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Ray Dolan

The body in the brain

In J. M. Coetzee’s novel Elizabeth Cos-
tello, the protagonist, fictional author
Elizabeth C ostello, delivers 3 prize lec-
ture entitled “The Lives of Animals.”
Costello contrasts reason, exemplified
by the Descartian credo Cogito Ergo Sum,
with what she describes as

fullness, embodiedness, the sensation of
being - not a consciousness of yourself

as akind of ghostly reasoning machine
thinking thoughts, but on the contrary
the sensation - 4 heavily affective sensa-
tion - of being a body with limbs that have
extension in space, ofbeing alive to the
world. This fullness contrasts starkly with
Descartes’ key state, which has an empty
feel to it: the feel of 4 pearattling around
in a shell.

Here, Costello radically asserts that con-
sciousness is multilayered ~ and that a
fundamental layer is ‘embodiedness,’
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the representation of our body in our
brains. She later points out that embod-
ledness provides a sentient bridge be-
tween human consciousness and that of
animals.

In making the seemingly paradoxical
claim that bodily and menta] states are
intimately conjoined, Coetzee, via his
fictional alter €go, raises a provocative
question, one that a neuroscientific anal-
ysis, let alone a definition, of conscious-
ness has yet to address. His account of
consciousness echoes a similar challenge
William Golding made in The Inheritors,
which exten sively documents the mental
lives of Neanderthals — where thought
and felt experience, engendered by per-
turbed bodily states, are indistinguish-
able.

I'cannot claim to rise com pletely to
the challenge of explaining the continy-
ities between representations of the cor-
poreal self and the conscious self. None-
theless, I will approach it, starting by
accepting the general premise, articulat-
ed most eloquently by Antonio Dama-
sio, that the brain’s representations of
bodily states are fundamental to our on-
going mental experience.! As Damasio
stated, “We only know that we Jeel an emo-

1 Antonio Damasio, Descartes "Error (New
York: G. p. Putnam, 1994).




tion with it, in such a way that its equilib-
rium results from a continuous and deli-

tion when we sense that emotion is sensed as
happening in our organism.”* In this essay,

The body in
the brain

Iwill address what we curfently know
about how our brains generate and, in
turn, remap one component of bodily
states, specifically those mediated by the
autonomic nervous system. My choice
of the autonomic system reflects not
only my own scientific interest but also
the fact that the autonomic nervous sys-
. tem provides the most dynamic map-

- ping between the body and brain and

- vice versa.

‘ Homeostatic regulation is fundamen-
tal to the physiological organization of
complex organisms. Examples of ho-
meostatic control include body temper-
ature, acid (pH), and salt regulation. All
physiological systems operate within
narrow constraints that must be contin-
uously maintained to ensure the viabili-
ty of an organism. In turn, any perturba-
tion in bodily state, such as altered car-
diovascular status, invokes a need for
homeostatic control. This homeostatic
control is largely accomplished via mul-
tiple feedback loops that include contri-
butions from specialized vestibular, pro-
prioceptive, and pain afferent signals. In-
formation from these diverse systems is
integrated within higher brain centers to
provide an ongoing, continually updated
image of the state of the body in the
brain.

The importance of maintaining the
internal milieu has been a central organ-
izing principle in physiology since the
time of Claude Bernard (1813 —1878),
who noted,

So far from the higher animal being indif-
ferent to the external world, it is on the
contrary in a precise and informed rela-

2 Antonio Damasio, The Feeling of What Hap-
pens (New York: Harcourt Brace, 1999).

cate compensation, established as by the
most sensitive of balances.

Among the body’s homeostatic systems,
the autonomic nervous system is the
most flexible and dynamic. Output sig-
nals to the body, generated in the brain’s
central autonomic effector sites, give the
body a continuously updated picture of
the motivational state of the brain. In
turn, afferent signals from the body pro-
vide the brain with an updated represen-
tation of the current state of the body.

