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Laine CM, Spitler KM, Mosher CP, Gothard KM. Behavioral
triggers of skin conductance responses and their neural correlates in
the primate amygdala. J Neurophysiol 101: 1749-1754, 2009. First
published January 14, 2009; doi:10.1152/jn.91110.2008. The amyg-
dala plays a crucial role in evaluating the emotional significance of
stimuli and in transforming the results of this evaluation into appro-
priate autonomic responses. Lesion and stimulation studies suggest
involvement of the amygdala in the generation of the skin conductance
response (SCR), which is an indirect measure of autonomic activity that
has been associated with both emotion and attention. It is unclear if this
involvement marks an emotional reaction to an external stimulus or
sympathetic arousal regardless of its origin. We recorded skin conduc-
tance in parallel with single-unit activity from the right amygdala of two
rhesus monkeys during a rewarded image viewing task and while the
monkeys sat alone in a dimly lit room, drifting in and out of sleep. In both
experimental conditions, we found similar SCR-related modulation of
activity at the single-unit and neural population level. This suggests that
the amygdala contributes to the production or modulation of SCRs
regardless of the source of sympathetic arousal.

INTRODUCTION

The skin conductance response (SCR) is an indirect measure
of sympathetic autonomic activity that is associated with both
emotion and attention. In humans, the amplitude of SCRs is
related to the level of arousal elicited by visual stimuli with
either positive or negative emotional valence (Bradley et al.
2001). The amygdala is known to play a crucial role in the
evaluation of emotionally relevant stimuli and in the subse-
quent initiation of appropriate autonomic responses (for a
review, see Davis and Whalen 2001). Studies involving elec-
trical stimulation and lesions of the amygdala suggest that the
structure exerts an excitatory influence on SCR generation and
amplitude (Lang et al. 1964; Bagshaw and Benzies 1968;
Bagshaw and Cappock 1968; Bagshaw and Pribram 1968
Bagshaw et al. 1965; Mangina and Beuzeron-Mangina 1996),
though damage to the amygdala does not lead to the elimina-
tion of all SCRs (Tranel and Damasio 1989). Additionally,
functional imaging studies have shown a correlation between
BOLD signal in the amygdala and SCR amplitude and occur-
rence under conditions of emotional image presentation (Hoff-
man et al. 2007; Liberzon et al. 2000; Williams et al. 2001).

Emotional arousal, however, is only one of many triggers
that can evoke SCRs. Various aspects of SCRs have been
correlated with movements directed toward rewarded targets
(Amiez et al. 2003), flashes of light, complex auditory stimuli
(Yamazaki et al. 1972), cognitive tasks (Nikula 1991), general

mental state (Critchley 2002), and simply opening the eyes
(Bagshaw et al. 1965). The amygdala has also been studied
outside of the context of emotion, specifically in the regulation
of attention (Davis and Whalen 2001; Gallagher and Holland
1994). Although involvement of the amygdala in the produc-
tion of fear-conditioned SCRs is well established, significant
blood-oxygen-level-dependent (BOLD) responses within the
amygdala do not accompany nonspecific, unconditioned, or
orienting SCRs (Knight et al. 2005). Damage to the amygdala,
however, can eliminate production of SCRs to a wide variety
of unconditioned, nonemotional stimuli (Asahina et al. 2003).
Furthermore, monkeys with amygdala lesions exhibit fewer
and smaller amplitude SCRs than controls on hearing novel
tones (Bagshaw et al. 1965).

In light of these conflicting results, the contribution of the
amygdala to the modulation of various types of SCRs remains
unclear. It is possible that the amygdala is involved with SCR
production/generation regardless of the source of arousal. To
test this hypothesis, SCR parameters and single-unit activity
within the amygdala were analyzed under two experimental
conditions: an image viewing task using emotional and neutral
stimuli and a rest period where monkeys sat in a dimly lit
room, drifting in and out of sleep.

METHODS

Two adult male monkeys (Macaca mulatta) were used in this study.
The protocol conformed to National Institutes of Health guidelines
and was approved by the IACUC at the University of Arizona. A
detailed description of the surgical procedures and recording setup are
provided in the supplementary material' and have been previously
described (Gothard et al. 2007). Briefly, monkeys were seated in a
chair and head-immobilized during all recordings. A custom-built
Eckhorn drive (Thomas Recording) independently advanced seven
quartz-glass-insulated tungsten microelectrodes (80—100 wm diam)
into the amygdala using an MRI-based method that has been histo-
logically validated (Gothard et al. 2007). Figure 1A depicts an MRI
taken of monkey T after the placement of seven electrodes in the
amygdala using this method.

