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INTRODUCTION

Studies of the regulation of rapid eye movement sleep (REM) have focused
almost exclusively on the brainstem caudal to the midbrain. Impetus for the
interest in the caudal brainstem, particularly the pons, came from the early work
demonstrating that following brainstem transections through the caudal midbrain,
cats still experienced periodic collapses of muscle tone associated with twitches
and pontine waves (30, 74). However, there were suggestions that the forebrain
might play a role (51). ‘

Two observations stimulated Morrison and Reiner (50) to propose that the
initiation of REM in intact animals might well require interactions among fore-
and hindbrain mechanisms: «) Jouvet (31) had reported that decerebrate cats could
be induced to enter a REM-like state by a number of stimuli not normally sleep-
promoting, such as passing a stomach tube. inserting a rectal probe. opening the
mouth, and passively flexing and extending joints, a finding later confirmed by
Hobson (22). Consequently. Morrison and Reiner (50) suggested that the brainstem,
lacking modulation by rostral structures. might be in an unstable, supersensitive
state. £) In the normal cat. homeostatic mechanisms usually regulated by the
hypothalamus are suppressed during REM (52), and the same could be argued for
the decerebrate cat. Clearly, a central reorganization in the hypothalamus and/or
other rostral structures must take place at or before the transition from non-REM
to REM. Given the decerebrate cat’s abnormal propensity to enter REM, Morrison
and Reiner (50) suggested that midbrain transection serves as a substitute for the
suppression of forebrain control that precedes natural REM.

These ideas did not deny the important role played in REM by the caudal
brainstem but implied that full understanding of the mechanisms initiating and
maintaining REM would require a meore global outlook. Indeed, recent investiga-
tions have revealed interesting effects of forebrain manipulations on REM. Baghdoyan
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et al. (2) demonstrated that the simultaneous infusion of carbachol into cholinoceptive
regions of the basal forebrain and the pons significantly reduced the ability of the
latter to generate a REM-like state. Further, studies by Sakai and colleagues (57)
have revealed that the posterior hypothalamus influences the generation of REM
via descending neural pathways: ibotenic acid lesions induced a 300% increase in
REM during the first post-injection day and released the same reflex-induced
episodes seen after decerebration. Moreover, Marini ef al. (42) reported a selective
enhancement of REM for several days (more episodes rather than lengthened
episodes) following bilateral ibotenic acid lesions of the thalamic nucleus, centra-
lis lateralis.

We chose to study the amygdala. a limbic structure involved in evaluating and
producing behaviora) responses to emotionally significant stimuli (1, 18, 37, 38).
The amygdala has reciprocal connections with the cholinergic basal forebrain (15,
19, 20, 78) and with pontine regions involved in both alerting behaviors and REM
(3, 36,46, 61, 63). In waking, these connections position the amygdala to modulate
cortical arousal and brainstem alerting processes based on stimulus relevance and
on emotional expectations of stimulus importance. In REM. this connectivity
suggests that the amygdala may have a role in modulating the endogenously-
generated activity that resembles that of alert waking, e.g.. low amplitude. high
frequency waves on the electroencephalogram (EEG), hippocampal theta, and
increased brain temperature (48).

As a first step in examining the role of the amygdala in modulating alerting and
REM sleep phenomena. we have looked at the effect of locally manipulating
serotonin (5-HT) in the amygdala. The major serotonergic innervation ol the
amygdala comes from the dorsal raphe nucleus (DRN) with additional input {rom
the median raphe nucleus (MRN) (12). The state-dependent neural activity of the
DRN is well-documented (8, 41, 45, 72), and 5-HT has a role in the regulation of
REM although the exact mechanism(s) of action is not known.

Current thought holds that 5-HT originating in the DRN may have an inhibjtory
role in the generation of REM and one of the state’s signature features, ponto-
geniculo-occipital (PGO) waves, presumably via direct projections to the pontine
generator region (64). However, a recent study (23) found relatively few seroton-
ergic synapses on cholinergic neurons in the pedunculopontine and laterodorsal
tegmentum (PPT/LDT). Further, the researchers observed that the synapses were
asymmetrical, a specialization most often associated with excitation, not inhibi-
tion. Our own work, using microinjection techniques to apply serotonergic drugs
locally into PPT, has yielded equivocal results (56, 59, 60)., except for a significant
reduction in the number of successful REM entrances after microinjections of the
5-HT,, agonist, 8-OH-DPAT (59).

In this study, we microinjected 5-HT and the broad spectrum 5-HT antagonist,
methysergide, locally into the amygdala and examined the effect on behavioral
state and REM phenomena in freely moving rats. In order to compare directly our
behavioral results with the distribution of 5-HT receptors, we measured, in a
separate group of rats, the binding of ["HJCN-IMI (['H]cyanoimipramine) to 5-HT
uptake sites located presynaptically as a measure of 5-HT innervation.
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MATERIAL AND METHODS

Subjects.

