vul et al. “Puzzlingly high correlations in fMRI studies of emotion, personality and social
cognition” Perspectives on Psychological Science 4, No 3 (2009).
270
Geake criticizes some forms of “educational neuroscience” seeing it fraught with dangers of
oversimplification, and typified by the fads such as brain gym exercises and neuromyths of left
brain and right brain thinking that overlook the abundant interconnection between the
hemispheres. Nevertheless, despite this balanced skepticism, he concludes that neuroscience can
do much to inform our understanding of learning.
John G. Geake, The Brain at School (Berkshire: McGraw Hill, 2009).
271
John G. Geake, The Brain at School (Berkshire: McGraw Hill, 2009), 36.
272
Geake, The Brain at School, 29.
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They cite a celebrated misuse of functional magnetic resonance imaging (fMRI)
study of swinging voters prior to USA presidential elections to illustrate the
problem of reverse inference and that because brain regions may be activated by
many different processes, it may not be possible to draw conclusions about
specific mental states, motivations and cognitive processes.273

f) Cross disciplinary studies involving neuroscience are uneven in quality.

New fields such as neuroethics,274 and even neurotheology, have flourished, along
with some intelligent to absolutely shonky writings and therapies blending brain
science with educational, business and even entertainment.275 Usma Goswami has
offered a telling review of “brain based” learning packages, too many of which,
the author argues, are “scientifically spurious applications”.276

A growing number of commentators in this field focus on fulfilment through
relationships, finding evidence for this position in the neuroscience itself. For
example, neuroscientist Daniel Siegel pioneers a field he calls “interpersonal
neurobiology”, or the “neurobiology of we”.277 Despite the jargon, Siegel’s
approach broadly accords with cognitive management of emotion, and with the
view that attention and plasticity are linked. Unfortunately, and this is a common
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S. B. Johnson et al. “Adolescent maturity and the brain: The promise and pitfalls of
neuroscience research in adolescent health policy,” Journal of Adolescent Health 45, (2009): 216221.
274
Daniel J. Siegel, Mindsight (Melbourne: Scribe, 2009), 267.
275
A sample of recent books: Andrew Newberg and Mark R. Waldman, Born to Believe (NY: Free
Press, 2006); Bob Garrett, Brain and Behaviour (Los Angeles: Sage, 2011). Note also the spread of
“neurolinguistic programming”, “auditory therapy”, brain building Nintendo, etc.
276
Usma Goswami, “Neuroscience and education: from research to practice?” Nature Reviews
Neuroscience (on line 12 April, 2006), 7.
277
In Mindsight Siegel advocates “mindsight”, the capacity to reflect on the internal workings of
our minds, to monitor and modify “the flow of one’s thoughts within the Triangle of Wellbeing”
made up of relationships, mind and brain. He describes it as a kind of focused attention giving
insight into our mental processes so that we can “name and tame” emotions we are experiencing,
and develop a greater capacity to move beyond “reactive emotional loops”, having greater
freedom of choice in our action plans. There are three principles: wellbeing is a learnable skill; we
can change the physical structure of our brains so we are more resilient, compassionate,
empathetic; relationships are necessary to sculpt a brain. Daniel J. Siegel, Mindsight (Melbourne:
Scribe, 2009).
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problem faced by intuitive approaches, an impoverished anthropology fails to
offer sure guidance to the applications of science.

…

My investigation will respect these caveats. My intention is to propose, by means
of an integrative analysis of current research into brain function, a highly plausible
model for the biological bases of virtue, the accuracy of which could be laboratory
tested in the future. By highlighting the expansive trend in plasticity studies, and
by making cross disciplinary links, I hope to stimulate interest in what I see as an
important field for further exploration.

2.2 Plasticity.

Neuroplasticity refers to the ability of neurons to change their function, chemical
profile (amount and types of neurotransmitters produced), or structure in
response to learning, environment or experience.278

The phenomenon of plasticity is of particular interest in this study because it is
widely accepted that it provides the underlying mechanisms for learning and
memory. Processes of learning and memory, in turn are central to the
development of virtue, particularly habit formation, of ready attention, and of the
associated goal directed behaviours that underpin purposeful action.

Plasticity may be categorised as functional or structural. It is also described as
developmental, or activity/environmentally dependent plasticity. Note that these
categories are not exclusive of each other. Much developmental plasticity is
driven by timely environmental inputs, and structural change is perhaps always
accompanied by functional change.

278

Definition taken from: Clifford J. Woolf and Michael W. Salter, “Neuronal Plasticity: Increasing
the Gain in Pain,” Science, (June 2000): 1765-1768.
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Figure 2.4

The astonishing capacity for structural change in the brain, for reengineering
connectivities and function. Pre- and post-operative T1-weighted MRI show removal
of total glioma and resection of right paralimbic system. Despite post-surgical
hemiparesia, within three months the patient had completely recovered.
Source: Desmurget, M. et al. “Contrasting acute and slow growing lesions: a new door to brain plasticity
(Review).” Brain, 130 (2007). 903.

2.2.1 Historical considerations.

Plasticity, as a term in neuroscience, was first used by William James in 1890 in
reference to the potential for humans to modify their behaviour. Remarkably, he
linked plasticity to habitual behaviours. He wrote:
Plasticity [. . .] means the possession of a structure weak
enough to yield to an influence, but strong enough not to yield
all at once. Each relatively stable phase of equilibrium in such a
structure is marked by what we may call a new set of habits.
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Organic matter, especially nervous tissue, seems endowed with
a very extraordinary degree of plasticity of this sort; so that we
may without hesitation lay down as our first proposition the
following, that the phenomena of habit in living beings are due
to the plasticity.279

In 1895 the great Spanish neuroscientist Ramon y Cajal offered the hypothesis
that learning could be based on the selective strengthening of synapses, now
recognised as a central mechanism for plasticity. He predicted both experienceinduced, plastic change to neuronal pathways and also genetically-driven,
developmental plasticity,280 and that association learning might involve
morphological and functional changes at the synapse. He wrote in 1904 of “the
formation of new pathways through ramification and progressive growth of the
dendritic arborization and the nervous terminals.”281 He argued, “The organ of
thought is, within certain limits, malleable and perfectible by will-directed, mental
exercise” and that “mental practice” must strengthen neuronal connections and
create new ones.282

At the heart of plasticity is the distinction, described by Jerzy Konorski in 1948,
between, on the one hand, the neuronal reaction to an incoming impulse, in other
words the neuron’s excitability, and, on the other, the permanent functional
transformations and the corresponding anatomical changes, plastic changes that
arise in particular systems of neurons as a result of appropriate stimuli.283

The following year Donald Hebb, another giant in the field of neuroscience,
described what has become known as the Hebbian principle: “Cells that fire
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William James, The Principles of Psychology (1890), 68.
Alvaro Pascual-Leone et al. “The Plastic Human Brain Cortex,” Annual Review of Neuroscience
28 (2005): 379.
281
Santiago Ramón y Cajal, Textura del Sistema Nervioso del Hombre y de los Vertebrados, 2 vols.
(Madrid Moya, 1899 and 1904), 296.
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From Doidge, The Brain that changes itself, 202.
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From Kandel, Principles of Neural Science, 340.
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together wire together”284 and its corollary “Cells that fire out of sync lose their
link”.285 Hebb postulated conditions under which synapses change on the basis of
activation: “When an axon of cell A is near enough to excite a cell B and
repeatedly or persistently takes part in firing it, some growth process or metabolic
change takes place in one or both cells such that A’s efficiency, as one of the cells
firing B, is increased.”286

With repeated firing, nerve cells become firmly connected. In this way, neuronal
pathways are self reinforcing. Furthermore whichever cell is triggered first,
connected neurons tend to fire in concert, as one unit. Donald Hebb had
successfully described the principle underpinning activity-dependent plasticity:
that changes in synaptic strength correspond to changes in neuronal morphology.

Arden and Linford explain, “On the macro level: the more often we do something,
the more likely we are to do it again.”287 This principle is at the basis of much
experience dependent plasticity whereby cells that excite other cells cause those
cells to become linked in their firing characteristics. This study proposes that
experience dependent plasticity at the neuronal level as the fundamental
mechanism for reinforcement of behaviours through repetition.

When we speak of activity dependent plasticity, we are referring first of all to
electrical activity within the neuron. “Structural plasticity in the mature brain is
guided by neuronal activity.”288 Synaptogenesis, neurite outgrowth and other
forms of structural change are driven by electro-chemical processes associated
with neuronal activity.
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Plasticity was first documented by Timothy Bliss and Terje Lomo in their 1973
discovery of LTP as a stable modification of synaptic strength. That dendritic
length and branching complexity could be altered by experience was documented
in the late 70s by Fiala et al. and by Pysh and Weiss. Later Eric Kandel was
awarded the 2004 Nobel Prize for his identification in the 1960s and 70s of the
Hebbian mechanism as a basis of memory and learning in the sea slug Aplysia.289
It is now accepted that plasticity is present in all parts of the mature brain.290
Pioneer in plasticity studies, Alvaro Pascual-Leone, writes: “Plasticity is an
obligatory consequence of all neural activity (even mental practice), and
environmental pressures, functional significance, and experience are critical
factors.”291

Lashley had suggested in 1950 that the brain is equipotent, able to compensate
for any lesion, and yet, while this view is not borne out empirically, in the last two
decades there has been a growing recognition of the enormous plasticity of the
brain.292 “Synaptic plasticity may be the rule throughout the brain, rather than the
exception,” comments one study. 293 294 Norman Doidge, psychiatrist and popular
science writer, calls plasticity “one of the most extraordinary discoveries of the
twentieth century”.295

2.2.2 Plasticity is categorised as functional or structural.
289

Source for this section unless otherwise attributed: Byrne, John H. “Learning and memory: basic
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mechanisms” in Fundamental Neuroscience. 3 ed. Larry Squire et al.,Chapter 49. Burlington, MA:
Elsevier, 2008.
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For clinical observations of remarkable plasticities in action: Desmurget, “Contrasting acute and
slow growing lesions: a new door to brain plasticity (Review),” 898-914. See also Doidge, The Brain
that changes itself.
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J. A. Blundon and S. S. Zakharenko, “Dissecting the components of LTP,” The Neuroscientist 14
(2008): 6.
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Cf Desmurget, “Contrasting acute and slow growing lesions: a new door to brain plasticity
(Review),” 908. The authors comment: “Massive brain lesions within almost any area of the brain,
including the supposedly untouchable eloquent areas, can often be effectively counterbalanced by
adjacent and remote changes in neural organisations ... (revealing) astonishing plasticity.”
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There has been an evolving appreciation, in contrast with the most rigid forms of localisation
theory, that elements of the human CNS have a potency for plastic change, and not infrequently
repeated plastic change. Doidge, The brain that changes itself.
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Functional plasticity is essentially any change in the transmission characteristics of
a neuron without change to the anatomical connection between neurons. Usually
this term is used in contrast to structural plasticity, even though structural
changes themselves will normally lead to detectable changes in function.
Functional plasticity usually takes place through temporary changes to synaptic
strength. This may be for example, owing to a change in number and availability of
post synaptic receptors, alteration to presynaptic release of neurotransmitter, and
alteration of the thickness of synapse. This short term synaptic plasticity is a
virtually ubiquitous form of plasticity in the brain. Another example would be the
phenomenon whereby in certain conditions the frequency of firing patterns can
up-regulate response thresholds in particular cells, habituating the neuronal
response.

Structural plasticity is the anatomical remodelling of neural pathways. Typically it
may involve changes to numbers of synapses and neurons, or changes to
branching and connectivity patterns. As noted above structural changes bring
about an altered function.

Sometimes, but not always, structural change may also be a consequence of
functional changes. For example, genetically induced structural changes may
themselves be triggered by certain firing patterns. Structural changes are always
mediated by intracellular chemical signalling and often lead on to changes in extra
cellular signalling at the synapse.

Note however that the distinction between functional and structural changes is
increasingly blurred. Neuronally associated functional change often implies
structural changes in some form or other. For example, we can now witness and
measure in actu the rapid growth or retractions of dendritic spines, and the
discharge of single neurons. These phenomena bring about not only molecular but
also morphological changes at the synapse, changes such as synaptogenesis,
vesicle transport and receptor mobility.
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Plasticity may also be subtractive, when neurons or synapses are eliminated. It
may be reactive (after pharmacological intervention or surgery) or spontaneous
(experience dependent). It is competitive, as demonstrated in countless studies;
for example, visual topographic representations, rerouted to the auditory cortex,
will compete for neural “real estate” at that location even when auditory input is
present.296

The brain’s capacity to lock in new behaviour has been dubbed, “the forgotten
fourth aspect of plasticity”.297 William James’s linkage of habit with plasticity has
already been noted. As this study is of the habits of virtue, durable changes
established in character, I will focus principally on structural plasticities. It is highly
consistent with an Aristotelian-Thomistic, ensouled-body anthropology that
changes in our very character should be thus reflected in our biological
constitution. Recall too that James emphasised the “stability” of the new state,
the potential for us to be in a new way. This sits most comfortably with
Aristotelian descriptor of virtue, to be seen in Chapter 3, as “that which makes us
who we are”.

2.2.3 The big picture: synaptic strengthening as the net result of structural
plasticity.

At their essence, all structural plasticities involve modifications to neural pathways
either directly (direct modifications of neuronal pathways or adjustments to the
anatomy of the neuron itself) or indirectly (through changes to the amount and
types of neurotransmitter or neuromodulator produced).
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For example: M. Merzenich, “Seeing in the sound zone,” Nature. 404 (2000): 820-821.
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Neuronal function in almost all its aspects is dependent on intracellular signalling
initiated at the cell surface. The cell’s response to neurotransmitters, growth
factors and other signalling molecules depends on receptors and pathways that
relay messages to intracellular compartments, and to the enzymes, ion channels
and proteins in the cytoskeleton that mediate the effects of transmitters. The
variety of ion channels and the flexibility of mechanisms regulating these
channels, such as G-proteins, 298 second messengers, and cognate protein kinases
that phosphorylate ion channels,299 greatly enhance the scope for modulating
neuronal function. Responses are further modified through localisation and
concentration of signal activity and by history of prior activity. It is believed that
protein phosphorylation and the regulation of gene expression by intracellular
signals are the most important mechanisms for neuronal plasticity.300

Ultimately, synaptic strengthening will be the net result of both direct and indirect
forms of modification of pathways. These permanent anatomic changes are
mediated through gene expression.301
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G-protein linked signals are of particular interest to plasticity studies for they offer rich
possibilities of modulation of cell function and plasticity. Their slower time frame for operation
allows modulation of distant cell processes. Diffusion of second messengers extends messaging
through cell body and to nucleus altering gene expression, and to other cells via, for example, NO.
G-protein pathways can elicit a coordinated cell response to synaptic release, resynthesis of
transmitter, excitability of membrane, gene expression, etc. G-protein linked signals, operating
over the span of fractions of a second to many minutes, are capable of diverse modulation and
amplification. Typically these G-protein linked signals rely on the generation of a second
messenger within the cell that in turn activates proteins, including protein kinases (PKA and PKC),
which modify processes in the cell. For introduction see Thomas L. Schwartz, “Release of
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Elsevier, 2008), Chapter 8.
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301
Genes are in a sense third messengers. Extracellular signals (neurotransmitters, hormones,
drugs, growth factors, etc) are most influential at the point where transcription is being initiated.

113

Figure 2.5 Signal Transmission at the chemical synapse. 1.Nerve impulse arrives at synaptic knob.
2+
2+
2. Voltage gated Ca enters cell. 3. Ca triggers exocytosis of synaptic vesicles. 4.
Neurotransmitter suffuses across synaptic gap. 5. Neurotransmitters bind to ligand
+
gated channels allowing Na to flow into post synaptic neuron. 6. Postsynaptic
potential develops.7. Action potential triggered in axon on post synaptic neuron.
Source: Tortora, Gerard J. and Derrickson, Bryan. Principles of Anatomy and Physiology, 12th ed. New
Jersey: Wiley, 2009. 442

2.2.4 Developmental plasticity.302

303

Critical to nuclear transcription is the role of the catalytic subunit of PKA that phosphorylates the
activator protein CREB on entering the nucleus. Evidence is growing that some forms of long term
memory require new gene expression. Intracellular signalling also affects nuclear gene expression.
Schulman and Roberts, “Intracellular signaling.”
302
For an introduction: A. Siegal and Hreday N. Sapru, Essential neuroscience, revised ed.
(Philadelphia: Lippincott, Williams and Wilkins, 2006), Chapter 2.
303
Unless otherwise attributed in this section: Eric I. Knudson, “Early experience and sensitive
rd
periods” in Larry Squire et al. Fundamental Neuroscience, 3 ed. (Burlington, MA: Elsevier, 2008),
Chapter 22. Note that some draw a distinction between critical periods when changes are in a tight
window and are “wholly or partially irreversible” and sensitive periods as “a time period when
exposure has a stronger effect on development.” Yoav Ben-Shlomo and Diana Kuh, “A life course
approach to chronic disease epidemiology: conceptual models, empirical challenges and
interdisciplinary perspectives,” International Journal of Epidemiology 31, (2002): 285-293.
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Many developing neural circuits demonstrate periods of development, known as
sensitive or critical periods when their ability to adjust to experience is
heightened; they are refined by means of changes in synaptic connectivity. 304
Critical periods or sensitive periods are those finite windows of opportunity for
the development of specific sensorimotor faculties.305 The term is less precisely
used for broadly indicative times of greater responsiveness in the development of
neuronal systems, for example the window of opportunity for the development of
the prefrontal cortical pathways, understood to extend to the early 20s in males.

In critical periods a failure to experience appropriate inputs can lead to
permanent impairment of perception or behaviour. Studies of the temperament
of rats, for example, provide useful insights into this form of plasticity: attentive
mothering is conducive to important behaviour changes that are increasingly
understood at the cellular level. The interactions that a newborn rat experiences
with its mother in the first week after birth profoundly influence its response to
stress as an adult.306

In sensitive periods changes are far more readily induced than in maturity; for
example, a new language may still be learned as an adult although more
arduously and only with focused attention. For other changes the opportunity is
lost; for example the window for imprinting may open and close within space of
hours. Circuit changes occurring in sensitive periods differ from those in
adulthood in magnitude, persistence, and behavioural conditions upon which
changes are dependent.
304

Veronica A. Alvarez et al. “Distinct Structural and Ionotropic Roles of NMDA Receptors in
Controlling Spine and Synapse Stability,” Journal of Neuroscience 27 (2007): 7365.
305
For example, the time outside of which the development of cortico-optic pathways is not
possible.
306
The primary mechanism at work is the experience dependent expression level of the GR gene in
the hippocampus. Attentive mothering causes a demethylation of a GR gene, thereby a stable
increase in GR gene expression in the hippocampus, and a resulting decrease in basal levels of
glucocorticoids which at high circulatory levels, lead to anxiety and fearfulness. Also the animal is
thereby made capable of tighter regulation of hormonal release in response to stressors. This leads
the animal to be calm, adventurous and able to react without anxiety and fear to stressors. Rats
that, in these first two weeks, were groomed extensively and where the mother facilitated access
to milk are less fearful and less reactive to stressors even as adults. Cross fostering shows the
source of these traits to be experiential.
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2.2.4.1 Sensitive periods in humans.

Appropriate and adequate environmental inputs are crucial for sound
development.307 308 This is true for affective and sensory development.309
Sensitive periods can intersect with the development of moral behaviour. We
have seen above the importance of attentive mothering. Positive modifications of
an infant’s behaviour effected by sound parenting practices, arguably lay the
foundations for later virtuous self-directed behaviours.

Rene Spitz broke new ground with his 1945 studies of deprived children suffering
from what he called “hospitalism”. He found that these children, often with only
one carer for eight or more children, were affectively impaired.310 In the 1990s
various researchers followed the longitudinal progress of Romanian orphans
raised with little affection and sensory stimulation whilst in orphanages in their
early infancy. On leaving the orphanages, the children were found to be impaired
in all domains. Despite making up physical size relatively quickly, infants who had
been in the orphanages past six months of age were found to have lasting
cognitive deficits. Those adopted after the age of two suffered profound deficits.
Further studies link postpartum depression in mothers with affective deficits
expressed neurobiologically and behaviourally. Infants of depressed mothers tend
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to show a overactivation of areas of the right frontal lobe, and underactivation of
the left, in comparison with the norm.311

The apt times for development of the child and adolescent brain may also be
understood as arguably a “sensitive period”. Human grey matter reaches a
maximum at 10-12 years of age in parietal lobe, 11-12 in frontal lobe, and 16-17 in
temporal lobe. White matter maturation continues throughout childhood and
adolescence and within the association areas of the neo cortex has been noted to
continue to myelinate through the third and into the fourth decade of life.
Myelination the subicular and presubicular regions, and volume of the
hippocampus to which these regions connect, continue to grow even into
adulthood.312 When habits of self control, respect and reflection are not acquired
in these formative years it can be a steeper road in adulthood to motivate oneself
to develop, for example, a habit of study, or a habit of getting up early. If, instead
of positive behaviours, the maturing person develops negative traits such as
laziness or a habit of venting anger, the challenge of substituting new behaviours
can be daunting and all-too-difficult.

For summary, refer to Table 2.2 Systems for sensitive periods of development in
endpapers.

2.2.4.2 Mechanisms of developmental phases.
The period of early development involves, on a grand scale, plastic change in
particular systems of neurons during as a result of appropriate stimuli. An
understanding of the mechanisms at work in these early stages is helpful.
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Figure 2.6

The developing cortex. The images are generated from a longitudinal MRI study of
13 children scanned biennially over an 8-10 year period. Predominance of blue
corresponds to grey matter loss, and increasing myelination, commencing in primary
sensorimotor areas and spreading to PFC and lastly to temporal cortex. Source: Gogtay,
N. et al. “Dynamic mapping of human cortical development during childhood through early adulthood.”
Procedings of the National Academiy of Science, USA, 101 (2004): 8174–8179. Citation in Blakemore,
Sarah-Jayne. “The social brain in adolescence.” Nature Reviews Neuroscience, 9 (2008): 267-277.

a) Experience tuned development.

Developmental plasticity typically involves axonal overdevelopment, activity
dependent synaptic pruning, and staged synaptic reorganisation. Experience tunes
both excitatory and inhibitory connections in a largely non reversible manner and
according to Hebbian principles.313 It seems that the same mechanisms controlling

313

The opening of critical and sensitive periods depends on pathway maturation. Information
involved (from lower circuits) must already be sufficiently reliable, circuit connectivity sufficiently
mature, and mechanisms enabling plasticity must be active: for remodelling of axons and
dendrites, elaboration of new synapses, adjustment of synapse performance, changes in gene
expression.
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synaptogenesis during circuit development also underpin circuit remodelling and
the establishment of new synapses. For example, neurotrophins such as brain
derived neurotrophic factor (BDNF) can also play an essential role in anatomical
remodelling. LTP and long term depression (LTD) have a role in developmental
learning and N-methyl-D-aspartate (NMDA) receptors are integral to the
mechanisms of plasticity at work. (See 2.2.5.1) When appropriate experience is
received and brain circuitry commits to specific linkages, the sensitive period
ends. Importantly, once a specific circuit is formed it is much more difficult for
altered experience to induce new connections.314

b) The role of axons.

The growth cones of neurons, christened by Ramon y Cajal as “soft battering
rams”, are the axonal tips that grow towards target synapses.315 316 Since his work
detailing the growth and connectivity of major classes of nerve cells, much insight
has been gained into the mechanisms for axonal guidance and for achieving
specificity in neuronal connections. Growth cones are actively guided.317 Sperry
from the 1940s showed that there is a highly specific targeting mechanism. In the
vicinity of the target field axon development is very accurate, with selection of
target cell very precise. Programming in neurons seems to be for specific targets;
it has been shown that surgically transferred motorneurons still reached their
target. Formation of connections with target cells depends on three factors: the
directed growth of axons to the target fields, the selection of target cells, and
importantly for the purposes of this study, electrical activity.
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c)

Synapse formation and elimination.

Synapse formation and elimination is a core developmental process. 318 The
development of the nervous system is directed by the expression of particular
genes at specific times and in specific places but external factors such as nutrients,
sensory stimuli and social experience also play a major role in development.
Mechanisms exist for neuronal differentiation, for axonal targeting of destination
cells, and for regulation of synaptic formation. It is known too that deprivation of
normal environmental conditions has profound repercussions on maturation of
the nervous system and on behaviour. Of particular interest in this study is the
role that physical and social interaction with the environment, and subsequent
electrical activity, play in modifying or reinforcing the neural structures once they
are formed.

In the human frontal cortex, maximum synaptic density is reached at one year
with the numbers coming down to adult levels at approximately 16 years of
age.319 While programmed cell death, in contrast to the case for other animals,
plays a lesser role in human brain development, synaptic elimination seems to be
more prevalent in humans and primates. 320 The gradual decline in synaptic
density proceeds into late adolescence suggesting substantial changes to
connectivity up to age 20. DA is believed to play a key role in cortical information
processing around puberty.321 The changing neuromodulatory effects of DA
appear to impact on refinement of excitatory and inhibitory inputs of layer III
pyramidal neurons during adolescence.
318

Although the features in common between synapse formation and synaptic plasticity are not
well described it is evident that synaptic connectivity in the CNS is plastic in response to
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One recent study shows that children’s plasticity of brain seems attributable to a
number of mechanisms: neuronal overproduction and programmed cell death
(apoptosis) of excessive neurons; overproduction of synapses (approximately
twice adult levels in the cortex at age 2) and deletion of immature synapses; and
from activity dependent processes that allow for ongoing stabilisation and
modification of synapses. By means of these forms of plasticity, children are
enabled to learn new skills quickly or recover from brain injury. Synaptic
proliferation and pruning are controlled by intrinsic mechanisms and
environmental factors.322 Developmental plasticity is evident through
adolescence. Neuroimaging evidence suggests that elimination of synapses has a
causal role for changes in social cognitive processing in the PFC, particularly for
decreased activity during adolescence in the medial PFC (mPFC) and post central
gyrus (pSTS), a process in which the anterior cingulated cortex (ACC), the inferior
frontal gyrus, the amygdala and the anterior insula also play a role.323

Synapse elimination is a normal aspect of development of the organism and may
be viewed as a fundamental process for plasticity. 324 Synapse elimination is
essentially a response of the organism to environment. Lichtman and Colman
have argued that synapse elimination allows the organism to be more adapted to
its specific environment.325
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Rather than ridding the nervous system of connectivity “mistakes”, synapse
elimination appears to sharpen specificity based on the cues that promote
selective synapse formation. The number of axons converging on postsynaptic
cells, and number of postsynaptic cells contacted per axon decreases. There is a
removal of inputs due to branch trimming. Remaining inputs compensate, adding
in part new synapses. Although innervation from multiple sources is eliminated
there is an increase in the number of presynaptic terminals linking the surviving
axon to the target. Trophic substances appear to contribute to this process. 326
The end result is that new structures more than compensate for the loss. There is
no net weakening of synaptic input to target cells. Such synapse elimination is
now understood to be central to the maturing CNS through adolescence and into
adulthood. Clarification of pathways appears associated with this period of
increasing self control.

Typically in neonatal vertebrates axons of neurons fan out to many target cells
and connect weakly. In adulthood, axons disconnect from many target cells, there
is a lessening of fanning out, and numbers of synapses on each target can
increase. Some two thirds of axonal branches in the corpus callosum of newborn
monkeys are eliminated in this way, and a similar process has been shown to take
place in the human corpus callosum, and in cortico-spinal axons also. This process
is linked to experience, and hence is a mechanism of plasticity. 327

Synapse elimination may play a role also in memory. Bailey and Chen
demonstrated that long term habituation of the gill withdrawal reflex also
features synaptic elimination. Habituated animals exhibited a pruning of synaptic
terminals associated with long term habituation, with a 35% reduction on average
from 1300 per neuron to 800 per neuron.328 It has been suggested that “the most
important form of adult plasticity must certainly be memory.” 329 It is possible
326
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that learning may involve selection of synaptic pathways already in existence
rather than construction of new circuits. Plasticity can be both in elimination of
some circuits and an alteration of the strengths of existing connections.

Plastic change is not simply about maintaining adaptability, it is also concerned
with locking in changes. Hence, synaptic elimination seems closely associated with
critical periods and also with the durability of memory. Tapia and Lichtman argue
that input elimination provides an answer both for the inability for change after a
certain point in critical periods, and also for the indelibility of memory. “Input
elimination is an attractive means of assuring indelibility because by eliminating
competing (ie asynchronously firing) inputs, a circuit becomes sheltered from
disruption by different activity patterns.” 330With respect to memory, the authors
note that “the permanent loss of axonal input is an attractive mechanism for
information storage.” 331
2.2.5 Other synaptic factors.332

There is a growing understanding of homeostasis of the neuron, the maintenance
of the overall synaptic weight in the neuron by means of plastic changes and of
the associated phenomena of homo-and heterosynapic changes. Butz et al. argue
that forms of structural plasticity, rather than following Hebbian or anti-Hebbian
principles, 333 contribute to the homeostasis of the neuronal network.
Homeostatic neural plasticity refers to the capacity of neurons to compensate for
330
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network activity by regulating their own excitability. This is a neuron centric view
in which synaptic remodelling, involving an interdependent complex of functional
and structural plastic changes, maintains desired levels of neural activity. Wolff
and Wagner noted in 1983 that activity dependent plasticity restores neural
homeostasis.

Chistiakova and Volgushev explain that nonassociative, or heterosynaptic,
plasticity of specific synapses may result in a neuron as a result of back
propagation, where other synapses in the same neuron have experienced
Hebbian-type associative, or homosynaptic plasticity by well understood
processes of Ca2+ influx (fast large amplitude influx leading to LTP; slower low
amplitude to LTD) in response to intracellular tetanization. (See 2.2.5.4.)

2.2.5.1 NMDAR and AMPAR mediated plasticities.

a) NMDA plasticities.

NMDA mediated plasticities, associated with LTP and LTD, are a burgeoning area
of current research. The NMDA receptor is one type of ionotropic glutamate
receptor.334 It was first described by Moriyoshi in 1990. Significantly, this
pathway seems linked to development, learning, and memory, and to neuronal
recovery from injury.335

334

See discussion in M. Neal Waxham, “Neurotransmitter receptors” in Larry Squire et al.
rd
Fundamental Neuroscience, 3 ed. (Burlington, MA: Elsevier, 2008). Unless otherwise noted,
Waxham is the source of information in this section.
335
Enzymes triggered by this process then sensitize the cell to subsequent stimuli through both
retrograde signalling and modification of post synaptic proteins, as well as triggering genetic
manufacture of new synaptic proteins through the second messenger CREB in association with
BDNF. Some hallucinogenic compounds block the NMDA ion channel, but require it open to work,
hence are called open channel blockers. NMDA receptors are dependent for opening on both
2+
appropriate binding of glutamate and on depolarization of the membrane (having a Mg
2+
dependent block at resting potential), and they permit Ca permeability. Normally these receptors
prevent calcium entry, but the arrival of an action potential at the synapse leads to glutamate
binding that allows calcium influx and depolarises the cell.

