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Abstract

The amygdala is important in processing emotion and in the acquisition and expression of fear and anxiety. It also appears to be
involved in the regulation of sleep and wakefulness. The purpose of this study was to assess the effects of, fiber-sparing lesions of the
amygdala on sleep in rhesus monkeys (Macaca mulatta). We recorded sleep from 18 age-matched male rhesus monkeys, 11 of which had
previously received ibotenic acid lesions of the amygdala and seven of which were normal controls. Surface electrodes for sleep recording
were attached and the subjects were seated in a restraint chair (to which they had been adapted) for the nocturnal sleep period. Despite
adaptation, control animals had sleep patterns characterized by frequent arousals. Sleep was least disrupted in animals with large bilateral
lesions of the amygdala. They had more sleep and a higher proportion of rapid-eye-movement (REM) sleep than did either animals with
smaller lesions or control animals. Based on these results, it seems likely that, in the primate, the amygdala plays a role in sleep regulation
and may be important in mediating the effects of emotions /stress on sleep. These findings may also be relevant to understanding sleep
disturbances associated with psychopathology.  2000 Elsevier Science B.V. All rights reserved.
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1. Introduction emotions such as fear [2,3,25,26,28]. Recent research has
shown that patients with stress-related psychopathology

The amygdala is a critical part of the neural circuitry have altered amygdala function. For example, neuroimag-
involved in mediating responses to fearful stimuli as well ing studies in patients with depression and some anxiety
as to other stressful situations [13,14]. Located in the disorders indicate increased amygdala activity [1,16,17],
medial temporal lobe, the amygdala receives cortical and suggesting that altered amygdala activity is involved in the
subcortical inputs, and projects to brainstem, hypo- pathophysiology of these disorders.
thalamus, forebrain and cortical regions that are involved In addition to its role in emotion, the amygdala may be
with the hormonal, autonomic and behavioral aspects of involved in modulating sleep and wakefulness. It is highly
the stress response [5]. Studies in rodents and primates interconnected with a number of brain regions involved in
have demonstrated that the amygdala is important in the sleep regulation, such as the basal forebrain, hypothalamus
processing of emotion and in mediating the acquisition and and brainstem [5]. Furthermore, there are reciprocal con-
expression of fear and anxiety [10,15,19,22]. Additionally, nections between the amygdala and brainstem areas in-
data from human functional neuroimaging studies and volved in the regulation of waking and rapid-eye-move-
from individuals with amygdala destruction support the ment (REM) sleep. These include the parabrachial region,
role of the human amygdala in the processing of negative dorsal raphe nuclei, pedunculopontine tegmentum (PPT)

and laterodorsal tegmental nuclei.
Various studies have provided evidence suggesting that*Corresponding author. Fax: 11-608-263-0265.
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Changes in neuronal firing patterns in the amygdala in cats rized. All surgical procedures were performed under strict
and rats correlate with sleep and wakefulness aseptic conditions and anesthesia.
[18,24,30,35]. Administration of pharmacological agents Landmarks were established by stereotactically implant-
into the amygdala influences REM/non-REM (NREM) ing two 3-mm glass beads filled with a 3% solution of
sleep patterns [11,12,32]. More recently, human neuroim- copper sulfate (which is hyperintense in T1-weighted MRI
aging studies using positron emission tomography (PET) images) into shallow indentations in the skull. The beads
have shown increased activation of the amygdala during were placed 11 mm lateral to the midline coordinate (AP
REM sleep in comparison to waking or NREM sleep 19, 15 mm from the interaural line), approximately at the
[23,27]. mid-anteroposterior level of the amygdala, and fastened in

To the extent that cognitive and cortical processes place with dental acrylic.
modulate human sleep, studies in the rat and the cat cannot After at least 3 days of recovery following bead
fully model human sleep. Non-human primates, on the implantation, the animal was brought to the MRI center.
other hand, provide a highly relevant model to examine Under anesthesia (ketamine, 15 mg/kg), the monkey was
mechanisms associated with cortical–subcortical regulation placed in a MRI-compatible stereotactic apparatus (Crist
of sleep–waking behavior. Important similarities in sleep Instruments, Damascus, MD) that was positioned in the
architecture exist between primates and humans [33]. Like head coil. Using a 1.5 Tesla GE Signa scanner, the brain
humans, primates have a consolidated nocturnal sleep was initially imaged in the coronal plane to verify symmet-
period, and may take naps during the day. Primates also ric alignment to the stereotactic apparatus and the scanner.
have more extensive linkages between prefrontal cortical The animal was then scanned in the sagittal plane to show
and amygdaloid regions than other mammals [5]; these are the relationship of the bead to each coronal slice. Lastly,
the neural connections that are likely to be involved in the for the coronal scan, a three dimensional fast spoiled
modulation of emotion. gradient pulse sequence (3D/FSPGR/20) was employed

