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The sympathetic innervation of the skin not only primarily subserves thermoregulation, but has also been
commandeered as a means of emotional expression. While the majority of brain imaging studies of emotion
have utilised the galvanic skin response as a means of inferring changes in skin sympathetic nerve activity
(SSNA), spontaneous fluctuations in the galvanic skin response bear little relation to spontaneous fluctua-

g&’;{v]vords" tions in SSNA. To improve our understanding of the central neural processes involved in the generation of au-
JASP images tonomic emotional markers, we recorded SSNA concurrently with brain functional magnetic resonance

imaging in 13 subjects. Emotional changes were evoked by presentation of positively-charged (erotica) or
negatively-charged (mutilation) images from the International Affective Picture System. Positive and nega-
tive emotionally-charged images evoked significant increases in total SSNA and signal intensity in the orbital,
dorsolateral and ventromedial prefrontal cortices, amygdala, nucleus accumbens and anterior insula. In-
creases in signal intensity during increases in SSNA occurred in a number of brain regions, including the cen-
tral and lateral amygdala, dorsolateral pons, thalamus, nucleus accumbens, and cerebellar cortex. Signal
intensity decreases during SSNA increases occurred in the left orbitofrontal, frontal and right precuneus cor-
tices. These data reveal for the first time, cortical and subcortical sites involved in generating SSNA changes
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during emotions.
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Introduction

Emotions are complex products of cognitive, behavioral and neu-
robiological processes, which result from an interaction between a
person and their environment (Ellsworth, 1991; Frijda, 1986). Al-
though theories of emotion are continually being developed and re-
fined, it is clear that emotional state changes involve alterations in
the activity of organs controlled by the autonomic nervous system
(Lacey and Lacey, 1970). For example, a person in fear will display
sympathetically-mediated responses, such as increased sweating, cu-
taneous vasoconstriction and piloerection. Furthermore, although the
cognitive appraisal of emotions can vary greatly from individual to in-
dividual, it has been shown that most emotions evoke fairly standard-
ized autonomically-mediated changes in heart rate and arterial blood
pressure (Carter et al., 2008; Hare et al., 1970). However, whether
particular patterns of autonomic activity are characteristic of particu-
lar emotions, or are common to a range of emotional states, remains
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hotly debated. Assessment of the patterns of cardiorespiratory activi-
ty in distinct emotional states suggests that there are specific “auto-
nomic signatures” that identify each emotion (Bradley et al., 2008;
Kreibig, 2010; Low et al., 2008; Rainville et al., 2006; Stephens et al.,
2010).

Although the changes in autonomic activity that occur during emo-
tions are largely considered to be pathologically inconsequential during
short emotional episodes, it has been suggested that intense emotional
arousal plays a significant role in the onset of acute coronary events,
such as sudden cardiac death and myocardial infarction (Gabbay et al.,
1996; Mittleman et al., 1995). In addition, emotionally-evoked auto-
nomic changes are known to be disadvantageous to various organ sys-
tems if experienced over prolonged periods of time (Kubzansky and
Kawachi, 2000). For example, it has been hypothesized that repeated
cardiovascular responses during emotional episodes provide the basis
for the increased incidence of cardiovascular disease in individuals
with negative psychological traits such as anger and anxiety (Manuck,
1994; Rozanski et al., 1999).

As reviewed by Critchley et al. (2011), there is an increasing inter-
est in the use of brain imaging techniques, in particular functional
magnetic resonance imaging (fMRI), to identify areas of the human
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brain involved in autonomic control, both in healthy individuals and
in those with specific neurological deficits. However, relatively few
investigators have explored regions responsible for the autonomic
changes evoked by emotions. Various approaches have been used to
assess the physiological responses to emotional processes, with the
majority of studies monitoring changes in heart rate or changes in
sweat release, or occasionally pupil diameter (Harrison et al., 2009);
electrical activity of the stomach has also been used to quantify sub-
jective reports of disgust (Harrison et al., 2010). An important consid-
eration in measuring the physiological responses to emotional stimuli
is that they provide an indirect marker of changes in autonomic out-
flow, one that may be difficult to interpret. Changes in heart rate, di-
ameter of the pupil and gastric activity are controlled by both
sympathetic and parasympathetic nerves, whereas skin blood flow
and sweat release are controlled exclusively by sympathetic nerves.
Of course, this is an advantage of recording sweat release, but it
needs to be recognized that effector-organs respond in a sluggish
manner. Changes in heart rate are fairly rapid, but inferring changes
in sympathetic and parasympathetic outflow from assessment of
heart-rate variability (see Gray et al., 2009) is problematic (Goldstein
etal, 2011).