124

NMDA receptors are implicated in LTP and LTD processes and numerous variations
this category of plasticity are now identified: “many forms of activity dependent
regulation of synapses demonstrated both in vitro and in vivo require activation of
NMDA-type glutamate receptors. These receptors are among the first molecules
to accumulate at the sites of nascent synapses where NMDARs become stable
synaptic components.” 336

LTP results, described as “an experience dependent, long lasting increase in
chemical strength of neurotransmission that is a crucial mechanism in learning
and memory”.337 The precise timing of neuronal plasticity in response to diverse
environmental stimuli seems to be a function of the interaction of
neurotransmitter and growth factor-signalling pathways. In most structural
synaptic plasticities intracellular calcium and gene expression appear implicated.
Calcium influx is understood to be a trigger for LTP.338

Corlew et al. (2008) suggests that postsynaptic NMDARs trigger classical forms of
LTP and LTD, and that presynaptic NMDARs (preNMDARs) mediate spike timingdependent LTD (tLTD) at some synapses with some evidence also of LTP.
“NMDARs were first discovered as postsynaptic receptors at glutamatergic
synapses, and have since been shown to be involved in many aspects of synaptic
transmission, dendritic integration, synaptic and neuronal maturation, and
plasticity throughout the brain.” 339 Corlew et al. place emphasis on preNMDAR
regulation of probability for presynaptic release and short-term plasticity.
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Another focus for current research in this field is the role of NMDARs in the
stabilisation of glutamatergic synapses.340 Alvarez et al. note that NMDARs
perform a regulatory function in the neuron via various pathways and at many
levels and that NMDAR presence is essential for spine density and regulation of
the number of active excitatory synapses. The authors find that “through
ionotropic and structural signalling, NMDARs regulate the rapid dynamics of spine
morphology.”341

Studies by Markram and Sakmann at the Max Planck Institute have demonstrated
NMDA related plasticity as a result of pre and post synaptic interaction: precise
timing of backpropagating post synaptic potential (PSP) following excitatory
postsynaptic potential (EPSP) leads to a strong depolarisation. This leads to
glutamate ejection from NMDA receptors, thus allowing Ca2+ influx, a cascade of
intracellular messaging, and release of growth signalling factors associated with
structural plasticity and consequent LTP.342

b) Interplay with AMPARs.

Studies are unveiling the role of presynaptic NMDARs and their interplay with αamino-3-hydroxyl-5-methyl-4-isoxazole-propionate receptors (AMPARs),
establishing necessary conditions for plasticity.343 NMDARs have been found at
“silent synapses”, immature synapses lacking AMPARs but with the potential to
acquire them by means of NMDAR mediated LTP. 344 Although LTP and LTD are
340
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regulated by many mechanisms, AMPA receptor trafficking, the insertion or
removal of the AMPA receptor (AMPAR) at the synapse, on the basis of evidence
from animal studies linking AMPAR trafficking in the rodent barrel cortex to
experience dependent plasticity, and AMPAR trafficking to fear conditioning in
hippocampus, appears to account for postsynaptic expression involved in LTP and
LTD.345 Kessels and Malinow argue that AMPA trafficking is the mechanism
underlying the formation of neuronal pathways, and behaviour modification
itself.346

Blundon and Zakharenko reviewed the evolution of understanding of LTP and its
cellular locus. They described this as an unresolved area for understandings of
plasticity. New imaging demonstrates that LTP has both pre- and post- synaptic
components although most current studies focus on post-synaptic contributions.
“LTP is not a unitary phenomenon, even at a single synapse, but rather is a group
of plasticities.” 347 NMDA-LTP develops rapidly, is expressed postsynaptically, and
is needed for short term memory retention.

The role of zinc at the cortical synapse, and on NMDARs and AMPARs has also
become a field of active investigation.348 That zinc seems to play a role in cortical
plasticity is suggested by animal studies showing that rats on zinc deficient diets
are more aggressive and have poorer memories at maturity, and monkeys raised
by mothers on zinc deficient diets manifest poorer memories and learning. Zinc
deprivation during development appears to have a negative effect on DNA
345
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synthesis. Although the exact function of zinc in the cortex is not clear, vesicular
zinc (about 20% of the zinc present in the CNS) has a wide ranging impact on
postsynaptic function. A consensus of numerous studies is that zinc can inhibit LTP
in specific neural locations. At postsynaptic locations zinc has various potential
effects including inhibition of NMDA, kainite and -Aminobutyric Acid (GABA)
receptors, potentiation of AMPA receptors, increasing glutamate present in the
synapse via mechanisms involving glial cells, modulation of internal cell signalling
thus also affecting protein synthesis and plasticity.

2.2.5.2 DA and the GPCR receptor.

Of particular interest in this study is the mechanism of DA mediated plasticity, the
neurotransmitter most directly associated with the reward systems in the brain.
DA, as well as most neuropeptide transmitters, binds only to the G-proteincoupled-receptor (GPCR) metabolic receptor. Second messenger pathways are
established which may trigger gene transcription. This is one reason why DA is an
effective mediator of plasticity. 349 Neuroleptic drugs used in the treatment of
neuropsychiatric disorders block DA receptors creating imbalances in the
dopaminergic system.

Evidence links NMDARs and D1 Dopamine receptors as critical in certain
plasticities.350 Scott and Aperia show that striatal culture exposure to NMDA
promoted recruitment of D1 receptors to the plasma cell membrane via vesicular
transport and also by lateral movement in the membrane. An imbalance of D1 and
D2 receptors leads to glutamatergic imbalance altering behaviour. For example,
hypofunction of the glutamatergic system appears to lead to schizophrenia.
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Metabotropic receptors are also associated with electrical-signalling-induced
plasticities. The study of post synaptic potentials (PSPs) reveals a mechanism for
long term plastic changes in neuronal and synaptic structure. 351 352 Slow PSPs are
the indirect effect of transmitter binding to metabotropic receptors.353
2.2.5.3 Neurotrophic factors.354

The presence or absence of neurotrophic factors (NTFs) or neurotransmitters can
promote neural growth. 355 Following groundbreaking work, from the 1930s, by
Viktor Hamburger and Rita Levi-Montalcini into into programmed cell death (PCD)
or apoptosis, came the identification of NTFs.356 This led in turn to the
neurotrophic hypothesis: “Neurons compete for limiting amounts of target
derived survival promoting (trophic) agents during development.”357

The presence or absence of NTFs can play a decisive role in a number of
mechanisms in the nervous system including the fate of cells, axons, neurite
growth and branching, dendrite development, synapse development and
regulation, stabilization and plasticity, in LTP, and in learning and memory. Poo
and his team discovered that neurotrophins can have a regulatory function in
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synaptic plasticity through the neurotrophins BDNF and NT-3 that have fast and
major effects on the strength of synapses.358 In 2003 Chao noted that:
Neurotrophins and other NTFs also play a role in modulating
long term changes in functional and anatomical plasticity in the
developing and mature brain by altering long term
potentiation, synaptic connectivity, and responses to stress,
inflammation and trauma.359

There are multiple families of NTFs:


CNTF and LIF of the neuropoietic cytokine family possess widespread
neurotrophic acivity.



The GDNF family (GDNF, neurturin, artemin, and persephin) relate to the
TGF gene family impacting on enteric, dopaminergic and motor neurons.



fibroblast growth factors (FGFs) may have role in injury.



And NTFs themselves, which have a role in determination of stem cells,
neuronal migration and survival, axonal growth and regulation of synaptic
competition and plasticity, LTP, response to injury, regeneration and adult
neurogenesis.

NTFs interact with two major classes of receptors:


the trk (tyrosine receptor kinase) family of receptors;360



the receptor p75NTR.

It is believed that interaction between neurotransmitter and growth factorsignalling pathways plays an important role in neural plasticity in response to
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diverse environmental stimuli. 361 BDNF is an important mediator of plastic
change. It is active in synaptogenesis, 362 and appears to play a role in converting
short term memories to long term memories; blocking of BDNF during exercise
prevents exercise induced increase in cAMP response-element binding protein
(CREB) mRNA levels. CREB activation, via cyclic AMP (cAMP) pathways,

363

leads to

expression of cFos and Jun which in turn effect the expression of genes bringing
about LTP and long term memory. Some studies suggest that self-perpetuating
loops are established.364

2.2.5.4 Other chemical signalling systems.
a) Ca2+.
Ca2+ plays a key role in the mechanisms of plasticity.365 Calcium channels are found
in all neurons. Ca2+ is an important second messenger in neurons influencing
neurotransmitter release, synaptic plasticity, neurite outgrowth during
development and gene expression. The variety of ion channels and ionic
mechanisms make possible complex patterns of action potentials within single
neurons as well as complex synaptic computations. 366
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the performance of synapses varies according to frequency of stimulation and record of prior
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Ca2+ can be associated with memory and learning. Significantly, excess Ca2+ is toxic
to the neuron, a feature linked to neurodegenerative disorders and to cell death
in hypoxic brain injury. The glutamate receptor, mGluR1, has been linked to long
term synaptic plasticity at many sites in brain especially LTP in hippocampus, and
LTD in cerebellum.

b) ACh.

ACh is the agent of plasticity in the neuromuscular synapse. Initially various motor
neurons may input a single muscle fibre, but stimulation accelerates the pruning
of inputs to one source. AChR elimination precedes loss of the synapse as the first
step in the process. The presynaptic terminal then disassembles and the axon
retracts. It has been shown that when bungarotoxin blocks some of the ACh
receptors the process is triggered. 367 ACh has been described as “a brain
chemical essential for learning”.368 Nicotinic ACh is the major neurotransmitter
acting at neuromuscular junctions in the peripheral nervous system (PNS) and is a
mediator of memory in this pathway. ACh at muscarinic receptors plays a role in
neuromodulation in the CNS, specifically in selection of objects of attention, and is
thus an important contributory factor for learning and thus plasticity. 369 Aspartate
and glutamate, the biogenic amines, and neuropeptides also have significant links
to pathways of plasticity. There are numerous other currents of investigation. 370
synaptic depression where the second stimulus is lessened the closer it is to the first as a result of a
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facilitation the second pulse can be twice the amplitude of the first as registered across the
synapse, typically within a second. Augmentation over seconds replaces facilitation. Potentiation is
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c) Other chemical signalling.

Other chemical signalling is also conducive of plasticity. As we have seen above,
certain chemical signalling, most commonly in the forms of neurotransmitters,
neuromodulators such as enkephalins, and growth factors, affect function at the
synapse and are candidates to mediate plasticity. Endocannabinoid (EC), DA and
calcium signalling mediate plasticity in the form of LTD and LTP as revealed in the
corticostriatal pathway. Wickens explains that DA “plays a crucial role in
determining the magnitude and direction of plasticity.” He notes that EC signalling
and spike timing dependent plasticities (STDP) are also significant in mediating
presynaptic LTD.371

d) Desensitization.

Desensitization, a simple mechanism of plasticity, is common in the GPCR
receptors. There are two known mechanisms for desensitisation. The first is rapid,
from seconds to minutes, and involves receptor phosphorylation. The second may
take either minutes or hours, and involves the physical removal of receptors, a
process that involves endocytosis. As a down-regulating mechanism it may be
either reversible or irreversible.

2.2.5.5 Astrocytes at the synapse.

In a 2008 review, Stevens looked at the emerging understanding of the complex
role of astrocytes in mediating synaptogenesis, synaptic elimination, and
structural plasticity using chemical and physical signals. Advances in imaging
provide graphic insights into the speed of spine and synapse formation, and the
morphology of the astrocytes themselves. Astrocyte envelopment of a synaptic
terminal, a dendritic spine, is shown to take place over some 12 minutes; single

371

Wickens, “Synaptic plasticity in the basal ganglia,”119-128.
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astrocytes may associate with multiple neurons and over 100,000 synapses,
actively signalling and providing stability to each.372 Releasing trophic factors and
“gliotransmitters”, exhibiting rapid reaction to environmental cues, and
expressing many of the same surface molecules, receptors and channels as do
neurons, astrocytes are now seen as critical in developing neural pathways in the
brain.

2.2.5.6 Structural considerations.
a) Dendritic spines. 373

Dendritic development provides important insights into experience based
plasticity. Rapid changes in arbor development are possible in response to
synaptic inputs or growth factors. Slower changes link to gene transcription.
Dendritic growth and branching is influenced by a variety of extra cellular signals.
NTFs (eg NGF, BDNF, NT-3, NT-4) act through Trk receptors in regulating
arborisation, increasing length, branching, and the number of primary
dendrites.374

Synaptic inputs, by increasing calcium influx rapidly, may enhance rates of branch
addition and stabilization. Slower phase calcium signals may signal the nucleus for
gene transcription. Such activity induced genes can then have profound effects on
dendritic arbor structure and function. This dynamic morphological remodelling
allows individual neurons to constantly adapt and respond to external stimuli.
372

Stevens, “Neuron-astrocyte signalling in the development and plasticity of neural circuits,” 278288. It seems that Ephrin/Eph signalling plays a role in regulating the morphology of spines,
possibly in stabilising immature filipodia into mature spines.
373
For the mechanisms and process of dendritic arbor development: Hollis Cline, et al. “Dendritic
rd
development,” in Larry Squire, et al. Fundamental Neuroscience, 3 ed. (Burlington, MA: Elsevier,
2008), 1141.
374
L. Ciani and P. C. Salinas, “Signalling in neural development: WNTS in the vertebrate nervous
system: From patterning to neural connectivity,” Nature Reviews Neuroscience 6 (2005): 351-362.
Authors note that Notch signalling activates gene transcription and can restrict length of dendrite,
positively promote branching and increase dendritic complexity. The Slit guidance proteins and the
Robo receptor are also involved in signalling. Ciani and Salinas documented the role of WNT
signalling (secreted proteins with a role in neuronal cytoskeleton. Cadherins and
catenin also
seem to be important mediators of dendritic morphogenesis.
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Bestman et al. (2008) demonstrated that processes of selective stabilization and
elaboration of branches toward appropriate target areas, leading to circuit
refinement, are present in developmental stages and also underlie the
refinements occurring in the mature nervous system.375

Synaptic strength and dendritic development are interrelated. Synaptic and
structural plasticity seems to be a result of signals received by the dendrite. Work
by Luo in 2002 suggests that synaptic strength and dendritic arbor development
share the same molecular regulatory pathways.376 Synaptic inputs and
neurotransmitters actively play a significant role in controlling dendritic arbor
development. NMDA and AMPA receptor function is linked to dendritic branch
specialisation: hence synaptic strengthening and structural stability seem linked.
Engert and Bonhoeffer (1999) showed that LTP inducing stimuli increase both
synaptic strength and spine formation.377 As it does for synaptic strengthening,
sensory input has striking effects on dendritic development.378 In a calcium
dependent process, afferent input through AMPA receptors stabilizes synapses
and increases arborisation. There is evidence that waves of calcium in the
developmental stages of neurons may underpin normal brain development and
plasticity.379 Calcium/calmodulin dependent protein kinases (CaMKs) and MAPKs
appear to be mediators of calcium dependent dendritic growth.380 381
375
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GTPases,” Nature 419 (2002): 475-480. Cited in Cline, et al. “Dendritic development.”
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S. I. Firth, et al. “Retinal waves: mechanisms and function in visual system development,” Cell
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Different types of neurons all have characteristic arborisation. Dendritic trees also vary
according to spatial extent and type of afferent input. The orderly arrangement of dendrites is
governed by three factors: self avoidance (no overlapping with dendrites of own neuron) leading
to maximal dispersion and unambiguous signal processing; tiling (no overlap of dendrites of
neurons of same type); co-existence (overlap of dendritic tress of different types of neurons). In
development, dendrites interact with other neurons and glia and this affects arbor development in
both extent and timescale. It is evident that dendrites have mechanisms whereby they recognise
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b) Dendritic processing facilitates plasticity and cortical control.

The phenomenon of retrograde impulse spread into dendrites, whereby action
potential actively back propagates into dendrites, can have many functions and
effects. 382 Importantly for this study, it creates conditions for synaptic plasticity by
depolarising spines. Permanent changes at the spine in response to stimuli greatly
enhance the potential for plasticity in the neuron. It is the synaptic regions of
dendritic areas of the neuron that exhibit the plastic changes involved in learning
and memory. 383 “Spines add a dimension of local computation to dendritic
function that is especially relevant to mechanisms for learning and memory.” 384

c) The speed of morphological change.

neighbouring dendrites. Many of these signals remain to be identified, although Downs Syndrome
cell adhesion molecule (Dscam), originally identified as an axon guidance receptor, provides
insights into Drosophila dendrite self avoidance. Drosophila studies give insight into mechanisms of
dendrite development, revealing for example, the genetic basis for characteristic arborizations. For
example, Lohmann et al (2005) documented that synaptic inputs, by increasing calcium influx
rapidly may enhance rates of branch addition and stabilization. Dendro-dendritic interactions
regulate the shape and organisation of dendritic fields. Dendrite development involves both
growth and retraction. See C. Lohmann, et al. “Local calcium transients regulate the spontaneous
motility of dendritic filopodia,” Nature Neuroscience 8 (2005): 305-312. Cited in Cline, et al.
“Dendritic development.”
381
Additional source for this section: Cline, et al. “Dendritic development.”
382
For example, dendritic information processing can enhance the signal to noise ratio, enable the
neuron to enter into oscillatory activity, and can provide parallel processing pathways. The net
result is that in the dendritic tree various modes of information processing are evident: logic
operations, motion and coincidence detection, oscillatory activity, lateral inhibition, network
control of sensory processing involving attenuation, filtering, amplification, and segregation, and
motor control. Standing oscillatory activity along neural pathways has been associated with neural
mechanisms offering improved cortical control.
383
Gordon M. Shepherd, “Complex information processing in dendrites,” in Larry Squire, et al.
rd
Fundamental Neuroscience, 3 ed. (Burlington, MA: Elsevier, 2008), 267. The apical dendrite of the
CA1 pyramidal neuron: “Most of the input to the oblique dendrites is believed to be involved in the
generation of LTP, a candidate model for learning and memory.”
384
A decrease in stem diameter increases input resistence of spine head and therefore the
necessary EPSP amplitude affecting subsequent response and also degrading connectivity to
parent dendrite. Spines themselves may also have active properties because of either voltage
gated channels or voltage dependent synaptic receptors such as for NMDA. Information processing
based on coincidence detection and response implies simple logic operations are inherent at the
level of the dendrite and spine suggesting the possibility of cognitive contributory role. Shepherd,
“Complex information processing in dendrites,” 267.
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Tiny dendritic spines seem related to cognitive function: studies of mental
retardation and different hormonal exposures show that spine morphology is
greatly altered in cortical neurons. The dimensions of the spine stem determine
quality of the connection to dendritic branch, thereby providing a mechanism for
learning and memory. 385
The time required for a synapse to develop is remarkably short. 386 It is calculated
that the presynaptic terminal forms in 10-20 minutes, and that the complete
process from initial contact to a functional synapse requires only one to two
hours. Once the target is reached, cell adhesion molecules bring the cells together
at the synapse in a rapid process. This data is of significance in studies of plastic
change.

Yasumatsu et al. (2008), with ongoing physical measurement of cultured rat
hippocampal CA1 pyramidal dendritic spines via two photon imaging over the
space of several days, demonstrated that generation and elimination of spines
took place more frequently than had been previously believed, and that this took
place both with and without synaptic activity. The authors suggested that
enlargement of a spine, being a virtually instantaneous process unlike the 20 mins
required for spine generation, can provide a mechanism for short term memory.
They note that large spines with long necks, found more often in the cortex than
the hippocampus, are resistant to activity dependent shrinkage and they suggest
that this supports the current view that the neocortex is responsible for longer
lasting memories.387
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N. Yasumatsu, et al. “Principles of Long-Term Dynamics of Dendritic Spines,” Journal of
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instability but that statistically spine volume correlates to age and life expectancy. Close analysis
showed also that dendritic filipodia are constantly emerging. They find a correlation between the
“savings function” quantified by Ebbinghous in 1885 to model retention of memories, and the
curve of volume decay for small spines.
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Further corroboration is found in the studies by Conde and Caceres highlighted
the extremely dynamic internal structures of axons and dendrites and speed with
which change plastic structural change occurs.388 (See 2.2.5.6. e) They showed
that microtubules grow and disassemble rapidly, especially at times of
synaptogenesis and that growth cone motility may be regulated by microtubuleassociated-protein 1B (MAP1B). In a 2003 study of mice genetically engineered to
express differently fluorescing proteins, Walsh and Lichman were able to obtain
images of retraction of the axon from one motor neuron and replacement by
another over the space of four days. The dramatic substitution of one axonal tip
for the other appears to takes place in less than a day.389

d) Plasticity as a consequence of neurogenesis.

Neurons in the human organism are normally established at birth, yet in adult
humans neural stem cells persist in regions near ventricular layers, including
hippocampus, regarded as a key region for memory and learning.390 The signals
triggering development of neural stem cells are not yet clear but environment
may well play a key role. For example, rats raised in enriched environments show
more proliferation and survival of hippocampal stem cells. Conversely, stress
seems to inhibit stem cell proliferation and viability in the hippocampus.
Hippocampal stem cells appear to play a significant role in permitting the plasticity
inherent in memory processes.

e) Microtubule assembly.

Another recent line of research focuses on the contribution of microtubules to
structural plasticity. Conde and Caceres reviewed understanding of the regulation
of microtubule assembly, organisation and dynamics in axons and dendrites, and
388

Cecilia Conde and Alfredo Caceres, “Microtubule assembly, organisation and dynamics in axons
and dendrites (Review),” Nature Reviews Neuroscience 10, (May 2009): 319-332.
389
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390
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supported the view that microtubules are “key determinants of neuronal polarity”
391

with a potential contribution to plasticity. Their very dynamic instability, an

ability to grow and disassemble rapidly, lends weight to this view. Assembled as
dense parallel arrays, bundles, microtubules have been shown to play a key
structural role, required for both growth and maintenance, in both dendrites and
axons.392 The regulated assembly of microtubules is evident at synaptogenesis.
The authors suggest that this process and also the regulation of growth cone
motility may be managed by microtubule-associated-protein 1B (MAP1B).393

2.2.6 Use-induced plasticities.

The projects of Michael Merzenich continue to demonstrate the vast possibilities
for plastic change in the brain induced by activated pathways. 394 For example his
work with ferrets has demonstrated the capacity for the auditory cortex A1 to
wire for visual cues in the same way that V1 normally establishes a rectinotopy (a
topographic map of the neuronal inputs from the retina) and what are called
“orientation columns” with pinwheels of groups of specific neurons.
Acknowledging the insights of Aristotle, he says “This is an important extension of
issues addressed by Aristotle, John Locke, Charles Bell, Johannes Muller and
others. Each of these added a progressively more convincing and more complete
argument that the sources of input signals to the brain, and the activations of
specific brain regions by those signals, underlie sensory qualities and functions.”395

The well known London taxi driver study revealed that the human hippocampus is
capable of responding to experience/environment by mechanisms of plasticity.
London taxi drivers are required to master what is commonly known as “The
Knowledge”, a police city navigation test that requires typically two years of study.
391

Conde and Caceres, “Microtubule assembly, organisation and dynamics in axons and dendrites
(Review),” 319.
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393
Conde and Caceres, “Microtubule assembly, organisation and dynamics in axons and
dendrites,” 329.
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The volumes of the posterior hippocampi of 16 experienced (mean of 14.3 years
driving) London taxi drivers were shown not only to be significantly larger than
those of control subjects but also to be correspondingly larger in proportion to the
amount of years of taxi driving although the increasing volume was only reflected
in the right hippocampus suggesting that the left and right hippocampi have
differing roles in spatial navigation. This study suggests that this posterior
hippocampal region is utilised to store spatial representation of the environment,
and that the hippocampus is capable of plastic change in response to the demands
of experience.396 This is in line with current understanding of the hippocampus;
that it codes for the storage of explicit memory.

Somewhat analogously a 2005 study by Lazar et al. demonstrated that meditation
influences experience dependent cortical plasticity. Cortical thickness in brain
regions for attention and sensory processing were thicker than matched controls
for the twenty participants in the study with extensive meditation experience,
mediation understood as cultivated attention to present moment stimuli without
cognitive elaboration. Thicker cortical regions included the PFC and right anterior
insula, mostly in the right hemisphere, that responsible for sustaining attention.
The study did not reveal the source of the greater thickness. Possibilities included
enhanced dendritic arborisation, glial volume or increased vasculature but all
would support increased neuronal function.397

The 2007 study by Desmurget et al. highlights the swiftness and comprehensive
extension of plastic response after trauma. The authors review the literature on
recovery from stroke and from low grade glioma (LGG), a slow growing tumour.
They note that LGG recovery after surgery is in most cases complete within a year
and that tumour invasions cause the brain to initiate a major reorganisation of the
396

E. A. Maguire, et al. “Navigation-related structural change in the hippocampi of taxi drivers,” in
Proceedings of the National Academy of Sciences of the USA 97, 8 (2000): 4398-403. Two different
independent analysis techniques were used, one utilising voxel based morphometry (VBM) in
structural MRI scans of the whole brain, and a second involving an established pixel counting
approach focusing on the hippocampus itself. The non drivers manifested a larger anterior
hippocampal region.
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neural functions, hence most LGG patients present as normal or only slightly
impaired despite substantial tumours.

They also record the phenomenon of acute functional remapping, the cause of
which is unclear. They demonstrate that function control can transfer within 1560 mins of the resection to other adjacent regions, perhaps taking up “latent
intracortical connections”.398 They suggest that a gradual learning process
mediates brain plasticity, with the soon to be eclipsed areas instructing intact
regions via indirect and direct pathways. This theory would account for
remarkable adjustments as slow growing lesions develop and also for subsequent
recovery after resection.399

2.2.7 Exercise induced plasticity.

A form of use-induced plasticity is exercise induced plasticity. It also appears to
follow pathways mediated by chemical signalling. Energy intake and expenditure
serve to co-regulate plasticity in the adult hippocampus, which, along with the
temporal lobe structures, is a brain area essential in learning, memory and mood
regulation. 400 It has been shown in animal studies that “enhancement of somatic
metabolism by wheel running or caloric restriction improves central
neuroplasticity,”401 and that in contrast, a high caloric diet, excessive energy
intake, serves to reduce plastic and learning in the hippocampus by reducing the
presence of BDNF. 402
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BDNF, including exercise induced transcription of BDNF, is seen as a facilitator of
neuronal excitability and function at the synapse. Vaynman and Gomez-Pinilla
have reviewed the literature on exercise induced up-regulation of BDNF
promoting repair and neurotrophic support. Exercise studies draw attention to the
increase in levels of molecules such as the insulin-like growth factor (IGF),
fibroblast growth factor 2 (FGF-2) and BDNF in regions of the brain, most
particularly the hippocampus. “Exercise can activate specific neural circuits to
modify the way that information is transmitted across cells at the synapse….”403
The authors demonstrate that exercise raises neurotrophic factor levels in regions
of the adult brain improving learning and memory.404

Animal studies have shown repeatedly that exercise improves cognitive function
especially in tasks dependent on the hippocampus. Studies also show that BDNF is
also exercise induced in the cerebral cortex, the cerebellum and the spinal cord.
BDNF is known to mediate synaptic plasticity, and facilitate learning and memory
mechanisms.405

2.2.8 Plasticity induced by transcranial stimulation.

There is considerable current focus on the various techniques of transcranial
stimulation and the resultant plasticities that are evident. A leader in these fields
is Alvaro Pascual Leone.
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A recent study co-authored by Pascual Leone reviews the current knowledge of
transcranial direct current stimulation (tDCS) making the observation that studies
demonstrate that tDCS is responsible for long term synaptic change brought about
by protein synthesis, and that these changes are reversible and feature similarities
to LTP and LTD. The authors suggest that tDCS is distinct from other transcranial
electrical stimulation and transcranial magnetic stimulation in that it will not
produce the rapid depolarisation and hence action potentials in neurons. It is
likened to a neuromodulatory intervention.406

A further study focuses on non invasive repetitive transcranial magnetic
stimulation (rTMS) and the manner in which it has been applied to induct changes
in neuronal response and short term primary motor cortex (M1) plasticity at the
synapse. rTMS creates a sustained excitation of neurons after the original burst of
TMS has stopped. That LTP and LTD longer term effects are present is not clear.
On the other hand paired associative stimulation (PAS) protocols are shown to
induce LTP and LTD like effects in the human M1. PAS induced plasticity is
enhanced if attention is paid to the area under stimulation, and the paper
suggests that this is possibly through attention-dependent activation of the
ascending cholinergic pathways. It is suggested that PAS induced plasticity shares
common circuitry with motor learning. 407

Summaries of the numerous systems and mechanisms of plasticity operating at
the cellular and molecular level are offered in Table 2.3 and Table 2.15. 408

2.3. Neural bases for learning and memory.

406
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Learning and memory are the key processes by which environment and
experience alter behaviour. Learning is the process of acquiring knowledge about
environment or experience. Memory is the process of storage and retrieval of that
knowledge leading into some form of response: subconscious, conscious but
impulsive, or conscious and deliberate.

While some authors distinguish between mechanisms of learning and memory, at
other times the words are used synonymously. They form two overlapping
categories: habituation, sensitisation and conditioning leading to increase or
decrease in the strength and efficacy of synapses; and activity-dependent
regulation of gene expression leading to physical changes at the synapse bringing
about pre and post synaptic alterations in membrane potential (the mechanisms
accounting for the long term synaptic plasticity of the various forms of LTP and
LTD).

It is of specific interest to this study that implicit and explicit memory makes
possible the learning of perceived behaviours. Alvarez et al. write, “The formation
of memories and the acquisition of new behaviours are thought to occur through
the activity-dependent regulation of synaptic connections in the brain.”409

Both the ease of practice that is associated with virtue, and the motivational
rewards inherent in the practice of virtue, argue for the implication of
mechanisms of non-declarative memory. (See also 2.3.6.1.b.) Furthermore it is
reasonable to propose that during the process of acquisition of virtue when effort
is more conscious, that declarative memory plays a more significant role. (See
below 2.3.5 Skill related learning for brief discussion of the progression from
declarative to non-declarative memory during skill acquisition, a process having
common features with virtue acquisition to the extent that both involve
automatisation of behaviours.)
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In this section, I focus also on imitation, as one of the core processes for learning
from the environment and from the example of others. The neural bases for this
are now increasingly well described. This provides some explanation for the ease
of acquisition of virtuous behaviours by children, and also for the human capacity
for empathy.

Tables 2.4 Systems for learning, 2.5 Memory systems, and 2.6 Systems for
imitation and empathy capture the complexity of learning, memory and imitation
and summarise a prima facie association with the development and exercise of
virtue. Higher brain function is supported by complex systemic interaction
distributed across multiple brain areas.

2.3.1 Learning and memory.

a) Learning.

Learning may be subclassified as associative and nonassociative learning.

Associative learning is a broad category of learning that involves formation of
associations. It subdivides into:
i.

classical (Pavlovian) conditioning, also known as reward conditioning, or
appetitive classical conditioning. It was first described by Ivan Pavlov and it
involves a conditioned stimulus (eg a bell) associated with an
unconditioned stimulus (eg food) provoking a response (eg salivation). The
response will continue after a time of conditioning by the conditioned
stimulus even if no longer accompanied by the unconditioned stimulus. In
a similar way, a shock to the foot eliciting limb withdrawal will produce
aversive conditioning.

ii.