This study is a report of sleep in rhesus monkeys that using the following parameters: a repetition rate (TR) of
had received selective, bilateral lesions of the amygdala 11.5, a fractional echo time (TE) of 2.2 /F, one echo (EC),
and the sleep of age-matched controls. There have been no a receiver bandwidth of 15.6 kHz, an inversion time of
recordings of sleep in amygdalectomized monkeys, and (TI) of 400, and a 20315 field of view (FOV). Using
few nocturnal sleep recordings of normal rhesus monkeys. 2563224/4 excitations (NEX), 60 contiguous 1-mm
For this reason it was impossible to predict the changes coronal brain images were created.
that might be seen in the amygdalectomized animals. It Measurements were made by overlaying and centering
nevertheless seemed likely that any emotionally mediated on the midline a 1.0-mm matrix onto the coronal MRIs.
sleep disruption (for example a ‘first night effect’) would The mediolateral and anteroposterior location of the
be less pronounced in the experimental animals than in the amygdala in relation to the bead and the dorsoventral
controls. relation of the amygdala from the cortical surface were

determined. These measurements were used to plan the
stereotactic coordinates of the ibotenic acid injections used

2. Materials and Methods to create the lesion.
Animals were returned to the surgical suite for the last

2.1. Monkeys part of the procedure. Prophylactic doses of antibiotics
were given just before surgery. After anesthesia was

Sleep was recorded in rhesus monkeys (Macaca mulat- established, the skull was exposed, and an appropriate
ta) living in the colonies at the Wisconsin Regional opening made above the intended lesion site as determined
Primate Research Center and Harlow Center for Biological from the MRI procedure. To confirm the measurements
Psychology. There were 18 animals: seven normal controls obtained from the MRI, an insulated tungsten microelec-
and 11 animals with selective bilateral lesions of the trode was first lowered along the trajectory of the proposed
amygdala. All animals studied were males that were lesion. Single unit recordings were made at several levels
approximately 2–3 years old. defining characteristic zones such as the cortical surface,

the cell-rich zones of the amygdala, and the ventral surface
2.2. Amygdala lesions of the brain. These were compared with the MRI images to

determine more accurately the proper dorsoventral position
Due to the large variability in skull and brain size in for the lesion.

nonhuman primates, attempts to produce stereotactic le- Lesions were produced bilaterally using the excitotoxin
sions in monkeys with no guidance other than standard ibotenic acid (Biosearch Technologies, San Rafael, CA)
atlases are subject to substantial inaccuracy. The method mixed with 10 ml of phosphate-buffered saline. Between
for producing amygdala lesions was developed in collabo- 16 and 23 injections per side of 1 ml each were given to

3ration with Dr David Amaral (University of California, each amygdala in a 2-mm injection matrix defined from
Davis). This is a multi-step process and is briefly summa- the magnetic resonance images [4].
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2.3. Sleep recording morning. A technician monitored the signal quality
throughout the recording session. If signals deteriorated,

Sleep recordings took place at a mean of 10.764.9 then the technician either fixed the problem with the
(S.D.) months after lesion surgeries. Sleep was recorded electrode, or switched to the backup reference electrode.
using surface electrodes. To protect the surface electrodes, Since sleep EEG in rhesus monkeys resembles human
animals were recorded while in a primate restraining chair. sleep EEG, human sleep staging criteria were used [29].
To habituate the animals to the recording conditions, they Two experienced scorers, blind to the experimental con-
were placed in the chair daily for at least 1 week prior to dition of the animals staged sleep records. Each 30-s epoch
sleep recording. These adaptation sessions took place was classified as wake, stage 1, stage 2, slow-wave sleep
during the daytime for increasing periods each day (up to 8 (SWS), REM sleep or movement time. Stagers staged each
h). record independently, which resulted in .95% agreement