Recordings from single sudomotor neurons from the common pero-
neal nerve have shown that the decrease in skin resistance associated
with sweat release lags the sudomotor discharge by 1.124+0.05s
(Macefield and Wallin, 1996). As stated by Bini et al., (1980), “no simple
quantitative relationship could be seen between the size of individual
sudomotor bursts and [the] accompanying electrodermal responses.” More-
over, there is a very poor relationship between changes in electrical resis-
tance (or conductance) of the skin and sudomotor activity, as produced
by controlled intraneural electrical stimulation (Kirno et al, 1991;
Kunimoto et al., 1991, 1992). Indeed, because of the non-linear relation-
ship between sudomotor activity and skin resistance, it has been argued
that changes in skin resistance cannot be used to quantify changes in skin
sympathetic nerve activity (Kirno et al,, 1991). Conversely, direct micro-
electrode recordings of skin sympathetic nerve activity (SSNA), which is
directed to the cutaneous blood vessels (and hairs in non-glabrous skin)
as well as to the sweat glands, should provide a better measure of sym-
pathetic outflow from the brain than a measurement of sweat release
alone, given that measuring individual bursts of SSNA provides a better
temporal resolution than indirect measurement of effector-organ func-
tion (changes in electrical resistance and/or changes in skin blood flow).

Accordingly, the aim of this study is to define brain regions respon-
sible for emotionally evoked increases in SSNA. Specifically, we used
neutral and emotionally-charged images from the International Affec-
tive Picture System (Lang et al., 1997) to induce increases in SSNA.
We adopted the technique we had recently developed that allows us
to perform direct recordings of sympathetic nerve activity coupled
with concurrent functional magnetic resonance imaging (fMRI) of the
brain (Macefield and Henderson, 2010). Since it has been suggested
that brain regions such as the amygdala, insula and cingulate cortex
are critically involved in emotional expression, we hypothesize that
these regions will display signal intensity increases during emotional
state changes. Furthermore, we hypothesize that activity in brainstem
regions known to be involved in generating changes in sympathetic
drive, such as the nucleus of the solitary tract, will be significantly cor-
related to emotion-related changes in skin sympathetic nerve activity.
The fundamental knowledge gained from this investigation will allow
us to better understand the physiological changes associated with states
of disturbed emotional processing.

Methods
Subjects

Thirteen subjects (10 males, 3 females) aged 18-49 years participat-
ed in this study. All procedures were carried out with understanding

and written informed consent of each subject. All procedures were ap-
proved by the local institutional Human Research Ethics Committees
(University of New South Wales, University of Western Sydney) and
were conducted in accordance with the conditions established by the
Declaration of Helsinki. All experiments were conducted at the Neuro-
science Research Australia Imaging Centre (Achieva 3 T, Philips Medical
Systems, Netherlands).