The second type of associative learning is known as instrumental, or
operant, conditioning by which an organism associates consequences with
its own behaviour, and over time thereby alters the probability that a
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certain behaviour will be expressed. (See 2.6.4 Reinforcement in basal
ganglia learning.)

Nonassociative learning comes in three broad forms:
i.

habituation whereby when a stimulus is delivered repeatedly, there is a
reduction in response to it;

ii.

dishabituation which is the restoration or recovery of a response that had
been habituated owing to the presentation of another, typically strong,
stimulus;

iii.

finally there is sensitization, the enhancement of a response evoked by a
strong stimulus.

b) Memory.410

The various forms of memory and the brain areas implicated in each may be
classified in the following way:
i.

Working memory resides in the neocortex. One theory is that immediate
memory, the memory that holds information in the brain for a few
seconds, for example allowing us to maintain the flow when we read, is
based on reverberating circuits.411

ii.

Long term memory may be either declarative or nondeclarative.


Declarative memory (explicit memory). The median temporal lobe and
the medial diencephalon are involved in both forms of declarative
memory. Explicit memory may be either
o Episodic (narrative event memory)
o Semantic (factual)



There are three forms of non declarative memory (implicit
memory):412

410
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o procedural: skills and habits dependent upon the BG in
conjunction with cerebellum and neocortex (riding a bike,
playing an instrument)
o emotional memory: emotional associations dependent
upon the amygdala (the association of rewards or
punishment with particular cues).
o motor memory: conditioned reflexes drawing upon the
cerebellum. 413
2.3.2 The five major memory regions of the brain.414

The major memory regions of the brain are the hippocampus, amygdala, striatum,
cerebellum, and cerebral cortex. Each contributes in a unique way to memory;
each has its own memory system, the capacity to benefit from experience that is
presented to it in its specific role in the brain. We know too that each of these
regions is the foundation for and is integrated with a much larger network of
diverse brain areas with which it cooperates in the processes of memory.

Behaviour is typically the product of the contributions of multiple memory
systems. For example, the declarative memory of sporting coach’s instructions,
modulated in the hippocampus, is complemented by repetition learning of motor
skills founded in the striatum. In turn, other memory systems may operate in
parallel: the amygdala could modulate hippocampal and striatal memory systems
when sporting emotional arousal becomes involved. Systems can influence
plasticity in other areas. For example, it is thought that amygdalar projections
promote synaptic plasticity in linked areas such as the hippocampus,
parahippocampal region, and certain cortical areas. There are examples too of
collaboration between cerebellar and hippocampal systems.
413
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a) The hippocampus supports declarative memory, the conscious recollection
of events and facts. It is believed that the hippocampus initially acts as a
retrieval system for information in widespread areas of neocortex. Scoville
and Milner in 1957 documented the case of H.M., suffering seizures from
the age of 10, and treated in 1953 with major removal of tissue from
medial temporal lobe, leading to profound memory impairment with
practically no capacity for new learning. His case demonstrated how the
hippocampus codes for long term explicit memory.415 416 417 A current
hypothesis is that the hippocampus codes explicit memory and that if, for
some reason, the action of the hippocampus is impaired or blocked, there
will be no coherent recall of the episode.418

b) The amygdala is associated with emotional memory. While the amygdala
as a whole has a general role in memory modulation for emotion laden
content, the basolateral amygdala complex (BLA) and central nucleus of
the amygdala (CEA) have significantly different roles. 419 The BLA includes
the lateral, basolateral, and basomedial nuclei, and draws input from
widespread cortical areas, and from the sensory nuclei of the thalamus.
There are reciprocal connections to hippocampal and striatal memory
systems. The amygdala seems able to mediate the creation and
consolidation of memories that are made more vivid, accurate and longer
lasting by emotional overlay. Many studies show that BLA mediates a
system for coding memory strength by importance measured from a
subjective position. 420 We remember important events more than trivial
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arousing experiences,” Annual Review of Neuroscience 27, (2004): 1-28. Such events cause release
of epinephrine (Epi) and glucocorticoids by adrenal glands leading onto release of norepinephine in
amygdala, increasing its activity and thereby consolidating memory in other parts of the brain
416
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events. This region is seen as important in tagging memories with
emotional “markers”, but not in maintenance or call up of memories,
which perhaps is more the work of the hippocampus.
Memory of facts is improved when facts are learned in connection with
an emotion, unless intense arousal is involved.421 422

c) The striatum, a major constituent of BG, plays a role in reward and
motivation, motor control. It organises somatosensory and motor
representations in a topographic manner, and connects also to other
regions of the BG and also thalamus (projecting back to premotor and
motor cortex and prefrontal association cortex). It draws cortical inputs
from many areas of cerebral cortex. There are few projections to brain
stem motor nuclei and none to the spinal motor apparatus “which
suggests the system operates mainly to modify cortical motor
representations rather than control behaviour through direct motor
inputs”.423 The dorsal striatum lays down memory for motor habits, actions
and outcomes, playing a key role in much stimulus-response (S-R) habit
learning. 424 425

d) The cerebellum receives direct input from spinal cord and brain stem and
indirect sensory and motor input from various areas in cerebral cortex via
(direct by connections to striatum, hippocampus or cortex; and indirect by connections with
nucleus basalis which innervates much of cortex).
421
A Bechara, et al., Emotion, Decision Making and the Orbitofrontal Cortex. Cerebral Cortex
March 2000: 10: 295-307. See L. Cahill et al.“The amygdala and emotional memory,” Nature 377,
(1995): 295-296. The authors demonstrated that not only is decision making and working memory
distinct in the PFC but that the emotional mechanism by which emotion can bias decisions is
different from the mechanism whereby emotion enhances memory.
422
Furthermore, the cognitive contribution of sleep has been demonstrated. Memories are
consolidated by both Hebbian and non-Hebbian synaptic strengthening. Sidarta Ribeiro, “Sleep and
plasticity,” Pflugers Archiv 463, 1 (2012): 111–120.
423
Manns and Hichenbaum, “Learning and memory: brain systems,” 1165.
424
M. G. Packard and J. L. McGaugh, “Inactivation of hippocampus or caudate nucleus with
lidocaine differentially affects expression of place and response learning,” in Neurobiology of
Learning and Memory 65, (1996): 65-72.
425
Further studies reviewed and providing insight into the mechanisms of memory: A. Pasupathy
and E. K. Miller, “Different time courses of learning related activity in the prefrontal cortex and
striatum,” Nature 433, (2005): 873-876. B. J. Knowlton, et al. “A neostriatal habit learning system in
humans” in Science 273 (1996): 1399-1401.
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pontine nuclei in brain stem. It projects to spinal cord, brain stem,
hypothalamus, and thalamus, the thalamic targets in turn projecting onto
cortical motor and non motor areas especially in the frontal lobe.
Cerebellar memory is involved not only in motor reflex learning, but also in
mental processing involving precise timing.

e) The cerebral cortex contains motor and sensory areas, association areas,
integrative centres such as the PFC with its focus on motor planning,
higher order cognition, and working memory, the general interpretive area
and the speech centre. The cortex plays a role in many forms of memory.
The networks of the major learning systems include cerebral cortex,
although certain forms of learning can bypass cerebral cortex, for example,
eyeblink conditioning mediated by the cerebellum whereby eye blink is
associated with another conditioning stimulus. An engram or memory
trace is the location or physical representation of memory in the brain:
“The sum total of changes in the brain that first encoded an experience
and that then constitute a record of that experience”.426 Various brain
regions are involved in the representation of even a single event.427
2.3.3 Mechanisms of memory. 428

In both implicit and explicit memory, memory follows three stages:


Learning or acquisition



Short term memory (with associated rapid decay of the neural
response)

426

Larry Squire and Eric R. Kandel, Memory: From Mind to Molecules (NY: HPHLP, 1999), 73.
Lashley’s pioneering studies in the 1920s failed in their attempt to prove that all areas of the
cortex contribute to memory, but he did add to the understanding that memories are distributed.
In 1949, Hebb suggested that engram could be distributed in the brain, and that the neurons
involved in sensation could be also be implicated in representation. Hebb suggested that engrams
based on one modality would be represented in that modality. Animal studies verify this. See also
Bear, Neuroscience. Exploring the Brain, 733 and 751.
427
Squire and Kandel, Memory: From Mind to Molecules, 73.
428
Source in this section unless otherwise cited: Bear, Neuroscience. Exploring the Brain, 738-745.
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And finally intermediate term memory (ITM) converting to long term
memory (LTM) after persistent repetition. In contrast to earlier phases,
this final phase features protein synthesis. 429

These stages are underpinned by distinct neural regions and processes.
In summary, vertebrate and invertebrate studies reveal the following principles. 430
It is commonly acknowledged that forms of activity induced plasticity are at the
core of memory. Memory operates through cellular and molecular mechanisms
that alter membrane excitability and synaptic strength ultimately at the level of
the individual neuron, and in complex interconnected circuits of large numbers of
neurons. There are changes in existing neural circuits for both short and long term
forms of learning and memory, mediated possibly by multiple cellular mechanisms
within individual neurons. Cellular changes are mediated to some extent by
second-messenger systems. Learning and memory often correlate to changes in
membrane channels. New protein synthesis is involved in long term memory but
not in short term memory. LTP and LTD are forebrain mechanisms for or
associated with memory storage and are regarded as evidence for plasticity.431

2.3.3.1 Declarative memory storage.

The current understanding is that the hippocampus acts as a retrieval system for
information in widespread areas of neocortex. It is widely held that the temporal
neocortex is the site of long term memory storage. The hippocampus has links to
the medial temporal lobe. Temporal lobe association areas (the source of highly
processed sensory information) project to the parahippocampal and rhinal cortex,
then to the hippocampus, and then, via the fornix, to the thalamus and
hypothalamus. These medial temporal structures are regarded as critical for
declarative memory consolidation. There is the possibility that memories are
temporarily stored locally here before transfer to the neocortex.
429

Tully, Tim et al. “Targetting the CREB pathway for memory enhancers.” In Nature Reviews Drug
Discovery. (2 April 2003): 267-277.
430
Byrne, “Learning and memory: basic mechanisms,” 1132.
431
Byrne, “Learning and memory: basic mechanisms,” 1132.
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There is evidence that specific memories can be widely distributed in the brain.
For example, memories formerly evoked by a stimulation of a later removed
section of the temporal cortex have been shown to be evoked, after excision, by
electrical stimulation of a third location. A further example: human fMRI studies
show that extrastriate cortical area is implicated in attentive memory of material
for which the subject has a fascination, eg cars for car buffs.432

Memory in the cortex supports perceptual learning and repetition priming and is
regarded as “highly plastic in that its representations can be altered after
experience”433 as a result of alterations in synaptic connectivity and membrane
excitability. Lynch writes, “There is no doubt that consolidation of memory
requires some form of synaptic remodelling.”434 Butz et al. accord with this view,
and referring most of all to long term memory, states that this remodelling is
structural and that the strengthening of existing synapses occurs in the Hebbian
sense during memory formation.435

2.3.3.2 Non-declarative, or procedural memory storage.

The striatum is the seat of habit learning and procedural memory, forms of nondeclarative memory. That H.M. could learn new habits despite loss of declarative
memory demonstrates that the bases for these memories are distinct. Monkeys
with striatal lesions exhibit impaired procedural memory. Striatal disease in
432

Macaque monkey studies show that high order visual areas such as the inferotemporal cortex
(IT) provide storage for certain declarative memory. Well documented cases of cerebral
impairment demonstrate that the diencephalon and medial temporal lobe, and thalamus are
interconnected serving memory consolidation. Much of our knowledge of the role of hippocampus
in memory from the study of rats. It is shown to be important in spatial memory by studies
involving the Morris water maze. O’Keefe proposed that the hippocampus creates a topographic
map of the environment. Others suggest hippocampus is associated with working memory. Cohen
et al developed a model of the role of the hippocampus in “relational memory”, linking spatial
representation to things happening at the time of the experience. Bear, Neuroscience. Exploring
the Brain, 738-745.
433
Manns and Hichenbaum, “Learning and memory: brain systems,” 1174.
434
M. A. Lynch, “Long term potentiation and memory,” Physiological Review 84, (2004): 117. The
word “consolidation” suggests the author is referring to long term memory.
435
Butz, et al., “Activity dependent structural plasticity,” 295.
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humans, for example Huntington disease, exhibits analogous manifestations.
Parkinsonian patients, with degeneration of SN, also exhibit impaired procedural
memory. 436

2.3.3.3 Working memory, a form of short term memory, storage.

Working memory is different from both declarative and procedural memory. It is
used for holding information required for an immediate need (eg shorter term
recollection of a phone number). Working memory is now shown to be linked to
planning and problem solving, as demonstrated by the Wisconsin card test. 437

Many areas of the brain, besides the hippocampus, appear implicated in working
memory. The PFC is closely interconnected to medial temporal and to
hippocampus and seems implicated in working memory. Monkey performance on
delayed response tasks (lifting lid on container previously demonstrated to
contain food) in 1930s first demonstrated PFC implication in working memory.
Nevertheless, working memory also seems linked to cortical areas outside PFC.
The lateral intraparietal cortex (area LIP) for example seems implicated in guiding
eye movements requiring some vision specific working memory.

It is believed that working memory involves some form of synaptic facilitation,
perhaps accompanied by tetanic stimulation, rapid repetition of signals at the
synapse resulting in an accumulation of Ca2+ at the synaptic knob. This increases
the likelihood of further neurotransmitter release and action potential in the
neuron across the synapse. Forms of working memory over longer timeframes
may involve post-tetanic stimulation, whereby release of neurotransmitter
remains facilitated when there has been a recent history of neuronal stimulation.
The resulting Ca2+ build up lowers the thresholds for subsequent action
potentials.438

436

Bear, Neuroscience. Exploring the Brain, 753.
Bear, Neuroscience. Exploring the Brain, 755.
438
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Saladin, Anatomy and Physiology, 5 ed., 473.
437
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2.3.4 LTP as an underpinning mechanism for memory. 439

LTP leads to persistent, long lasting changes in the strength of synaptic
connections, as measured by the amplitude of the EPSP in immediate downstream
neuron. We have seen above that LTP was first identified in 1973 by Bliss and
Lomo in the hippocampus of the rabbit. LTP is a form of plasticity linked to
information storage in several regions of brain; Hebbian LTP with its quality of
associativity seems clearly linked to retrieval of information. There is a large and
increasing body of evidence that LTP is indeed the substrate for some forms of
learning.

LTP is found in the hippocampus, cerebellum, neocortical regions, and also in
subcortical centres such as the amygdala. It is present in at least 17 pathways in
the brain, not from the hippocampus to other brain areas, but also, not involving
the hippocampus, in cortico-cortical pathways and from various areas of the
cortex, the thalamus, the amygdala, the subiculum, the dentate gyrus, and the
striatum. It seems reasonable to expect that plasticity in the hippocampus
facilitating encoding for explicit memory, in the striatum for reward and
procedural activities, in amygdala coding for emotional experiences, and in the
cortex associated with long term memory and cognitive regulation of behaviour
play a significant role at the developmental stage of virtue

LTP is present in a variety of neural synapses and even in the same synapse under
different conditions it may utilise different pathways. Often but not always, 440 LTP
is linked with Donald Hebb’s classic dictum of plasticity, that the synaptic strength
of existing synapses joining cells will increase as those cells are active.

439

Source in this section unless otherwise cited: Lynch, “Long term potentiation and memory,” 87136.
440
An example of non Hebbian LTP: in the synapse at the mossy fibre CA3 junction in the
hippocampus, and at the parallel fibre-Purkinje synapse in the cerebellum.
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All forms of LTP seem suited to rapid learning but the localised nature of synaptic
changes makes LTP hard to detect in situ. It has been possible to show that
synaptic enhancement is linked to memory in studies of amygdala circuits that
mediate fear. Saturation or blocking the mechanisms of LTP has demonstrated
that learning itself has been blocked. Whitlock has shown that learning in rats
does induce hippocampal LTP.441 Pastalkova has also shown that inhibition of
PKMz in hippocampus distrupts LTP maintenance and eliminates spatial
learning.442 Learning may involve weakening of synaptic strength also.

As the explanation for memory consolidation the case for LTP has not been
proven to the satisfaction of all. 443 While some studies show that saturation of
LTP impairs spatial learning, others have not been so conclusive.444 In a recent
study of conscious cats, the CA1 neurons exhibited persistent reversal of
previously induced LTP when exploring a novel and non-stressful environment. In
other words, the links between LTP and memory were not completely clear. It is
suggested that close linkages may be present between LTP and spatial learning in
some but not all synaptic connections where one or the other is present. 445 In
general there is an apparent inconsistency in at least some of the data from
various research centres, raising the question, Lynch suggests, as to whether
experimentation requiring genetic manipulation is entirely reproducible.446 447
441

J. R. Whitlock, et al. “Learning induced long-term potentiation in the hippocampus,” Science
313(2006): 1093-1097.
442
E. Pastalkova et al. “Storage of spatial information by the maintenance mechanism of LTP,”
Science. 313 (2006): 1141-1144.
443
Since the mid 1990s there has been great progress over the previous decade in understanding
the mechanisms of memory and learning, and in particular of the afferent pathways of the
hippocampus. Advances in research instruments (development of techniques for knockout and
overexpression of particular genes, and of probes for analysis of cell signalling and gene
transcription) have contributed to this progress.
444
Lynch, “Long term potentiation and memory,” 87-136.
445
Lynch, “Long term potentiation and memory,” 120.
446
Lynch, “Long term potentiation and memory,” 117.
447
There appear to be multiple mechanisms and multiple second messenger pathways operating
for the induction, expression, and maintenance of LTP. The mechanisms have highly conserved
across species. There is agreement that LTP induction depends on increase in cellular
2+
concentration of ions in pre and/or post synaptic cells, but the exact role of Ca varies. Numerous
2+
pathways seem to modulate or control Ca . For example, calcium influx occurs through ionotropic
GluRs, expecially the N-methyl-D-aspartarte receptor (NMDAR) as well as through voltage gated
2+
2+
calcium channels (VGCCs). The Ca phosphatases pathway leads to LTD but the Ca protein
kinases pathway leads to LTP. Since the 1980s much work has been invested in identifying the
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Nevertheless there is now much evidence that forms of memory stimulate
synaptic activity linked to LTP. It has been shown too that when LTP is inhibited,
some forms of memory are inhibited by the same agents. However, the multiple
pathways in the brain, and the multiple forms of memory, suggest that to consider
LTP as the exclusive pathway for memory is simplistic.448 Butz et al. find
considerable evidence that synaptogenesis is found in the close vicinity of
synapses characterised by LTP but that “due to methodological limitations
experimental data directly indicating that structural plasticity is involved in
learning are rare”. 449

LTP and LTD are closely associated mechanisms of plasticity. Butz et al. affirm that
LTP promotes spine maturation and stabilisation while LTD leads to the weakening
of spines and synapses. The evidence suggests that learning and memory are a
result of the complementary actions of functional plasticities and of the structural
changes that hardwire them. Furthermore, while there is constant synaptic
rewiring in limbic areas, this is less evident in sensory and motor areas although,
significantly for this study, there is evidence also of synaptogenesis in motor skill
learning.450 Recent research is focusing on the detailed workings of LTP and LTD
through studies of gene transcription associated with enhanced spatial memory
.451 Other research is exploring the relationship of LTP and LTD to homeostasis,
signalling cascades that lead to expression of LTP and consolidation of memory. Both are seen as
dependent on calcium, CaMKII, and protein synthesis. Recently the recycling of AMPA receptors
has become an area of study. Further studies reviewed and providing insight into the mechanisms
of memory and in particular for the role of LTP and LTD: L. Stenho-Bittelet al. “Calcium release
from the nucleus by InsP3 receptor channels,” Neuron 14, (1995): 163-167; M. Fisher et al. “Rapid
actin-based plasticity in dendritic spines” Neuron 20, (1998): 847-854; M. Ito, “Cerebellar long
term depression: Characterisation, signal transduction, and functional roles,” in Physiology Review
81.3 (2001): 1143-1195. R. Malenka and M. F. Bear, “LTP and LTD: an embarrassment of riches,”
Neuron 44, (2004): 5-12.
448
Lynch, “Long term potentiation and memory,” 119.
449
Butz, et al., “Activity dependent structural plasticity,” 295.
450
Butz, et al., “Activity dependent structural plasticity,” 293.
451
M. Costa-Mattioli, “Switching memories on and off,” Science 322, 5903 (2008): 874-875. The
author demonstrates the key role that a reduction of the translation initiation factor elF2x plays in
laying down long term memories and in converting short term memories to long term memories.
elF2x has been shown to suppress protein synthesis yet stimulate synthesis of CREB2. He
+/S51A
demonstrates that mice in which the activity of elF2x had been reduced genetically (elF2x
mice) show conversion of short term memory to long term memory. The studies showed that
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and to homosynaptic/heterosynaptic change, in relation to the mechanisms of
learning. Homosynaptic changes are the synaptic changes of transmission as a
result of the specific induction related to learning, and heterosynaptic changes are
changes at other synapses (on the same neuron) non involved in the original
induction related to learning. 452

2.3.4.1 Further factors for the synaptic facilitation involved in memory.

Other current work is detailing the mechanisms underlying the cortical
representations of the environment in the in the sensory cortex. Fromke,
Merzenich and Schreiner demonstrate by means of in vivo whole cell recording
that plastic changes to the receptive field of the auditory cortex are effected by
means of electrical stimulation of the nucleus basalis in conjunction with auditory
stimulation of the adult rat primary auditory cortex. They suggest this
neuromodulation of the auditory cortex by the cholinergic nucleus basalis may be
a key mechanism for receptive field plasticity, and in particular for heightened
attention to novel or meaningful stimuli.453

The work of Yasumatsu et al. (2008) indicates structural plasticity among dendritic
spines as an additional mechanism for learning. 454 Spinogenesis and LTP are
closely linked; LTP correlates to shrinkage of hippocampal spines.

It has been shown by Leuner et al. (2006) that hippocampal dentate gyrus neurons
undergo ongoing replacement; this has been suggested as a further mechanism
+/S51A

elF2x
mice in water mazes showed superior ability, indicating enhanced spatial memory, and
also in memory of auditory and visual stimuli on behavioural tests involving prediction of foot
+/S51A
shocks and nausea. Hippocampal slices from elF2x
mice showed long lasting LTP, in contrast
with the normally expected short lasting changes (not gene based, protein mediated).
452
Chistiakova and Volgushev, “Heterosynaptic plasticity in the neocortex (Review).” Chistiakova
and Volgushev find that nonassociative, or heterosynaptic, plasticity of specific synapses may
result in a neuron as a result of back propagation, where other synapses in the same neuron have
experienced Hebbian-type associative, or homosynaptic plasticity by well understood processes of
2+
Ca influx (fast large amplitude influx leads to LTP; slower low amplitude to LTD) in response to
intracellular tetanization.
453
Robert C. Froemke, Michael M. Merzenich, and Christoph E. Schreiner, “A synaptic memory
trace for cortical receptive field plasticity,” Nature 450 (2007): 425-429.
454
Yasumatsu, et al., “Principles of Long-Term Dynamics of Dendritic Spines,” 13592-13608.
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for learning and memory. The rich expression of BDNF in the hippocampus, a
factor in neurogenesis, has already been noted above. The significance, for virtue
development, of mechanisms of plasticity in the hippocampus has been noted
above. Fascinatingly also, it has been noted that newly integrated neurons pass
through a process of changing neurotransmitter excitation, from GABA to
glutamatergic, with evidence that plasticity is most pronounced in the first four
months after mitosis.455

2.3.4.2. The neuroscience of memory enhancement.

Mechanisms of memory enhancement have also been documented. Tully et al.
(2003) review the literature on what they call a “chemistry of brain plasticity”
identifying gene targets for memory enhancement. Most drugs of this nature
involve both the cholinergic system and neurohumoral signalling, a slower form of
signalling that takes place between the CNS and peripheral tissue influencing
motivation and emotion. This form of signalling contrasts with the fast action of
neurotransmitters. 456

2.3.5 Skill related learning.

Skills, to the extent they are intentionally acquired sequences of actions, share
common ground with voluntarily acquired habits. Skill studies demonstrate
consistently that automaticity brings efficiency. This efficiency is one of the major
benefits offered by the development of good habits. For example, Romero et al.
(2008), in a study typical of this field, investigated changes in EEG in 10 subjects
aged 19-22 learning a pseudo-arithmetic task.457 Subjects responded faster with

455

Stranahan and Mattson, “Impact of Energy Intake and Expenditure on Neuronal Plasticity,”
209.-218.
456
T. Tully et al., “Targetting the CREB pathway for memory enhancers,” Nature Reviews Drug
Discoveries 2, 4 (2003): 267-77.267-277.
457
EEGs offer greater temporal specificity, at some loss, with respect to fMRI, of spatial resolution.
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practice. The data suggest that there was a shift in method of processing from
mechanical counting towards reliance on memory.458

In addition to conclusions about the efficiency of habit formation, I will discuss the
possibilities for retention of voluntary deliberation within a paradigm of habit
development. In 2.4 I will discuss the neural bases of habits as forms of learning.
And I will be discussing the development of automaticity through the modification
of action-outcome (A-O) learning to S-R learning (2.4.7.2).

2.3.6 Neural systems of imitation and learning.

A further area of significant current research involves the neural bases of imitation
and empathy. These insights offer an understanding of the remarkable facility
whereby infants effortlessly imitate parents possibly in behaviours and attitudes
as well as in simple facial expressions, and bear out the sad truth of Jefferson’s
observation: “Man is an imitative animal.”459

Meltzoff and Moore (1977) found that within an hour of birth imitation of facial
expression is apparent.460 It is suggested that these processes of imitation provide
a neural account for the ease by which external example, for example by parents,
is adopted during sensitive periods. Hence it is a field of research clearly of
interest in a study that seeks the neural bases for training in virtue.
458

Stephen G. Romero, et al. “Electrophysiological markers of skill-related neuroplasticity,”
Biological Psychology 78 (2008): 221-230. The authors also discussed theories of stages of learning
with respect to skill acquisition within the paradigm of the Adapted Control of Thought Theory, a
theory of skill acquisition which moves from facts that must be rehearsed, the declarative stage,
the “what” of knowledge, to a “how to”, the procedural stage, in which strategies are refined and
focused for the specific task. They contrasted this model with Logan’s Instance Theory of
Automatisation and Rickard’s Component Power-Law Theory of Automatisation that hold there to
be a strategic switch between methods of processing, from a multi-step algorithm, to streamlined
processes relying on memory recall.
459
Thomas Jefferson, Notes on the Stateof Virginia, Ch 18.
http://xroads.virginia.edu/~hyper/jefferson/ch18.html; accessed 17.12.12. The context: “The
whole commerce between master and slave is a perpetual exercise of the most boisterous
passions, the most unremitting despotism on the one part, and degrading submissions on the
other. Our children see this, and learn to imitate it; for man is an imitative animal.”
460
A. Meltzoff and M. Moore, “Imitation of facial and manual gestures by human neonates,”
Science 198 (1977): 75-78.
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The discovery of mirror neurons led to an understanding of the underlying
mechanisms. Pellegrino et al. (1992), Gallese et al. (1996), and Rizzolatti et al.
(1996) documented mirror neurons in the premotor cortex of macaque monkeys.
Mirror neurons which are associated with particular actions trigger when those
actions are observed in others and also when the actions are performed by the
subject. I will look here at several representative studies in this burgeoning field.

Iacoboni et al. (1999) tested by means of fMRI imaging whether these mirror
neurons could be found in human subjects. The authors tested the theory that
imitation occurs through a mechanism, “the direct matching hypothesis”,
whereby an observed action is directly mapped to the motor cortex in a study in
which human subjects were asked to observe finger movements. In data matching
results already obtained in monkey studies, they found that the imitation
mechanism was present in the left frontal operculum area (Broca’s area) and the
right anterior parietal cortex. The result was also compatible with the fact that
Broca’s area is the motor area for speech, and imitation is critical in the
development of speech. The mechanism was noted as apparently present mostly
in the right hemisphere.461

Researchers were soon turning their attention to a complex derivative of simple
imitation, the development of empathy. A study by Carr et al. (2003) tested the
ideas of Theodore Lipps, who had suggested that “inner imitation” played a critical
role in the development of empathy, against the developing knowledge of mirror
neurons.

From the starting point that the fronto-parietal network in conjunction with the
superior temporal cortex is critical for human action representation and imitation,
the authors wished to investigate whether the limbic system also received action
representations to allow emotional processing, and hence empathy, to take place.
461

M. Iacoboni et al. “Cortical Mechanisms of Human Imitation,” Science 286, 5449 (1999): 25262528.
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The study showed that the amygdala and insula were also actively involved but
the authors suggested that explicit representational content might not be present,
and that it might be important to differentiate between the various brain regions
implicated in the various emotions, eg disgust in the anterior insula and fear in the
amygdala.462 Following this view there are two principal mirror networks: the
parietal lobe and premotor cortices, and that of the insula and ACC.

Hurley (2008) incorporated the provocative word “mind-reading” into the title of
a study that sought to develop a model for perception, action and cognition: “a
model of subpersonal architecture for control, mirroring and simulation, above
the neural, but below the conscious.”463 This approach was not atypical of the
cross disciplinary psychology/cognitive neuroscientific explorations into the
function of mirror neurons. Hurley argued, “Human mirror systems may be part of
the mechanisms for understanding observed actions and intersubjective
empathy” and that “direct resonance... provides a fundamental similarity between
yourself and other agents that enables the understanding of another’s actions as
instrumentally structured.” ... a “plausible neural basis” for understanding
others.464

Casebeer linked mirror neurons and Theory of Mind (TOM), by which
neuroscientists refer to our ability to understand the thoughts of others in order
to assess consequences of our actions. He suggested an integral role for mirror

462

L. Carr, M. Iacoboni, et al. “Neural mechanisms of empathy in humans: a relay from neural
systems for imitation to limbic areas,” PNAS 100, 9 (2003): 5497-5502.
463
S. Hurley, “The shared circuits model (SCM): How control, mirroring, and simulation can enable
imitation, deliberation, and mindreading,” Behavioral and Brain Sciences 31 (2008): 1-58. The
proposed model seeks to explain, imitation, deliberation and mindreading via five layers: 1.
Sensorimotor feedback and motor control; 2. Predictions of sensory feedback from motor control,
thus improving control and adding to perception of the world; 2+4 Predictions interact with
monitored inhibition of output; 3. Mirrroring that generates inputs, enabling imitative learning,
among other benefits; 3+4. Mirroring and inhibition allowing for management of one’s own acts; 5.
Consideration of possible observed action, and the development of hypotheses about acts possible
towards others.
464
Hurley, “The shared circuits model (SCM): How control, mirroring, and simulation can enable
imitation, deliberation, and mindreading,” 9. See reference for quotation.
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neurons in moral behaviour: “Mirror neurons might bootstrap full-blown TOM
into existence through an inner simulation of the behaviour of others.”465

Rizzolati et al. (2009) reflected on this role of mirror neurons as direct, noncognitive media for grasping the intentions of others. 466 As we know our own
reasons for action, we can infer information about the action observed and about
the actor. Mirror mechanisms are also active in relation to visceromotor emotionrelated behaviours. Rizzolati writes, “The role of the mirror mechanism is to
provide a direct understanding of the actions and emotions of others.”467 This
carries profound implications for the capacity of an infant to absorb emotional
responses for better or for worse from its parents.