Each monkey’s sleep was recorded for one night. On the between stagers for each animal. For epochs in which
afternoon before recording, monkeys were manually re- stagers disagreed, the epoch was reviewed and a consensus
strained for application of electroencephalogram (EEG), stage assigned.
electrocardiogram (ECG) and electro-oculogram (EOG) Data from epochs excluded from staging because of
electrodes. Monkeys were placed in the restraining chair artifact (generally ,1% of epochs) were also excluded
immediately afterwards (at approximately 17:00 h), at from all subsequent analyses. The following parameters
which time EKG and electromyogram (EMG) electrodes were calculated for each night: total sleep time (TST),
were affixed. Recording began at about 17:45 h and lights sleep stage minutes and percentages of total sleep time,
were turned off at 18:00 h. A dim red light was left on sleep efficiency (SE), and REM sleep latency (time from
during the recording period and monkeys were monitored stage 2 onset to REM sleep onset).
continuously using a video camera. Several monkeys were
videotaped throughout. Lights were turned on at 06:00 h
the next morning and recording ended at about 06:15 h. 2.4. Sacrifice and histology
The electrodes were removed and the animals were
returned to their home cages. Experimental animals were humanely euthanized using

Cup electrodes (Rochester Electro-medical) were at- methods of euthanasia consistent with the recommenda-
tached to left and right frontal (F3, F4), and occipital (O1, tions of the Panel on Euthanasia of the American Vet-
O2) areas for recording EEG according to the international erinary Medical Association. An overdose of pentobarbital
10 /20 system. The restraining chair interfered with normal was given intravenously and they were perfused with
placement of reference electrodes and with the placement heparinized phosphate-buffered saline (PBS) and 4%
of the electrodes for recording EMG. Reference electrodes paraformaldeyde. The brains were removed and histologi-
were placed at left and right parietal (P3 and P4). EMG cally processed. The brain slab containing the volume of
electrodes were placed on the surface of the leg overlying interest were cryoprotected in 2% DMSO (dimethyl sul-
the anterior tibialis muscle. Biopotential electrodes (Roch- foxide) and 20% glycerol for12–18 h, encased in a gelatin
ester Electro-medical) were also attached lateral to the matrix after hardening in 10% buffered formalin, and then
outer canthus of each eye for recording EOG. Electrodes freeze-sectioned at 40 microns. Every sixth section (240
were attached to shaved skin after cleaning and abrasion mm) was collected in standard phosphate-buffered 10%
with Omni-Prep (Boulder, CO). A drop of conductive gel formalin and mounted on 233-inch glass slides, air dried
was added and electrodes were glued to the skin for and stained for Nissl substance with thionine.
additional physical stability. Electrocardiogram (EKG) was To determine the extent of the lesions, the brain sections
monitored using surface silver / silver chloride electrodes were matched to six coronal templates through the
(‘S’Offsett’ Medi-Trace, Buffalo, NY) attached to the amygdala. The templates were used to define the extent of
shaved chest and left flank. the lesion by drawing the left and right amygdala lesion on

All EEG electrodes were recorded with reference to one them. Drawings of the lesion were compared to template
of the parietal electrodes, the other parietal electrode drawings of an intact amygdala using imaging (PhotoShop
served as a backup. All physiological parameters were v.3.0, Adobe Inc.) by individuals unaware of the be-
amplified, digitized at 200 Hz and displayed and stored havioral results. The number of pixels that defined the
using the Sandman system (Nellcor-Puritan-Bennet Mel- lesion was divided by the total pixels representing the
lville, Ottawa, ON). All signals were filtered for 60 Hz line amygdala. This comparison was done for each of the
noise. EEG was filtered with a band pass of 0.1–100 Hz. coronal sections to determine the percent of the amygdala
All electrode impedances were less than 10 kV. that was lesioned.

Each channel was calibrated using 25 and 50 mV sine Sleep efficiency (SE), total sleep time (TST), sleep
waves before each subject was recorded. Recording of the latency, Stage 1, Stage 2, slow-wave sleep (SWS) and
physiological variables began about 15 min before lights- REM sleep percentages (St1%, St2%, SWS% and
out and continued for about 15 min after lights-on in the REM%), as well as REM latency (REML) were computed
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Table 1
Data from experimental subjects

Group Subject Plot Extent of lesion Sleep Stage percentages of sleep time REM
ID label latency

Overall Left / right Efficiency Time Latency Stage 1 Stage 2 SWS REM (min)
(%) (h) (min)

‘Large’ AT41 A 95.1% 97.8%/92.5% 77.8 8.8 6.0 7.1 42.2 15.6 13.2 45.5
lesions AT16 B 86.1% 78.3%/93.9% 85.9 11.2 15.0 9.3 61.3 10.7 6.3 162.5