Nerve recording and MR imaging

Subjects lay supine on an MRI bed in the laboratory. A knee was
supported on a foam block and the common peroneal nerve located
at the fibular head by electrical stimulation through a surface probe
(3-10 mA, 0.2 ms, 1Hz; Stimulus Isolator, ADInstruments, Sydney,
Australia). An insulated tungsten microelectrode (FHC, Maine, USA)
was inserted percutaneously into the nerve and manually guided
into a cutaneous fascicle of the nerve while delivering weak electrical
stimuli to evoke “pins and needles” sensations (0.01-1 mA, 0.2 ms,
1 Hz). A nearby subdermal microelectrode, with 1 mm insulation re-
moved, served as the reference electrode and a surface AgAgCl elec-
trode on the leg as the ground electrode. Once a cutaneous fascicle
had been entered, as defined by radiating paresthesia and the absence
of muscle twitches during intraneural stimulation, neural activity was
amplified (gain 10% bandpass 0.3-5.0 kHz) using a low-noise, electri-
cally isolated, headstage (NeuroAmpEX, ADInstruments, Sydney, Aus-
tralia). The innervation territory on the hairy skin of the dorsum of
the foot or lateral aspect of the leg was mapped out by stroking the
skin to activate low-threshold cutaneous mechanoreceptors. Adjust-
ments of the microelectrode were made until spontaneous bursts of
skin sympathetic nerve activity (SSNA) were encountered. A brisk
sniff, a loud sound or an unexpected tap on the head evoked an arous-
al burst and thereby confirmed that we were recording SSNA (Delius
et al,, 1972). Neural activity was amplified (gain 20,000, bandpass
300 Hz-5 kHz) and acquired (10 kHz sampling) on a computer-
based data acquisition and analysis system (LabChart 7, PowerLab
30SP; ADInstruments, Sydney, Australia).

A piezoelectric transducer was applied to the pad of a toe to measure
the pulsatile fluctuations in skin blood volume; from this signal heart
rate and pulse amplitude were calculated using the Cyclic Measure-
ments feature in the LabChart 7 software. Decreases in pulse amplitude
were used to indicate decreases in skin blood volume and hence skin
blood flow. Skin potential (0.1-10 Hz; BioAmp, ADInstruments, Sydney,
Australia) was measured across the sole and dorsum of the foot; this
signal represented sweat release. Respiration was monitored using pie-
zoelectric transducers strapped around the chest and abdomen and
both respiratory rate and amplitude measured (Cyclic Measurements,
LabChart 7, ADInstruments, Sydney, Australia).

The subject's head was enclosed in an 8 channel SENSE head coil
and stabilized with foam pads to minimise head movement. Head-
phones were provided to minimise noise and to allow communica-
tion with the subject. A continuous series of 200 gradient echo
echo-planar images, sensitive to Blood Oxygen Level Dependent
(BOLD) contrast and encompassing the entire brain were collected
over a 27 minute period (46 axial slices, TR=8s, TE=40 ms, flip
angle =90°, raw voxel size=1.5x1.5x2.75 mm thick). All 46 axial
slices were collected during the first 4 s of the 8 second TR.

Emotional stimuli

Emotional state changes were produced by viewing standard im-
ages from the International Affective Picture System (IAPS (Lang et
al., 1997). Four of the subjects had participated in fMRI experiments
previously, but none of the subjects had been exposed to the IASP im-
ages. Each picture used in the system has been extensively tested and
rated for valency (its subjective impact ranging from extremely neg-
ative to extremely positive) and arousal. In our investigation, positive
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emotions were evoked by viewing images of erotica with high posi-
tive valence ratings; negative emotions were evoked by viewing
images of mutilation with high negative valence ratings. Following a
4-minute (30 volume) baseline, during which 30 neutral images
were viewed (1 image per volume), a 2 minute (15 volume) period
of emotional engagement occurred, during which 15 erotica or 15 mu-
tilation images (1 image per volume) were viewed. This was followed
by a 2-minute period of 15 neutral images. This 30 volume period was
then repeated a further 5 times so that in total each subject viewed 3
periods of erotica and 3 periods of mutilation and 6 intervening neu-
tral periods. The periods of erotica or mutilation were randomized.

SSNA and physiology analysis

Bursts of sympathetic neural activity were analysed by measuring
the amplitude of each burst, following processing of the nerve signal:
a high-pass digital filter at 300 Hz was applied to the recorded signal
to remove artifacts picked up by the cable from the headstage to the
amplifier, and mean-voltage signal generated by constructing a
root-mean square processed signal with a time constant of 200 ms.
Individual bursts of SSNA were measured in each 4 s the inter-scan
period and the cumulative sum computed. Mean values over each
2 min block of stimuli were calculated. Mean values of heart rate,
skin blood flow, skin potential and respiratory rate and amplitude
were also measured over each 2-min block, including the scanning
periods. Repeated Measures Analysis of variance of each physiological
parameter across the three stimulus conditions, coupled with a
Newman-Keuls test for multiple comparisons, were used for statistical
analysis of the data (Prism 5 for Mac, GraphPad Software Inc, USA). Data
in the Erotica and Mutilation conditions were also normalized to values
obtained in the Neutral condition and the same analyses performed.