In concert, these regulatory signals inte-
grate bodily states with short- and long-
term motivational needs, which depend
on the current and anticipated future
environments. My prime focus is to
account for how such autonomic bodi-
ly states, which reflect a dynamic signal-
ing between body and brain, are generat-
ed and, in turn, remapped within the
brain.

Anatomically and functionally there
are two segregated components to the
autonomic nervous system: the sym-
pathetic and parasympathetic subdivi-
sions. Among its key functions sympa-
thetic activity facilitates motor action,
increasing cardiac output and reducing
blood supply to the gut. In contrast,
parasympathetic activity promotes more
recuperative functions such as reducing
heart rate, lowering blood pressure, and
slowing gut motility. Consequently, bod-
ily states associated with survival behav-
iors (e.g., the fight-or-flight response)
are characterized by increased sympa-
thetic activity and, in most instances,
decreased parasympathetic activity.

It is also notable that many autonomic
responses, which tend to be outside
one’s conscious control (for example,
sweating, piloerection, and vasomotor
change such as blushing), contribute
to the emotional expression and subtle
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social signaling that guide human inter-
action.

Autonomic output is continuously ad-
justed to reflect our physical, cognitive,
and motivational needs with respect to
our environment. This adjustment en-
tails homeostatic control, which, in turn,
requires feedback from the body to the
brain’s central effector-control mecha-
nisms. Central homeostatic autonomic
control is supported primarily by a func-
tional organization of deep brain nuclei
within structures such as the hypothala-
mus, pons, and medulla. Posterior and
lateral hypothalamic nuclei influence
sympathetic function via brain-stem
centers such as the tegmentum; raphé
nuclei; periaqueductal grey; and par-
aventricular, parabrachial, and medial
reticular nuclei. Meanwhile, the anteri-
or hypothalamus influences parasympa-
thetic efferent responses via medullary
nuclei such as the nucleus ambiguus
and dorsal motor nucleus of the vagus,
Edinger-Westphal nucleus, and salivato-
ry nucleus. Regions such as the central
nucleus of the amygdala, as well as the
bed nucleus of the stria terminalis and
locus coeruleus, also contribute to auto-
nomic control, as they project directly to
brain-stem autonomic nuclei and sym-
pathetic cell bodies in the spinal cord.
At the level of the brain stem, afferent
feedback of visceral information is rep-
resented in the nucleus of the solitary
tract and in hypothalamic nuclei that lie
in close proximity to these efferent auto-
nomic centers.

The default mode for autonomic con-
trol of bodily states is autoregulatory.
But higher brain centers supporting cog-
nitive functions, such as memory and
mental imagery, also modulate lower au-
toregulatory autonomic control centers.
One can gather this from introspective
observation alone. For example, recol-
lecting a threatening event from the past
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can induce changes in respiration, skin
conductance, and heart rate despite the
absence of any overt change in the de-
mands upon our bodies. The influence
of higher centers is also evident in ana-
tomical and physiological observations,
whereby stimulation of distinct cortical
and subcortical regions can evoke auto-
nomic responses. These areas of stimu-
lation include the insula (implicated in
somatic and visceral representations),
the motor cortex, the neostriatum and
cerebellum (involved in initiation and
control of limb movements), the amyg-
dala and hippocampus (involved in emo-
tion perception, threat responses, and
episodic memory), and the anterior cin-
gulate and ventromedial prefrontal cor-
tices (implicated in attention, motiva-
tion, and decision making). Thus, there
appears to be an obligatory yoking of
autonomic regulatory control in lower
brain regions to functions mediated by
higher brain centers.

A contemporary approach to under-
standing the relationship between bodi-
ly and brain states involves using brain-
scanning techniques, such as functional
magnetic resonance imaging (fMR1I),

to measure brain activity noninvasively,
close to real time. By scanning the brains
of subjects performing specific mental or
physical tasks that alter cardiovascular
autonomic responses (e.g., increases in
heart rate and blood pressure), it is now
possible to correlate indices of altered
bodily states with corresponding states
of the brain.