AS86 C 73.7% 61.5%/86.0% 81.6 10.6 10.0 4.8 36.9 26.4 14.1 43.5
AT67 D 73.3% 64.3%/82.2% 65.1 7.8 46.0 2.8 50.8 8.7 3.5 422.0
AS82 E 72.0% 49.7%/94.3% 70.7 8.8 53.0 10.8 47.6 11.0 5.1 351.5
AT59 F 67.0% 60.3%/73.8% 70.9 8.5 34.0 3.8 52.6 8.4 9.8 65.0

‘Small’ 95037 G 54.8% 91.5%/18.0% 52.7 6.3 149.0 4.7 47.4 7.2 0.0
lesions AT52 H 46.0% 66.1%/25.9% 65.2 8.2 119.0 12.9 39.4 12.3 6.6 249.5

AT56 I 41.2% 0.0%/82.3% 58.1 7.4 61.0 8.3 42.0 6.2 4.0 12.5
AT55 J 36.3% 2.6%/69.9% 33.5 4.0 199.0 6.4 40.7 2.3 2.8 435.5
AT09 K 6.6% 1.6%/11.6% 55.6 7.2 1.0 5.7 28.0 17.4 5.5 250.0

for each recording session. Sleep latency was the length of 3.2. Sleep patterns
time from lights-out to the beginning of the first 300 s of
consecutive sleep. REML was the time from sleep onset to In general, the sleep of the control animals was frag-
the first epoch of a sustained (90 s) REM sleep bout. These mented by frequent arousals. These disruptions are charac-
data, together with the histological data, are presented in teristic of stress-induced effects and observation of vid-
Table 1. The experimental animals were divided into eotapes of the control animals sleeping in the primate
groups based on lesion size. The large lesion group restraining chair revealed repeated head drop followed by
included all animals with lesions larger than the mean awakening. This suggests that even though the animals
lesion size (59.28%, n56) and the small lesion group were ‘habituated’ to the chair restraint during wakefulness,
included all animals with lesions below the mean size their disrupted sleep patterns reflected the stress associated
(n55). All statistical testing was performed using SPSS with sleeping in the restraining chair.
(SPSS-WIN v.10.01, SPSS Inc., Chicago, IL). Each sleep Sleep parameters for the individual experimental ani-
variable was compared among the groups (ANOVA – mals are shown in Table 1. As a rule, larger lesions were
General Linear Model). Post hoc comparisons (Tukey associated with ‘better’ sleep. As might be expected from a
HSD) between groups were made for variables which met single night of recording, many of the parameters showed
criterion for significance (a50.05). In addition regressions relatively high variability. The summary statistics of sleep
on lesion size were performed for variables on which variables for each of the lesion size groups and for the
lesion size appeared to have an effect. control subjects are presented in Table 2. Statistical

comparison of the sleep variables among these groups
(ANOVA) revealed significant group differences for sleep
efficiency and TST and a near significant difference for

3. Results REM% (P50.086). Post hoc testing (Tukey HSD) indi-
cated that, for both TST and sleep efficiency, the large

3.1. Histology lesion group was different from the other two groups,
which were not significantly different from each other.

Histological analysis of the brains of the 11 animals To further elucidate the relationship between lesion size
with lesions showed variability in the size and extent of the and sleep we performed regression analyses between lesion
lesions (Table 1). The mean reduction in total amygdala size and selected sleep variables including those that had
volume was 59%: two of the lesions were greater than significant or near-significant differences between large
85%, four were between 60 and 85%, four were between lesions and other groups (Fig. 2). The entire group of 11
35 and 60% and one lesion (AT09) reduced overall lesioned animals was used for these analyses. Total sleep
amygdala volume by only 7%. All subjects in the large time and sleep efficiency were significantly and positively
lesion (above the mean) group had a lesion of at least 50% correlated with extent of lesions, whereas there was a trend
on each side, whereas each subject in the small lesion for a correlation between lesion size and REM sleep
(below the mean) group had at least one side on which the percentage.
lesion was less than 30%. Photomicrographs of a repre- One subject, AT09, had a minimal lesion (less than 7%)
sentative lesioned and a non-lesioned amygdala are shown and the values of its sleep variables were very near the
in Fig. 1. midpoint of the controls (see Tables 1 and 2); it thus might
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Fig. 1. Sections through the left amygdala of (A) animal AT56 showing a non-lesioned amygdala, and (B) animal AT16 showing a large amygdala lesion.
Higher power views demonstrate neuronal loss and gliosis in animal AT16 (D) vs. animal AT56 (C).