MRI analysis

Using SPM8 (Friston et al., 1995), functional images were motion
corrected, global signal drifts removed using the detrending method de-
scribed by Macey et al. (2004), spatially normalized to the Montreal Neu-
rological Institute (MNI) template, and smoothed using a 5 mm full-
width-at-half-maximum Gaussian filter. Changes in fMRI signal intensity
were assessed during the subsequent 4 s period to take into account the
~5 s neurovascular coupling delay and the ~1 s required for conduction
of the sympathetic bursts from the brain to the peripheral recording
site, as described previously (Macefield and Henderson, 2010).

Significant changes in BOLD signal intensity were assessed in each
individual using four separate models. For the first two analyses, sig-
nal intensity changes during exclusively erotica or exclusively mutila-
tion were assessed using repeated box-car models. For the third
analysis, erotica and mutilation were assessed using a repeated box-
car model, that is, brain regions activated during both erotica and mu-
tilation periods. For the final analysis, regional BOLD signal intensity
changes associated with SSNA were determined using a SSNA model
which was created for each individual subject. Since we were
assessing signal intensity changes associated with SSNA increases
during emotional state changes, i.e. erotica and/or mutilation periods,
and not during baseline, i.e. neutral periods, a SSNA model for each
subject was created by placing a value of 0 for all neutral image pe-
riods, and 1 for each time point during erotica or mutilation periods
in which SSNA was at least 1 SD greater than the SSNA during the en-
tire previous neutral period. The contrast maps generated from each
of the four analyses were then placed into random effects analyses
for group comparisons (uncorrected, p<0.005).

We and others have previously used frequency analyses to explore
fine spatial activation maps (Coghill et al, 2003; Henderson et al.,
2007). In using a frequency analysis we are exploring primarily the
number of individuals which show a significant activation. To perform
a frequency analysis, each individual SSNA contrast maps (corrected,

p<0.05) was binarized and summed to create a frequency map,
i.e. the value of each voxel represents the number of subjects in which
signal intensity increased significantly. Finally, for each subject, the per-
centage change in signal intensity during increased SSNA, relative to
signal intensity during neutral periods and emotional periods during
which there were no changes in SSNA, was determined for each signif-
icantly activated brain region. The individual results were then aver-
aged across subjects to give an overall mean (4+SEM) percentage
change in signal-intensity and significance assessed using raw intensity
values and paired t-tests (p<0.05). Furthermore, for the lateral amyg-
dala, the left cluster was reflected to the right side and signal intensity
changes calculated for each subject. Significant differences between
baseline and SSNA periods and between the left and right sides of the
lateral amygdala were assessed using paired t-tests (p<0.05).

Results
Emotion evoked changes in SSNA

Fig. 1 shows an example of the raw and calculated data obtained
during scanning in one subject. It can be seen that spontaneous bursts
of SSNA occurred while viewing neutral images, presumably related
to the emotional salience of the image: one of our subjects, a champi-
on barista, displayed bursts of SSNA whenever an (neutral) image of a
coffee cup was shown. It can also be seen that fluctuations in heart
rate and skin blood flow occurred, but no changes in skin potential
occurred.

Mean changes in the physiological parameters during viewing of
the erotica and mutilation images are shown in Fig. 2. Mean values
were calculated over each 2 min set of images and normalized to
the values obtained while viewing the neutral images. There were
no significant changes in heart rate, respiratory rate or respiratory
depth, but skin blood flow increased slightly when viewing images
of mutilation. Skin potential (sweat release) increased when viewing
both types of emotionally-charged images, but because of the high
variability this failed to reach statistical significance. Conversely, sig-
nificant increases in SSNA occurred during exposure to both positive-
ly and negatively-charged emotional images.