In one of the first investigations of
higher cortical control of autonomic
function, my colleagues and I adopted
this approach. First, we tested for brain
activity common to performance of
effortful mental and physical tasks. Our
principal observation was the correla-
tion of activity in the anterior cingulate




cortex and the pons with increased car-
diovascular output.3 This finding indi-
cated that in addition to classical auto-
regulatory sites, such as the pons, higher
cortical regions implicated in cognitive
control, such as the anterior cingulate
cortex, are important for integrating vo-
litional behavior (the sustained effort of
doing the tasks) with peripheral states of
cardiovascular arousal.

Extending this approach, we then de-
termined whether specific cortical re-
gions contribute to influences on bodily

. states mediated by the actions of either

the sympathetic or parasympathetic sys-
tem. Again, we scanned subjects while
they performed motor and cognitive
tasks to induce variability in heart rate.
Measures of heart-rate variability (HRV)
were then derived from R-wave inter-
vals of the recorded electrocardiogram
(ECG), utilizing a power-spectral analy-
sis of R-R interbeat intervals. This type
of analysis provides a means for distin-
guishing parasympathetic from sympa-
thetic nervous control: ‘high-frequen-
cy’ spectral power (0.15 - 0.50 Hz) re-
flects parasympathetic nervous control,
whereas ‘low-frequency’ spectral power
(0.05 - 0.15 Hz) reflects sympathetic
control.

From this study, we inferred that there
are distinct cortical inputs into sympa-
thetic and parasympathetic control of
bodily arousal. An increase in the low-
frequency sympathetic component of
the ECG was associated with increased
anterior cingulate, somatomotor, and in-
sula cortex activity. Of particular inter-
est was the connection between anterior
cingulate cortex activity and influences
expressed through the autonomic ner-

3 H. D. Critchley et al., “Cerebral Correlates
of Autonomic Cardiovascular Arousal: A Func-

tional Neuroimaging Investigation in Humans,”

Journal of Physiology (Lond) 523 (1) (2000): 259 —
270.

vous system’s sympathetic axis.4 In-
creases in the parasympathetic compo-
nent, on the other hand, were expressed
in the anterior temporal cortex and deep
brain structures, in particular, the basal
ganglia.

Altered cardiovascular state is one in-
dex of bodily arousal resulting from in-
creased autonomic drive: electrodermal
activity (EDA), or enhanced electrical
conductance of the skin with increased
sweat secretion, is another. EDA is gen-
erated via the sympathetic system, and,
unlike cardiovascular reactivity, its ex-
pression is not confounded by concur-
rent parasympathetic influences.

To determine how central brain states
contribute to the generation of EDA, we
designed a gambling task in which we
presented subjects with a playing card
(with a face value between one and ten)
and then had them guess if the value of
the successive card would be higher or
lower.5 We then rewarded a correct de-
cision by giving the subject money and
punished a wrong decision by taking the
subject’s money. Each time, we waited
eight seconds to reveal the second card;
during this delay subjects exhibited an
anticipatory state of autonomic arousal
that reflected the degree of uncertainty
in the outcome. If the first card had a
face value of five, there was maximal
uncertainty; if its value was one or ten,
there was no uncertainty.

4 H. D. Critchley et al., “Human Cingulate Cor-
tex and Autonomic Control: Converging Neu-
roimaging and Clinical Evidence,” Brain 126
(2003): 2139 - 2152.

s H. D. Critchley, R. Elliott, C. J. Mathias, and
R.J. Dolan, “Neural Activity Relating to Gener-
ation and Representation of Galvanic Skin Con-
ductance Responses: A Functional Magnetic
Resonance Imaging Study,” Journal of Neurosci-
ence 20 (2000): 3033 - 3040.
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Using this game, we could explore
which brain regions corresponded to a
sympathetic state of arousal (as indexed
by enhanced EDA) during the process
of appraising each decision’s risk value.
Activity in the anterior cingulate and
dorsolateral prefrontal cortices correlat-
ed with the degree of anticipatory EDA
response, while both risk and arousal
modulated activity in the anterior cin-
gulate and insula cortex. These results
led us to infer that these regions mediate
between a cognitive state of risk and un-
certainty and an associated bodily state
of increased sympathetic arousal.