I find these ideas most powerful and compatible with the view that I will present
of mirror neurons as core mechanisms in the capacity for infants and children to
grasp their parents example of appetitive responses.

2.3.6.1 Neural systems for affective feelings.

Affection also plays a role in empathy. The OFC which is at the apex of a limbic
circuit connecting the VMPFC, AC gyrus, amygdala and temporal pole, plays a
major role processing appreciation of moral consequences of behaviour and the
“interpersonal signals necessary for the initiation of social interactions
betweenindividuals”.468 469 Activation of the OFC produces warm and loving
feelings.470 The OFC can overwhelm consciousness with these feelings.471
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William D. Casebeer, “Moral cognition and its neural constituents,” Nature Reviews
Neuroscience 4 (2003): 844.
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G Rizzolatti et al., “Mirror neurons and their clinical relevance,” Nature Clinical Practice
Neurology 5, 1 (2009): 24-34.
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regulation and infant mental health,” 7-66.
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(2005): 747.
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Arden and Linford, Brain-based therapy with children and adults, 103.

162

Left and right OFC appear to differ in function: the right decodes mental states of
others and is associated with empathy with others; the left reasons about mental
states. The right OFC and right anterior insula cortex are components of a
pathway that integrates bodily responses with attentional and emotional
states.472

Balbernie suggests that limbic circuits require use-dependent stabilisation directly
reflecting the infant’s social environment.473 He suggests that the right limbic
system is key to complex attachment dynamics and interpersonal coping. 474 Right
brain development in early childhood is shaped by the dynamics of attachment.
Mother to child, and child to mother attachment relationships are now known
also to be critical in the infant’s development of self regulatory pathways during
the first three years when right brain development is dominant. 475

The work of Schore (2001) highlights developmental aspects of the OFC areas. He
linked attachment and positive maternal affect to initial reward stimulation in the
infant’s brain. Once these initial pathways are established, they appear to
contribute to mechanisms for mature affect regulation. For example, during
positive interactions, mother-infant facial communication generated DA mediated
arousal and elation in the right brain of the infant. DA inputs mediated reward and
emotional response. These DA inputs established a pattern of “burst firing” as

471

J. B. Nitschke et al., “Orbitofrontal cortex tracks positive mood in mothers’ viewing pictures of
their newborn infants,” NeuroImage 21 (2003): 583-592.
472
Schore, “Effects of a secure attachment relationship on right brain development, affect
regulation and infant mental health,” 7—66. Schore cited the work of Critchley.
473
In a review of literature concerning the significance of caregiver input during the first three
years, years of “optimal plasticity”, Balbernie focused on the role of the OFC, the area he
suggested governs attachment. He argued that the OFC is a “zone of convergence between cortex
and subcortex” governing “the ability to generate self awareness and personal identity”. R.
Balbernie, “Circuits and circumstances. The neurobiological consequences of early relationship
experiences and how they shape later behavior,” Journal of Child Psychotherapy 27, 3 (2001): 237255.
474
Balbernie, “Circuits and circumstances. The neurobiological consequences of early relationship
experiences and how they shape later behavior,” 237-255.
475
Allan N. Schore, “Attachment, Affect Regulation, and the Developing right Brain: Linking
Developmental Neuroscience to Pediatrics,” Pediatrics in Review 26, No. 6 (2005): 205.
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opposed to “pacemaker like firing”. 476 Schore called this “caregiver induced
organisation of the infant’s brain.” 477 There is a sequential maturing and function
of the various limbic and orbitofrontal areas. Schore noted that the limbic circuit
comprising OFC, AC gyrus, amygdala and temporal pole was described by Brothers
in 1997. Schore described the OFC as the “hierarchical apex of the limbic system”,
crucial in control of behaviour in relation to emotion, and with a major role in
processing “interpersonal signals necessary for the initiation of social interactions
between individuals”.478

2.3.6.2 Neuropeptides and mechanisms of trust.

Trust studies have demonstrated the role of oxytocin in promoting plasticity. The
role of trust in attachment, as well as in economic transactions, has been studied.
Kosfeld et al. (2005) focused on the role of oxytocin in the development of trust,
in a search for possible biological bases of trust between human beings. Their
study, in line with the view that oxytocin increases affiliation and social
attachment in non-humans, demonstrated that the neuropeptide was shown to
increase trust and social benefit also in humans. A single dose of oxytocin was
nasally administered in a double blind study involving 194 male students
participating in a trust game. 479

2.4

Habit formation and the role of the basal ganglia.

For summary table of the integrated contribution of the basal gangia with respect
to habit formation refer to Table 2.7 Systems for habit formation.

476

Schore, “Effects of a secure attachment relationship on right brain development, affect
regulation and infant mental health,” 23. This corresponds to the observation of Leknes and Tracey
with respect to the effects of phasic DA signaling. S. Leknes and I. Tracey, “A common neurobiology
for pain and pleasure,” Nature Reviews Neuroscience 9, (2008): 314-320.
477
Schore, “Effects of a secure attachment relationship on right brain development, affect
regulation and infant mental health,” 24.
478
Schore, “Effects of a secure attachment relationship on right brain development, affect
regulation and infant mental health,” 7-66.
479
M. Kosfeld et al., “Oxytocin increases trust in humans,” Nature 435 (2005) 673-676. Oxytocin
receptors are found in various regions of the human brain including the amygdala.
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2.4.1 The basal ganglia and related structures.

The basal ganglia (BG) are the largest nuclei of the brain. They occupy a
considerable volume of the cerebrum.480 These cerebral nuclei lie buried deep
within the telencephalon, which in its origin is the secondary brain vesicle in the
embryo which will later develop into the cerebral hemispheres. These bilateral
nuclei consist of grey matter and are found lateral to the thalamus and above the
midbrain. The BG are also known, more correctly, as the basal nuclei.481 At times
one finds that the striatum (the input nucleus of the BG also known as the
neostriatum) is also used synonymously with BG.482

Following Da Cunha, a typical division of the BG is:


dorsal striatum483
o caudate nucleus
o putamen



ventral striatum alternatively known as the nucleus accumbens (NAc)



globus pallidus (GP)
o internal segment (GPi)
o external segment (GPe)
o ventral pallidum (VP).484

480

Rod R. Seeley, et al., Anatomy and Physiology (NY: McGraw Hill, 2008), 455.
Gerard J. Tortora and Bryan Derrickson, Principles of Anatomy and Physiology, 11th ed. (New
Jersey: Wiley, 2006), 493. Authors suggest that basal nuclei is a more accurate terminology as
ganglion properly refers to neural feature of the PNS.
482
rd
John H. Martin, Neuroanatomy: Text and Atlas, 3 ed., (NY: McGraw, 2003), 327.
483
Henry H. Yin and Barbara J. Knowlton, “The role of the basal ganglia in habit formation
(Review),” Nature Reviews Neuroscience 7 (2006) point out that the heterogeneous structure of
the dorsal striatum suggests regions may be functionally specialised. Caudate is an area of the
“associative striatum” receiving inputs from association cortices. Yet putamen is of the
sensorimotor striatum. These areas in rodents, respectively dorsomedial striatum (DMS) and
dorsolateral striatum (DLS) are functionally dissimilar, and it has been suggested that the DMS is
functionally linked to hippocampus (perhaps more A-O linked, with DLS more S-R linked).
484
Claudio Da Cunha, et al. “Learning processing in the basal ganglia: a mosaic of broken mirrors,”
Behavioural Brain Research 199 (2009), 158.
481
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Nomenclature in this area can be a little confusing.485 The GP and putamen
together form the lentiform nucleus, with together with the caudate nucleus
forms the corpus striatum486.

Neuroanatomists are not in definitive agreement about which brain centres to
include within the BG.487 There is broad agreement that at least the caudate
nucleus, the putamen and the GP should be included in the BG proper. 488 At times
the associated motor nuclei of diencephalon (especially within the thalamus) and
mesencephalon, the midbrain, are included within the BG.489
The BG are functionally linked to the nearby SN (which sends axons to caudate
nucleus and midbrain) in midbrain, and to the subthalamic nuclei (STN) which
interconnect with the GP.490 Associated BG structures include:


Substantia nigra (SN)
o Substantia nigra pars compacta (SNpc)
o Substantia nigra pars reticulata (SNr)



Ventral tegmental area (VTA) (closely associated with the NAc)



STN.491

Table 2.7 summarises the brain areas, pathways and mechanisms associated with
habit formation and the association of habit formation with the development and
exercise of virtue.

485

rd

Squire et al., Fundamental Neuroscience. 3 ed., lists as intrinsic nuclei of the BG: GPe, STN,
SNpc, and VTA.
486
Tortora and Derrickson, Principles of Anatomy and Physiology, 11th ed. 493.
487
For example, some authors consider that the striatum is composed of caudate nucleus and
putamen, others include within the corpus striatum what is known as the lentiform (the GP
together with the putamen) and the caudate nuclei.
488
th
Saladin, Anatomy and Physiology, 5 ed., 534.
489
th
Frederic H. Martini, Fundamentals of Anatomy and Physiology, 6 ed., (San Francisco: Pearson,
2004), 486.
490
Tortora and Derrickson, Principles of Anatomy and Physiology, 11th ed., 493-494.
491
Da Cunha, “Learning processing in the basal ganglia: a mosaic of broken mirrors,” 158.
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Figure 2.7

Location of the basal ganglia. A 3D construction of the striatum and GP within a
translucent CNS. Note proximity to OFC and MPFC.
Source: Nolte, John. The human brain. An introduction to its functional anatomy. 6th ed.
Philadelphia: Mosby, 2009. 478.

2.4.1.1 A key functional division of the basal ganglia.

a) The ventral pars
The ventral pars, a psychic area,492 is constituted by the NAc and the VTA. The
NAc receives afferents from the limbic domain and DA from VTA. It is known to
participate in emotions.493 The ventral pars is a key component of “mesolimbic”
pathway which is active in reward situations playing a major role in motivation. 494

492

Nomenclature adopted by Nicola Beretta, et al. “Synaptic plasticity in the basal ganglia: A
similar code for physiological and pathological conditions,” Progress in Neurobiology 84 (2008):
345-346.
493
rd
Martin, Neuroanatomy: Text and Atlas, 3 ed., 329.
494
M. Di Filippo et al., “Short term and long-term plasticity at corticostriatal synapses: implications
for learning and memory,” Behavioural Brain Research 199, 1 (2009): 108-18.110.
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In a ground breaking human study, MJ Keopp et al. (1998) used a radioligand Clabelled raclopride, binding to D2 receptors and therefore evident through [ 11C]
RAC-PET imaging,495 to demonstrate DA release in the ventral striatum correlating
with performance level in playing a video game. Eight subjects played a game
where they were required to navigate a tank receiving a monetary incentive. DA
release was then compared with baseline levels determined by viewing a blank
screen revealing at least a two fold increase in extra cellular levels of DA present
in the ventral striatum. DA release in this situation was interpreted as the
equivalent to that in animal studies in relation to anticipatory or appetitive phases
of motivated behaviour where DA release assists in learning predictors for
rewarding outcomes.496

b) The dorsal pars.
The dorsal pars, a motor area, is made up of dorsal striatum and SN. 497 This
region receives afferents from associative and sensorimotor domains. The caudate
nucleus receives information from cortical sensory, motor and integrative
areas498. Caudate is an area of the “associative striatum” and receives inputs from
association cortices. The putamen is regarded as an area of the sensorimotor
striatum. 499 DA neuromodulation inputs to this region from the SNpc. This region
is involved in learning and movement initiation. Putamen neurons are active in
anticipation of body movements, neurons of the caudate nucleus are active prior
to eye movements, and the GP plays a role in regulation of muscle tone. 500

495

PET imaging using the radioligand C-labelled raclopride which binds to D2 receptors.
M. J. Keopp, et al., “Evidence for striatal dopamine release during a video game.” Nature 393
(1998) 266-268.
497
Nicola Berretta et al. “Synaptic plasticity in the basal ganglia: a similar code for physiological and
pathological conditions,” 343-62.
498
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Martini, Fundamentals of Anatomy and Physiology, 6 ed., 486.
499
Yin and Knowlton, “The role of the basal ganglia in habit formation,” 468.
500
Tortora and Derrickson, Principles of Anatomy and Physiology, 11th ed., 493.
496
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The dorsal striatum lays down memory for motor habits, actions and outcomes,
playing a key role in much S-R habit learning.501

Monkey studies by Pasupathy and Miller (2005) found that memory in the
striatum may instruct the PFC with respect to S-R situations.502 Human studies in
1996 reported by Knowlton et al. showed that early Parkinson patients who
suffered degeneration of neurons in SN and consequent loss of input to striatum,
suffered loss of probabilistic classification learning. Their loss of declarative
memory was impaired rather by hippocampal and diencephalic impairment.503

2.4.2 An overview of the contribution of the basal ganglia.

Understanding of the role of the BG has progressed dramatically in the past two
decades.

Until recent years, the sub-cortical location of the BG had greatly impeded
effective studies of its function. Studies, for example those that have shown that
damage to the BG leads to tremor, muscle rigidity and involuntary movements,
relied on pathological examination. Initially the role of the BG was considered to
be that of a relay station, facilitating unconscious actions such as arm swings or
laughter, or inhibiting muscular activity. 504 505 The role of the BG was seen less of
initiating movement but rather of providing the pattern and rhythm for muscular
501

rd

Squire et al., Fundamental Neuroscience, 3 ed. Studies of the rat in a T maze by Packard and
McGaugh in 1996 showed that initially rats seek reward using “place” strategies, guided by
surrounds using the hippocampus, but overlearning replaced this with a response strategy based
on the striatum. Suppression of striatum returns the rat to use of place strategies.
502
rd
Squire et al., Fundamental Neuroscience, 3 ed.
503
rd
Squire et al., Fundamental Neuroscience, 3 ed. The Richfield et al. study in 1987 demonstrates
the close linkage between these functions with respect to reward, motivation and habitual
behaviours. The authors documented a striking case of bilateral damage to the caudate nucleus,
an integral part of the dorsal striatum, to a 25 year old woman, resulting in similar manifestations
to those caused by prefrontal trauma. Her resulting personality change involved alterations in
“affect, motivation, cognition, and self-care”. Behaviour included “vulgarity, impulsiveness, easy
frustration, violent outbursts… hypersexuality and minor criminal behaviours.” Treatments seemed
ineffective. The formation of replacement positive habitual behaviours did not occur.
504
Tortora and Derrickson, Principles of Anatomy and Physiology, 11th ed., 493-494.
505
rd
Alexander P. Spence and Elliott B. Mason, Human anatomy and physiology, 3 ed. (Menlo Park:
Benjamin/Cummings, 1987), 345.
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movement.506 In conjunction with limbic system, the BG was known to play a role
in regulation of emotional responses and in initiation and termination of
attention, memory.507

The work of Middleton and Strick (1994) provided decisive evidence of the nonmotor contribution of the BG to higher cortical activity by the identification of
efferent pathways from the BG to the PFC, providing evidence of an integral role
for the BG in higher cortical activity.

An elegant series of experiments in 1994 was successful in documenting the
neural pathways between the BG and the PFC. Using three cebus monkeys,
Middleton and Strick effected transneuronal retrograde transport of the
McIntyre-B strain of the herpes simplex virus type 1 (HSV1) from area 46 of the
PFC to the GP and to the dentate nucleus of the cerebellum, and so were able to
conclude that neurons in these subcortical areas project to the PFC, and that they
were distinct from neurons projecting from motor areas of the cerebral cortex. 508
The authors chose area 46 of the PFC, an area implicated in spatial working
memory, in the direction of behaviour, and also in planning of future behaviour.509

In this way they were able to demonstrate that outputs from both the BG and the
cerebellum have a role in higher cognitive function. In contrast to the theory that
the role of the BG was merely to funnel widespread cortical outputs to the
primary motor cortex, the authors proposed the existence of non-motor loops
through the BG, parallel to motor loops, but with a cognitive function.510

506

th

Martini, Fundamentals of Anatomy and Physiology. 6 ed, 486.
507
nd
John W. Hole Jnr., Human Anatomy and Physiology, 2 ed. (Dubuque: WBC, 1981).
508
Frank A. Middleton and Peter L. Strick, “Anatomical evidence for cerebellar and basal ganglia
involvement in higher cognitive function,” Science 266, 5184 (1994): 458-61.
509
Middleton and Strick, “Anatomical evidence for cerebellar and basal ganglia involvement in
higher cognitive function,” 458-61.
510
Middleton and Strick, “Anatomical evidence for cerebellar and basal ganglia involvement in
higher cognitive function,” 460. This study provided experimental evidence for the proposal in
1986, by Alexander et al., of the existence of distinct non-motor loops that influence higher order
function. Middleton and Strick identified pathways from the BG via the thalamus to the DLPFC, to
the lateral OFC and the ACC. They argued that the implication of the BG in higher cortical activity is
supported by evidence of cognitive deficits as well as motor difficulties associated with BG
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The role of the BG in procedural learning and the implicit learning (learning not
consciously recognised) that is present in stimulus response (S-R) associations, as
well in the development of habits and addictions is well documented.511 Yin and
Knowlton have argued that the distinct networks of the BG “are the neural
implementations of actions and habits, and that an understanding of these
networks can illuminate findings from different levels of analysis, from the cellular
and molecular mechanisms of synaptic plasticity to the conditions that favour
habit formation and the development of compulsivity in various clinical
disorders.”512

However the role of the BG in cognitive processes has become increasingly better
understood. It is now clear that the BG play an important role in regulation of the
function of the cerebral cortex, with all regions of the cortex projecting to the BG
and via the thalamus projecting back to the cortex. 513 It seems that the BG play a
major role in selection of patterns of cortical activity, and ultimately of selection
and reinforcement of chosen motor programs.514 There is now recognition that
the BG play a significant role not only in “starting, stopping, and monitoring the
intensity of movements executed by the cortex”515 but in cognition, in direction of
attention, in planning, and in motivation. Furthermore the BG are acknowledged
to have a key role in control and modulation of social behaviours and may be
integral to a progressive evaluation process of behaviours.516 It is now argued that
the BG play a key role in control of “voluntary behaviour”517, perhaps in overlaying
deliberate cognitive agendas onto habituated actions.

dysfunction in Parkinson’s and Huntington’s diseases. They also made reference to the work of R.L.
Sturb in 1989, and J.L.Cummings in 1993, showing that focal lesions of the GPi led to reduced
performance of working memory and rule based learning, normally indicators of dysfunction of the
frontal lobe.
511
Graybiel, “Habits, Rituals, and the Evaluative Brain,” 359-87.
512
Yin and Knowlton, “The role of the basal ganglia in habit formation,” 464.
513
Ole H. Petersen, Human physiology (Oxford: Blackwell, 2007), 205.
514
Petersen, Human physiology, 205.
515
th
Marieb and Hoehn, Human anatomy and physiology, 7 ed., 443.
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Graybiel, “Habits, Rituals, and the Evaluative Brain,” 379.
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Wickens (2009) states that, by that time “It is increasingly recognised that the
basal ganglia contribution to movement is in some way secondary (italics mine) to
a contribution to intentional behaviour, learning and decision making”.518
Furthermore, the implication of the BG in complex drug seeking behaviours is now
increasingly understood. This role suggests that habits and behaviours mediated
in the BG are not be limited to simple motor sequences, but that BG pathways are
likely to be integral to the pursuit of complex, purposeful, behaviour patterns. 519

It is now recognised that the BG are the region of the brain with major
involvement in skeletal motor management, for example with a key role in motor
activity controlling motor coordination and steadiness. 520 521 522Unlike the motor
cortex (connecting directly to motor neurons) the BG act on descending pathways
in a fashion similar to the cerebellum in subconscious facilitation of habits, and
automatic actions utilising procedural memory, but also, and this is significant,
with deliberate attention, and limbic modulation of cognition and action. 523 It is an
area critical for learning, cognition and behavioural control. It is suggested that
the BG play a significant role in key areas of interest in this current study of the
neural correlates for virtues understood, at the simplest level, as good habitual
behaviours.

2.4.3 Connectivity to the basal ganglia.

This section summarises inputs and outputs of the BG. Gradually the contributions
of specific areas in and pathways involving the BG have been identified.524
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Wickens, “Synaptic plasticity in the basal ganglia,”119.
Beretta, Nicola et al. “Synaptic plasticity in the basal ganglia: A similar code for physiological and
pathological conditions” in Progress in Neurobiology 84 (2008): 345-346.
520
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523
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a) Inputs

Afferent pathways, input pathways to the BG, are from all regions of the cortex,
from the VTA, the intralaminar nuclei (ILN) of the thalamus, and the SNpc.


The striatum is a key target of excitatory major projections from the entire
cortex, and is “constantly informed about most aspects of cortical
function”.525 The ventral striatum is the target of inputs from the limbic
cortex, the hippocampus and the amygdala.526 Processing of motor
commands takes place here and in the GP, with output across to thalamus
and then back to cortical motor areas.527



The putamen receives input from motor and somatosensory cortical areas.
528



The caudate nucleus receives information primarily from the association
cortex.



The close association of the BG to the thalamus is most significant.
Principal input to the BG is glutamatergic from cortex and thalamus. It
should be noted that the BG and the thalamus are intimately
interconnected by these major neural highways. Almost all sensory input
to the cerebral cortex passes through the thalamus. The thalamus also
features sensory nuclei. Also the thalamus assists in maintenance of
consciousness.529 The thalamus is also known to play a key role in focusing
attention, a process involving the ILN receiving input from the frontal
cortex, as well as brain stem, and projecting back to the BG. It has been
noted that lesions of the ILN eliminate awareness.530 It must be
understood that the thalamus is not a simple relay station but itself, along

525
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Nolte, The human brain. An introduction to its functional anatomy, 5 ed., 469.
th
Nolte, The human brain. An introduction to its functional anatomy, 5 ed., 469. OCD,
526
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527
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with the BG, is a centre for integration of subcortical motor inputs and
feedback from the motor cortex.531

The BG are a region of great biochemical diversity, exhibiting almost all the
neuroactive agents.532 Neuromodulatory inputs include:533


DA from VTA and SNpc



Serotonergic from the raphe



GABAergic from GP and SN



ACh, EC, nitric oxide (NO), and adenosine.534

SNpc DA afferents target associative cortex connections in the caudate. VTA DA
afferents in a similar way target projections to the ventral striatum.

As DA is a principal moderator of plasticity, DA release in the striatum and BG is
evidence of inhibitory limbic plastic modification of BG activity.

b) Outputs

Efferent pathways project from output nuclei of the BG: the GPi, the VP, and the
SNr.


Projections are inhibitory and target the thalamic nuclei (including the
ventrolateral nucleus (VL), ventral anterior nucleus, medial dorsal nucleus).



The BG-thalamocortical loop. Neuromodulation effects a decisive
modulatory effect back on the cortex via these pathways. Hence the BG
exert a major modulatory effect on glutamatergic cortical outputs.535
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Kaas and Stepniewska, “Motor cortex,” 167.
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533
Wickens, “Synaptic plasticity in the basal ganglia,”121.
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Di Filippo et al., “Short term and long-term plasticity at corticostriatal synapses: implications for
learning and memory,” 112-113.
535
Da Cunha, “Learning processing in the basal ganglia: a mosaic of broken mirrors,” 158.
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Projections of striatum, GP and SNr are GABAergic are inhibitory. 95% of
neurons in striatum are GABAergic medium spiny neurons (MSNs)536. Note
that the BG contain inhibitory GABAergic neurons, spiny in the striatum
and aspiny in the pallidum, requiring strong and coherent excitatory
cortical inputs from almost all cortical areas to become active. 537 Basal
forebrain projections also innervate the hippocampus and amygdala, also
in an inhibitory manner.



Outputs of the BG directly impact on motor control by affecting activity of
motor areas in the cortex538. BG components involved in motor control are
the GP and the SN.539



The ventral striatum organises somatosensory and motor representations
in a topographic manner, and outputs to the GP which in turn outputs to
the VLo in the thalamus, a part of the VL. The VLo in turn outputs to the
premotor and motor cortices and to the supplementary motor area (SMA)
in the cortex.540 There are few projections to brain stem motor nuclei and
none to the spinal motor apparatus. Again, this is very significant and
“suggests the system operates mainly to modify cortical motor
representations (my italics) rather than control behaviour through direct
motor inputs”.541



Some projections to brainstem motor structures such as the
pedunculopontine nucleus exercising control over locomotion542, and to
the superior collicus controlling neck and eye movements.543
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Da Cunha, “Learning processing in the basal ganglia: a mosaic of broken mirrors,” 159.
Yin and Knowlton, “The role of the basal ganglia in habit formation,” 464.
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Figure 2.8

The main connections of the BG. The direct pathways from the striatum are
associated with disinhibition on the cortex, and the indirect with inhibition. Note
that this is a simplification of the limbic, associative, sensory and motor
functionalities of the basal ganglia. All pathway loops however follow the corticostriatal-GP-thalamic sequence. Source: Yin, Henry H. and Knowlton, Barbara J. “The role of the
basal ganglia in habit formation (Review).” Nature Reviews Neuroscience , 7 (2006): 465.

2.4.4 Loops.

Through the major cortical-BG loops incorporating the thalamus, rich
neuromodulation of the BG especially by DA reward circuitry, in turn modulates
cortical activity. This activity further reflects the integral role of the BG in cortical,
goal elective and reward focused activities and its involvement in habit formation
and motor management.

Loops are extensive neural pathways bridging and connecting distinctive areas of
the brain. Multiple parallel anatomical loops link the basal ganglia, thalamus, and
cortex. There are four categories of functional loops involving the BG: the
176

skeletomotor, the oculomotor, the PFC loop, and the limbic loop.544 There are
multiple versions of cortico-BG-cortical loop: most prominent are the cortical
association areas-caudate loop, the putamen-sensorimotor cortex, and the limbicNAc loops.545 These loops define the function of the various areas of the BG. It is
the caudate that is mainly implicated in modulation of cognitive cortical
function.546 There are also loops involving the ILN of the thalamus connecting with
the BG but little is yet known of their function.547

The cerebral cortex and BG appear to be essential components in the cognitive
processes of generating anticipatory behaviour. 548 The skeletomotor loop and the
oculomotor loop also appear to facilitate programming and effecting specific goal
directed behaviours. BG pathways are also important for motor skill learning. 549
Only a small proportion of the BG loops appear to have a motor management
function.550 Under certain conditions plastic change occurs in these pathways. 551
The most direct motor loop involves excitatory inputs to putamen from cortex,
and may serve to “funnel the activation of widespread cortical areas” onto the
SMA.552 One recent study finds, “Increased corticostriatal transmission leads to
increased thalamocortical activity, and an increased likelihood of behavioural
response expression.”553 Neurons of the “indirect” pathway, inhibited by DA,
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project to the GPe, and thence via strong excitatory outputs to the SNr and the
GPi output nuclei.554

BG research is increasingly focusing on the interaction between the loops, such as
limbic loop mediation of the motor loops, and on possible mechanisms. For
example it is shown that dendrites connect the loops with all loops projecting
back to SNpc, possibly converging on DA neurons in this area.555 In addition during
the past decade significant further pathways connecting the BG and other brain
centres have been identified. Cerebellar-BG connections have now been
established, as have the hippocampal-BG pathways mentioned above.556 Haber et
al. (2000) documented their discovery of abundant connections between striatum
and midbrain.

2.4.4.1 Frontal lobe-basal ganglia loops provide a key to complex goal directed
behaviours.

Various regions of the cerebral cortex have closed loops (loops which finish back
in the brain area where they began): lateralPFC, orbitalPFC, and the premotor
cortex. These closed loops allow recursive feedback. Daw et al. (2005) suggested
that it is by means of this recursive processing that the PFC is able to link complex
anticipated behaviours with rewards and then “cache” chunked steps to achieve
desired outcomes in the rapid plasticities of the striatum in a “caching
reinforcement learning system”.557 Koch explains the interaction of the BG and
the PFC in this process: “the BG learns each fork in the road whereas the PFC puts
together the whole route.”558
554

Di Filippo et al., “Short term and long-term plasticity at corticostriatal synapses: implications for
learning and memory,” 109. The indirect pathway thereby reinforces inhibition as thalamic
neurons in the frontal cortex are excitatory unless inhibited by GPi and SNr.
555
rd
Martin, Neuroanatomy: Text and Atlas, 3 ed., 330. Note also that Joel and Weiner have
proposed interaction between parallel circuits.
556
Yin and Knowlton, “The role of the basal ganglia in habit formation,” 470.
557
N. D. Daw et al., “Uncertainty based competition between prefrontal and dorsolateral striatal
systems for behavioural control,” Nature Neuroscience 8, (2005): 1704-1711. Cited in Christopher
rd
Koch, “Consciousness” in Larry Squire, et al., Fundamental Neuroscience, 3 ed. (Burlington, MA:
Elsevier, 2008), Chapter 53.
558
Koch, “Consciousness”, 1220.
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The fact that representations of habits in the BG are not goal dependent,
empowers the PFC to pursue complex (my italics) goal directed behaviours
utilising these habits. This conclusion is consistent with the findings of Pasupathy
and Miller (2005) who noted in that changes in activity in the lateral PFC during
visuomotor rule learning induce immediate changes in the dorsal striatum,
whereas reflection of changes in the opposite direction were much slower. It is
suggested that this allows the PFC, which holds the complete model of an
anticipated activity, to capture quick “reward related snapshots” of anticipated
actions. 559

2.4.5 The role of the basal ganglia in motor learning.

a) Motor learning as a form of memory.

Motor learning may be understood as a form of memory. There are multiple
memory functions performed by areas of the striatum. The striatum organises
somatosensory and motor representations in a topographic manner; the dorsal
striatum lays down memory for motor habits, actions and outcomes, playing a key
role in much S-R learning; also emotional memory is also interconnected with the
BG (via limbic pathway) and is believed to further modulate the basal-cortical
motor management processes.