be regarded as qualitatively different from the other the slope changed from 0.048 to 0.077 h (2.9–4.6 min) of
lesioned animals. To determine how this possible outlier sleep /percent lesion. REM% was affected similarly,
might have changed the results, the analyses were repeated changing from the observed r50.47 to r50.59; the slope
with AT09 excluded. Eliminating this subject increased the of REM%/lesion% changed from 0.08 to 0.14. When
correlations and steepened the slopes. In the original AT09 was defined as an outlier the relationship between
analysis the correlation between SE and lesion extent was lesion size and REM% was significant (one-tailed). Re-
0.73 and sleep efficiency increased by 0.43% for every moving AT09 from the analysis produced the most
percent lesion size; excluding AT09, r50.83 and each dramatic change in the relationship between lesion size and
percent in lesion size changed sleep efficiency by 0.65%. sleep latency. There was no significant relationship be-
For TST, the correlation increased from 0.63 to 0.73 and tween these variables when all subjects were analyzed.

Table 2
aSleep parameters

Control (n57) Small lesion (n55) Large lesion (n56)

Sleep efficiency (%)* 55.3612.4 53.0611.8 75.367.8
Total sleep time (h)* 6.861.6 6.661.6 9.361.3
Sleep latency (min) 90.36146.4 105.8677.0 27.3619.8
Stage 1 (%) 9.065.5 7.663.2 6.463.2
Stage 2 (%) 43.8610.2 39.567.1 48.668.5
Slow wave sleep (%) 9.065.6 9.165.9 13.566.8

§REM (%) 5.163.3 3.862.6 8.764.4
REM latency (min) 189.76145.9 236.96173.3 181.76166.3
a Sleep variables in groups with small and large lesions of the amygdalae, presented as mean6standard deviation. Animals with large lesions were

§significantly different (*P,0.05) from animals with small lesions as well as from control animals. indicates a trend (P50.086).
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Fig. 2. Hypnograms from animals with bilateral lesions of the amygdala (Subject AT41), a unilateral lesion of the amygdala (Subject AT56), and a normal
control (Subject AT23). Time in 30-s epochs is indicated on the x-axis.

Excluding AT09 led to a highly significant (r50.81, P5 The amygdala is a complex structure and is composed of
0.005) linear relationship. Inspection of Fig. 2 suggests several nuclei [5]. Recent studies have investigated the
that this relationship could also be interpreted as a differ- neuroanatomical connections between these nuclei as well
ence between large and small lesions, a plateau, or even a as their functional roles. Most of the information entering
curvilinear relationship. the amygdala arrives via afferents to the lateral nucleus. In

Hypnograms from the animal with the most extensive the rat, most of the amygdaloid outflow mediating simple
lesion (AT41), an animal with a small lesion (AT56), behavioral, autonomic, and endocrine responses associated
which was the also most clearly unilateral, and a randomly with fear emanates from the central nucleus [22]. The
selected control (N) are shown in Fig. 3. The hypnograms central nucleus is also connected to areas involved in sleep
illustrate the findings that animals with large lesions and wakefulness; both afferent and efferent projections
showed better sleep continuity than controls or animals have been demonstrated between the central nucleus and
with smaller lesions. the parabrachial region and the dorsal raphe nuclei [5].

Because of its strategic connections, it is possible that the
central nucleus is primarily responsible for mediating the

4. Discussion sleep disruption noted in the control animals. Alternatively,
effects on sleep may be mediated by several subnuclei

The results suggest that large, bilateral lesions of the within the amygdala, which would also explain the as-
amygdala produce substantial effects on sleep in monkeys sociation between lesion size and changes in sleep parame-
sleeping in a primate restraining chair. Observation of the ters. Studies of animals with selective, bilateral lesions of
animals’ behavior as well as the EEG sleep data suggest the central nucleus as well as other subnuclei will be
that the sleep of the control animals was affected by the needed to identify the specific regions within the amygdala
stress of the recording condition. In contrast, animals with involved in sleep regulation.
extensive amygdala lesions showed more consolidated Our observations may be explained by primary effects
sleep, with greater sleep efficiency, increased total sleep of the amygdala on sleep and/or by mitigation of the
and increased REM sleep percentage in comparison to possibly disturbing effects of sleeping in a restraining
normal controls or monkeys with smaller lesions. chair. Thus these results may in part be secondary to



136 R.M. Benca et al. / Brain Research 879 (2000) 130 –138

Fig. 3. The above graphs plot sleep variables against the size of the amygdala lesion. Probabilities and r values are from the corresponding Pearson
correlation. Equation is from linear regression of sleep variable on lesion size.