Fig. 3 shows representative examples in three subjects during the
entire 200 volume period. Emotionally-charged images are represen-
ted by the gray bars. On average, both the number and amplitude of
bursts of SSNA increased significantly during erotica and mutilation,
relative to their levels when viewing neutral images, but the differ-
ences between the erotica and mutilation periods were not signifi-
cantly different (Fig. 4). There was a significant positive correlation
between the number and amplitude of SSNA bursts during neutral
periods and the increase in SSNA bursts during the erotica and muti-
lation periods: the greater the SSNA associated with viewing neutral
images, the greater the increase in SSNA evoked by positively or
negatively-charged emotional images.

fMRI signal intensity changes

Erotica only

Significant signal intensity changes during periods of erotica oc-
curred in a number of brain regions. Increases in signal intensity oc-
curred in the left and right cerebellar, posterior cingulate, medial
prefrontal and visual cortices and in the left and right medial thala-
mus. Signal increases also occurred in the left amygdala and right
precuneus. A significant decrease in signal intensity occurred in the
left and right premotor cortex, as seen in Fig. 5.

Mutilation only

As with the images of erotica, images of mutilation evoked signal
intensity increases in the left and right cerebellar and visual cortices.
In addition, mutilation evoked signal increases in the right amygdala
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Fig. 1. Raw and calculated data obtained from one subject during exposure to neutral images. Scanning artifacts are shown as the black areas in the raw nerve signal. Spontaneous
bursts of skin sympathetic nerve activity can be observed during each of the illustrated 4 s inter-scan periods. Heart rate and skin blood flow were calculated from the pulse signal.

as well as the deep cerebellar nuclei. Mutilation also evoked signal
decreases in the premotor cortex, changes we had seen also with im-
ages of erotica. However, unlike erotica, mutilation evoked signal de-
creases in the left orbitofrontal cortex and in the left and right
supplementary motor cortex (Fig. 5).

Erotica and mutilation

In addition to signal intensity changes associated specifically with
positively or negatively-charged emotional images, there was signifi-
cant regional brain activation that occurred during presentations of
both erotica and mutilation. Signal increases occurred in the deep cere-
bellar nuclei and the left amygdala, as well as the cerebellar and visual
cortices. In addition, signal intensity increased in the region of the ven-
tral tegmental area, the medial left and right thalamus and the right
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Fig. 2. Relative changes (mean + SEM) in heart rate, skin blood volume (skin vasocon-
striction), sweat release (skin potential), respiratory rate and depth during viewing of
2 minute blocks of images of erotica or mutilation, normalized to the values recorded
during 2 minute blocks of viewing neutral images. Physiological parameters were
recorded continuously during the scan and inter-scan trials.

precuneus. Signal intensity decreases occurred in the premotor cortex
and the supplementary motor cortex (Fig. 5).

SSNA

Signal intensity changes correlated to individual subject's SSNA
changes also occurred in a number of brain regions. Increases in sig-
nal intensity occurred bilaterally in the dorsolateral pons, nucleus
accumbens and cerebellar cortex, the right amygdala and thalamus.
Signal intensity decreases occurred in the left orbitofrontal cortex,
frontal cortex and right precuneus (Fig. 6, Table 1). Signal intensity
changes in each individual subject and the overall mean (SEM) signal
intensity changes in areas in which there were significant increases in
signal intensity during exposure to erotica and mutilation images are
shown in Fig. 7.

Close inspection of both the random effects and frequency analy-
ses revealed differential regional activation of the amygdala that
were related to the increases in SSNA. Both random-effects and fre-
quency analyses revealed that changes in SSNA were associated
with activation of the lateral nucleus of the left amygdala. In addition,
frequency analysis revealed bilateral activation of the central nucleus
of the amygdala (Fig. 8). Finally, comparison of the right and left lat-
eral amygdala revealed that although the right lateral amygdala dis-
played a significant signal intensity increase, the left lateral
amygdala did not. Furthermore, there was a significant difference be-
tween the signal intensity changes in the left compared with the right
lateral amygdala.