As we have seen above in 2.3.2 there are multiple memory systems and brain sites
involved in memory. Memory representations are understood to depend on
cellular and molecular processes that alter synaptic strength; protein synthesis
and gene translation are involved in long term memory. The view that the BG is
identified with implicit procedural memory has been increasingly modified over
the past two decades.560

559

Koch, “Consciousness,” 1220.
We have seen that memories are commonly classified as non declarative (or implicit) for more
or less unconscious procedural, motor or emotional memories, or declarative (or explicit) for
560
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There is no question that the striatum plays a key role in mediating the procedural
memories underpinning behavioural habits.561 When implicit learning is
emphasised in a probabilistic learning task, the striatum is more active, but for
explicit learning, the medial temporal lobe is more active. 562 Since early 1990s,
PET and fMRI studies have demonstrated that the striatum is critical in encoding
motor programs. 563 This is confirmed by studies of impairments as a result of
striatal dysfunction. Although the cerebellum seems involved in early stages of
motor sequence learning, the striatum seems critical for retention of sequences.
Implicit knowledge is now believed to be stored in the motor cortex and
associated parts of the BG along with cerebellum. 564

However the traditional division of multiple memory systems between
hippocampal dependent learning and striatum dependent learning is regarded as
no longer fully satisfactory. Poldrack and Packard argued that hippocampus
(place) and dorsal striatum (response learning) are two competing learning
systems (corresponding, in human studies, to declarative learning mediated in
medial temporal lobe, and non-declarative learning in the striatum). But other
results suggest that the hippocampus and the striatum cooperate (my emphasis)
in a functional circuit, contrary to the former view that they compete.565 It
appears that the implicit and explicit are not totally independent systems of
learning, in line with recent findings that the hippocampus is closely coordinated
with the striatum, despite its involvement in flexible, non-repetitive activity. 566 All
this is consistent with a greater involvement of the BG in explicit cognitive activity

conscious memories, for example of facts and episodes. There has been a growing realisation that
storage of these different forms of memory not only takes place in different parts of the brain but
memory and learning processes are highly interconnected and interdependent between various
regions.
561
Bear, Neuroscience. Exploring the Brain, 751.
562
Yin and Knowlton, “The role of the basal ganglia in habit formation,” 470.
563
Julien Doyon, et al., “Contributions of the basal ganglia and functionally related brain structures
to motor learning,” Behavioural Brain Research 199, (2009): 62-63.
564
Stephen Wise and Reza Shadmehr, “Motor control” in Encyclopedia of the Human Brain, Vol 3,
ed. V. S. Ramachandran (San Diego: Academic Press, 2002), 137-157.
565
Yin and Knowlton, “The role of the basal ganglia in habit formation,” 470.
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Yin and Knowlton, “The role of the basal ganglia in habit formation,” 470.
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than had previously been thought and of a model of brain function where discrete
areas and systems are more comprehensively integrated than had previously been
thought.

The implication of the PFC in motor memory is also now apparent. As studies
unveil the underlying processes of motor learning, higher levels of cortical
involvement, of the significance of various regions of the BG at various stages in
the process, and the role of cortical-BG interconnections, are all apparent. Motor
learning principally involves the cortico-basal-thalamic pathways mediated by
plasticity in the BG synapses, the cortico-cerebellar loop through the dentate
nucleus and ventral-posterior lateral nucleus of the thalamus, the hippocampus in
early stages of learning, and the “functional interplay... between cortico-striatal,
cortico-cerebellar, and limbic systems in this form of learning” 567

For a long time it was thought that the BG and the cerebellum played the principal
roles in procedural motor memories, memories that either retained reflex
responses, or explicit sequences that had become automatised: the cerebellum
had been understood to play a role in the reflex responses to stimuli that
characterise classical conditioning, and the oldest hypothesis involving the BG was
that implicit memory resided in the BG, and explicit in the medial temporal lobe
(MTL).568 This view has been modified in recent years. It is now believed that long
term storage of explicit motor knowledge is in the PFC and associated parts of the
BG, while storage of intermediate term explicit motor knowledge is in the MTL. 569

b) The learning process: from the explicit to the automatized.

The BG are implicated in goal directed motor activity, and in those same motor
activities after they are automatized. During the period of acquisition, both
567

Doyon, et al., “Contributions of the basal ganglia and functionally related brain structures to
motor learning,” 62.
568
Recent evidence for the importance of the cerebellum in motor learning has been provided in
both lesion (Baizer et al. 1999; Doyon et al. 1997, 1998) and imaging (Doyon et al. 2003) studies.
569
Stephen Wise and Reza Shadmehr, “Motor control” in Encyclopedia of the Human Brain, Vol 3,
ed. V. S. Ramachandran (San Diego: Academic Press, 2002), 137-157.
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implicit procedural habits and virtue facilitated behaviours move from the explicit
to the automatised. Both are acquired by a process initially involving attentive,
voluntary and repetitive action and explicit knowledge.

Procedural memories are learned gradually by a process that relies on
reinforcement; this can be the foundation for habits after further overtraining.
Once acquired these habits show great resistance to change. The BG become
increasingly involved in the process of learning as actions become more
automatic. In the early stages of learning, attention to action and to the requisite
explicit knowledge is required. Predictably, as new skills are being learned PET
studies show increased blood flow indicating greater synaptic activity in the PFC.
As a skill becomes learned and unconscious, the posterior parts of the cerebellum,
570

the non primary motor cortex, and the posterior parietal cortex (PPC) are most

involved.

Note that the BG are involved in both early stages and in completed procedural
learning. Wise and Shadmehr state that the findings of these PET studies “support
the hypothesis that prefrontal cortex-basal ganglionic modules subserve voluntary
movement, whereas the motor cortex-basal ganglionic modules (along with
cerebellum and PPC) underlie the more automatic movements of the same
kind.”571

c)

The comparative roles of the cerebellum and the basal ganglia.

There are four essential components to the motor systems controlling skeletal
muscles: the cortical and subcortical nuclei (primary motor and premotor cortices,
and the brain stem) with their descending pathways, the motor neurons
570

Floyer-Lea and Matthews, “Distinguishable Brain Activation Networks for Short- and Long-Term
Motor Skill Learning,” 517. The authors note the mechanisms of motor skill learning. Doyon and
Ungerleider (2002) documented the role of the striatum in the long-term storage of well-learned
movement sequences. Hoshi et al.(2005) documented input from the cerebellum to the putamen
(posterior striatum) via the cerebello-thalamo-striatal pathway showing that these two areas are
far more interconnected, and therefore interactive, than has been long thought.
571
Wise and Shadmehr, “Motor control,” 153.
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themselves and the interneurons, the BG, and the cerebellum. These last two
input to the thalamus that in turn inputs the primary and premotor cortices. 572 In
other words, all executive muscular commands are modulated by the BG and the
cerebellum. The work of Doyon et al. (2009) into the neural substrates of
procedural memories further demonstrated an extended role for the BG both
before and after automatisation.

The authors draw a distinction between motor sequence learning (MSL) and motor
adaptation (MA) by which we change our behaviours to compensate for changes
in the environment.573 MSL requires a learned sequence of movements, which,
among other methods of acquisition, may be “learned implicitly through repeated
practice”.574 Acquisition of skills follows several phases: fast learning stage, a slow
stage, through to the automatized stage when movements are effortless and
carried out with much reduced attention. It is shown that motor sequence
learning requires repetition but then “continues to develop over time after
training has ended”.575 The authors suggest that the striatum is not necessary for
retention and execution of MA tasks, and that the cerebellum and BG play
inversely complementary roles in MSL and MA tasks.576

These results are consistent with the view that the cerebellum is active in
establishing new patterns of behaviour but that once these patterns are
committed to memory, it becomes inactive. On the other hand, the BG continue
to mediate the representation for the behaviour. 577
572

Martin, Neuroanatomy: Text and Atlas, 230.
Doyon, et al., “Contributions of the basal ganglia and functionally related brain structures to
motor learning,” 61-75.
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Doyon, et al., “Contributions of the basal ganglia and functionally related brain structures to
motor learning,” 62.
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Doyon, et al., “Contributions of the basal ganglia and functionally related brain structures to
motor learning,” 67.
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Doyon, et al., “Contributions of the basal ganglia and functionally related brain structures to
motor learning,” 70. Interestingly the authors note that sleep appears to play a significant, and
perhaps necessary, role in consolidation of some forms of memory.
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Doyon, et al., “Contributions of the basal ganglia and functionally related brain structures to
motor learning,” 67,69, 70. Doyon et al document a dual task paradigm to investigate the relative
roles of the BG and cerebellum. In a fascinating knitting experiment, eight experienced knitters
were scanned as they performed a familiar knitting action, a new “Continental” method, and a
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d) Numerous brain areas are implicated at both acquisition and completion
stages of this learning process.

Motor skill learning is a highly complex neural process involving plastic change in
very many brain areas and pathways.578 Procedural learning pathways involve
sensorimotor messaging to the association cortex and thence to BG and on to
thalamus and premotor cortex. The premotor cortex has a key role in the
acquisition of motor skills involving repetition and patterns of activity,
coordinating the muscles involved via the primary motor cortex. One author
describes the premotor cortex as “the memory bank for skilled motor activities.”
579

Memory formation in this region is triggered by ACh release from the basal

forebrain. The premotor cortex has involvement also in planning complex
voluntary actions that require fine coordination.

The work of Floyer-Lea and Matthews (2005) confirmed this remarkably complex
interplay of brain areas in both short and long term learning. They sought to study
the distinct brain networks mediating fast, short-term and slow, long-term motor
learning of the same motor task.580 Their research found that short-term motor
skill learning was associated with some plasticity in the cortical network specific

control movement of knitting needles. fMRI imaging demonstrated that the cerebellum and BG
were initially involved in learning the new method, but that once learned, the cerebellum became
inactive with the long lasting representation of the behaviour involving only the BG and associated
motor cortical regions.
578
While it is totally incorrect to equate motor skill learning to the acquisition of virtue, it is
suggested that the behaviours automatized in various simple potentially virtuous actions, for
example of greeting others courteously, or of coughing into a handkerchief, rely in part, for the
neural basis on such motor learning. I write of these actions “potentially virtuous” for the habitual
intention with which the action is performed is also highly relevant.
579
th
Marieb and Hoehn, Human anatomy and physiology, 8 ed. 437.
580
The authors designed an experiment for the performance of a finger pressure sequence
learning task carried out by twenty two right handed subjects (subdivided into a short term and
long term group; each almost equally divided between men and women; with age range, 20–34
years.) fMRI results of initial training session after exposure to the exercise, were compared with
results after the second training session after exposure, and with results over a three week training
period. Their results reflected the 1995 findings of Karni et al. who had suggested distinct plasticity
mechanisms for altered brain motor representations with short- and long-term learning. FloyerLea and Matthews, “Distinguishable Brain Activation Networks for Short- and Long-Term Motor
Skill Learning,” 512-518.
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for the learned movements. They suggested that increased traffic in a subcortical
circuit (cerebellar dentate, thalamus, and putamen) could be a critical element in
development of greater movement automaticity with short-term learning. They
confirmed the implication of the putamen in processing movement timing, and
suggested that the motor cortex–putamen circuit could be crucial in encoding
movement sequences. 581

They found that long-term learning involved pronounced plasticity in the primary
somatosensory and motor cortex and increased activation in the loop between
motor cortex and basal ganglia “after a motor sequence is practised
extensively.”582

e) Emotion and procedural memory.

Further evidence of the highly integrated nature of brain systems is apparent in
studies which demonstrate that procedural memory consolidation appears
associated with the reward systems of the brain. DA release from the SN is
believed to trigger memory formation in the BG. Monkey studies, documented by
Romo and Schultz (1990) and Montague et al. (1996) confirmed that striatal
neurons are conditioned by DA (reward) signalling. 583
Doyon et al. note evidence for emotional facilitation of memory in the BG.584
Processes of cellular consolidation of limbic dependent memory traces, also
appear to consolidate motor memories. They note the synthesis of proteins in the
581

Floyer-Lea and Matthews, “Distinguishable Brain Activation Networks for Short- and Long-Term
Motor Skill Learning,” 512-518.
582
Floyer-Lea and Matthews, “Distinguishable Brain Activation Networks for Short- and Long-Term
Motor Skill Learning,” 516-517. These findings should be considered with the results of an
automaticity study by Poldrack which showed the association loop decreased in activity with shift
to sensorimotor-cortico-BG networks.
583
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Cited in Marieb and Hoehn, Human anatomy and physiology, 8 ed., 459. In contrast,
declarative memory pathways involve sensory input carried to the association cortex, information
is then sent to the medial temporal lobe, including the hippocampus and proximate temporal
cortical areas that link to the PFC and the thalamus. ACh from the basal forebrain released into the
PFC and the medial temporal lobe is believed to trigger memory formation.
584
Doyon, et al., “Contributions of the basal ganglia and functionally related brain structures to
motor learning,” 68.
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motor cortex after training enables motor skill learning. This seems to indicate
that processes of system consolidation, as demonstrated in the corticohippocampal circuit, are also applicable to the circuitry for motor sequence
learning.585

2.4.6 Habit formation, a particular form of learning.

Against this review of procedural learning, it is enlightening to look in more detail
at habit formation.

By way of introduction to this section, a parenthesis about the nature and
features of habits in their relationship to the BG is warranted. Habits are well
characterised: they are learned, (ie a result of mechanisms of experience
dependent plasticity), they are robust after they are fixed by repetition, there can
be a lack of behavioural flexibility, they allow for virtually unconscious
performance, they demonstrate insensitivity to outcome devaluation and
contingency degradation, they tend to manifest as an ordered sequence elicited
by a specific context or stimulus, and may be either cognitive or motor.586 Habits
have similar features to, but are distinct from, fixed action patterns (FAPs) in
animals; symptoms of Tourette syndrome, and OCD.587 One OCD circuit has been
documented. Not surprisingly it is a cortico-subcortical pathway and is implicated
also in drug addiction. The focal nature of tics suggests an origin in specific sites in
the striatum and in specific cortico-basal ganglia subcircuitry. In general habits are
recognised now as systems with distinct brain substrates. Computational
approaches, pioneered by Sutton and Barto in the 90s, have added a powerful
instrument to studies in this area.

585

Doyon, et al., “Contributions of the basal ganglia and functionally related brain structures to
motor learning,” 68.
586
For this list of characteristics I have drawn on a number of sources including: Yin and Knowlton,
“The role of the basal ganglia in habit formation,” 475.
587
Unless otherwise indicated, content in this section attributed to: Graybiel, “Habits, Rituals, and
the Evaluative Brain,” 359-87.
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Classically habits have been seen to fall in the domain of procedural learning as
opposed to declarative learning. Compulsive habits manifest similar neural
programs of development to addictions (2.6.6). They may be acquired either by
behavioural routines and rituals that have been learned, through innate
mechanisms, or though neurological or neuropsychiatric illness or addiction. The
skilled procedural actions of a morning routine, or of driving to work, also have
much in common with habits as such.

Graybiel points out that proceduralisation, movement sequences, can occur in
both cortical and subcortical, widely distributed brain regions where they exhibit
many neural parallels to habit learning, most significantly:


dynamic involvement of neocortex and striatum,



shift from anterior/ventral regions of striatum to caudal zones as the
proceduralisation is acquired,



with a corresponding shift from anterior/ventral cortical regions to more
posterior zones.

The line between compulsive habit formation and a cortically integrated facility
for behaviour is indistinct.

Graybiel argues that BG-mediated habits fall somewhat ambiguously between
voluntary, conscious, higher-order, deliberative behavioural control, and lowerorder control almost inaccessible to consciousness.588 She suggests that habits
affect not only behaviours but cognitive activity. In taking the above position, she
seeks to resist what she sees as a narrowing of the definition of habit.589

588

Graybiel’s work sits comfortably with Schwartz’s work on management of OCD by cognitive
therapies and is effectively a call for greater recognition of the close interdependence of habit and
cognitive processes. Schwartz and Begley, The Mind and the Brain.
589
Graybiel refers to increasing evidence that habitual behaviours involve pathways connecting the
neocortex with the striatum and related areas of the BG, and that this circuitry in the BG underpins
disorders where repetitive thoughts and behaviours surface. She argues that this circuitry “can
iteratively evaluate contexts and select actions and can then form chunked representations of
action sequences that can influence both cortical and subcortical brain structures.” It is this shift
from evaluation to performance, she says, that characterises acquisition of habits.
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In keeping with this broadened understanding, Tang et al. (2007) document a
significant contribution that habit formation makes to the wellbeing of the
organism. They studied the striatal neuronal output in 26 rats during the
formation of a motor habit. Rats were surgically implanted with 12 microwires,
each for single neuron recording. The aim of the study was to observe changes in
output by striatal neurons related to vertical head movement during the process
of motor habit acquisition.590 They were able to demonstrate a growing efficiency
of neuronal activity in the course of learning: “Our data suggest that the striatum
may shift from facilitating acquisition of efficient movement with a large
population of neurons early in training to modulating or maintaining habitual
movement with stronger firing by fewer neurons after overtraining, consistent
with evidence that lesions of the striatum impaired formation (Yin et al., 2004)
and expression (Packard and McGaugh, 1996) of a habit.”591

In other words, habit learning provides the organism with a way of producing
movement that is more efficient at the neuronal level, and therefore conducive to
the flourishing of the organism. (See 6.2.1.2.)

2.4.7 Plasticity in the basal ganglia and related structures.

It is appropriate, having reviewed the anatomy and role of the BG, that we now
turn our attention specifically to plasticity in this region. Within the argument of
this study is that various mechanisms of plasticity constitute the material
underpinnings for learning, including habit formation, in the brain. It is activity
dependent plasticity, the “long lasting change in the functional efficacy of synaptic
connections that is induced by certain patterns of brain stimulation”592 that most
interests us; and this is totally consistent the view that repeated behaviours assist
in the formation of both habits and virtue itself.

590

Chengke Tang et al., “Changes in activity of the striatum during formation of a motor habit,”
European Journal of Neuroscience 25, (2007): 1212.
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Although an understanding of the internal workings of the BG is very much a work
in progress, 593 nevertheless, much progress has been made in unravelling the
complexities of BG plasticity, and in identifying component regions and their role
in facilitating implicit learning.

There are numerous and distinct forms of plasticity that underpin learning and
cognitive processes mediated by the striatum when specific behavioural tasks are
being learned. These forms include LTP, LTD, shorter forms of intrinsic plasticity
(such as lateral inhibition and modification of neuronal membrane properties) and
STDP, which “encodes salient information in neuronal networks”.594
2.4.7.1 Forms of basal ganglia plasticity.595

i)

The reward signal DA is believed to be the principal mediator of striatal
plasticity. DA has been shown to strengthen synapses in the striatum

593

As recently as 2006 one research team wrote: “At present we remain ignorant of the detailed
mechanisms that underlie habit formation at all levels of analysis.... We do not yet understand
how synaptic plasticity in the basal ganglia alters the outputs of the networks, and we do not have
direct evidence linking such plasticity to well-defined learning.” Yin and Knowlton, “The role of the
basal ganglia in habit formation,” 475. Furthermore, Di Filippo et al. write, “The integrative
significance of the intrastriatal networks is still far from being completely elucidated.” Di Filippo et
al., “Short term and long-term plasticity at corticostriatal synapses: implications for learning and
memory,”109.
594
STDP in the striatum seems to operate in reverse to other brain areas. It has been
demonstrated that in most cases, if where STDP is present, LTP is a consequence if the EPSP
2+
follows the presynaptic response (brief high Ca influx owing to activation of NMDA receptors);
2+
LTD is produced if the presynaptic response follows the EPSP (low level Ca influx). The
importance of this form of the plasticity in the striatum has been recognized for some two
decades. Di Filippo et al., “Short term and long-term plasticity at corticostriatal synapses:
implications for learning and memory,”114.
595
Beretta et al. summarise the significance of plasticity in the BG and associated pathways: “It is
well known that the cortico-striatal network controls functionally heterogeneous decision making
processes, including goal directed actions, susceptible to reward feedback, and stimulus linked
actions, largely automatic or habitual.” They go on to argue that these processes hinge on “distinct
learning rules and, accordingly, distinct forms of plasticity”, and that it is variations in synaptic
plasticity and at times the absence of synaptic modification in the dorsal striatum that are
implicated in procedural learning, stimulus response association, habit formation and motor
control. Beretta et al., “Synaptic plasticity in the basal ganglia: A similar code for physiological and
pathological conditions,” 349.
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that are currently active, producing synaptic strengthening shown to
relate to operant learning. 596
ii)

In ventral pars, 597 LTD and LTP plasticities are present in various forms,
by specifically different induction mechanisms, featuring changes both
pre- and post-synaptically, and even on the same synapse mediated by
different receptors. ACh, DA, EC, GABA, glutamate, opioid, and
nicotinic plasticity are all present, some in a wide variety of forms.
“LTD/LTP induced modification of firing discharge (change from single
spike to burst) could control alertness, volition, responses to natural
rewards, and drugs sensitisation.” 598
It is possible that the striatum plays a key role in reward related
memory.599 Two classes of striatal neurons have been identified in
signalling reward related events, in each case utilising DA, but it should
be recognised that the mechanisms underlying “striatal neuroplasticity
and reward-related behaviours and learning are still far from being
elucidated.”600
Plasticity in the form of LTD and LTD, “probably the two main forms of
synaptic plasticity”,601 is found at corticostriatal-MSN synapses. 602 MS
neurons seem much more susceptible to LTD than LTP owing to their
very negative resting membrane potential.603 Now “almost all forms of

596

Horvitz, “Stimulus-response and response outcome learning mechanisms in the striatum,” 129140.
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For source material and more detail: Beretta et al., “Synaptic plasticity in the basal ganglia: A
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Hebbian plasticity have been demonstrated at excitatory coticostriatal
synapses onto striatal projecting neurons and some seem to be
expressed by striatal interneurons”.604
Intrinsic plasticity has been observed in striatal MSNs: “Synaptic output
can also be modulated by enduring changes in neuronal intrinsic
excitability resulting from changes in voltage gated ion channels
function.”605 The result is an amplification or attenuation of the EPSP
amplitude. This form of plasticity changes the probability of PSP and
duration, and secondly mediates metaplasticity, the capacity to induce
consequent plasticity at the synapse. Thirdly it may be involved in
efficient tuning of output in relation to repeated synaptic inputs. The
complexities of intrinsic plasticity are under current study.606
Plasticity in the NAc reinforces spatial memory, consolidates links
between emotion and context cues in relation to planning in the PFC
and motor behaviours, plays an underlying role in natural reward
processes, and also provides the neural basis for craving after drugs of
abuse. 607 Note that the link to drug seeking shows that habits in the
BG need not be simple motor sequences, but may involve the pursuit
of complex purposeful behaviour patterns. Limbic DA inputs are from
the VTA.
Plasticity in the VTA establishes a reward memory with respect to
behaviours caused by natural incentives (food, water, sex) or
dysfunctional processes such as those caused by drugs of abuse
(craving, sensitisation, dependence).
iii)

The dorsal pars features links to associative and sensorimotor cortical
areas especially in medial and lateral areas. Activity in the dorsal region
is modulated by DA from SNpc. The role of LTP and LTD in movement
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initiation and learning in this area have been well described. 608 In the
dorsal pars LTD is the dominant form of plasticity in the cortico-striatal
pathway, in various forms, at D2 receptors.609
Plasticity is evident in the SN. Postsynaptic LTD in SNpc has been
identified. This is independent of NMDAR but dependent on Ca2+
intracellular signalling. Tetanic stimulation of subthalamus has been
shown to lead to LTP in SNpc, suggesting that the subthalamus can
thus play a role in motor activity. The relationship between movement
and plasticity in SN DA neurons has not yet been described.
Plasticity in STN appears significant in motivation for natural rewards
and for craving for drugs. Plasticity in this nucleus has a major role in
motor function control.

2.4.7.2 DA: principal mediator of plasticity in the basal ganglia.

DA was initially hypothesised to mediate reinforced learning by strengthening
synaptic connections in the striatum in the presence of a reward. In complement
to information in the preceding section, the following mechanisms associated with
DA are apparent.


In the early 80s Schultz and colleagues demonstrated that rewards elicited
phasic DA midbrain responses by strengthening synaptic connections in
the striatum. Later electrophysiological response to reward stimuli of DA
cells in the SN and the VTA was documented, and DA-invoked plasticity in
the striatum detected in vitro.



Recent experimental data shows that the rapid onset of phasic activity
seems to be a key mechanism of DA mediated plasticity and seems to be
present in both stimulus-outcome (S-O) and A-O learning.610 Sustained

608

Di Filippo et al., “Short term and long-term plasticity at corticostriatal synapses: implications for
learning and memory,”115.
609
LTP may also be induced by high frequency afferent stimulation (HFS) protocol, and involves
activation of NMDA, D1, M1, ACh and mGlu receptors. LTD and LTP, as in the ventral pars are
modulated by DA. It is thought that resistance to plasticity may be a third code for BG neurons.
610
Horvitz, “Stimulus-response and response outcome learning mechanisms in the striatum,” 129140. DA phasic responses to reward predicting stimuli are shown to be sustained some hundreds
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reverbatory loops appear to facilitate appropriate motor action by
maintaining activity in the cortical movement related cells. It is suggested
that DA mediated binding assists in establishing behavioural sequences. 611


LTD and LTP both are mediated and triggered by DA release, although LTP
is inhibited by activation of D2 receptors (mainly present in the indirect
pathway). Hence DA release is more likely to lead to LTP in direct pathway
and LTD in indirect. Higher levels of DA favour induction of LTP.612



Cannabinoid and adenosine receptors also play a part in striatal LTD.613
Wickens notes that DA and EC signalling mediate plasticity in the form of
LTD and LTP, with intracellular calcium signalling also significant. DA “plays
a crucial role in determining the magnitude and direction of plasticity”614.



Learning in the striatum is driven by novelty.615 Schultz and others suggest
that phasic DA release is triggered by rewards that are unpredicted. It has
been shown that there is a steady tonic low level of DA release “to run the
motor programs already set up”; phasic DA release seems to be a “learning
signal” 616 that induces plasticity. The phasic release of DA appears
implicated in instrumental learning, Pavlovian conditioning, and various
forms of associative and reinforcement learning.617.

of milliseconds beyond responses to salient non reward events. Note that Horvitz refers to A-O
goal directed learning as R-O.
611
High frequency stimulation leads to LTD, but “when DA is applied in brief pulses coinciding with
the time of pre-synaptic stimulation and post synaptic depolarisation of the striatal cell,
corticostriatal synapses show potentiation rather than depression.” He pays tribute to the work of
Reynolds. D1 receptor blockade has been shown to prevent self stimulation of the SN in rats. DA is
shown to strengthen synapses in the striatum that are currently active. The authors focuses only
on D1 synapses and consequent LTP. Horvitz, “Stimulus-response and response outcome learning
mechanisms in the striatum,” 130.
612
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MSN depolarise concurrently. Reverberation may serve to keep neurons in the loops depolarised.
High frequency firing of the cortical neurons may also lead to LTD at the synapses. Da Cunha et al.
speculate that “LTP and LTD of synapses associating different cortical inputs with the same MSNs
may build the memory trace of associative learning mediated by the basal ganglia.”Da Cunha,
“Learning processing in the basal ganglia: a mosaic of broken mirrors,” 163.
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Da Cunha, “Learning processing in the basal ganglia: a mosaic of broken mirrors,” 163.
614
Wickens, “Synaptic plasticity in the basal ganglia,” 119.
615
Horvitz, “Stimulus-response and response outcome learning mechanisms in the striatum,” 129140.
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“Depotentiation”, the reversal of an LTP that has already been established,
has been identified as a further form of synaptic plasticity. It is now
believed too that DA mediated binding may assist in establishing
behavioural sequences, and that sustained reverbatory loops appear to
facilitate appropriate motor action by maintaining activity in the cortical
movement related cells. 618.



DA timing is significant. Precisely timed pulses of DA “coinciding with the
time of pre-synaptic stimulation and post synaptic depolarisation of the
striatal cell-corticostriatal synapses show potentiation rather than
depression” that would normally be the case with high frequency
stimulation.619 Furthermore, DA mediated corticostriatal synaptic
strengthening seems to work to maintain the movement direction coding
in the frontal cortex until the trigger stimulus occurs.620



DA synapses are normally found on the neck of spines with the excitatory
synapse on the head of the same spine. 621

2.4.7.3 Insights from plasticity within the hippocampus

Hippocampal studies of plasticity shed further light on the nature of plasticity in
the BG. Beretta et al. note the differences of plasticity between the BG and and
the hippocampus.622 Hippocampal plasticity is dependent upon synaptically
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Horvitz, “Stimulus-response and response outcome learning mechanisms in the striatum,” 137.
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620
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Wickens’ calculations show that DA able to act on all excitatory synapses concurrently. The
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in the basal ganglia,”121.
622
The paper notes that the hippocampus has proven itself ideal for plasticity studies in vitro owing
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brought challenges; this region manifests distinct cell layers; and the dendrites of MS projection
neurons (composing 95% of neuron population in striatum and NAc) are not polarised, and they
synapse onto both internal and external axons with both excitatory and inhibitory contacts. Also
the striatum features a highly interconnected neuronal plexus with the result that synaptic
responses are easily contaminated by complex receptor inputs. Source material and more detail:
Beretta et al., “Synaptic plasticity in the basal ganglia: A similar code for physiological and
pathological conditions,” 345-356.
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released glutamate, whereas striatal plasticity involves DA activity, release of ECs
and ACh.623

Beretta et al. note that the groundwork for synaptic plasticity studies in BG, and in
all vertebrate CNS, was laid by Bliss and Lomo, who, as we have seen, detected in
vivo LTP in the hippocampus following on repetitive excitation. “Activity
dependent synaptic potentiation occurs within milliseconds, can persist for hours
or days and is expressed as a persistent increase in the size of the synaptic
component of the evoked response, recorded either from individual neurons or
from a larger cell population.”624 Bliss and Lomo’s work was complemented by
Schwartzkroin and Wester (1975) who used brain slice preparations to
demonstrate LTP under controlled in vitro conditions. Plasticity in both areas
obeys the Artola-Brocher-Singer rule: “induction of LTP or LTD depends on the
ability of the postsynaptic membrane to reach different sequential threshold for
LTD and LTP induction.” This observation possibly reflects progressively higher
levels of postsynaptic free calcium.

2.4.8 Initial reflections on the possible role of the basal ganglia in virtue
acquisition.

With cortical, limbic and motor interconnections providing a capacity for reflective
action, reward based goal reinforcement, and the development of habitual action,
the BG, noted by Di Filippo as the “brain centre for habit formation”,625 appear
highly implicated in the neural underpinnings of virtue.

The neuronal processes of habit formation are of relevance to this study. Habits,
acquired in the BG, are the result of experience driven plasticity in basal ganglia-

623

Beretta et al., “Synaptic plasticity in the basal ganglia: A similar code for physiological and
pathological conditions,” 353.
624
Di Filippo et al., “Short term and long-term plasticity at corticostriatal synapses: implications for
learning and memory,”109. Di Filippo is the source of other citations in this paragraph.
625
Di Filippo et al., “Short term and long-term plasticity at corticostriatal synapses: implications for
learning and memory,”109.
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based circuits.626 The pathways that facilitate habitual behaviours, highly
interconnected with limbic and cognitive areas of the brain, would seem to have
much in common with pathways related to the development of good habits,
virtues. Both begin with simple goal-oriented behaviours, both are experience
acquired, requiring consolidation by repetitive action, both require
interconnection to motor, motivational, cognitive and executive areas. During
acquisition there is a movement from attentive explicit behaviour to the
automatised. Both show great resistance to change once acquired.

Not only are the implicated limbic, cortical and basal-thalamic regions, (brain
regions supporting motivation, automatisation of action, and executive goal
direction) functionally required for both habit and virtue formation, but the
efficient interconnection of these brain regions is shown to be present in the
brain.

The BG with their thalamic pathways to both the limbic system and the cortex are
a crucial piece in the puzzle, and it is only in little more than the last decade that
the complex involvement of the BG in cognitive and motivational processes has
become apparent. The cognitive connection is particularly important in the case of
virtue. As will be seen in Chapters 3 and 4, motivation in virtuous action is a
complex interplay of initial reward incentives (for example in the case of a child
developing a virtue), previously established pathways for patterns of behaviour,
and what we could call a cognitive evaluation of goal. In particular, Graybiel’s
reflections on habit, described above, emphasize that this evaluative component
is potentially present via pathways involving the BG.