changes in emotional responsivity. Although earlier studies in monkeys demonstrated that the removal of large por-
in several primate species suggested that sleep is not tions of the temporal lobes results in ‘tameness’ [20]. In
significantly disrupted when animals are chair-adapted our study, however, monkeys receiving fiber-sparing selec-
[7,8], observation of the videotapes of our animals indi- tive amygdala lesions and did not show ‘tameness’ or other
cated that the animals were reacting to the chair, even after dramatic features associated with the Kluver–Bucy
4 days of adaptation. For example, both experimental and syndrome (Kalin, unpublished data). From other behavioral
control animals experienced frequent, brief arousals that tests, no overall effects on activity levels or alertness were
appeared to occur in response to neck muscle relaxation found in the operated animals. These observations tend to
and head drop. In fact, total sleep time and sleep efficiency argue against the possibility that the observed sleep
were lower in control subjects than values reported for changes were caused by a global change in arousal level.
unrestrained macaques by other investigators [9,21,34]. A number of findings have suggested a role for the
This was also true of subjects with small lesions. Con- amygdala in regulating REM sleep. Recent microinjection
sistent with our observations, other investigators have also studies in rats have shown that serotonin administration
found that sleep recorded in a restraining chair is more into the amygdala during REM sleep resulted in shortened
fragmented than sleep recorded by telemetry in normal, REM episodes; administration during NREM sleep did not
unrestrained animals (D. Rye, personal communication). prevent entrance into REM sleep [31,32]. REM sleep was

Other testing on this same group of lesioned animals stimulated by injection of the cholinergic agonist carbachol
suggests that the lesions limited negative emotional re- into the central CeA but not the basolateral nucleus in cats
sponses. For example, lesioned animals showed signifi- [11]. Although the inhibitory effects of monoaminergic
cantly reduced acute fear responses post-lesion (Kalin et agents and stimulatory effects of cholinergic agents on
al., submitted). If this decrease in negative emotional REM sleep have been well documented for brainstem sites,
responsivity bears on the quality of sleep, then sleep such effects have not been explored in other brain regions.
disturbance produced by acute emotional factors would be We found that monkeys with more extensive lesions of
limited among subjects with larger lesions, whereas ani- the amygdala showed increased REM sleep percentage of
mals with more intact amygdala tissue would be free to total sleep. Since REM sleep expression is normally
express the full range of emotional effects on sleep. The preceded by some undisturbed NREM sleep, the observed
correlations observed between lesion size and sleep param- changes in REM sleep in the animals with larger lesions
eters, as well as the variability observed in the controls, could have been related to improved sleep continuity rather
support such an interpretation. than to specific regulatory influences of the amygdala on

The amygdala lesions might also have had a primary REM sleep. On the other hand, since REM sleep is
effect on arousal level. Early studies by Kluver and Bucy exquisitely sensitive to both environmental and emotional



R.M. Benca et al. / Brain Research 879 (2000) 130 –138 137

Benca, R.J. Davidson, Metabolic rate in the right amygdala predictsdisturbance, primary abnormalities in REM sleep, REM
negative affect in depressed patients, NeuroReport 9 (1998) 3301–sleep latency or NREM–REM sleep cycles could have
3307.

been masked by the increased variability produced by the [2] R. Adolphs, D. Tranel, H. Damasio, A. Damasio, Impaired recogni-
recording conditions. REM sleep latency was highly tion of emotion in facial expressions following bilateral damage to
variable in all groups. REM sleep amounts were also low the human amygdala (see comments), Nature 372 (1994) 669–672.

[3] R. Adolphs, D. Tranel, H. Damasio, A.R. Damasio, Fear and theand probably below normal in all groups. Questions
human amygdala, J. Neurosci. 15 (1995) 5879–5891.regarding the effects of amygdala lesions on REM sleep

[4] D.G. Amaral, J.L. Price, An air pressure system for the injection ofexpression will need to be addressed in studies of unre-
tracer substances into the brain, J. Neurosci. Methods 9 (1983)

strained animals. 35–43.
These studies suggest that the primate amygdala plays a [5] D.G. Amaral, J.L. Price, A. Pitkanen, S.T. Carmichael, Anatomical

organization of the primate amygdaloid complex, in: J. Aggletonrole in mediating stress-induced insomnia. The amygdala
(Ed.), The Amygdala, Wiley-Liss, New York, 1992, pp. 1–67.is a complex structure, and the current study does not

[6] R.M. Benca, W.H. Obermeyer, R.A. Thisted, J.C. Gillin, Sleep andallow us to speculate on the function of selective subnuclei
psychiatric disorders: a meta-analysis, Arch. Gen. Psychiatry 49

in relation to sleep. Further work aimed at understanding (1992) 651–668.
the respective roles of these nuclei will be important for [7] J. Bert, E. Balzamo, M. Chase, V. Pegram, The sleep of the baboon,

Papio papio, under natural conditions and in the laboratory,understanding the mechanisms by which the amygdala
Electroencephalogr. Clin. Neurophysiol. 39 (1975) 657–662.influences sleep and wakefulness.