Neural signals were sampled continuously at 32 kHz, and single-
unit activity was isolated oft-line using commercial software (Spike,
Cambridge Electronic Design). Electrodermal activity was recorded
(Cambridge Electronic Design, 2502) at 100 Hz using EKG electrodes
with adhesive solid gel (TenderTrodes, Vermed) placed on the thenar
and central region of the palm. Ambient room temperature was
maintained at 24-27°C. Figure 1C shows an example of electroder-
mal activity and the SCR onset times detected using a custom Matlab
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FIG. 1. Anatomical reconstruction of recording sites, examples of skin
conductance response (SCR)-triggered firing rate averages in 3 single units,
and example of SCRs. A: a magnetic resonance imaging (MRI) slice containing
the amygdala of monkey T. —, the artifact caused by an array of 7 microelec-
trodes (80 wm diam each, 600 wm spacing). B: SCR-triggered firing rate
averages of 3 single units recorded from the accessory basal nucleus of monkey
H during the image viewing task. Traces are in units of SDs from baseline
activity (z-score; left axis) and change in firing rate (right axis). The average
firing rates of these 3 units from top to bottom were 2.5, 21.3, and 17.3 Hz,
respectively. C: typical trace of electrodermal activity with vertical lines
marking the onset of skin conductance responses.

script. Eye movements were sampled at 120 Hz by an infrared eye
tracker (ISCAN, Burlington, MA). Image display and the recording of
trial events were controlled by NIMH Cortex software (NIMH,
www.cortex.salk.edu).

Passive image viewing task

Each monkey was trained to maintain gaze on images displayed for
3 s on a monitor. During the task, the monkeys fixated for 100 ms on
a square fixation icon subtending 0.5° of visual angle (dva), sur-
rounded by a fixation window of 3 dva, which was then replaced with
an image subtending 12 X 12 dva. Successful image viewing (3 s) was
rewarded with 1 mL liquid reward. If the monkey failed to maintain
gaze on the image, the image was removed, and a 2-s period was
added to the 3-s intertrial interval. Both monkeys performed the image
viewing task with >75% accuracy.

The stimuli depicted social (monkeys, humans, other animals) and
nonsocial (objects, fractals, landscapes) factors. Monkey faces were
chosen from a large library which categorized the images along the
dimensions of monkey identity, direction of gaze (averted or direct),
and facial expression (appeasing, neutral, or threatening) (Gothard et
al. 2004). A stimulus set consisted of 10—24 images, presented in
pseudorandom succession within 10-30 repeated trial blocks.

Rest condition

Each monkey was seated in a dimly lit room and allowed to drift in
and out of sleep. The duration of this time period was not fixed, but
a typical session would last 30 min. Two states within the rest

condition were also identified: a period when the eyes remained
closed for =5 s and a period when the eyes were open for =5 s.

Analysis of SCRs

The onset of SCRs was detected using a custom-designed Matlab
script to identify positive deflections in the first derivative of
smoothed electrodermal activity (500-ms moving average). SCRs
were user verified in accordance with the canonical waveform de-
scribed by Edelberg (1967). SCRs occurring 1-3 s after image onset
were attributed to the image on the basis that the minimum latency of
an SCR that could be elicited by an unexpected loud tone was 1.02 s
for monkey H and 0.96 s for monkey T.

During the image viewing task, the probability of an SCR occurring
at each of 30 time bins of 200 ms each, spanning the time course of
trial events, was calculated for both monkeys. Spearman’s rank
correlation was used to determine if either the probability of images
eliciting SCRs within a block or the magnitude of evoked SCRs
indicated habituation of either measure.

Within the rest period, perievent time histograms of SCR occur-
rences were constructed using 1-s time bins spanning a 20-s window
centered at the opening and closing of the eyes.

Analysis of spike trains

SINGLE-UNIT SCR-TRIGGERED AVERAGES. The raw spike trains
were converted to continuous firing rates using the spike count
observed in a 1-s moving window translated across the spike train
with a 1-ms step size. SCR-triggered averages were computed for
each unit within a 20-s time window centered at the onset of SCRs.
Each SCR-triggered average was normalized to its own baseline
activity by subtracting the mean of the entire trace from the value of
each time point along the trace. Additionally, for each individual
SCR-triggered firing rate average, the largest deviation from baseline
that occurred in the 2 s period prior to SCR onset (expressed as a
z-score) was computed.