Di Filippo writes, “It is widely accepted that animals, including humans, shape
their behaviour on the basis of experience and that motivation is characterised by
action, either to increase the probability of an outcome (appetitive motivation), or
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to reduce it (aversive motivation)” 627 These motivations shape our actions via the
mediation of the BG pathways. Reward and motivation will be discussed below
(2.6).628

At the heart of the capacity of the brain to wire for habit and ultimately virtue are
mechanisms of plasticity. Beretta writes, “It is widely accepted that the complexity
and adaptability of neuronal communication, which is necessary for integrative
and higher functions of the brain, is amply represented by plastic changes
occurring at the synaptic level. Therefore long term modifications of synaptic
efficacy between neurons have been considered the cellular basis of learning and
memory.”629

Virtues, it will be seen are stable capacities for habitual action... they empower
the owner to act in the world effectively. Da Cunha captures this notion: “Since
the output of the basal ganglia is almost exclusively to frontal cortex and
brainstem motor nuclei, the memories encoded by this system must be expressed
as actions. This explains the procedural nature of these memories.”630

2.5

Neural bases for emotional control.

In this section we overview representative current research into emotional selfregulation. This will shed further light on role of the cortico-limbic connections of
the BG, and on the possibilities for pathways of the emotional self-regulation that
characterises virtue in the Aristotelian vision.

Since the 1930s the cerebral cortex has been acknowledged to play an inhibitory
influence on emotional behaviour. In the last fifteen years much has been written
627

Di Filippo et al., “Short term and long-term plasticity at corticostriatal synapses: implications for
learning and memory,”115.
628
For an overview of the neurobiology of appetitive and aversive responses, see Leknes
andTracey, “A common neurobiology for pain and pleasure,” 314-320.
629
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pathological conditions,” 343.
630
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about the pathways of emotional control, in particular distinguishing the cognitive
pathways allowing cortical modification of limbic responses, and the direct
cognitive-bypass routes, the “quick and dirty” routes, that manifest impulsive
reactions of rage, flight, etc.631

2.5.1 Theories of emotion.

An initial overview of emotion, drawn principally from psychology, is
appropriate.632

According to the James-Lange theory of emotion, from the start of the twentieth
century, the physiological changes are the emotion... we feel sad because we cry,
for example. If we remove the physiological changes, we remove the emotion.
Although this seems counter intuitive, it does place emphasis on the integration of
mind and body, and recent studies have, in fact, shown that faking emotions can
produce emotion. For example, Strack, Martin, and Stepper documented in 1988
that most people rate cartoons funnier if they hold a pen in their teeth, thus
forcing a smile, rather reading the cartoon while holding the pen in their lips and
preventing a smile.

Walter Cannon in 1927 and Philip Bard proposed a more subtle model, known as
the Cannon-Bard theory, whereby emotional experience is understood to be able
to occur independently of bodily changes.633 Cannon proposed a special role for
the thalamus. According to the Cannon-Bard theory the thalamus and
hypothalamus, possibly inhibited by the cerebral cortex, are responsible for
emotional responses to stimuli. Subsequently it is apparent that these areas and
the sympathetic nervous system do have involvement in certain aspects of
emotional response and control.
631

For popular accounts of the direct pathways see: Daniel Goleman, Social Intelligence (Sydney:
Random House, 2007); and Rita Carter, The Brain Book (London: DK Books, 2009).
632
Background sources: Richard J. Gerrig et al., Psychology and life (Sydney: Pearson, 2009); David
G. Myers, Psychology, 7th ed. (NY: Worth, 2004); Lorelle Burton et al., Psychology, 2nd ed. (Milton,
Qld: Wiley, 2006).
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Other more recent theories have modified, and continue to modify these two
fundamental attitudes towards emotion.

In the 1930s Papez proposed a circuit responsible for emotion, with emotion
governed by the hypothalamus. The circuit involved a circular loop connecting
hypothalamus to thalamus, to ACC to hippocampus. He proposed that the ACC is
responsible for emotional experience. Links to the neocortex provide for a rich
emotional life. The hippocampus is no longer given the prominence in emotion
accorded to it by Papez. Nor does it seem that there is a single system responsible
for emotion. 634

The Schachter-Singer theory allows for self-knowledge of the degree of one’s
emotional arousal through observation of one’s own physiological changes. 635 In
1999, Antonio Damasio, aided by these direct insights into the emotional brain,
proposed a model to distinguish between observable behaviours, the emotions,
and the private experiences of feelings.636

2.5.2 Emotion and memory.
Context and emotional state are known to modify memory.637 Memory
reciprocally affects emotional state. Joseph LeDoux, a pioneer in the neural bases
of emotion, says, “My work is as much about memory and plasticity as
emotion.”638
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Bear, Neuroscience. Exploring the Brain, 569-571.
Real time imaging is now available that has allowed identification of areas of the brain active
during emotional arousal.
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A. Damasio, The feeling of what happens (NY: Harcourt Brace, 1999), Ch 12.
637
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memory recall. Mood state is a particular form of context. See: Squire and Kandel, Memory: From
Mind to Molecules, 73.
638 Quoted in Bear, Neuroscience. Exploring the Brain, 576.
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Recent studies have further explored the area of the interconnection of emotion
and memory. 639 Kalueff has reviewed the literature on the interplay between
memory and anxiety, and mechanisms of plasticity linked to anxiety, focussing
especially on the role of neurotransmitter systems and neuropeptides in
regulation of memory and anxiety processes.640

The author notes that brain synaptic plasticity is now known to be modulated by
both neurons and glial cells with glial Ca-binding protein S100B, and PACAP
(pituitary adenylate cyclase-activating polypeptide), noted as regulators of
synaptic plasticity. The connection of the latter with the expression of
neurotrophins is noted.641

LeDoux studies the area of the amygdala involved in the storage of emotional
memories, the lateral nucleus. Importantly he has described how subcortical
sensory inputs to the amygdala can drive emotional responses that precede
cortical awareness.642 We can react emotionally before rationally assessing the
situation.

2.5.3 Human brain areas associated with regulation of emotion.

639

Work of Gordon Bower in Stanford illustrates this connection: subjects in a sad mood are more
likely to recall negative experiences and vice versa. See: Squire and Kandel, Memory: From Mind to
Molecules, 73.
640
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limbic system, it is a modulator of neurotransmitter release and excitability in neurons; in its
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Figure 2.9 a.

Areas associated with the limbic system. Source: Saladin, Kenneth S. Anatomy and
Physiology. 6th ed. NY: McGraw Hill, 2012. 537.

Figure 2.9b

Location of key limbic areas. A 3D construction of the hippocampus, fornix
and amygdala within a translucent CNS. Source: Nolte, John. The human brain. An
introduction to its functional anatomy. 6th ed. Philadelphia: Mosby, 2009. 595.
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Emotion is processed in the brain primarily in regions including several parts of
the PFC, namely dorsolateral prefrontal cortex (DLPFC), ventromedial PFC
(VMPFC), OFC, as well as the amygdala, hippocampus, ACC, and insular cortex. 643.
The limbic cortex is found “on the medial brain surface, in the cingulate gyrus and
medial frontal lobe, and on the orbital surface of the frontal lobe”.644

Neuroimaging (see Appendix 3) shows that distinct subregions of the PFC have
specific function in relation to emotion regulation. fMRI imaging, which detects
brain activity with resolution down to 1mm3, can show areas that are active but
not necessarily all areas necessarily involved. The limbic cortical areas, those areas
of the cortex adjacent to the limbic area, have been identified as the DLPFC, the
VMPFC, and the OFC. These areas now believed to be a “cerebral association area
for the control of behaviour”.645

It appears that there are brain circuits for specific emotions, for example,
implicating the insula in disgust, the amygdala in fear, and the PFC in conscious
representations of emotion. The hypothalamus also carries out a number of
functions associated with emotion, the basic drives for thirst and feeding. It
directs motor patterns associated with various emotional responses such as pain,
pleasure, sexual arousal, and rage and it has a role in coordination of autonomic
functions affected by emotional arousal. It also coordinates release of a number of
hormones such as oxytocin.646

The amygdala plays a key role in particular emotional experience. The nuclei of
the amygdala “mediate the effects of sensory stimuli on emotional behaviour”;
“through interconnections with other cortical and subcortical structures it

643
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controls emotional expression and behaviour.”647 The amygdala is particularly
active in mediating early attachment relationships, and reaction to stress and non
conscious emotional memories.648 Building on studies by Jerome Kagan who had
demonstrated that traits such as timidity and shyness persisted from childhood
into adulthood, Schwartz et al. (2003) conducted fMRI scans of some of these
inhibited babies, now in early adulthood. The scans showed that the amygdala of
this group tended to be overactive, reflecting fear and anxiety, in the presence of
novelty.649

The interconnections between the limbic cortical areas and the limbic areas
themselves are becoming increasingly well defined. The amygdala is now known
to receive neuronal signals from all limbic cortical areas, and from the temporal,
parietal and occipital cortex (most especially the auditory and visual association
areas).650 Efferent connections return to these cortical areas as well as to the
hippocampus, the septum, the thalamus and the hypothalamus. The anterior
cingulate gyrus has anterior connections to the amygdala and posterior
connections to the hippocampus.651

Of the neurotransmitters in the brain, the amines - DA, 5-HT and norepinephrine
(NE) - have been shown to play a role in modulating the individual’s emotional
responses.652 These are critical to the brain’s excitatory and inhibitory
mechanisms of control: NE from the locus ceruleus is usually excitatory, DA
(inhibitory in the BG, and possibly excitatory elsewhere in the cortex) is critical in
the body’s reward systems (see 2.6.1), 5-HT from the raphe nuclei released in the
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hypothalamus and limbic structures is known to inhibit aggression, and ACh from
the gigantocellular neurons of the reticular excitatory area is excitatory.653

654

2.5.3.1 Involvement of prefrontal cortex in emotional regulation.655

Here we look at the implication of the cortical areas in management, or more
properly, inhibition of emotion.656 Pollak points out that most emotion studies
take a top down approach because of the fact that damage to PFC leads to poor
emotional regulation.657

Nevertheless, recent studies in emotion regulation do note the interdependence
of brain areas and integration of systems. For example, Salzman and Fusi found in
2010 that the “functional and the electrophysiological characteristics of the
amygdala and the PFC overlap and intimately depend on each other. Thus, the
neural circuits mediating cognitive, emotional, physiological, and behavioural
responses may not truly be separable and instead are inextricably linked.” 658
Furthermore Ray and Zald (2012) argue that PFC-limbic interaction is more
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reciprocal than the conventional top-down models would suggest,659 as the
ventral and dorsal PFC are in rich reciprocal communication with the amygdala.660

The complexity of pathways implicated in emotional regulation is being
progressively revealed. A major magnetic resonance imaging (MRI) study of 1900
14 year old teenagers noted seven cortical and subcortical networks implicated in
inhibition of activity and six networks implicated in failed inhibitions.661

There has been a growing body of knowledge about the role that the PFC, and its
constituent implicated areas, play in managing emotion. Specific areas of the PFC
implicated in emotional processing have been identified, with specialised roles
attributed to them. Barbas and Zikopoulos noted, “The three distinct prefrontal
sectors, namely the lateral, orbitofrontal and medial, are interconnected, and
provide the basis for interaction of pathways underlying cognitive and emotional
processes.” 662

Davidson explains that the PFC "represents emotion in the absence of
immediately present elicitor, playing an important role in assessing affective
consequences of actions, and in persistence of emotion.” 663 Particular sections of
the PFC seem to play a major role in regulation of the duration of emotion, and
the suppression of negative emotion once elicited, essentially an affective working
memory. These areas work together to generate information and behaviour
related to emotion.
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He states that individual affective and regulatory differences are attributable to
“asymmetries” in the PFC and in the contribution of the amygdala.664 As a general
rule, the left hemisphere appears to play a greater role than the right in cortical
regulation of emotion. Pronounced right frontal asymmetry in young adults,
evident in electroencephalography (EEG) scans showing disproportionate activity
of right over left against controls, is associated with negativity and withdrawing
behaviours. Even sad and crying infants show greater EEG activity in the right
hemisphere. Happy infants show more left frontal EEG activity. 665 Left and right
side damage to the PFC areas reveals the differing function of these areas. Left
side damage leads to greater incidence of depressive symptoms, as it normally
plays a role in positive affect. 666 The right hemisphere of the brain tends to favour
the immediate, limbic response prior to cerebral modification. 667

The VMPFC appears to play a key role in predicting positive and negative affective
consequences.668 Both the experience of pain and witnessing the pain of others
leads to activation of the mPFC and the insula, as well as the lateral cerebellum. 669
Morgan and colleagues in 1994 documented a study of 36 rats designed to
evaluate the role of the mPFC in the phenomenon of fear extinction by means of
classical fear conditioning. The mPFC is a region commonly understood to play a
role in emotional reactivity and autonomic regulation. The study demonstrated
that the mPFC plays a significant role for fear extinction in rats.670
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The ACC, within the mPFC, has been called the “major outflow of the limbic
system, also involved in evaluating pain and distress vocalisation” 672 The ACC also
plays a role in directing attention, inhibited impulsive behaviours, and in
generating goal-directed behaviours.673 It appears to play a role in analysing
conflicting options.674

The OFC is the limbic gateway to the cortex. Balbernie suggests that it is through
the OFC that the limbic system and the cortex interact. This view is now widely
accepted and as such the OFC plays a central role in cortical regulation of
emotion,675 and is activated when we are making decisions on the basis of
emotion laden information.676 Brain imaging studies have also shown that the
OFC plays a role in the brain’s reward systems, 677 consistent with the view that
OFC functions pertain to the emotional component underlying and individual’s
reaction to events in the environment.678 Imaging studies of orphans (See 2.2.4.1)
revealed abnormalities consistent with the behaviours that appear to follow upon
being raised in environments of social deprivation, in particular, the manifestation
of an underactive OFC in comparison with normal children.679

The PFC, and especially the OFC, receives inputs related to emotion from various
brain locations including amygdala, thalamus, VTA, and olfactory system. Major
connections from the OFC include to the hippocampus, the amygdala and the
established criteria for fear extinction to the conditioned stimulus, demonstrating that the mPFC
plays a significant role for fear extinction in rats.
671
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hypothalamus. Damage to the left OFC of Phineas Gage, appears to have been a
significant factor in his reduced inhibition and heightened irresponsibility.680

Arden and Linford described clinical therapies for neuroplastic remodelling of the
frontal lobes. They reported that as affect regulation in the PFC improves, the OFC
can effectively inhibit activation of subcortical areas such as the amygdala.681

Conscious regulation of emotion utilizes both the DLPFC and VMPFC. It is believed
that the DLPFC recruits input from the VMPFC (which includes the OFC) when
there are conflicting emotional situations.682 It has been shown that the DLPFC,
interacting with ventrolateral PFC (VLPFC) and ACC, is active in choosing not to
follow “prepotent behaviour” or in choosing a novel behaviour. 683 Studies to
determine volitional control of behaviour have found that impairment in monkeys
is analogous to that in humans. Monkeys seeking reward by moving a joystick in a
particular way in specific response to a visual cue are shown to be greatly
impaired if there be damage to the VLPFC and orbital PFC. 684

Recent papers analysing regulation dysfunction by Bennett (2011), and
Heatherton and Wagner (2011), offer insights into pathways for cortical regulation
of emotion. Both studies confirm the role of DA induced cortical plasticities in
cortical regulation and the contribution of cortico-striatal circuits. Bennett reports
that modulation of the prefrontal-limbic network (including ACC, amygdala and
hippocampus) is principally through the hypothalamus, BG and midbrain.
680

Phineas Gage, in 1848, suffered the loss of much of his medial PFC. His behaviour changed,
becoming irreverent and profane, socially inappropriate, and unable to plan. Frontal damage leads
to disinhibition, emotional impairment, difficulty in planning, and impaired working memory.
681
Arden and Linford, Brain-based therapy with children and adults, 31-40.
682
Arden and Linford, Brain-based therapy with children and adults, 88.
683
Tatia M. C. Lee, et al., “Regulation of human behaviours (Review),” Future Neurology 2, 2
(2007): 190. The lateral PFC is activated by cognitive tasks, the VLPFC by tasks requiring
information in working memory, and the DLPFC when information must be manipulated. Anterior
areas of PFC may have a role in information transfer between these other areas.
684
Tomita et al., showed that disconnecting the PFC from temporal cortex prevented in monkeys
the activation of stored memories.Although there is a need for some caution in drawing direct
parallels between monkey and human PFC function some limited conclusions are possible: that
monkeys with PFC damage are impaired on conditional learning tasks, show emotional
impairment, and are impaired at object recognition. H. Tomita, et al. “Top down signal from
prefrontal cortex in executive control of memory retrieval” Nature 401, (1999): 699-703.
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Dysregulation of this network gives rise to major depression disorders.685
Dysregulation tends to follow one of three pathways: the hypothalamic-pituitaryadrenal (HPA) axis, through the BG, and consequent to modulatory change in the
midbrain VT and Raphe nucleus.

The high levels of cortisol evident in adolescent suicidal patients are attributable
to failure of the glutocorticoid receptor inhibiting release of corticotrophin
releasing factor and adrenocorticotrophic hormone. Epigenetic causes
attributable to abuse lead to decrease in the glutocorticoid receptor. Suicidal
patients are also characterised by reduced grey matter in the ACC and increased
grey matter in the amygdala linked directly to reduced or increased formation of
synaptic spines.

Later life depressive mood appears related to dysfunction in the caudate that
disrupts the DLPFC-subcortical connectivity normally involved in goal election and
suppression of negative thoughts. Furthermore another loop (the OFC, subgenual
ACC, ventralmedial striatum and amygdala) normally associated with goal directed
behaviour, is disrupted by hyper activity most probably as a result of
hyperintensities in the caudate. In schizophrenia reduced levels of DA in the PFC
(and high activity in the amygdala) are associated with depression and increased
levels in the striatum are associated with positive affect.686

Heatherton and Wagner found two independent pathways mediating frontal
regulation of emotion: a more successful frontal-striatal pathway, and a frontalamygdalic pathway that was less successful in regulation.687

Another recent area of investigation into cognitive control has involved self
regulation of amygdalic activation. Twenty-eight right-handed, medically- and
685

M. R. Bennett, “The prefrontal-limbic network in depression: Modulation by hypothalamus,
basal ganglia and midbrain,” Progress in Neurobiology 93, (2011): 483.
686
M. R. Bennett, “The prefrontal-limbic network in depression: Modulation by hypothalamus,
basal ganglia and midbrain,” 470.
687
Todd F. Heatherton and Dylan D. Wagner, “Cognitive Neuroscience of Self-Regulation Failure,”
Trends in Cognitive Science 15, 3 (2011): 132–139.
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psychiatrically-healthy male volunteers (age 28.0±9.0 years), were used.
Participants were given real-time fMRI neurofeedback and demonstrated most
clearly the capacity to downregulate activity in the left amygdala while
contemplating positive autobiographical memories.688

Attentional processes in the brain predispose for emotional self regulation. A 2001
study by Beauregard et al. had 10 young adult males with an average age of 23.5
years watch erotic films but in contrasting scenarios. In the first they were asked
to watch naturally, in the second, they were asked to suppress sexual responses.
In the first, fMRI imaging detected increased activity in right temporal pole, right
amygdala and hypothalamus. In the second, no increased activity was detected in
these areas but in the DLPFC and ACC.689 Posner and Rothbart state, “Top down
mechanisms, such as attention, may serve as models of how neural activity may
be increased or decreased in networks to establish processing priorities”.690
Beyond the PFC areas already mentioned (DLPFC, VMPFC, ACC, the insular cortex,
and the OFC) Pollak and Eslinger note that the integrated systems of emotional
control further involve the cognitive management of areas for attention, memory,
and action. 691 Posner notes that executive attention is associated with activity in
the midline frontal areas in the anterior cingulated gyrus. 692 (See 2.5.5.)

These views with respect to cognitive management of fear responses are
consistent with recent findings of Hartley and Phelps.693 They find, “Many
different cognitive strategies can be used to regulate emotion, including
688

Vadim Zotev et al., “Self-Regulation of Amygdala Activation Using Real-Time fMRI
Neurofeedback,” PLoS One 6, 9 (2011).
689
Mario Beauregard, et al., “Neural correlates of Conscious Self-Regulation of Emotion,” The
Journal of Neuroscience 21, (2001): 1-6.
690
Posner and Rothbart, “Developing mechanisms of self regulation” 427-441.
691
Pollak, “Early adversity and mechanisms of plasticity Integrating affective neuroscience with
developmental approaches to psychopathology,” 747.
692
Posner and Rothbart, “Developing mechanisms of self regulation,” 429.
693
Catherine A. Hartley and Elizabeth A. Phelps, “Changing Fear: The Neurocircuitry of Emotion
Regulation,” Neuropsychopharmacology 35, 1 (2010): 136–146. Hartley and Phelps describe neural
bases for four techniques of emotional regulation successful in management of fear: extinction,
cognitive regulation, active coping, and reconsolidation. Reconsolidation notes the linkage
between memory and fear, and refers to the capacity to reconsolidate and reconstruct memories
more positively. Again these techniques can be taught. They note the role of the striatum in active
coping strategies.
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reappraisal,694 selective attention, and suppression,” noting that regulation
strategies can be learned through cognitive therapy. Significantly with respect to
this study, they note that, “once habitual (my emphasis), these strategies become
easier to easier to enact over time.” Cognitive regulation relies on DLPFC
projections to the VMPFC inhibiting amygdalic acitivity. Ochsner discusses the
various pathways involved in reappraisal mediated by DMPFC and VLPFC
downregulation of the amygdala.

Figure 2.10

Phineas Gage and the role of the medial PFC in emotion regulation. A
reconstruction of the injury suffered by Phineas Gage indicating extensive
damage to the VLPFC. It appears the DLPFC was largely untouched.
Source: Damasio, H. et al. Science 264 (1994): 1102. Cited in Nolte, John. The human brain. An
introduction to its functional anatomy. 6th ed. Philadelphia: Mosby, 2009. 136.

2.5.4 Plasticity in the mechanisms of emotional regulation.

The various mechanisms of plasticity underpin the patterns of emotional
expression and regulation that develop in the individual.695 Pollak says that “the

694

Reappraisal involves “reinterpreting the meaning of a stimulus, including one’s personal
connection to it, to change one’s emotional response.” Kevin N. Ochsner, et al., “Functional
imaging studies of emotion regulation:a synthetic review and evolving model of the cognitive
control of emotion,” Annals Of The New York Academy Of Sciences 1251, (2012): E1–E24. Ochsner
et al. offer a current comprehensive review of emotion regulation.
695
Davidson, “Affective style, psychopathology, and resilience: Brain mechanisms and plasticity,”
1196-1214. Animal studies attest to the pronounced plasticity of emotional circuitry, showing that
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heuristic of plasticity refers to how experience leads to changes in these affective
neural networks, including the efficiency, activation thresholds, and time courses
of those activations.” 696 He argues, in alignment with Goldman-Rakic et al. (1997),
that dopaminergic and serotonergic induced, experience-based, changes take
place in the neural pathways involved in emotional regulation. 697

He identifies the following features of plasticity in the affective pathways:


The VMPFC and OFC are needed for associating incoming information with
existing response contingencies, linking information to motivational
importance, and for working memory... plasticity in these areas is
necessary for object reward association memory, and contextual fear
conditioning.



In primate studies, the amygdala has been shown to project directly to
medial thalamic nucleus and thence to VMPFC, facilitating involvement in
processing social information requiring plasticity dependent learning and
memory.



He argues that although complex social behaviours are unlikely to be
centred in one place, the amygdala seems to be critical in stimulusreinforcement conditioning, whereby “neural cues acquire positive and
negative incentive status and emotional meaning.” 698

He notes the contribution of DA induced plasticity in the emotional pathways, and
highlights associations with attentional mechanisms: 699

early experience exercises extraordinary role in determining the final characteristics of the nervous
system.
696
Pollak, “Early adversity and mechanisms of plasticity Integrating affective neuroscience with
developmental approaches to psychopathology,”735.
697
Pollak, “Early adversity and mechanisms of plasticity Integrating affective neuroscience with
developmental approaches to psychopathology,”747.
698
Pollak, “Early adversity and mechanisms of plasticity Integrating affective neuroscience with
developmental approaches to psychopathology,”742. Hence lesions to the amygdala impair
performance on associative learning tasks involving emotional expressions. This is also relevant to
the next section focusing on reward pathways.
699
Pollak, “Early adversity and mechanisms of plasticity Integrating affective neuroscience with
developmental approaches to psychopathology,”735. Pollak also draws conclusions the role that
mechanisms of attention play.
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The mPFC, especially the ACC, has abundant links to the limbic system via
the hippocampus, the shell region of the NAc and the amygdala. There is a
likely contribution of this pathway to DA and 5-HT modulation of cortical
socioemotional areas.



He notes that release of DA, as we have seen a recognised mediator of
plasticity, is triggered by corticolimbic afferents. He notes that repeated
stressful experiences seem to alter the balance of both excitatory and
inhibitory inputs from the limbic system and that the basolateral amygdala
system may receive stress messaging from the VTA facilitating learning
through DA neurons within the VTA, NAc and other areas.



He notes the work of Passetti et al. suggesting that DA in the mPFC
facilitates attention. And he suggests that the mPFC provides goal directed
motor plans informed by context from the hippocampus.



Following the work of Schultz in 1998 he argues that the DA system acts as
a learning signal for behavioural reinforcement but also may well be
involved in attention and motivation before all important events, both
positive and negative. He notes also the work of Pruessner et al. (2004) on
DA release in humans caused by psychological stress, and of Mayberg who
insists that loops of brain activity need to be understood as part of the
mechanism.

Systems for emotional management are summarised in Table 2.8.

2.5.5 Development of attentional mechanisms.
Attention facilitates cognitive regulation of emotion.700The psychology of
attention goes back to William James at the end of the 19 th century. He drew
together the notions of attention and choice: “Volition is nothing but attention”

700

Ironically training for mindfulness seeks to reduce habitual evaluative processing down the PFC
midline, and direct attention to limbic in-the-moment sensory pathways. Norman A. S. Farb et al.,
“The Mindful Brain and Emotion Regulation in Mood Disorders” Canadian Journal of Psychiatry 57,
2 (2012): 70–77.
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and that “effort of attention is the essential phenomenon of will”.701 He defined
attention as “the taking possession of the mind in clear and vivid form of one out
of what seem several simultaneous objects or trains of thought.” 702 Attention may
be seen on the one hand as a neural mechanism, albeit at the higher end of
cognitive activity, for selection of stimuli or tasks. 703 It is also linked to
consciousness and a facilitator of free choice.

Posner reviews the evidence that the development of attentional mechanisms
constitutes the essential feature of affect regulation; “Within cognitive
psychology, the mechanisms thought to be involved in self-control are collectively
called attention.” 704 He notes particularly the work of Broadbent in the late 50s
who first proposed that we have the ability to filter unwanted inputs so as to
attend. He notes six forms of attentional plasticity are discussed, principally from
the neurosystems level, dealing with mechanisms related to voluntary control of
thought. 705

701

Quoted in Schwartz and Begley, The Mind and the Brain, 317.
Quoted in Schwartz and Begley, The Mind and the Brain, 325. William James argued that the
essential achievement of the will was to fix the attention on a stimulus or thought and hold it fast
before the mind, and that “Volition acts through attention – which magnifies, stabilizes, clarifies,
one thought out of many. The essential achievement of the will is to hold one thought/attend to
one object and hold it clear and strong before the mind, letting all others – its rivals for attention
and all subsequent action – fade.”
703
For overview of attentional mechanism see: John H. Reynolds, et al. “Attention” in Larry Squire,
rd
et al. Fundamental Neuroscience, 3 ed. (Burlington, MA: Elsevier, 2008).
704
Posner and Rothbart, “Developing mechanisms of self regulation,” 428. This view is based on
the observation that parenting involves teaching children to pay attention to specific desirable
behaviours and to be aware when personal behaviours become undesirable is looks on attentional
networks, themselves affected by the social environment, as a key to developing regulation.
705
Posner and Rothbart, “Developing mechanisms of self regulation,” 429. First, effortful control of
attention means that we attend and amplify “the amount of neural activity within the area
performing the calculation.” The second mechanism of plasticity is priming, whereby we are able
to retune our attention in another direction because of a trigger event or word. Priming may occur
independently of previous attention. Third, practice consolidates pathways to material which is
already known. Fourth, new connections are established when new associations are being made.
Fifth, are strategies of chunking, decoding, and sounding out. Finally changes in brain structures
may develop over the early life of a person eg development of attentional structures in a young
child over the course of several years... eg orienting and development of executive control.
702
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Studies provide convergent evidence for a fronto-parietal attentional control
system. 706 Structures in the parietal, frontal and cingulated cortices at the top of
the visual system hierarchy, appear to generate signals guiding selective attention,
providing feedback signals that influence sensory processing at the more physical
level. Michael Merzenich regards the nucleus basalis, and the attention system in
which it plays a critical part, as “the modulatory control system of plasticity”.
Learning in critical periods is effortless because the nucleus basalis is always on
during these periods. Furthermore it has been shown that critical periods can be
reopened by artificially turning on the nucleus basalis. ACh from the nucleus
basalis appears to be responsible for the mediation of vivid memories. 707

NE is important in the brain’s attentional systems, with afferent distribution by
two significant pathways to the frontal lobes. The first is via the cingulate gyrus
and favours the right hemisphere, appearing to be associated with internal body
states and sense of self. The second is from the amygdala to the OFC, favouring
the left. It appears to be linked to close monitoring of behaviour.708

Certain forms of learning, and the plasticity associated with learning, are closely
linked to the exercise of attention.709 Intense concentration and full attention can
provide a “necessary condition for plastic change”.710 Developmental plasticity

706

See for example: S. Kastner, et al., “Increased activity in human visual cortex during directed
attention in the absence of visual stimulation,” Neuron 22, (1999): 751-761.
707
Observations of neuroscientist Michael Merzenich quoted in Doidge, The brain that changes
itself, 84-88. See also: Koch, “Consciousness.” Further studies reviewed and providing insight into
attentional mechanisms: C. J. McAdams and J. H. Maunsell, “Effects of attention on the reliability
of individual neurons in the monkey visual cortex,” Neuron 23, 4 (1999):765-773. J. H. Reynolds
and L. Chelazzi, “Attentional modulation of visual processing,” Annual Review of Neuroscience 27,
(2004): 611-647.
708
Arden and Linford, Brain-based therapy with children and adults, 207. The EEG results are
consistent with the view that attention facilitates emotional control.
709
ADHD studies reveal the significance of linkages between the PFC and the striatum. Further
studies reviewed and providing insight into reward mechanisms involving the PFC: R. A. Barkley,
nd
“Attention deficit hyperactivity disorder” in Child psychopathology, 2 ed., eds. E. J. Mash and A.
Barkley, A (NY: Guildford Press, 2006); F. X. Castellanos, et al., “Anatomic brain abnormalities in
monozygotic twins discordant for attention deficit hyperactivity disorder,” American Journal of
Psychiatry 160 (2003): 1693-1696; J. N. Giedd, et al., “Anatomic brain imaging studies of normal
and abnormal brain development in children and adolescence” in Development psychopathology,
Vol 2, eds. D. Cicchett and D. Cohen (New Jersey: Wiley, 2006).
710
N Doidge (2008) The Brain that changes itself. Melbourne: Scribe p249.
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studies in the developing mechanisms of attention in children offer further
insights. Children develop both reactive and self-regulatory mechanisms,
balancing self-expression and conformity with basic social norms. There are
various proposals why attention is necessary: to avoid bottlenecks, and avoid that
several objects in a given spatial field activate the same neuron.