Although EDA changes automatically

in response to the environment, subjects
can be taught to exert control over their
autonomic responses with biofeedback
techniques. Using EDA as an index of
sympathetic arousal, we trained subjects
to perform a biofeedback relaxation
task. In this study, we presented subjects
with a ‘thermometer’ measuring their
level of EDA arousal. By scanning these
subjects as they reduced their EDA, we
showed that this decrease in EDA corre-
lated with increased activity in the an-
terior cingulate cortex, inferior parietal
cortex, and globus pallidus. We then
concluded that these regions contrib-
uted to intentional influences on sym-
pathetically mediated bodily states.

In this study, exteroceptive informa-
tion, as provided by the ‘thermometer,’
enabled biofeedback control of auto-
nomic states. But what happens if this
form of feedback is inaccurate or noisy?
In such situations subjects can still ac-
complish the task by ignoring the ex-
teroceptive signal and focusing instead
on their own interoceptive state (for
example, their state of cardiovascular
arousal). In a follow-up experiment we
used a similar biofeedback relaxation
task but scrambled the accuracy (by add-
ing random ‘noise’) or the sensitivity (by
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scalar adjustments of feedback) of the
visual index of electrodermal arousal
(EDA). These manipulations, as expect-
ed, only enhanced the subjects’ reliance
on their own interoceptive states.
Performance of biofeedback relaxa-
tion tasks activated the anterior cingu-
late, insula, thalamus, hypothalamus,
and brain stem, as well as the somato-
sensory cortex and the dorsolateral pre-
frontal cortex. Both accuracy and sen-
sitivity of feedback influenced activity
within the anterior insula in particular.
Thus, the perceptual qualities (sensitivi-
ty) of the feedback could increase the al-
ready enhanced insula response to noise
in the feedback signal. These findings
led us to surmise that activity in the an-
terior cingulate cortex mediates an in-
tentional drive to decrease sympathet-
ic activity, whereas the insula supports
sensory integration of interoceptive and
exteroceptive information, reflecting
the current bodily state of autonomic
arousal.b

The experimental approach described
so far relies exclusively on studies con-
ducted with healthy subjects. Homeosta-
sis is crucially dependent on feedback
signals. Once something perturbs the
body, afferent-feedback circuits provide
the brain with a representation of the
body’s altered state (or a metarepresen-
tation, meaning a representation that
indexes a disturbance in homeostasis).
But where are these states mapped in the
brain? This question should garner wide
interest in view of Damasio’s suggestion
that feedback representations of visceral
and somatomotor activity give not only
emotional color to ongoing experience

6 H.D. Critchley et al., “Volitional Control of
Autonomic Arousal: A Functional Magnetic
Resonance Study,” Neuroimage 16 (2002): 909 -
919.




but also support a bedrock representa-
tion of ‘the self.’

Patients with discrete lesions to effer-
ent or afferent limbs of these control
loops can, in theory, provide a means to
investigate the dynamics of autonomic
regulation and, indeed, the wider influ-
ence of bodily responses on emotion and
. cognition. But the neurological literature
 lacks any clear lesion that effectively
~ compromises feedback for autonomic
_ states. Even a patient with a high spinal
. cord lesion that impairs most forms of
somatic sensory feedback still has intact
autonomic feedback through the vagus
nerve.

So, instead, my colleagues and I have
studied patients with pure autonomic
failure (PAF), an acquired syndrome
that results in degeneration of the pe-
ripheral autonomic system.” This syn-
drome affects postganglionic sympa-
thetic and parasympathetic neurons in
the absence of a central neurological
pathology. Patients with this disorder
no longer generate peripheral autonom-
ic responses to stress, supplying a unique
glimpse into how autonomically gener-
ated bodily states are remapped in the
brain.