[8] J. Bert, D.F. Kripke, J. Rhodes, Electroencephalogram of the matureDefining a role for the primate amygdala in sleep
chimpanzee: twenty-four hour recordings, Electroencephalogr. Clin.

regulation could have major relevance to understanding Neurophysiol. 28 (1970) 368–373.
insomnia and the sleep abnormalities associated with acute [9] J. Bert, V. Pegram, J.M. Rhodes, E. Balzano, R. Naquet, A
stress exposure. Furthermore, virtually all psychiatric comparative sleep study of two Cercopithecinae, Electroence-

phalogr. Clin. Neurophysiol. 28 (1970) 32–40.disorders studied to date are associated with disturbances
[10] D.C. Blanchard, R.J. Blanchard, Innate and conditioned reactions toof sleep continuity, including prolonged latency to sleep

threat in rats with amygdaloid lesions, J. Comp. Physiol. Psychol. 81
onset, decreased sleep efficiency and reduction in total (1972) 281–290.
sleep time (reviewed in Ref. [6]). Not surprisingly, anxiety [11] J.M. Calvo, K. Simon-Arceo, Long-lasting enhancement of REM
is the psychiatric symptom most highly correlated with sleep induced by carbachol microinjection into the central

amygdaloid nucleus of the cat, Brain Res. 24 (1995) 17.insomnia and psychiatric illnesses. The mechanisms under-
[12] J.M. Calvo, K. Simon-Arceo, R. Fernandez-Mas, Prolonged en-lying sleep abnormalities in insomnia and neuropsychiatric

hancement of REM sleep produced by carbachol microinjection into
disorders are largely unknown. Results of more extensive the amygdala, NeuroReport 7 (1996) 577–580.
studies in amygdalectomized primates may allow us to [13] M. Davis, The role of the amygdala in conditioned fear, in: J.
determine whether the amygdala is a likely candidate for Aggleton (Ed.), The Amygdala, Wiley-Liss, New York, 1992, pp.

255–305.mediating the sleep changes associated with psychiatric
[14] M. Davis, The role of the amygdala in fear-potentiated startle:illnesses or caused by acutely stressful situations.

implications for animal models of anxiety, Trends Pharmacol. Sci.
13 (1992) 35–41.

[15] M. Davis, D.L. Walker, Y. Lee, Roles of the amygdala and bed
nucleus of the stria terminalis in fear and anxiety measured with theAcknowledgements
acoustic startle reflex. Possible relevance to PTSD, Ann. NY Acad.
Sci. 821 (1997) 305–331.The authors gratefully acknowledge the technical assis-

[16] W.C. Drevets, M.E. Raichle, Positron emission tomographic imaging
tance and sleepless nights endured by Helen Van Val- studies of human emotional disorders, in: M.S. Gazzaniga (Ed.), The
kenberg, Kim Lee, Denise Makuch, Lisa MacDonald and Cognitive Neurosciences, MIT Press, Cambridge, MA, 1995, pp.

1153–1164.the staff at the Wisconsin Regional Primate Research
[17] W.C. Drevets, T.O. Videen, J.L. Price, S.H. Preskorn, S.T. Carmich-Center and the Harlow Center for Biological Psychology.

ael, M.E. Raichle, A functional anatomical study of unipolarIn addition, the authors would like to acknowledge the
depression, J. Neurosci. 12 (1992) 3628–3641.

important contributions of David Amaral and Ann Kelley. [18] R.C. Frysinger, J. Zhang, R.M. Harper, Cardiovascular and respira-
This work was supported by NIMH Grants MH 46729 and tory relationships with neuronal discharge in the central nucleus of

the amygdala during sleep-waking states, Sleep 4 (1988) 317–332.MH 52354 to N.H.K. and MH 01224 to R.M.B., NIH
[19] M. Gallagher, P.C. Holland, The amygdala complex: multiple rolesGrant RR00167 to the Wisconsin Regional Primate Re-

in associative learning and attention, Proc. Natl. Acad. Sci. USA 91search Center (This is WRPRC publication 40-102), the
(1994) 11771–11776.