Discussion

We have used, for the first time, concurrent microneurography
and fMRI to correlate direct measures of skin sympathetic nerve ac-
tivity with BOLD signal intensity while subjects view neutral and
emotionally charged images. It is well known that emotional state
changes are associated with changes in sympathetic drive. In this in-
vestigation we found that the presentation of emotionally-charged
images resulted in a significant increase in burst frequency and am-
plitude of skin sympathetic nerve activity. Furthermore, both positive
and negative emotional stimuli evoked similar increases in SSNA,
suggesting that - regardless of valence - emotional state changes pro-
voke the body to generate an increase in sympathetic outflow to the
skin, as well as to other targets. These emotion-evoked increases in
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Fig. 3. Raw skin sympathetic nerve activity (SSNA) recordings during the entire 200 volume MRI scan in three subjects. To the right are the individual subject fMRI models used to
search for signal intensity changes associated with SSNA increases evoked by positive and negative emotions. Note that SSNA increases during periods in which erotica or mutilation
images were shown (gray vertical bars). SSNA increases during erotica and mutilation that were above one standard deviation of the mean SSNA during the immediately previous
period of neutral images were treated as “on” periods for the fMRI analysis. mV: millivolt; au: arbitrary units.

SSNA were associated with regional fMRI signal intensity changes, in-
cluding increases in the lateral and central amygdala nuclei, nucleus
accumbens, medial thalamus and dorsolateral pons, and signal de-
creases in the frontal and orbitofrontal cortices.

Although the cognitive appraisal of emotions can vary between in-
dividuals, some investigators have suggested that most emotions
evoke fairly standardized autonomically-mediated changes in heart
rate and arterial blood pressure (Carter et al., 2008; Hare et al.,
1970). Indeed, we show that both positive and negative emotions
generated by the viewing of images of erotica and mutilation evoke
similar increases in SSNA. This lack of difference argues against the
suggestions that the patterns of autonomic changes are emotion-
specific (Ekman and Davidson, 1994) or that the autonomic nervous
system is more reactive to stimuli which present a threat to survival
(Low et al., 2008). However, a wider range of autonomic variables
and greater variations in emotional states would need to be investi-
gated to confirm this suggestion.

The sympathetic innervation of the skin primarily subserves ther-
moregulation, through its actions on cutaneous blood vessels, sweat

glands and hairs. However, the system has been commandeered as a
means of emotional expression, with anxiety or an increase in arousal
causing coactivation of sudomotor and cutaneous vasoconstrictor neu-
rons (Delius et al., 1972). It is known that, in the absence of arousal,
sudomotor outflow to the glabrous skin of the hand is negligible at
rest, and only appears at ambient temperatures exceeding 45 °C (Bini
et al., 1980). Stress-related sudomotor activity to the glabrous skin ap-
pears in patients with idiopathic hyperhidrosis (Macefield et al.,
2008). Moreover, we also know that while sudomotor drive to the
hairy skin primarily subserves thermoregulatory demands it is also ac-
tivated by arousal stimuli; in thermoneutral conditions any sweat re-
lease is related to emotional state (Bini et al, 1980; Delius et al.,
1973). We should also point out that the sympathetic outflow was di-
rected to the hairy skin on the dorsum of the foot or the lateral aspect
of the leg; it may well be that regional differences occur, as discussed
by (Bini et al, 1980). Somewhat surprisingly, the effects of viewing
emotionally-charged images on skin sympathetic nerve activity have
never been reported. Indeed, only one study has used the IAPS images
to examine human sympathetic nerve activity: Carter et al. (2008)
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emotionally-charged images (erotica or mutilation). The right panels indicate that there was an essentially linear relationship between the levels of SSNA recorded when viewing

neutral images and when viewing images of erotica.