POPULATION SCR-TRIGGERED AVERAGES. The mean and median
change in firing rate was calculated at each time point across the
population of mean-corrected SCR-triggered averages. The resulting
population trace was then expressed in units of SDs away from its
own mean (z-score). This was computed to determine if the net change
from baseline firing activity observed across the population was
significantly different near the onset of SCRs than at any other time.
The procedure was also carried out after mean-corrected SCR-trig-
gered averages had been converted to absolute values, as this would
allow evaluation based only on the absolute magnitude of deviation
from baseline.

PERIEVENT TIME HISTOGRAMS  Finally, the raw spike train of each
unit was used to create a peri-SCR time histogram with 250-ms bins
spanning a 20-s window. Each bin was then evaluated for significant
deviation from all other bins using a z-test at the P < 0.01 level. The
locations of the significant bins were then recorded for each unit and
combined into summary histograms (Fig. 34) to indicate the number
of units that showed a significant alteration of firing within each
250-ms bin surrounding SCR onset.

RESULTS
Behavioral correlates of skin conductance responses

On average, socially explicit stimuli such as facial expres-
sions, tended to elicit smaller SCRs than nonsocial stimuli such
as fractals or landscapes [1-way ANOVA, F(1,74) = 5.08, P =
0.027 for monkey H; F(1,58) = 3.86, P = 0.054 for monkey T].
No difference was found in the proportion of face and non-face
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images that evoked SCRs for either monkey (monkey T, P =
0.922; monkey H, P = 0.094, 2-tailed Fisher’s exact test; see
Supplementary Table S3).

Images of monkey faces with averted gaze elicited larger
SCRs than faces of the same monkeys with gaze directed at the
viewer, regardless of facial expression [2 X 3 ANOVA on gaze
(direct, averted) and facial expression (appeasing, neutral,
threatening), main effect of gaze F(1) = 8.23, P = 0.002].

Monkey T viewed 14 image sets (3,431 image presentations),
and monkey H viewed 9 image sets (1,840 image presenta-
tions). Overall, 72.6% of SCRs produced by monkey H oc-
curred during the intertrial intervals, whereas 73.8% of the
SCRs produced by monkey T occurred in response to the
stimulus images. Figure 2A shows the probability of SCR
occurrence in both monkeys as a function of trial progress.
Because the minimum latency for an SCR is I s, the SCRs
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FIG. 2. Probability of SCR occurrence across all sessions as a function of
trial progress during the image viewing task. A: in monkey T (»), the largest
number of SCRs occurred during the 3-s image viewing period. Bin size = 200
ms. In monkey H (®), the greatest probability of SCR production occurred just
prior to and immediately after image onset. B: skin conductance responses
mark the transition between epochs of closed and open eyes within the rest
period. Histograms of SCR occurrence in monkeys H and T (top and bottom,
respectively) centered on the closing and opening of the eyes. Bin size = 1 s.
n = 213 and 225 transitions for monkeys 7" and H, respectively (all sessions).

produced by monkey T can be attributed to the images or
anticipation of reward, whereas in monkey H, the SCRs were
triggered by anticipation of stimulus images or reward delivery
from the previous trial.

There was no correlation between the proportion of images
within an image block that evoked an SCR and the number of
times the block had been repeated (monkey H, r = —0.39, P =
0.35; monkey T, r = 0.06, P = 0.88, Spearman’s rank corre-
lation). Likewise there was no correlation between the number
of times a block had been repeated and SCR amplitude (mon-
key H, r = 0.006, P = 1.00; monkey T, r = —0.151, P = 0.68,
Spearman’s rank correlation).

The average time spent in each rest session with eyes open
and closed were 22.71 = 6.94 and 24.47 *= 11.67 min,
respectively, for monkey H, and 13.67 = 5.92 min and 26.18 =
15.69 min for monkey T. For both monkeys, the frequency of
SCRs was lower when the eyes were closed (Supplementary
Table S1). The change in SCR frequency between the two
states was time locked to the opening and closing of the eyes
(Fig. 2B) The two monkeys differed in the relative frequency
of SCRs elicited during image viewing as compared with the
period of rest (Supplementary Table S1).

Neural correlates of the skin conductance response

During the period of rest, 104 single units were recorded
from the amygdala (48 from monkey H, 56 from monkey T) and
during image viewing, a different set of 241 single units were
recorded (194 and 47 units from monkeys H and T, respec-
tively). The number of single units recorded from each nucleus
and their respective average firing rates are presented in Sup-
plementary Table S2.