Wisconsin Center for Affective Science, the HealthEmo- [20] H. Kluver, P.C. Bucy, Preliminary analysis of functions of the
tions Research Institute, and funds from Meriter Hospital. temporal lobes in monkeys, Arch. Neurol. Psychiatry 42 (1939)

979–1000.
[21] D.F. Kripke, M.L. Reite, G.V. Pegram, L.M. Stephens, O.F. Lewis,

Clinical and laboratory notes. Nocturnal sleep in rhesus monkeys,
References Electroencephalogr. Clin. Neurophysiol. 24 (1968) 582–586.

[22] J.E. LeDoux, J. Iwata, P. Cicchetti, D.J. Reis, Different projections
[1] H.C. Abercrombie, S.M. Schaefer, C.L. Larson, T.R. Oakes, K.A. of the central amygdaloid nucleus mediate autonomic and behavioral

Lindgren, J.E. Holden, S.B. Perlman, P.A. Turski, D.D. Krahn, R.M. correlates of conditioned fear, J. Neurosci. 8 (1988) 2517–2529.



138 R.M. Benca et al. / Brain Research 879 (2000) 130 –138

[23] P. Maquet, J. Peters, J. Aerts, G. Delfiore, C. Degueldre, A. Luxen, Subjects, Brain Information Service /Brain Research Institute,
G. Franck, Functional neuroanatomy of human rapid-eye-movement UCLA, Los Angeles, CA, 1968.
sleep and dreaming, Nature 383 (1996) 163–166. [30] H. Reich, U. Rupprecht, H. Stumpf, G. Stock, Modulation of unit

[24] M.M. Mgaloblishvili, S.D. Mandzhavidze, Neuronal activity in the activity in the amygdala of unrestrained cats during the sleep-
amygdaloid structure during the sleep-wake cycle of the rat, waking cycle, Neurosci. Lett. 10 (1983) 209–214.
Neurophysiology 17 (1985) 533–540. [31] L.D. Sanford, R.J. Ross, A.R. Morrison, Serotonergic mechanisms

[25] J.S. Morris, K.J. Friston, C. Buchel, C.D. Frith, A.W. Young, A.J. in the amygdala terminate REM sleep, Sleep Res. 24 (1995) 54.
Calder, R.J. Dolan, A neuromodulatory role for the human amygdala [32] L.D. Sanford, S.M. Tejani-Butt, R.J. Ross, A.R. Morrison,
in processing emotional facial expressions, Brain 121 (1998) 47–57. Amygdaloid control of alerting and behavioral arousal in rats:

[26] J.S. Morris, A. Ohman, R.J. Dolan, Conscious and unconscious Involvement of serotonergic mechanisms, Arch. Ital. Biol. 134
emotional learning in the human amygdala (see comments), Nature (1995) 81–99.
393 (1998) 467–470. [33] I. Tobler, Napping and polyphasic sleep in mammals, in: D.F.

[27] E. Nofzinger, M. Mintun, M. Wiseman, D. Kupfer, R. Moore, Dinges, R.J. Broughton (Eds.), Sleep and Alertness: Chronobiologi-
Forebrain activation in REM sleep: An FDG PET study, Brain Res. cal, Behavioral, and Medical Aspects of Napping, Raven, New York,
770 (1997) 192–201. 1989, pp. 9–30.

[28] M.L. Phillips, A.W. Young, S.K. Scott, A.J. Calder, C. Andrew, V. [34] H. Zepelin, Mammalian sleep, in: M.H. Kryger, T. Roth, W.C.
Giampietro, S.C. Williams, E.T. Bullmore, M. Brammer, J.A. Gray, Dement (Eds.), Principles and Practice of Sleep Medicine, W.B.
Neural responses to facial and vocal expressions of fear and disgust, Saunders, Philadelphia, PA, 1989, pp. 30–49.
Proc. R. Soc. Lond. B Biol. Sci. 265 (1998) 1809–1817. [35] J. Zhang, R.M. Harper, R.C. Frysinger, Respiratory modulation of

[29] A. Rechtschaffen, A. Kales, A Manual of Standardized Terminolo- neuronal discharge in the central nucleus of the amygdala during
gy, Techniques, and Scoring System for Sleep Stages of Human sleep and waking states, Exp. Neurol. 91 (1986) 193–207.