We reasoned that the primary differ-
ence in brain activity between PAF and
control subjects performing identical
stress tasks would be an absence of af-
ferent feedback from the body. Initial-
ly, we observed increased activity in the
pons in PAF subjects, across effortful
and effortless cognitive and physical
tasks, which is consistent with the idea
that this region is responsible for contin-
uous autoregulatory, autonomic control.
The absence of afferent regulatory feed-

7 H. D. Critchley, C. J. Mathias, and R. J. Do-
lan, “Neuroanatomical Basis for First- and Sec-
ond-Order Representations of Bodily States,”
Nature Neuroscience 4 (2001): 207 — 212.

back in PAF subjects accounts for their
enhanced level of activity in this region.
In addition, PAF patients demonstrated
reduced activity in the insula and pri-
mary somatosensory cortices across all
tasks, indicating the involvement of
these areas in a metarepresentation of
altered bodily states.

Of particular interest was identifying
the brain areas in which PAF patients
and controls exhibited differences dur-
ing physically and mentally taxing tasks
(accompanied by autonomic arousal in
controls), but not during effortless tasks.
Significantly greater anterior cingulate
activity was evident in PAF patients, who
generated no cardiovascular arousal,
compared to matched healthy controls.
This finding is consistent with the idea
that the anterior cingulate is responsible
for context-specific autonomic modu-
lation of bodily states to meet ongoing
behavioral demands. In healthy subjects,
context-specific autonomic responses
provide a negative feedback signal to
regulate the efferent sympathetic drive.
Without such feedback, PAF subjects do
not experience a decrease in anterior
cingulate cortex activity.

In a similar experiment, we exposed
both PAF patients and control subjects
to a threat stimulus (a face paired with
a shock), inducing bodily changes asso-
ciated with fear. Again, we could deter-
mine how the absence of afferent infor-
mation from the body alters brain activ-
ity. While PAF patients can perceive a
threat and generate a central output sig-
nal from the brain, they lacked activity
in the insula cortex, pointing again to
the insula as providing the map of inter-
oceptive states of autonomic arousal.®

8 H.D. Critchley, C. J. Mathias, and R. J. Do-
lan, “Fear Conditioning in Humans: The Influ-
ence of Awareness and Autonomic Arousal on
Functional Neuroanatomy,” Neuron 33 (2002):
653 — 663.
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Many of our neuroimaging investiga-
tions implicated regions such as the an-
terior cingulate and insula cortices in
autonomic control, particularly in the
contextual generation and representa-
tion of states of bodily arousal, respec-
tively. Thus, lesions affecting these re-
gions should generate abnormal auto-
nomic responses during volitional be-
havior. First, we studied three patients
who had acquired damage to the anteri-
or cingulate cortex. During the perform-
ance of effortful tasks all three patients
demonstrated an absence of adaptive
cardiovascular responses.9 The patients’
heart-rate variability (HRV) supplied ad-
ditional evidence of an association be-
tween anterior cingulate function and
control of autonomic-induced change in
bodily states. Power-spectral analysis of
their HRV revealed abnormalities pri-
marily in sympathetic power, consistent
with our prior conjecture that the anteri-
or cingulate cortex provides an interface
between cognitive effort and generation
of sympathetic bodily arousal. Indeed,
these observations strikingly support
our theory that the anterior cingulate
cortex is involved in integrating higher
states of cognition, as required during
volitional behaviors, and autonomic
states of bodily arousal.

The possibility that the insula cortex
is the primary substrate for a second-
order mapping of bodily states led us
to believe that this region mediates con-
scious awareness of bodily states - or,
more precisely, feeling states — an idea
also central to Damasio’s account of
feeling states.© Feeling is the subjective,
private, or experiential component of
emotion. In the present context, feeling

9 Critchley et al., “Human Cingulate Cortex
and Autonomic Control.”

10 Damasio, The Feeling of What Happens.
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refers to the responses of our sense organs
and internal milieu, including visceral states,
to the environment, and the consequential re-
sponses within central mechanisms that moni-
tor induced internal change. To address the
question of whether visceral awareness
is associated with enhanced activity in
this cortical region, we studied a group
of interoceptively aware subjects.