More units exhibited significant modulations in neural ac-
tivity during the 2 s preceding SCR onset than any other time
over the course of a 20-s time window (Fig. 3A). Each 250-ms
time bin in Fig. 3A records the number of single units, the
perievent time histograms of which showed significant modu-
lation of activity within that time bin. For the image viewing
condition, 18% (44 of 241) of units had at least one significant
bin within the 2-s period prior to SCR onset as did 13% (14 of
104) of units recorded during rest.

At the population level, no clear net increase or decrease of
firing rate was observed surrounding the onset of SCRs (Fig.
3B). This might reflect the cancellation of responses that
occurred in positive and negative directions with regard to
baseline activity (e.g., Fig. 1B). When only the magnitude of
deviation from baseline activity is considered, a significant
increase in the population’s mean and median deviation from
baseline emerges during the 2 s before SCR onset (Fig. 3C).

The response distribution across the population of single
units was bimodal and approximately symmetric (Fig. 4),
indicating two distinct response types characterized by the
direction rather than magnitude of response. There was no
difference in the response distribution across experimental
conditions (P = 0.608, Kolmogorov-Smirnov test) or across
monkeys (image viewing: P = 0.187; rest: P = 0.481, Kol-
mogorov-Smirnov test). For both image viewing and rest
conditions, the response distribution was significantly different
from a baseline period of 2 s beginning 5 s before SCR onset
(P = 5.34e-4 for the image viewing condition, and P = 0.006
for the rest condition, Kolmogorov-Smirnov test). Recordings
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FIG. 3. Neural activity centered on SCR onset in different experimental conditions. Left: panels show the outcome of 3 analyses conducted on the activity
of 241 neurons during the image viewing task. Right: panels show the results of the same analyses carried out on 104 neurons recorded during rest. A: summary
histograms showing the number of single units with significant (P < 0.01, z test) modulations in firing rate in any of the 250-ms time bins spanning a 20-s window
centered on SCR onset (£8 s shown). B: net change in neural activity at the population level surrounding SCR onset. SCR-triggered firing rate averages were
calculated for each unit and normalized to their baseline firing rates. At each time point, the population mean (black trace) and median (gray trace) were
calculated. The resulting trace (*8 s shown) is expressed in units of SDs away from the mean of the entire 20-s trace (z-score). This convention is carried over
into C. The horizontal dotted lines indicate a z-score value of 3. C: absolute change in neural activity at the population level surrounding SCR onset. The traces
in C were calculated as in B except that each normalized SCR-triggered average was first converted to changes in the absolute value of the firing rate. The
horizontal dotted lines indicate a z-score value of 3. When only response magnitude is considered (A and C), clear SCR-related activity is evident in both
experimental conditions. The effects are cancelled out when direction is considered as well (B).

from the basolateral (lateral, basal, and accessory basal nuclei)
and centromedial (central and medial nucleus, as well as the

During the rest period, the probability of SCR occurrence
was modulated by the opening and closing of the eyes (Fig.

anterior amygdaloid area) nuclei had similar response distribu-
tions within both conditions (image viewing: P = 0.938; rest: P =
0.292, Kolmogorov-Smirnov test; Fig. 4, B and C). The average
firing rates of the units did not correlate with their response size in
either condition (r = —0.01, P = 0.872 for rest, and r = —0.19,
P = 0.77 for image viewing, Spearman’s rank correlation).

2B). When SCRs that occurred within 10 s of the eyes opening
or closing were removed from the analysis, SCR-related activ-
ity was still clearly present (Fig. 5). Therefore, the observed
SCR-related neural modulation that occurred during the rest
period cannot be accounted for by the change in visual input/
alertness that occurred when the eyes opened or closed.

Rest (all units)
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(5) I_Ir||_||_||'| HHHHHHHH

L Ak
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FIG. 4. Distribution of SCR-related firing rate
modulations across the population of single units for
both experimental conditions. A: histograms show-
ing the largest change from baseline firing (z-score)
observed for each unit during a 2-s period preceding
SCR onset. Single units are evenly split between
those that show positive and negative changes in
firing rate. The magnitudes of these responses are
comparable, suggesting 2 distinct populations of
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units. B: the same histogram as in A but showing
only single units recorded from the centromedial
nuclei. C: same histogram as in A, but showing only
single units recorded from the basolateral nuclei.
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FIG. 5. SCR-related neural activity is not dominated by the opening and
closing of the eyes. A—C: depict the results of the same computations as in Fig.
3 with the exclusion of any SCRs occurring within 10 s of the eyes opening or
closing during the rest condition. Although this technique had the effect of
decreasing the number of highly modulated units (compare A with Fig. 34), the
level of population activity (C) shows the same significant deviation from
baseline (z-score >3) as seen in Fig. 3C.