showed that viewing images of mutilation had no effect on muscle sym-
pathetic nerve activity. While we could observe changes in the co-
recorded physiological parameters in individual subjects, on average
there were - somewhat surprisingly - no significant differences in
heart rate, skin blood flow, sweat release or respiratory depth or rate
across the three stimulus conditions. Despite this, there were significant
increases in SSNA during exposure to positively-charged (erotica) and
negatively-charged (mutilation) images. This emphasizes that record-
ing the skin sympathetic nerve activity directly affords us a much better
measure of the autonomic responses to emotional stimuli than measur-
ing the physiological parameters alone. Indeed, it may well be that the
sluggish nature of the physiological changes we recorded did not
allow us to differentiate across the different emotional conditions.
Although many investigations have explored brain regions re-
sponsible for the cognitive appraisal of emotions, few studies have
explored brain regions responsible for emotion-evoked autonomic
changes. Those studies have used indirect markers of sympathetic
outflow, typically using sweat release and heart rate. As noted
above, changes in electrical skin resistance correlate very poorly
with skin sympathetic nerve activity (Kunimoto et al., 1992). Ours is
the first investigation to correlate changes in brain activity with
changes in directly recorded SSNA during emotional state changes.
We found that changes in SSNA during positive and negative emo-
tions are associated with activation of the left lateral amygdala and
the left and right central nucleus. Not surprisingly, we found that
SSNA changes were associated with significant activation of the
amygdala and other brain regions which connect directly to the
amygdala such as the OFC, nucleus accumbens and dorsolateral pons.
It is well known that the amygdala is involved in processing many
forms of emotional state changes. Our data confirms this, with amyg-
dala activation during both positive and negative emotions. However,
this appeared to be lateralized: left amygdala during positive and
right amygdala during negative emotions. The left amygdala has

been implicated in the processing of negative stimuli such as fearful
faces (Breiter et al., 1996; Morris et al., 1998) and the induction of
sad mood, as well as positive stimuli such as including happy mood
induction (Schneider et al., 1997). In contrast, while activation of
the right amygdala has been loosely linked to positive stimuli such
as positive words (Yoshimura et al., 2009), most studies show activa-
tion of the right amygdala during negative stimuli such as negative
words (Hamann and Mao, 2002; Yoshimura et al., 2009) and hearing
crying voices (Sander et al., 2003).

In addition, we found that signal intensity within the right (but
not the left) lateral amygdala was associated with changes in SSNA.
Although this finding may reflect lateralized amygdala function in
generating SSNA, it may also result from the more robust SSNA re-
sponse to negative emotions and thus a greater influence of this on
the overall amygdala activation pattern. Much of our knowledge of
regional amygdala function arises from experimental animal investi-
gations into the role of the amygdala in the conditioned fear response.
These studies have revealed that the lateral amygdala receives direct
sensory input and may be the site at which plastic synaptic events
that contribute to fear learning occur (Blair et al., 2001; LeDoux,
2000; Malkani and Rosen, 2000). The lateral amygdala then projects
to the central amygdaloid nucleus which in turn projects to hypotha-
lamic and brainstem sites to produce autonomic, endocrine and be-
havioral changes (Bellgowan and Helmstetter, 1996; Davis and Shi,
2000; LeDoux et al., 1988). Our data suggests that a similar mecha-
nism may also occur in humans during the viewing of positively
and negatively-charged emotions. We found that the SSNA increases
that occurred during positive and negative emotions were correlated
to signal intensity changes in the left and right central amygdaloid re-
gion. Critchley et al. (2005) recently reported a similar result, reveal-
ing that HR changes evoked by happy, sad, angry or disgusted facial
expressions were all associated with activation of the amygdala in
the region of the central nucleus.
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Fig. 6. Significant signal intensity (SI) increases (hot color scale) and decreases (cool color scale) correlated to changes in skin sympathetic nerve activity (SSNA) changes during
periods of erotica and mutilation image presentation. Slice locations in Montreal Neurological Institute space are indicated at the lower left of each image slice. dIPons: dorsolateral

pons; OFC: orbitofrontal cortex.

Table 1
Montreal Neurological Institute coordinates of significant signal intensity changes cor-
related to skin sympathetic nerve activity evoked by emotional state changes.