The critical experimental hurdle here
was creating a reliable index of visceral
awareness. It turns out that a heartbeat-
detection task can test sensitivity to vis-
ceral states. In this task, subjects must
indicate the timing of their own heart-
beat. The subjects are played back a sig-
nal, visual or auditory, triggered by their
own heartbeats — with or without an ex-
perimentally manipulated lag. The sub-
jects must then determine whether or
not the feedback signal is synchronous
with their interoceptively monitored
heartbeat. Approximately half the pop-
ulation is good at detecting their heart-
beats; interestingly, these subjects are
also more emotionally aware and ex-
pressive.

Our study showed that enhanced at-
tention to one’s visceral state was asso-
ciated with increased activity in a num-
ber of brain regions, in particular, the
somatosensory and insula cortices.!
Furthermore, detecting the desynchro-
nization between the feedback signal
and one’s own heartbeat, a manipula-
tion that places greater demands on
interoceptive awareness, involved in-
creased activity in the right insula. This
finding converged with recent neuroan-
atomical discoveries indicating this re-
gion’s importance to awareness of one’s
feelings. In particular, results showing
that this region receives a dedicated lam-

11 H. D. Critchley et al., “Neural Systems Sup-
porting Interoceptive Awareness,” Nature Neu-
roscience 7 (2004): 189 - 195.




ina-1 spinothalamic input that converges
with vagal inputs (a major source of vis-
ceral feedback) in the right anterior in-
sula, and neuroanatomical evidence re-
vealing that this region has a distinct
laminar architecture found only in hu-
mans and higher primates, are in keep-
~ ing with this interpretation of our neu-
- roimaging findings.12
- Aquestion arising from these findings,
though, is the degree to which neural
mechanisms that mediate awareness
of one’s own bodily state contribute to
awareness of the bodily states of others.
Such awareness is at the core of the psy-
chological attribute of empathy, and, ar-
guably, this attribute underpins a human
disposition to altruism and compassion.
The suggestion here is that our ability to
empathize with others relies on neuro-
nal systems that underlie a higher-order
representation of our own bodily and
emotional states.

We addressed this very question in a
study in which subjects received either
a highly painful or not painful stimulus,
and then viewed a loved one receive a
painful stimulus. The intriguing result
was that the emotional component of
pain evoked when a subject actually re-
ceived a painful stimulus was also trig-
gered when the subject witnessed a
loved one receive the same pain.!3 The
regions of shared activation, for pain to
self and to others, involved anterior cin-
gulate and insula cortices - areas that I
have suggested mediate the generation

12 J. Allman, A. Hakeem, and K. Watson, “Two
Phylogenetic Specializations in the Human
Brain,” Neuroscientist 8 (2002):335-346: A. D.
Craig, “Human Feelings: Why Are Some More
Aware Than Others ?” Trends in Cognitive Science
8 (2004): 239 —241.

13 T. Singer et al., “Empathy for Pain Involves
the Affective But Not Sensory Components of
Pain,” Science 303 (2004): 1157 — 1162.

of sympathetic autonomic output and
the afferent mapping of autonomically
generated perturbation in bodily states.

Human neuropsychology has tradi-
tionally embraced a dualist model of
brain and body. The fact that virtually
all cognitive states are, to a greater or
lesser degree, yoked to bodily states
means that our conventional ideas of a
fundamental division between the men-
tal and the corporeal are in need of revi-
sion. What we apprehend in the realm
of the senses is represented by images
and concepts that facilitate representa-
tion in memory and awareness. What
we sense from our bodies is, for the most
part, only recognized as a vague back-
ground state, a current of feeling within
our ongoing mental life, that is largely
without symbolic mediation and con-
ceptual form. However, this absence of
conceptual form arguably provides the
basis for the felt immediacy of experi-
ence, and a subjective consciousness,
that emerges out of a dynamic mapping
between brain and body.
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