DISCUSSION

The results presented here indicate that neural activity in the
amygdala marks the occurrence of an SCR regardless of its
immediate trigger. In the context of a passive image viewing
task, SCRs can occur spontaneously or be triggered by task-
related factors. Given the variety of causative factors, the
occurrence of an SCR cannot be used as an independent and
reliable measure of stimulus image content, at least under these
experimental conditions. Even so, the amplitudes of image-
evoked SCRs do seem to be useful in determining which
categories of images are on average more arousing. Within the
rest condition, a fraction of the observed SCRs were related to
the opening of the eyes, yet SCR-related activity was indepen-
dent of this trigger, and the remaining SCRs could not be
attributed to any tractable event.

Single units displayed SCR-related modulation in their firing
rates at the typical latency for SCR production in response to
supraliminary stimuli, potentially reflecting a functional link to
the generation/modulation of SCRs. SCR-related changes in
firing rate had a bimodal distribution regardless of the nucleus
from which each unit was recorded. A similar bimodal distri-
bution of response types was reported by Pascoe and Kapp
(1985) in the central nucleus of the rabbit amygdala in con-
junction with conditioned heart rate deceleration. The presence
of neurons that either increase or decrease their firing rates in
relation to the same autonomic output suggest that multiple
pathways transmit signals from the amygdala to the autonomic
centers of the brain stem.

The SCR-related activity observed in various nuclei of the
amygdala may have different functional consequences. The
centromedial nuclei are reciprocally connected to the auto-
nomic centers of the brain stem and hypothalamus (Price and
Amaral 1981) and could directly influence the generation of
SCRs. The basolateral nuclei are not connected to autonomic
effectors; rather, they send excitatory feedback connections to
multiple cortical areas that process incoming sensory informa-

J Neurophysiol « VOL 101 «
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tion (Amaral and Price 1984). The SCR-related activity ob-
served in this nuclear group might reflect the recruitment of
attentional resources, which may itself elicit autonomic arousal
(Critchley 2002). Although we did not find differential patterns
of activity between the basolateral and centromedial groups, it
is possible that such a difference would emerge in relation to
associative or instrumental learning. These effects are most
likely reflected in increased BOLD signals in the amygdala
(e.g., Knight et al. 2005); however, the single-unit responses
reported here are either too weak overall to be reflected in the
BOLD signal or the bidirectional modulation may complicate
the relationship between multiunit activity and hemodynamic
parameters. Importantly, our data show that SCR-related ac-
tivity within the amygdala need not be elicited exclusively by
strong emotion, fear conditioning, or sudden changes in the
external environment.

Previous studies indicate that the monkey amygdala is dif-
ferentially activated by images both at the single-unit and
population level (Gothard et al. 2007). Images that elicited
increased BOLD responses in the central nucleus of the mon-
key amygdala also elicit larger SCRs (Hoffman et al. 2007). In
humans, functional imaging studies also show the amygdala to
respond differentially to certain image types, often along emo-
tional lines (Liberzon et al. 2000; Williams et al. 2001).
Emotion, however, may not be the only factor involved.
Images of monkeys with averted gaze elicited larger SCRs than
the same monkeys with gaze directed at the viewer, regardless
of facial expression. The social ambiguity of these indirect-
gaze faces and/or the increased attention that may be paid to
them could account for this observation. A similar case has
been made to explain the increased BOLD signals in the
amygdala of monkeys viewing indirect versus direct gaze faces
(Hoffman et al. 2007). Regardless of the specific triggers of
autonomic arousal, the overall SCR-related activity in the
amygdala was found to be similar across different behavioral
states. Our findings, therefore support the view that in addition
to stimulus-specific responses, the amygdala may play a
broader role in the modulation of sympathetic tone.

Finally, the amygdala is only one of many structures in-
volved with emotion, attention, and autonomic regulation. The
medial and orbital prefrontal cortices, the anterior insula, the
anterior cingulate cortex, and periaquaductal gray have over-
lapping roles in the evaluation of emotional stimuli and in the
initiation of autonomic responses, including SCRs (Critchley
2002). Further studies will be required to understand fully what
unique role the amygdala plays in the generation and modula-
tion of SCRs under various conditions. Our data indicate that
the amygdala participates in the generation of sympathetic
arousal in response to multiple triggers and even in the absence
of explicit stimuli.
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