Executive attention is associated with activity in the midline frontal areas in the
anterior cingulated gyrus. Nevertheless, even though hypnosis had been used to
lessen anterior cingulate activity and the perception of pain without reducing the
activity in the somatosensory cortex, when subjects were subjected to heat
stimuli,711 emotional regulation was not simply about learning not to pay
attention. Genetic studies have shown Attention Deficit Hyperactivity Disorder
(ADHD) genetic trait affecting the DA4 receptor expressed in Layer 4 of the
cingulate. There is reciprocal interplay between affect and attention; studies show
that anterior cingulate attention mechanisms automatically turn on as sadness
heightens. 712

Furthermore there are striking contrasts between universal trajectories of
development and those of the individual child. Of particularly interest is the work
of Kochanska et al. linking development of conscience to temperamental
differences in effortful control. 713 Eigsti et al. note the ability to direct attention
away from rewarding stimuli during a delay of gratification task in toddlers
predicts cognitive control later in life.714
711

Posner and Rothbart, “Developing mechanisms of self regulation,” 427-441.
Posner and Rothbart, “Developing mechanisms of self regulation,” 427-441.
713
Posner and Rothbart, “Developing mechanisms of self regulation,” 427-441, for discussion of
Kochanska’s work. They documented in 2000 that obedience at nine months predicts effortful
control at 22 months. It seems that temperament and self regulation (including control of
emotion) each follow a remarkably stable developmental trajectory in the first three years. Based
on his studies of conflict resolution in children below 3 years using a modified Stroop test, Posner
documents rapid gains in executive attention and executive control at about 30 months allowing
the child to exercise inhibitory control over behaviour on his own. Yet in subsequent years, there
are remarkable variations, typified perhaps most strikingly by Mischel’s marshmallow test of 1972
which successfully predicted adolescent self control on the basis of infant capacity for delayed
gratification. Mischel, et al., "Cognitive and attentional mechanisms in delay of gratification".
714
I. M Eigsti, et al., “Predicting cognitive control from preschool to late adolescence and young
adulthood,” Psychological Science 17, (2006): 478–484.
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In short, attentional mechanisms are amongst those neural pathways critical to
effective affect regulation.

Attentional systems are summarised in Table 2.9.

Figure 2.11

Links between attention and emotion regulation. An example of imaging
that demonstrates the underdeveloped capacity of adolescents (in
comparison with adults) to suppress fearful emotions in response to images
of fearful faces (example in a), and also to attend to non emotional stimuli.
Adolescents showed increased activation of the ACC and left OFC in
comparison with adults. When attention was to the nose (not directly
conveying emotion) only ACC showed increased activation. These results are
consistent with the view that adolescents, in general, have underdeveloped
capacities for attention and fear suppression, in comparison with adults.
Source: Monk C.S. et al. Adolescent immaturity in attention related brain engagement to
emotional facial expressions,” Neuroimage 20 (2003) 420-428. Cited in Blakemore, Sarah-Jayne.
“The social brain in adolescence.” Nature Reviews Neuroscience, 9 (2008): 273.

2.6

Neural bases for goal directed behaviours and reward activation.

Having reviewed current research into the neural bases for habit formation and
the role of emotions, we now turn to a closely related topic, the neural bases for
goal directed behaviours and reward activation. There are various psychological
theories accounting for motivation. The various approaches tend to reduce to
two: behaviourists think in terms of drives whereas cognitive theorists consider
goals. The anthropology of this study fits more comfortably with cognitive
suppositions about human freedom. Within this view, human motivation is
characterised by behaviours either to increase the probability of a desired result,
or to reduce it. We can call the first appetitive motivation and the second aversive
motivation. This view is broadly compatible with an Aristotelian-Thomistic
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understanding of human action: it sits most comfortably with the a recurrent
theme in Aristotle’s psychology: that we must raise children to seek pleasure in
those things that are good for them, and to endure difficulties for a worthy goal.

Neuroscience has identified various reward pathways that facilitate both goal
directed actions and reward based conditioning. DA modulation of activity in the
BG is believed to be critically involved in mediating reward activation and
associated goal directed activities. An appreciation of recent research in these
areas is particularly important to this study if we consider that virtue is not simple
habit but the acquisition of habits that during acquisition, or at least after
acquisition (if those habits have been acquired as an infant), are the subject of
appetitive motivation.

Converging research also identifies the close alignment of the neurobiology for
pleasure and pain.715 As neural bases of reward as well as for certain aversive
events exhibit a “common currency” we gain insights into the processes of cortical
regulation, “action selection between competing pleasant and aversive events”.716

In this section I look at recent insights into forms of learning and motivation
mediated by DA, and the interplay of the cortical regions with the reward and
limbic emotional centres. I also draw some conclusions based on recent work on
addiction.

In particular I note the involvement of cortical centres and the BG in the process
whereby A-O goal oriented behaviours, with automatisation, change to S-O
actions. I suggest that this provides a model for the development of virtuous
behaviours which are resistant to reward devaluation, retain a certain intrinsic
motivation, and for which we have developed an ease of action.

715

Leknes andTracey, “A common neurobiology for pain and pleasure,” 314-320. The article
reviews current literature in the field.
716
Leknes and Tracey, “A common neurobiology for pain and pleasure,” 318.
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2.6.1 Reward pathways and motivation.

There are two chemical driven pleasure systems in the brain:


The “exciting” pleasure system which is appetitive and involves tension.
This is DA driven. Surges of DA consolidate reward associations in our
brains particularly in the cortex and in the NAc.



The “satisfying” pleasure system which is consumatory, calming, blissful
and fulfilling. This is endorphin (opiate) driven.717 Opiates are in four
categories of neuropeptides: endorphins, enkephalins, endomorphins, and
dynorphins.

These two systems are interactive. -opioid signalling is evident in pleasurable
and antinociceptive (pain-killing) mechanisms, but also is mutually reinforcing of
phasic DA release that is also associated with preparation or consummation of
pleasurable reward.718 Not only does DA facilitate goal election and emotional
control, but as an initiator of plasticity, it holds a key to the consolidation of
choices enabling future choices.

In addition the hormone oxytocin also seems to play a role upregulating mood,
signalling affirmative social connection and facilitating bonding. (See 2.3.6.2.)

There are two major dopamine systems in the brain:


one projecting from the SNpc to the caudate and the putamen in the
striatum and in a minor way to the NAc;



another, the mesocorticolimbic DA system, sometimes known as the
mesolimbic dopamine system, originating in the VTA and innervating the
NAc, the amygdala and the various parts of the cortex, particularly the PFC.
This second system is regarded as central to the brain’s reward circuit.719 It

717

N Doidge (2008) The Brain that changes itself. Melbourne: Scribe p108.
Leknes and Tracey, “A common neurobiology for pain and pleasure,” 318.
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Martin, Neuroanatomy: Text and Atlas, 3 ed., 390.
718
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is phasic DA signalling in this latter system that is is reciprocally reinforcing
of -opioid release. 720

The complex neuronal mechanisms of motivation have by no means been fully
documented but there is a well founded view that DA release in the NAc,
associated with specific outcomes either by anticipation or possession, is a
powerful motivator.721 This is of particular significance in this study as the NAc is a
region of the BG and well connected with other regions.

LTP and LTD at the synapse seem implicated in positive reinforcement and habit
learning. In the dorsal striatum, DA inputs especially in the medial and lateral
areas that link to associative and sensorimotor cortical areas are received from
the SNpc. The role of LTP and LTD in movement initiation and learning in this area
have been well described. In the ventral striatum, although “mechanisms
underlying the potential association between striatal neuroplasticity and rewardrelated behaviours and learning are still far from being elucidated”722 hedonic
reward has been long believed to be mediated by DA projections from the VTA of
the basal forebrain. 723 Two classes of striatal neurons have been identified in
signalling reward related events, in each case utilising DA.

DA as we have seen, along with ACh, Epi, Histamine, NE and 5-HT, constitutes the
amines, neurotransmitters which are associated with the muscular interface,
emotions, motivation and cognition. None seem to play a mediating role in the
CNS, rather all have specific modulatory roles. Animal research supports the view
that variation in a single amine can profoundly affect behaviour, and the

720

Leknes and Tracey, “A common neurobiology for pain and pleasure,” 318.
Bear, Neuroscience. Exploring the Brain, 526.
722
Di Filippo et al., “Short term and long-term plasticity at corticostriatal synapses: implications for
learning and memory,”115.
723
Di Filippo et al., “Short term and long-term plasticity at corticostriatal synapses: implications for
learning and memory,”116.
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functioning of neural networks. This is confirmed, for example, in studies showing
that variation in 5-HT is powerful predictor of human behavioural variation. 724

2.6.2 Classical conditioning and DA reinforcement.

As we are focused on the development of virtue as a learned behaviour, it is
appropriate for us to look at varieties of learned behaviours. We have seen that
learning can be non associative (habituation and sensitisation) or associative
(classical or operant conditioning, where reinforcement or punishment changes
the probabilities of a given behaviour in the future).

Classical conditioning was discovered by Pavlov in 1927. As we have seen, the
hippocampus is shown to be implicated in initial stages, and the cerebellum
critical, at least for intermediate retention of the learned response.725
Instrumental conditioning, a variety of operant conditioning, was first identified by
Skinner in 1938 who showed that the provision of pleasurable consequences
made it more likely that behaviours be reinforced or repeated. This reinforcement
may be positive (involving rewards) or negative (withdrawal of a reward). It is
noted that punishment is not as effective for learning as negative reinforcement.

Olds and Milner noted in 1954 that rats will self stimulate (by pressing a lever
causing an electrical stimulus to the limbic system) in a highly repetitive way (2000
presses per hour). Monkeys have been noted at 8000 presses per hour. Humans
wired for the same form of test found the stimulation pleasurable in a non specific
way.

The median forebrain bundle has been shown to provide for reliable stimulation in
humans through enhanced DA release. “The median forebrain bundle reinforces
724

Depue andCollins, “Neurobiology of the structure of personality: Dopamine, facilitation of
incentive motivation, and extraversion,” 514.
725
Casebeer, “Moral cognition and its neural constituents,” 844. Note that the hippocampus
appears implicated in explicit recall of memories that affect current goal setting. Roles of the
hippocampus and cerebellum were initially identified by Thompson, et al.
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the connection between the system that detects the pleasurable stimulus (eg
seeing some food) and the motor system that carries out the desired behaviour
(eg eating). In other words, this region of the brain carries the mechanism of
reinforcement.” 726

This is of relevance on two counts. First, when a baby or an animal is trained in a
good habit, there is a degree of conditioning involved. An incentive is provided.
Forms of incentive learning can be central to the way in which we train children,
and learn ourselves. We will see that this concept is of relevance to the
development of fortitude and justice. Second, we will see that incentive
conditioning can lay foundations in the striatum for habit, a critical component for
both virtues and vices; behaviours which are resilient to removal of the incentive.
The relationship between DA and impusivity is an area of active current study.727
Pine et al., for example discuss the role of disordered DA neurotransmission in
mediation of impulsiveness in behaviours that include addiction, gambling
compulsively, ADHD and dopamine dysregulation syndrome. They found that
increased sensory quality of rewards increases DA uptake leading to increased
impulsivity during decision making.

2.6.3 Goal directed plasticity in the amygdala.
It is apparent that the amygdala is involved in complex positive reward circuitry.728
The research of Tye and colleagues (2008) finds evidence linking cue-reward
learning and synaptic plasticity in the lateral amygdala (LA), and suggests that this
is a decisive mechanism underpinning goal directed behaviour.

726

Wagner and Silber, Physiological Psychology, 213.
Alex Pine, et al., “Dopamine, Time, and Impulsivity in Humans,” Journal of Neuroscience 30,6
(2010): 8888–8896.
728
S. B. Hamann, et al., ” Ecstasy and agony: activation of the human amygdala in positive and
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The LA is recognised to associate emotional and motivational values to specific
environmental cues including those associated with rewards. The authors were
able to show in studies performed on adult male Sprague-Dawley rats (250350gm) trained to self administer sucrose as a reward, that, within the space of
one training session, reward learning was proportional to cue induced firing of
amygdala neurons, and that this cue-reward learning highly correlated with
induced strengthening of AMPA thalamic synapses. They demonstrated that
NMDA receptor (NMDAR) blockade within the LA impaired these processes,
consistent with established knowledge that the activation of NMDARs leads to
increased AMPAR currents.729 (For discussion of NMDA mediated plasticities see
2.2.5.1 a)

2.6.4 Reinforcement in basal ganglia learning.

The BG are shown to be decisive in reward learning. Konorski notes that while
lesions of sensorimotor cortex impede skilled movement, and lesions of premotor
cortex “impaired the chaining of action repertoires”, lesions of the BG affected the
instrumentality of actions so that tested animals could no longer act for reward to
avert adverse outcome. 730

The two main forms of instrumental behaviour are associated with goal directed
actions (A-O behaviours), with an intended consequence, and stimulus driven
habits (S-R behaviours) essentially triggered by antecedent stimuli.731 In this
section we look more deeply at these types of instrumental behaviours, and the
evidence for each of these in the BG. Each has different neural substrates within
the BG.732

These insights are of significance in the present study for several reasons:
729

Kay M. Tye, et al., “Rapid strengthening of thalamo-amygdala synapses mediates cue-reward
learning,” Nature 453, (2008): 1253-7.
730
Yin and Knowlton, “The role of the basal ganglia in habit formation,” 465.
731
Yin and Knowlton, “The role of the basal ganglia in habit formation.”
732
Graybiel, “Habits, Rituals, and the Evaluative Brain,” 364. Evidence suggests that learning in the
BG is a dynamic process, facilitated by highly redundant parallel pathways.
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i)

They help to explain the facility with which actions can be carried out.
A-O behaviours transform to S-R behaviours. 733 The interconnected
loci of A-O and S-R circuitry in the BG is now reasonably well mapped
both in human studies and in animal studies. “Human imaging studies
of habit learning have found that overtraining of a behaviour shifts the
cortical substrate.”734 The neural footprint during this process migrates
from ventral to dorsal regions of the striatum. Ventrally based limbic
reward becomes less significant; the dorsal striatum characterised by
habit formation and addictions becomes associated with management
pathways of actions. 735

Studies by Dickinson et al. of habit formation in animals demonstrate
that goal directed, A-O behaviours give way to S-R behaviours, with
motivation of a current or future goal replaced by relation to a
previous goal, under what is known as the reward devaluation
paradigm.

A similar process happens in human beings. Learning of new motor
responses, for example, activates the caudate and DLPFC, whereas
with well learned sequences, the site of activation shifts to the
putamen and motor cortices. When well trained participants were
asked to pay attention to their actions, the caudate and the more
ventral PFC again were activated.”736 The reward that is “devalued” is
the external reward. This process of automatisation begins with
greater cortical attention and activity, and as the S-R behaviours take
over, is associated with a reduction in cortical activity. The S-R
behaviours are carried out more by habit than by focussed attention.
This explains the ease with which we perform habits that have
733

Graybiel, “Habits, Rituals, and the Evaluative Brain,”364. Clinical studies show that frontal
cortical inhibitory zones suppress lower order behaviours. So, for example, when prefrontal limbic
afferent ties are inactivated goal directed behaviour in rats is reinstated.
734
Yin and Knowlton, “The role of the basal ganglia in habit formation,” 472.
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Graybiel, “Habits, Rituals, and the Evaluative Brain,” 364.
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previously taken considerable effort to acquire, and also how we can
catch ourselves doing things by routine.

ii)

This process offers insights into how emotion can be better regulated,
a further process at the heart of virtuous activity. That ventrally based
limbic reward becomes less significant as habits are learned fits most
aptly with the nature of virtue that is resilient against reward
devaluation as it is consolidated. External rewards are supplanted by
intrinsic rewards.

iii)

They offer an understanding of how repetitive, automatized actions
can still be voluntary and chosen. It is a mistake to think that S-R
behaviours are necessarily less free than A-O behaviours; established SR behaviours are compatible with the free choice that underpins
virtuous action. It is well understood that parents use forms of
instrumental conditioning to train children in good habits (that are
incomplete from the perspective of virtue because they lack free
choice by the subject) but teens and adults themselves are able, of
their own volition, to commit themselves to a regime of instrumental
conditioning to build up a disposition in their own nature for behaviour
in certain ways. So, for example, a high school student may decide that
she will reward herself for the completion of three hours of study by
permitting herself time on Facebook. This reward in turn becomes an
incentive for the desired behaviour and a means to achieve the more
remote positive outcome of maximising exam performance, etc. In
other words we have the capacity to choose to condition ourselves for
an intended positive outcome.

Yin and Knowlton raise significant questions about methodology in
many studies of motivation. They argue there has been confusion as to
the meaning of instrumental learning: ignoring for the most part,
purposeful behaviour, that behaviour may be directed to a goal, the A225

O contingency.737 In summary they claim, “The pervasive influence” of
this thinking on neuroscience cannot be underestimated. “It remains
powerful in many of the implicit assumptions made by researchers who
interpret all neural activity solely as a function of antecedent stimuli
presented before the motor response.”738

In a model of the human brain where functions are highly integrated in
a web of interconnection, the idea that S-R conditioning can still be
voluntary presents no obstacle: the cortex (associated with conscious
behaviour) will be involved in every action in any case. If furthermore,
this model of the human brain is married to an Aristotelian-Thomistic
anthropology in which the person, not the brain nor a part of the brain,
acts, then all difficulties in this regard should disappear.

Further to the discussion of above (2.4.4) Yin and Knowlton have proposed a
framework whereby the loops which project to striatum are associated with
specific types of learning. Anticipation of reward is a key factor in striatal activity.
This accords with the fact that S-R cannot explain speed of learning; furthermore
the motivational compulsion of addiction is poorly explained by S-R alone.739 (See
2.6.6 for more detail.)

Table 2.10 synthesises and summarises the role of the BG in instrumental
learning.

2.6.4.1 DA modulation in striatum for goal directed action

We are considering forms of reinforcement learning, a form of operant
conditioning, which describes the way in which initially goal directed, reward
737

They point out that Hull and followers focused almost exclusively on reinforcement of S-R
bonds; and that Thorndike dismissed as “unscientific” intention, expectancy and internal
representation.
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seeking behaviours, are conditioned to a habitual preferential response; for
example, a rat learns to prefer a particular pathway in a maze because it has
found food in that pathway on previous occasions. This reward reinforcement is
believed to be DA dependent. The NAc-cortical reward pathway has been well
documented. DA is released into the striatum leading to limbic modification of
neural transmission. DA modulation in the BG in turn effects a decisive
modulatory effect back on the cortex via the cortical-BG-cortical pathways. The
BG modify glutamatergic cortical outputs. Hence, DA, a principal mediator of
plasticity, is decisive in development of habits of goal directed action.

Wickens writes: “There is growing evidence for the hypothesis that activity and DA
dependent plasticity at (synapses in the cortico striatal pathway) is important for
learning on the basis of reinforcement.”740 He identified the DA neurons of the
midbrain VTA and the SN as the key component, and the striatum itself as the
locus for the “cellular mechanisms of reward-related learning.”741 742

Horvitz has documented the role that DA plays in this conditioning. He refers to
the need for a conjunction of “specific movement and reward expectation
conditions” and that, “The acquisition and performance of learned movement
sequences is severely disrupted by lesions or temporary inactivation of the deep
limbic system (DLS), and by striatal DA depletion, consistent with the notion that
establishment of striatal sequence coding requires DA-mediated strengthening of
input-output connections corresponding to consecutive segments of a behavioural
sequence.” 743
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Wickens, “Synaptic plasticity in the basal ganglia,” 125.
Wickens, “Synaptic plasticity in the basal ganglia,” 120.
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Other authorities concur. Di Filippo et al., “Short term and long-term plasticity at corticostriatal
synapses: implications for learning and memory,”110 Di Filippo et al. writes, “Many parts of the
striatum are involved in reward processing, and in various forms of learning and memory, such as
habit learning, goal-directed-instrumental and reward-association learning and procedural and
emotional learning.”
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Horvitz, “Stimulus-response and response outcome learning mechanisms in the striatum,” 131,
135. Horvitz further notes that motor behaviours in the striatum may be reinforced either by lowlevel codes to activate specific muscle groups associated with a movement segment, or higher
order codes to move a limb to a target position. This is significant as we are not discussing motor
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Horvitz further presents a view that DA mediated plasticity in the striatum is
instrumental in directing activity of cortical cells. 744 He notes that DA mediated
plasticity is involved in both S-R and A-O learning and that synapses in the DLS
regions are strengthened through the mediation of DA in accord with “previously
emitted movement”, contributing thus to the selection of further movement in a
behavioural sequence. DA striatal cells receive convergent inputs of reward
expectation and movement direction, and establish activity of cortical cells coding
movement direction occurs until the trigger stimulus initiates movement at which
point persistent reverbatory activity may be established.745

The complexities of this finely balanced process are only starting to be
documented. There is also evidence of retrograde signalling pathways, thalamostriatal circuits, which hold striatal neurons just below action potential thresholds.
Horvitz suggests there may be a similar mechanism acting on the cortical cells of
the pathway. 746

Da Cunha et al. (2009) suggested that DA release, triggered by the novelty of
reward stimuli, is central to the creation and reinforcement of associations and is
the condition for synaptic plasticity in the BG synapses between corticostriatal
neurons and MSNs, possibly involving reverberation in the cortico-striatal loop.747
The role of the BG in action selection and storage of non declarative memories is
mediated by convergent projections, synchronised by the timing of ACh release by
giant cholinergic aspiny neurons, which are tonically active neurons (TANs).
Projections from various locations in the striatum signal via the GPi to the SNr and

skills at an elementary or gross level, but of motor skills offering the possibility of considerable
complexity and refinement.
744
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thence into the thalamo-cortical pathway.748 They propose that the high
concentrations of DA, which are slower to clear from the NAc than the dorsal
striatum, explain the fact that learning in the NAc is driven by reward.749

Recent trait acquisition studies have highlighted a key role for motivational
neuromodulation by DA in the SN. 750 751 Other studies have shown that the NAc is
a major terminal area for representation of rewards modulated by VTA DA. 752

Other studies have focused on the role of the OFC (particularly area MOC13
containing abundant reciprocal connections to areas of the amygdala) in
748

Da Cunha, “Learning processing in the basal ganglia: a mosaic of broken mirrors,” 159 and 166.
Da Cunha et al. propose a model for cortico-basal processing of procedural memories. Information
about the body and environment is distributed repeatedly in the BG and processed by associations
between functional units. The hypothesis of fragmented repeated representations is an extension
of the work of Flaherty and Graybiel on “matrisomes”, multiple areas of the striatum where motor
and sensory inputs from the same parts of the body merge, a finding in opposition to the idea that
the striatum consists of segregated parallel circuits.
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Traits are about as close as contemporary psychology gets to virtues and vices. A trait is “an
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connected to virtue. By another definition: “Traits are emotional, cognitive, and behavioural
tendencies that constitute underlying personality dimensions on which individuals vary.”(Burton et
al., Psychology, 436.) From the contemporary study of traits and how they are acquired we can
gain insights into virtue development and expression. In contrast with virtue, trait aggregates
qualities of personality that are genetic, temperamental or acquired by dint either of training or
personal attention; trait theories allow effective description of persons, but seem very limited in
th
helping us understand people. D. A. Bernstein, et al., Psychology, 9 ed. (Belmont CA: Wadsworth,
2012), 573.
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Depue andCollins, “Neurobiology of the structure of personality: Dopamine, facilitation of
incentive motivation, and extraversion,” 499. Depue and Collins built on Gray (1973) who had
proposed a model of personality traits based on sensitivity to stimuli associated with positive or
negative reinforcement. They developed a psychobiological threshold model for extraversion, a
personality based on positive incentive motivation, and saw this personality as a form of
impulsivity, and therefore more sensitive to reward than punishment. They sought to explain how
goal directed behaviours can be elicited. Central to this model was the concept of motivation and a
network of brain structures that integrates motivation.
The authors sought to define the neurobiology of behavioural facilitation. They proposed a
behavioural facilitation that is associated with the functional properties of the VTA DA projection
system, with the DA ascending projections originating in the SN as "a higher order modulator of a
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neurobiological network that integrates behavioural functions associated with extraversion."
This projection system innervates some 20-30 structures and regions in the brain.
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Depue andCollins, “Neurobiology of the structure of personality: Dopamine, facilitation of
incentive motivation, and extraversion,” 500. Studies of rats and monkeys have shown that the
NAc is a major terminal area of VTA DA projections. The authors attributed a critical role to the
VTA-NAc DA pathway in facilitation of incentive motivation. The BLA, long seen as critical in
classical stimulus-reinforcement conditioning, is topographically linked to the NAc. Simultaneous
stimulation of NAc and the basolateral amygdala readily initiates forward locomotion.
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integrating “the most complex level of associations of reinforcement with both
stimuli and responses…. MOC13 forms higher-level conditional representations of
sensory events by associating them with existing or newly developing responsereinforcement contingencies; more simply, MOC 13 may abstract an integrated
structure of appetitive and aversive behavioural contingencies from the
environment." 753

2.6.5 Frontal cortex and reward systems.

Theories of cognition almost all agree that the capacity to set specific goals and to
direct one’s actions to those goals is central to cognition. The PFC, which has been
called “the great integrator, a brain region that synthesises information about the
external and internal world for the purposes of producing goal directed
behaviour”754, seems to play a central role in this process of taking control of
one’s actions. The PFC takes in converging information from many brain systems
processing information from within and without the body, and targets motor
system structures that will be involved in voluntary action. The association of the
PFC with intentional action is clear. Virtue is described as “a habit of choosing”755,
and hence is closely associated with intentional behaviours.

With projections to and from the forebrain systems associated with sensory data,
voluntary motor movement, long term memory, and systems processing affect
and motivational state, the PFC is well placed to contribute to cognitive control. It
is interconnected to brain areas processing sensorimotor information as well as to
centres associated with affect, memory and reward.
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Depue andCollins, “Neurobiology of the structure of personality: Dopamine, facilitation of
incentive motivation, and extraversion,” 501; N. D. Daw and D. Shohamy, “The cognitive
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Cognitive control requires ready selection of sensory, memory or motor processes
to be activated at any one time.756 This single mindedness has advantages and
suppression of goal irrelevant issues is a part. The capacity to focus attention is
closely associated with this command capacity. Also the capacity to deal with time
delay before the achievement of the goal is necessary: some form of working
memory. Voluntary and goal directed behaviours require the capacity to interact
with experience for rapid learning and adaptability. Cognitive control systems
must be plastic and flexible, in contrast with automatic behaviours that are
typically rigid.

PFC neurons encode rewards linking behaviours to goal directed consequences.
Miller and Wallace state, “Feedback about consequences of actions is a key to
acquiring new goal-directed behaviours. A large proportion of PFC neurons
encode information about rewards.”757

758

PFC neurons appear to have the

capacity to keep a spatial or object cue “on line” during memory delay. This short
term memory function appears to depend on dopaminergic receptors which
provide a gating signal to the PFC; precise timing permits the strengthening of
current PFC representations. PFC neurons also demonstrate flexibility: the
capacity of PFC neurons to modify their properties seems linked the primates’
ability to learn behaviours.

Neural loops between PFC and BG play a role in motor control and support
decision making. They are also significant in recursive thought. Fast plasticity in
the striatum favours learning the “snapshots” of action that capture immediate
circumstances, favoured alternatives, and how to get there; slow plasticity of the
PFC favours links to other centres and creation of entire models, future scenarios,
of action.
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2.6.5.1 The role of the OFC.759
The OFC has been termed the “gatekeeper” to the PFC.760 We have seen above
(2.3.6.1) Schore described the OFC as the “hierarchical apex of the limbic
system”.761 It is not surprising to find that it is implicated in the brain’s reward
systems, 762 and in fact is one of the main reward centres of the brain, along with
the dorsal and ventral striatum, the amygdala, and the DA neurons. 763 Leknes and
Tracey summarise the accumulated evidence that the regions of appetitive and
aversive processing include the NAc, the pallidum and the amygdala in the deep
cortical regions, as well as in the OFC to which they are interconnected. 764 They
point out that DA and opioid systems are “neuroanatomically related”, and that
“they are prime candidates for systems that transmit signals relating to
motivational and hedonic aspcts of both pain and pleasure.”765 The effects of
these systems are felt by direct DA release in the OFC and other PFC regions, as
well as by cortical modulation resulting from subcortical release.