Cluster t-Score
size

Brain region MNI coordinate

X y z

Signal intensity Dorsolateral pons:
increases Right 6 —34 —-34 11 4.26
Left —12 —34 —-30 37 5.23
Right cerebellar cortex 24 —36 —30 45 5.16
Right nucleus accumbens 8 14 -8 18 443

Thalamus:

Right 6 —24 4 45 7.36
Left -8 —18 0 10 4.90
Signal intensity Left orbitofrontal cortex — —20 42 —14 61 5.11
decreases Left frontal cortex —-20 10 54 12 441
Right precuneus 6 —46 56 28 417

Tract tracing studies in animals have shown that the central
amygdala can be divided into two major regions based on projection
patterns. The medial part has extensive brainstem projections,
including projections to the periaqueductal gray, pontine reticular
formation, dorsal motor nucleus of the vagus and the nucleus of the
solitary tract (Hopkins and Holstege, 1978; Rosen et al, 1991;
Schwaber et al., 1982; Veening et al., 1984). In striking contrast, the
brainstem projections of the lateral part of the central amygdaloid
nucleus are limited to the parabrachial region (Petrovich and

Swanson, 1997). Although we did not have the spatial resolution to
determine precisely where in the central amygdaloid nucleus our sig-
nal increases occurred, we did find that, within the brainstem, SSNA-
correlated signal increases were restricted to the dorsolateral pons,
i.e. encompassing the left and right parabrachial nuclei. This raises
the possibility that SSNA increases evoked by positive and negative
emotionally charged images are mediated by a projection from the
lateral part of the central amygdaloid to the parabrachial nucleus.

In contrast to the viewing of erotica and mutilation images, emo-
tional states such as conditioned fear involve a significant behavioral
response. This requires the coordinated action of both the motor and
cardiovascular systems, and is likely mediated through brainstem re-
gions and/or cortical regions known to evoke motor and cardiovascu-
lar responses upon stimulation. For example, it is well established
from studies in experimental animals that stimulation of the mid-
brain periaqueductal gray matter produces the motor and cardiovas-
cular changes associated with fight/flight and freezing responses
(Bandler et al., 2000; Walker and Carrive, 2003). It is likely that, in
these situations, central amygdaloid activation results in activity
changes in the dorsolateral pons, as well as in the midbrain
periaqueductal gray matter and lower brainstem regions such as the
nucleus of the solitary tract. A future high-resolution human
brainstem investigation will aid in determining the precise brainstem
activations patterns evoked by different emotional state changes.

Surprisingly, we found that erotica alone, mutilation alone, erotica
and mutilation or SSNA responses (both group and frequency analyses)

Fig. 5. Significant signal intensity (SI) increases (hot color scale) and decreases (cool color scale) during erotica image presentation alone (top panel), mutilation image presentation alone
(middle panel) and during erotica and mutilation image presentations (lower panel). Slice locations in Montreal Neurological Institute space are indicated at the lower left of each image
slice. MPFC: medial prefrontal cortex; OFC: orbitofrontal cortex; PCC: posterior cingulate cortex; SMA: supplementary motor area; VTA: ventral tegmental area.
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did not evoke signal intensity increases within the insular or cingulate
cortices. This is interesting given that it has been suggested that
coactivation of the insular and cingulate cortices occurs during virtually
all emotions and it has been hypothesized that the insular and cingulate
cortices form the neural basis for the subjective awareness of emotions
(Craig, 2005). Furthermore, it has been reported that electrical stimula-
tion of the right insular cortex evokes increases in arterial pressure and
heart rate, while stimulation of the left evokes decreases (Oppenheimer
et al.,, 1992). Although these reports raise the possibility that the insula
may encode both the subjective experience as well as the associated
cardiovascular changes, our data suggests that this is not the case for
all emotional state changes. Indeed, as mentioned above, since the insula
also projects extensively to the motor-related regions such as the basal
ganglia (Chikama et al., 1997), it may be the case that those emotional

state changes which require rapid behavioral changes evoke activity
changes in cortical and brainstem regions which have the ability to
evoke cardiovascular change to support motor activity. In contrast, our
emotional stimuli did not activate the cingulate and insular cortices but
instead activated the orbitofrontal cortex (mutilation and SSNA) and
the medial prefrontal cortices (erotica). These regions may be responsi-
ble for the subjective experience, whereas amygdala projections to the
dorsolateral pons may mediate the associated changes in SSNA.
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