It is well documented that the OFC codes for the reward value of stimuli,
responding to anticipation of future events and so are shown to have access to
759

Animal studies are also enlightening as to the breadth of the role carried out by the OFC.
“Evidence is accruing consistent with an involvement of the primate OFC in integrating information
about rewards and punishments and their predictors and using this information to select goals for
action.” Roesch and Schoenbaum, “OFC as gateway,” 201. In both the rat and the monkey, sensory
information passes through the OFC and thalamus and via reciprocal pathways on to the amygdala
and the striatum, which themselves are reciprocally linked permitting more complex loops.
Affective and attentional processing of the goal may take place within the OFC. Data from Robert’s
and Parkinson’s study of human subjects presented with menus varying in incentive value were
consistent with the view that the mOFC “represents an area of convergence of sensory, value and
other mnemonic information relating to prospective outcomes to allow for goal selection.” Angela
C. Roberts and John Parkinson, “Functions of primate orbitalfrontal cortex” in The Orbitofrontal
Cortex, ed. David H. Zald and Scott L. Rauch (Oxford: OUP, 2006), Fig 8.1, 250, 258.
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representations of the external world. 766 Reward representations are observed in
the OFC and PFC, as well as amygdala.767 The OFC responds to rewards in each of
the sensory modalies but also with respect to abstract rewards such as money or
praise. Possibly the medial OFC is implicated in reward and the lateral OFC in
punishment. 768

Left and right OFC appear to differ in function: left is associated with empathy,
right with TOM. The role of the OFC in affective feelings has been discussed. 769 770
(2.3.6.1)

The OFC links to cortical areas implicated in memory.
“Connectivity often offers important clues to the critical
function of a brain region. Just as the ventral striatum is
critically positioned to serve as an interface between limbic
and motor systems (Mogenson et al. 1980), the OFC is
uniquely located to serve as the gateway between these
limbic areas, which are concerned with passively encoding
associations between cues and likely outcomes or
consequences, and the active, representational memory
systems of the prefrontal cortex.”771
The OFC is reciprocally linked to other areas of the PFC “which are involved in the
regulation of behaviour through representational memory and it sends output to
the ventral striatum.” 772 Representations of memory play a key role in all
cortically mediated conscious action, and therefore also in the development of
conscious habitual action.
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It was suggested in the 1990s that the OFC stores associations between cues and
outcomes on behalf of the amygdala and other brain areas but the contribution is
apparently more complex than this with the OFC processing expectations for likely
outcomes and allowing associative information from the amygdala to be
processed in representational memory of the PFC. 773 It would seem that the OFC
is not critical in simple cases of instrumental learning or Pavlovian conditioning,
but only when information regarding outcomes requires further processing and
integration for the generation of an appropriate response. 774 The end result of
the gateway role that the OFC appears to play allowing association information to
access representational memory is the promotion of “voluntary, cognitive, and
goal directed (not stimulus driven) behaviour and facilitating new learning.” 775

The representation of the value of anticipated events and actions is a form of
memory mediated by the OFC. Also, we have already noted the central role that
attentional mechanisms play in self regulation. (2.5.5 Development of attentional
mechanisms) The OFC is well placed to coordinate peripheral and central arousal
mechanisms.776

2.6.5.2 Close alignment between OFC and striatum.

Current research notes the close alignment between the OFC and striatum. The
architecture of the brain facilitates the close cooperation of NAc and OFC.777
These two structures are adjacent, with the NAc sitting immediately on the inside
of the OFC. The NAc, as we have seen, the area of the striatum most closely
associated with reward, receives inputs directly from the adjacent mOFC. Via the
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limbic loop this region connects back to the cortex via VP and the medial dorsal
nucleus of the thalamus to the anterior cingulate gyrus and the orbitofrontal gyrus
itself. Information in this loop is integrated in the VP with inputs from the
hippocampus and the amygdala. The OFC transfers information via the lateral
prefrontal cortices to the premotor areas for decision and action.778 Further motor
output is via the VP.779

The lateral OFC, the OFC, and mPFC are interconnected and play a critical role in
cognitive and emotional processing and in the formation of motivation for the
selection of behaviours.780 The OFC and the mPFC are distinct but interrelated
systems, with different but related functional roles. The OFC has reciprocal
connections to the limbic system and to the striatum (including via the corticobasal-thalamic loop) similar to a loop assocated with the mPFC. 781

Like the OFC the striatum is activated in association with movement for an
expected reward. 782 “Just like the OFC and the amygdala, the NAc is the site of
convergence for numerous sources of motivational information, including the BLA,
the OFC, the mPFC, and the dopaminergic VTA neurons.” 783 Note that conclusions
of interactions between the PFC, the amygdala, the striatum and the DA
modulated VTA neurons are based on rat studies.

Horvitz draws attention to the sustained activity in cells of the striatum in
anticipation of reward as a mirror of reward coding in the OFC.784 He further
argues for a close association between the striatum and the OFC by observation of
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differences between the sustained activity in striatal cells in comparison with the
hundreds of millisecond activations of DA cells of the midbrain. 785

The role of the OFC is quite specialised in these tasks. Some comparison to the
roles of the striatum with which it is closely connected is enlightening. OFC
neurons do not seem to have any direct involvement in initiation, planning or
execution of motor processes whereas the striatum is implicated in these roles
and thus facilitates OFC involvement in behavioural output mechanisms. “The
neural activities in the striatum are examples on how motivational and motor
processes can converge to produce mechanisms related to the acquisition of
rewarding goals.” 786

Reward representations in the OFC are associated with goal-directed conscious
choices of action; “In order to choose between different actions it is necessary to
maintain a representation of the likely predicted future reward associated with
each action. Such predictions need to be compared and evaluated to select the
action with the highest overall predicted reward value.” 787 Lesion studies by
Bechara et al. (1994), Rolls et al. (1995) and Hornak et al. (2004) suggest that the
OFC plays a role in action selection for reward either by maintaining
representations of the predicted rewards or by participating in the actual process
of decision making. Grace wrote that the “mPFC provides goal directed motor
plans selected within the NAc on the basis of contextual and emotional
associations from both the hippocampus and the amygdala”.788

785

Horvitz, “Stimulus-response and response outcome learning mechanisms in the striatum,” 133.
Schultz and Tremblay, “Involvement of primate orbitofrontal neurons in reward, uncertainty
and learning,” 195.
787
O'Doherty and Dolan “The role of the human orbitofrontal cortex,” 276.
788
Citation and quotation in Pollak, “Early adversity and mechanisms of plasticity Integrating
affective neuroscience with developmental approaches to psychopathology,”738.
786

236

This relationship between the PFC and the BG appears special not only because of
the projections into the striatum, in common with much of the rest of the cortex,
but because PFC inputs to the thalamus are modulated by signals from the GPi.789

The findings of this study, with respect to reward processing and cognitive control
of reward systems, are consistent with recent findings of Buitelaar who, in a 2012
review, summarises biological mechanisms at work in risk taking, and risk
avoidance in teenagers, He finds teenage choices are assisted by the “dynamic
interaction of the cognitive control system (medial/ventral prefrontal cortex), the
reward system (nucleus accumbens), and the harm-avoidant system
(amygdala)” He says, “Increased risk taking might then be the consequence of
either a weak control system, or an easily activated and pushing reward system,
or a weak harm-avoidant system, or combinations of these.” He offers no
information directly about any biological basis for habits that could dispose for
improved rationality.790

Buitelaar notes that reward processing in striatal brain regions, if unmoderated by
cognitive control, lead to greater risk taking. He suggests the balance of evidence
is that the reward system is hyper-responsive in adolescence. He notes that
adolescents show the ability to modify risky decisions when they put themselves,
a capacity that improves on average in later adolescence. 791

Recent studies continue to demonstrate the close relationship existing between
the OFC and the striatum.


Hetherington and Wagner conclude in a recent study, “Cognitive
neuroscience research suggests that successful self-regulation is
dependent on top-down control from the prefrontal cortex over
subcortical regions involved in reward and emotion.” They develop an
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analysis of effective regulatory responses to the most common causes of
self-regulation failure: negative emotions, escalation of indulgence, cue
exposure, and impaired control.792 They review inhibition studies and show
that there is a pattern whereby intentional behaviour in addicts increases
lateral PFC activity and reduces striatal and OFC activity.


Somerville and Casey also find that cortico-striatal pathways are crucial for
successful cognitive control. However, they harness mounting evidence for
the counter intuitive position that striatal reward areas are capable of
upregulation of cognitive control to win reward. 793

2.6.6 Addiction studies offer insights into the reward systems.

Neuronal addictive processes are of relevance offering insights into how pathways
of permanently heightened motivation for action can exist. Is it possible that the
profound and life moulding changes at the striatal and cortical synapses that
underpin addiction have common features with virtue learning?

I have used the work of Robinson and Berridge in reviewing current explanations
for addiction: the hedonic view emphasizing the search for pleasure and
avoidance of the unpleasant;794 the view that addiction is brought about by
aberrant learning;795 Robinson’s and Berridge’s own incentive-sensitization view,
792

Heatherton and Wagner, “Cognitive Neuroscience of Self-Regulation Failure,” 132-139.
Leah H. Somerville and B. J. Casey, “Developmental neurobiology of cognitive control and
motivational systems,” Current Opinion in Neurobiology 20, 2 (2010): 236–241.
794
The hedonic view suggests that drug use leads to DA release (required for rewards and
motivational control of behaviour) from projections from the VTA and SN into the NAc and
amygdala to be downregulated as tolerance grows. When drug use stops, withdrawal occurs,
leading to further acute drop in DA and serotonin levels. There are grounds to think that persistent
drug use engages the stress system on the hypothalamicpituitary axis. In response to stress
corticotrophin releasing factor (CRF) is released by the hypothalamus; only small priming injections
of the drug are sufficient to set off the whole addiction cycle even after the original neural
responses are extinct.
795
The aberrant learning view provides valuable insights into habit formation in the striatum. This
is the “most prominent implicit learning view of addiction”. It suggests that the automatic S-R
habit hypothesis provides a more plausible account for addiction than A-O or goal directed
processes. In this view, addiction involves a transition from explicit and cognitively guided
behaviour, such as the memory of a pleasurable drug-induced experience, to comparatively
automatic behaviour that is essentially a S-R habit, a behaviour that takes little or no account of
expected outcomes and which can play out automatically, and for which the neural substrate is
793
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focusing on neural sensitization as the cause for compulsion;796 the explanation
for addiction centring on a dysfunctional PFC acting in concert with impulsivity
and poor judgement.797

Several insights become apparent.


Addiction studies help us to understand the contribution of the BG and BG
pathways to complex habitual behaviours in which the subject remains
fully aware of what he is doing. These studies emphasise that drug seeking
may involve the pursuit of complex purposeful (my emphasis) behaviour
patterns: habit formation in the BG is not reducible to simple motor
sequences. 798



Addiction studies are consistent with the view that DA reward pathways,
striatal or cortical, may have a role in triggering or initial reinforcement of
virtuous behaviours.799

found in the corticostriatal loops operating through the dorsal striatum. It is argued that with
sufficient practice any task can be automatised and that over-learned habits of drug use become
so automatic that they become compulsive. Terry E. Robinson and Kent C. Berridge,
“Addiction,”Annual Review of Psychology 54, (2003):25–53
796
The authors write, “Habits are not intrinsically compulsive in any motivational sense, no matter
how automatic they are…. there is no reason to believe that automatic S-R associations per se can
confer compulsive qualities.” Further, they maintain that S-R cannot explain the flexible, ingenious,
frantic behaviours involved in pursuit of drugs by addicts. Therefore they seek additional
motivational explanation in stimulus-stimulus (S-S) processes: pairing which is a type of paired
associate learning that uses simultaneous presentation of two or more stimuli without explicit
reinforcement or responding. Robinson and Berridge, “Addiction,” 25–53.
797
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following other studies: N. Hiroi and S. Agatsuma, “Genetic susceptibility to substance
dependence,” Molecular Psychiatry 10, 4 (2005): 336-344; J. D. Jentsch and J. R. Taylor,
“Impulsivity resulting from frontostriatal dysfunction in drug abuse: implications for the control of
behaviour by reward-related stimuli,” Psychopharmacology 146, (1999): 373–90; X. Liu, et al.,
“Smaller volume of prefrontal lobe in polysubstance abusers: a magnetic resonance imaging
study,” Neuropsychopharmacology 18, (1998): 243–52; R. Goldstein et al., “The orbitofrontal
cortex in drug addiction” in The Orbitofrontal Cortex in ed. David H. Zald and Scott L. Rauch
(Oxford: OUP, 2006), 276; Beretta et al., “Synaptic plasticity in the basal ganglia: A similar code for
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“Synaptic plasticity in the basal ganglia: A similar code for physiological and pathological
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An integral role for the BG in virtue formation is not contradicted by
addiction studies. Striatal plasticity essential to the processes of addiction
and also normal reward processing.800 Dysfunctional plastic change in the
BG leads to compulsive behaviours, impacting on cognitive capacity to
regulate emotion and reward craving.



The close relationship between reward expectation and emotional control
is emphasised. Addiction essentially involves dysfunction in the basalcognitive circuitry that would normally facilitate emotional control.
Addiction studies have uncovered substantial evidence for cognitive-basal
dysfunction when addiction is present, with abundant evidence for
“persistent drug-induced neuroadaptations” in the NAc at molecular,
cellular, and neural system levels, in other words, plasticity.”801

Table 2.11 summarises the reward and motivational systems operating and their
relevance to the development and exercise of virtue.

2.7 Cognition and executive function.

2.7.1 The PFC coordinates executive function.

As we have seen, the PFC plays a central role in complex cognitive and executive
function, involving many aspects of personality, and planning, insight and
foresight. 802 803 The PFC is one of the four functional areas of the frontal lobe: the
primary motor cortex, the premotor and supplementary motor areas, Broca’s
area, and the PFC. The PFC is extensively and directly interconnected with the
parietal, temporal, and occipital cortex via fibres in the subcortical white matter.
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Di Filippo et al., “Short term and long-term plasticity at corticostriatal synapses: implications for
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The PFC, particularly the lateral PFC, is oriented towards action.804 For example, at
the cortical level, the premotor cortical regions, the association cortices, the PFC
itself, the posterior parietal cortex and the limbic cortex all play a role in
movement planning. 805 The activity of numerous cortical regions is orchestrated
and coordinated by the PFC.

The PFC interacts with other brain areas, especially posterior and subcortical
regions, in cognitive and emotional management. PFC and ACC seem to be the key
neural substrates for response regulation. “The ACC works with the frontal cortex
through the reciprocal cortico-cortical connections of the anterior cingulate cortex
and the lateral PFC to monitor human volitional mental activity.”806 807

In this section we overview significant lines of current research into cognition and
executive function which appear relevant to this study.

2.7.2 Functional studies of the PFC.

(Refer also: 2.5.3.1 Involvement of cortical areas in emotional response.)

The PFC is clearly involved in behavioural regulation via inhibition of responses.
Tatia et al. review various recent studies of response inhibition and find that
response inhibition seems to involve DLPFC, VLPFC and parietal cortex, that the
right hemisphere predominates in response inhibition along with the lateral and
medial OFC, superior temporal gyrus and ACC. It appears inhibition of impulsive

804
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behaviour may be localised to the right OFC. The authors note that response
regulation involves both response inhibition and the election of goal appropriate,
though as yet non-habitual, responses.

Functionally the PFC divides into DLPFC, at the top and sides of the forward lobes
and the VMPFC. The lateral and medial areas are densely interconnected.808

Tasks of executive function and working memory are mediated by DLPFC function.
The DLPFC is the “key neural substrate in the regulation of cognitive processes”.
809

The DLPFC is greatly interconnected to the parietal multimodal cortex as well

as to the somatosensory, visual and parietal association areas, and has
involvement in cognitive strategies and planning.

The DLPFC, which is one of the last brain regions to develop, plays a key role in
manipulating various sources of information for decision making. It appears to
draw together experiences, memories, anticipations, self evaluation, long and
short term planning and measurement of personal conduct against norms; a
damaged DLPFC impairs choice of behaviour, leading to disregard of context and
opting for pursuit of familiar courses of action.

The VLPFC and OFC are closely linked.The VLPFC “can exert a bidirectional topdown modulation of activity for the regulation of cognitive processes”.810

Tasks of emotional processing and social decision are mediated by VMPFC. The
VMPFC extends into the anterior cingulate and orbitofrontal areas and is closely
connected to the limbic areas. Damage to the VMPFC leads to impulsive
behaviours as well as to socially inappropriate behaviours and inappropriate
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emotional responses. 811 It was the VMPFC of Phineas Gage that was substantially
damaged.

The dorsalmedial PFC (DMPFC) links with inferior parietal cortex, the DLPFC and
the posterior cingulate. It receives limbic inputs and, with its linkages to other PFC
areas, integrates the emotional reaction and experience with cognitive processing
which is “critical in the emotional regulation and adjustment of behaviour on the
basis of emotional cues”. DMPFC also seems active in perspective taking and
“theory of mind”, when learning rules associated with goal-directed actions,
problem solving and planning. These will be stored in the lateral PFC areas.

In addition there is the OFC (see above 2.6.5.1) situated behind the eyes. It was
first believed to be involved in olfactory processing. In recent years there has been
intensified interest on this area which now seems essential in risk taking and
decision making. The OFC links the PFC to striatal and limbic areas in regulation of
motivated responses.812

Spindle cells link the OFC and the ACC. These cells have been associated with the
capacity to make quick decisions. Spindle cells display rich interconnections, high
velocity of transmission characteristics, and are well endowed with receptors for
DA, 5-HT and vasopressin. Watson and Allman (2007) note, “At the cellular level,
humans and apes are the only primates that have a type of neuron, the spindle
cell, in the anterior cingulated, and frontoinsular cortex.” The number of spindle
cell in the human cortex is one thousand fold in excess of its presence in apes and
implication of the cell in mechanisms of attention and self control are
suspected.813
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The OFC also links with the insula, the third site where spindle cells are found. This
frontal cortical area within the lateral sulcus is adjacent to both the temporal lobe
and the parietal. It appears to integrating various sensations: viscerosensations,
taste, pain, and feelings of disgust.814 The linkage is believed to facilitate rational
processing of raw emotion.

There are significant linkages between the BG and the PFC through the OFC. It is
now apparent that pathways for cognition and executive function do not reside
solely in the outer cortical layers. “Recent evidence suggests that circuits through
the BG have a role beyond motor control, including cognition, reward evaluation,
motivated behaviour, learning, and memory which may be traced to pathways
through the PFC.”815 As we have seen, interconnections with the BG via thalamus
on the return pathway, and with the limbic system itself are now recognised as
playing significant contributions. The PFC has extensive interconnections to the
dorsomedial nucleus of the thalamus, lesions in which can have the same effect
on executive function as lesions to the PFC itself. 816

The PFC, along with the other cortical areas, requires continuous electrical
stimulation from the lower brain areas for conscious activity to take place. 817
Excitatory signalling (utilising ACh), and reverbatory excitatory signalling, via the
thalamus, to almost all cortical areas, are critical in this process. 818 In addition
there are excitatory and inhibitory mechanisms of control.819 (See also 2.5.3 for
other neurotransmitter and neuromodulatory agents affecting the PFC.)

Table 2.12 summarises the domains of executive function.

2.7.3 Prefrontal plasticity.
814
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Only recently has the potential for plasticity in the PFC been recognised.820 Recent
studies have confirmed however that association learning leads to plastic changes
in the OFC, as well as medial and lateral PFC, and implicate both the medial and
lateral areas in executive functions such as tuning of attention, and decision
making.821

Insights are accruing into the functional differences between the lateral PFC and
the medial PFC areas. Anderson et al. (2000) described the long term sequelae for
two young adults, F.D. (female), whose head, when she was 15 months of age,
had been run over by a car tyre, and M.L. (male), who, at 3 months suffered a
resection of right frontal malignancy. Despite relatively unimpaired cognitive
function, both had exhibited intractable chronic social maladjustment from early
childhood, suggesting damage to the ventromedial area. F.D. showed little
remorse for dishonesty and theft, precocious sexual activity, insensitivity to her
infant’s needs and inappropriate emotion; M.L. exhibited poor attention,
impulsivity, difficulties interacting with others, inability to manage money, work or
independence, obesity, substance abuse, sexual irresponsibility and little remorse
for actions. The authors concluded that there may be limited plasticity in the
sectors of the PFC that link emotion and decision making. The findings are
consistent with the view that infantile damage to PFC can lead to “severe
disruption of adaptive behaviour” without noticeable effect on standard
educational and psychological testing and support the suggestion of Schwartz and
Goldman-Rakic (1990) that several aspects of PFC neuronal organisation seem
well specified in early development and not dependent on environmental
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stimulation for determination.822 Recent work also focusses on developmental
plasticity of the PFC. 823

Of great importance to this study, it is now accepted that cortical areas are vastly
more interdependent and interconnected than had been previously thought.
Moghaddam and Homayoun suggested that even apparently modular structure is
actually a manifestation of the parallel networks that underpin brain activity. Their
hypothesis was that the DLPFC, regarded as the executive regions of the PFC,
respond in parallel to the limbic and limbically connected regions such as the OFC,
and thus direct behaviour that is consistent with context and expected
outcome.824

Table 2.13 summarises systems for cognition, consideration of consequences,
planning, goal election and executive direction.
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S. W. Anderson et al.,“Long-term sequelae of prefrontal cortex damage acquired in early
childhood,” Developmental Neuropsychology 18, 3 (2000): 281-296.
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PFC, reinforced the view that there are critical periods of development when the PFC is especially
vulnerable. Children with lesions present from before birth showed the greatest risk of major
deficits while those lesions which arose during childhood were at less risk of severe executive
impairment, on the basis of a battery of tests administered to the two groups. The authors
suggested that this appeared to be the case because, at this stage of cognitive development, the
brain relies on experience to strengthen connections, in other words that forms plasticity,
"neuronal reorganisation … changes in dendritic and synaptic structure and connectivity",
occurring in this developmental stage work to minimise the long term effects of the lesion. The
study also found that residual deficits of focal lesions in early childhood were lower than those
where diffuse pathology, for example traumatic brain injury and cerebral infection, were involved.
824
Moghaddam and Homayoun, “Divergent Plasticity of Prefrontal Cortex Networks,” 42-55.
Moghaddam and Homayoun in 2008 sought to reconcile conflicting theories of cognitive
processing. They argued that historical understandings of the cerebral cortex as being divided into
elementary units, a modular theory of localisation of operations, can be reconciled with the
contrasting view that there are parallel distributed neural networks operating. Some have seen the
OFC and DLPFC regions as having different functions; under psychostimulants, these two regions
display opposing patterns of plasticity. Others have sought evidence that these regions operate in
parallel, monitoring similar events and that the dynamic conversation beween these areas during
decision making is crucial for sound behaviour. For example, single neuron studies of rats
presented with stimulus response tasks show simultaneous activity in the two regions, the OFC
and the mPFC (the rodent equivalent to DLPFC in humans). Importantly, they demonstrate
functional coupling during a working memory task. The two regions responded to stimuli with
opposing patterns of activation. These patterns reflect differential patterns of plasticity.
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2.7.3.1 Plasticity studies in the motor cortices.

Not within the PFC, but within the frontal lobe, the motor cortices are increasingly
seen as an important site of plasticity.825 There have been numerous studies
demonstrating plasticity in the motor cortical areas. For example Michael
Merzenich has pioneered this field with many studies into somatosensory cortical
map plasticity. Further insights are now at hand from studies of subjects with
prostheses. Hochberg et al. (2006) demonstrated that a human subject (M.N.)
with tetraplegia, three years after spinal cord injury, was capable of cortical
movement signals, and was able to effect control of neuromotor prostheses
(NMPs) via intention driven neuronal activity converted via decoders linked to a
100 electrode sensor implanted in an area of the M1, the right precentral gyrus,
into a control signal. By imagining certain hand movements M.N. was able to
successfully activate control signals allowing him to open simulated email, operate
television, and work a prosthetic hand.826

This study followed a ground breaking study, documented by Ramachandran and
Rogers-Ramachandran (1996) of three subjects who had suffered amputation and
were suffering from phantom limb pain. Subjects were exposed to virtual limb
movement. Results suggested that this exposure brought about plastic changes in
the motor cortex area pertaining to the impaired limb and that these changes had
an ameliorating effect on phantom pain. Phantom limb movements, experienced
as real by the subjects, led to significant M1 changes.

Table 2.14 reviews the brain areas, mechanisms and pathways implicated in the
execution of motor commands and the relevance of these systems to the
development and exercise of virtue.

2.8 Conclusion.
825
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This review of recent studies demonstrates that it is possible to identify
mechanisms which modify the specific regions and pathways in the brain on the
basis of conscious experience. I argue that these mechanisms, areas and pathways
are essential to the acquisition and exercise of virtue.

This chapter has developed as follows:

After an initial overview of current lines of investigation into neural plasticity, the
foundational mechanism which underpins all learning in the brain, I have
overviewed contemporary lines of research in learning and memory. I have
reviewed understanding of the BG, a subcortical structure integral to reward
processing and habit formation, and implicated also in emotion processing and
motor management. I then reviewed systems for regulation of emotion, reward
processing and executive function in the brain.

Some initial observations about the aptness of task of this study can be offered.


The development of virtue will reflect processes of experiential learning:
experience-based learning follows Hebbian principles of synaptic
strengthening and reinforcement of connections through use, or antiHebbian principles of refinement of pathways. The development of
qualities of character, virtues, are a form of experience based learning
acquired by repetition.



Structural plasticity offers an attractive explanation for the Aristotelian
principle that virtues in some way “make us who we are”. It is reasonable,
given the relative stability of the personality changes implied in virtue
acquisition, that the plastic changes involved are structural not only
functional. There are various mechanisms of structural change in the brain,
but these appear to involve gene expression mediated by second
messenger processes from the synapse. (Table 2.15 summarises the
various mechanisms for plasticity that have been throughout this chapter.
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This table completes the discussion of 2.2 and Table 2.3 in the light of the
later sections in this chapter.)


The development of myelination in the frontal cortex and motor
pathways, offers a further mechanism of plasticity; in the first case to
assist in understanding the development of self control, and in the second
to better account for efficient action.



Virtue is understood as the capacity for self-management. Cortical
pathways for management of emotion are necessarily implicated in the
neural correlates of virtue. We find that these pathways in the BGthalamo-cortical loop already associated with habit formation and in the
limbic loop entering the cortical domain via the OFC and the ACC.



The architecture of the brain presents as a highly evolved and efficient
network of complementing functionalities manifesting the Hebbian
corollary that, where neural pathways exist, then neural communication
has been present. The adjacent location of the NAc and the OFC, and rich
connection between them consolidates a prima facie explanation of
emotional management. Not only do the BG have the capacity, on the
basis of reward representations, to modify cortical activity and motor
commands, but by reciprocal cortical loops, they are themselves modified
in their goal proposals. This offers a compelling mechanism for cortical
management of emotion. The more pathways of emotional regulation are
revisited, the more they are reinforced.



Reward processing and habit formation are interlinked systems associated
with the basal cortical pathways. This offers an explanation for the
development of habitual behaviours that are consciously elected, with the
flexibility to account for reward incentives in childhood. We have seen that
conscious and reflective behaviours may be mediated by the basal-cortical
pathways.



DA signalling facilitates goal election and emotion regulation, and, as an
initiator of plasticity, is critical in consolidation of regulation pathways
through structural changes.
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Mechanisms of habit and procedural learning appear to offer some
understanding for the phenomenon of established behaviours that remain
robust in the absence of immediate rewards. The BG-thalamo-cortical
loops with their widespread cognitive-emotional interaction offer insights
into processes of planning, goal selection, self regulation, attention and
motivation. The growth of intrinsic motivation over external reward as
virtue is carried out for its own sake, resilience against reward devaluation,
is consistent with the development of automaticity. That ventrally based
limbic reward becomes less significant as habits are learned aptly fits with
the nature of virtue.



The ease with which virtuous action is completed argues for the forms of
automatisation evidenced in habit. The ease of practice that is associated
with virtue aligns readily with the greater speed, accuracy and efficiency
associated with pathways reinforced by mechanisms of neuroplasticity.
The neural motor underpinnings of automatisation are reasonably well
described.



The function and efficient interconnection of the limbic, cortical and basalthalamic regions satisfy three pre-conditions for the presence of virtue,
that the neural bases for emotional regulation, automatisation of action,
and motivation and goal election, all integral to the expression of virtue, be
present.



An understanding of the attentional systems of the brain offers powerful
insights into mechanisms in neural support of affect management and will
power. Focussed attention permits directed plasticity in the brain: it is “the
modulatory control system of plasticity”.827



Studies of addiction reinforce the view that basal procedural function can
be conscious and volitional. In a state of wellbeing the frontal cortex and
the BG cooperate in conscious, volitional action. In an addicted state,
plastic changes in the BG and the basal-cortical pathways lead to cortical
dysfunction.

827
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itself, 84-88.
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New insights into brain function, including new appreciation of the
functions of the BG and the OFC, offer insights into how the discrete
components of virtuous action (motivation, automatisation of action, and
executive goal direction) may be integrated into a neural network. It is
now understood that the role of the BG is far more complex than as a relay
station for motor commands. It is now understood to play a key role, in
modulating conscious motor activity, integrating planning with reward and
motivational factors. The OFC is now understood to involved with limbic
modulation.



The capacity to set specific goals, to direct one’s actions to those goals, to
reason about consequences and means, appears central not only to
cognition but to rational acts disposed by the virtue of prudence.



The links between cognition, rationality and virtue are direct. Cognition
implies a capacity for goal setting, reasoning, deliberation as to
consequences and means, and final election. That one chooses goals fitting
for one’s nature is a mark of rationality. And virtue is essentially the
habituation of this capacity. Hence the exercise of virtue requires rightness
and perfection of reason, the operations of which are perfected by the
virtues of prudence and justice.



Specialist neurons such as spindle cells that are implicated in mechanisms
of self control and cortical areas associated with appreciation of
consequences, and mirror neurons that have been associated with
imitation and empathy, appear to offer fruitful linkages to virtue theory.
Aristotle wrote of the role of example in the acquisition of virtue; there is
evidence at the neural level of mirror systems that facilitate adoption of
example. Plasticity in the systems for empathetic response appears
integral to the development of sensitivity for the rights and needs of
others, and an understanding of the consequences of one’s actions, which
appear to be are at the core of the virtue of justice.



To find pleasure in appropriate activities is the mark of virtue; appetitive
responses to pleasure, aversive responses to fear and pain, reward
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expectations, emotional responses, and conscious goal election, are all
finely tuned in the state and exercise of virtue. A habit of appropriate
reward expectation is directly linked to the development of the virtue of
temperance.


Amygdalic-cortical pathways of fear management, associated with sound
goal election, appear to support the virtue of courage.



Aristotle insisted on the ease with which children acquire virtue. This
seems to be a reference to aspects of what we now understand to be
sensitive periods for the development of qualities. Of particular interest in
the field of virtue education are sensitive periods evident in
responsiveness to affection, in the development of an affinity for the
content of early experience, in ease of imitation, and in the adoption of
new behaviours during early years. First impressions are lasting
impressions; experiences during upbringing, particularly when the stimuli
are associated with emotional significance, can be virtually indelible.



In the exercise of virtue, memory of past behaviours, of reward, of
contextual and emotional resonances, and of principles of right and wrong,
are all required. Memory systems are functionally implicit to learning, to
response to reward and emotion, to habit formation, to goal election, and
all cognitive function. Mechanisms of non-declarative memory appear to
facilitate the ease of practice and the inherent motivational rewards in
virtue, while during the more arduous process of acquisition of virtue,
declarative memory plays a significant role. A degree of explicit
emotional/aesthetic/social/moral education, sometimes in the form of
guided behaviour and sometimes through conceptual communication with
relevant concrete illustration, is required for the development of virtue.



Virtues empower action in ways tailored to the flourishing of our being.
This includes disposing us to execute movement towards worthy
objectives. Therefore the neural bases for virtue require effective
connections with motor control, even though not all virtuous activity
requires expression in motor activity.
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Habit, in providing a mechanism for the organism to act more efficiently at
the neuronal level, dedicating attention elsewhere, and absorbing fewer
cerebral resources, seems to satisfy Aristotle’s litmus test for virtue, that it
is attuned to the flourishing of the person.



There is a strong inductive case to be made that wellbeing of the organism
requires effective integration of systems of the brain. It is most reasonable
to argue that the life of virtue, manifested as the integration of the cortical
with the limbic, is an indicator of flourishing.

These correspondences between characteristics of virtue itself, and the neural
structures and processes of the brain, will be developed in greater detail in
Chapter 5. I suggest that these features present a strong inductive, empirical case
in favour of specific neural bases implicated in the development and exercise of
virtue. The weight of evidence argues that an alternative view appears
incompatible with the neuroscience.

Given the myriad manifestations of virtue across the categories of the cardinal
virtues (habits of sound judgement, of respect and responsibility, of self control,
and of resilience and fortitude in the face of difficulties) the neural expression of
virtue is likely to involve many different regions of the brain. The approach of this
study, first by considering the nature of virtue, and then by study of the likely core
neural processes at work, appears more appropriate than a methodology based
on isolated imaging experiments. It is hoped however that the generalised
findings of this study will be borne out by specific empirical investigation in due
course.
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