The sulyf-:cls were [_9 male Sprague-Dawley rats. The rats were maintained under 12 hr lieht/
dark L_‘nndnums and given ad {ih access o food and water. Some rats served in more than one
experiment.

Surgical procedures.

All surgical procedures were performed stereotaxically under aseptic conditions. Ketamine
(85 mg/kg) and Xylazine (15 mg/kg) were administered intraperitoneally for anesthesia.

The tips of bipolar stainless steel (0.25 mm) electrodes were stereotaxically placed bilaterally
in the vicinity of the locus coeruleus (P 0.3 (intra-aural zero), ML £ 1.0, DV 7.0) (o record the
pontine component of PGO waves (13, 32, 33, 43. 44), The electroencephalogram (EEG) was
recorded from screw electrodes implanted in the skull. The ¢lectromyogram (EMG) was re-
corded by stainless steel wire electrodes implanted in neck muscles. Guide cannulae (26 ga.) for
microinjections were bilaterally implanted with their tips ahmed 1.0 mm above the amygdala (A
0.7 (intra-aural zero), ML £ 4. DV 7.0), Leads from the recording electrodes were routed 10 a
nine pin miniature plug that mates to one attached to a recording cable. The recording plug,
cannulae and stimulating electrodes were affixed to the skull with dental acrylic and anchor
SCTEWS.,

Drug injection regimen for 5-HT,

The rats (N=11) were allowed to exhibit two complete sleep cycles after which 5-HT (1.5
mM) or saline was microinjected into the amygdala during REM or NREM. Microinjections
were administered at a rate of 0.1 ul/min and were terminated after one minute or a change of
state, whichever came first. Microinjections in different sleep episodes were separated by at least
30 min. and no more than 0.5 il was injected in any one six-houy recording period. Seven days
elapsed between successive experimental conditions.

Drwg injection regimen for methysergide.

The rats (N=10) were allowed to exhibit two complete sleep cycles after which 0.4 pl saline
alone or methysergide (1.0 mM solution) was injected during non-REM (NREM). Microinjec-
tions were given at a rate of 0.1 pul/min. All drug injections were administered in a counterbal-
anced order. Seven days elapsed between successive doses.

Microinjection procedures.

The experiments used remotely controlled microinjections so that drugs could be adminis-
tered in NREM and REM. Injection cannulae (30 ga.) were fitted to 60 ¢m lengths of PE 20
tubing. The tubing and cannulae were filled with the solution to be injected and the free epd of
the tubing was attached to a 1.0 ¢l Hamilton syringe. An air bubble was allowed to form in the
line so that fluid movement could be verified. For electrophysiological recording the cable was
attached 1o the plug on the rat’s head. The injection cannulae were secured in place in the guide
cannulae. The rat was then allowed free movement inside the recording cage. When the rat was
in the desired state, the microinjections were delivered using a custom-made syringe pump with
a remote control feature. The pump was guiet and did not awaken the rats.

Two procedures were used to control for the possibility of drug diffusion prior to injection.
First, each drug injection was matched with an appropriate saline injection. Second, the rats were
allowed to have two sleep cycles prior to microinjecting either drug or saline. Comparing pre-
injection recordings from saline and drug conditions allowed us to determine whether there was
an effect of diffusion on any particular day. If the pre-injection recordings did not differ,
comparisons between saline alone and drug conditions were made using the post-injection
recordings with assurance that the drug was administered at the desired time.
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Polygraph recording.

Six-hour polygraph studies were conducted. For recording, the rats were connected to a
lightweight shielded cable routed to a Grass Model 79 polygraph equipped with 7P38 amplifiers.
The amplified signals from the two PGO channels were sent into an A/D converter and processed
by DataWave, Experimenter’s Workbench software. PGO waves were detected using a threshold
crossing criterion, and their amplitudes were stored for further analyses. The clectrophysiologi-
cal data and video record of each rat’s behavior were stored on videotape using a Telefactor
Modac-1 recorder.

Scoring behavioral state.

Waking, NREM and REM were determined by trained observers from the paper record
produced by the Grass polygraph using standard EEG and EMG criteria and PGO wave activity
in conjunction with the videotape record of behavior. The record of behavioral state was
synchronized to the computer file containing PGO wave information. This allowed PGO wave
amplitude and frequency to be determined for specific states. and it allowed episodes of waking
with movement artifact to be discarded from the analysis.

Behavioral arousal was scored when changes in electrophysiological signals indicated an
abrupt change from NREM or REM to waking and/or there was an immediate change from a
sleeping posture to aclivity.

Analyses of hehavioral stare.

The sleep/wake cycle under pre-injection and post-injection conditions was examined. Saline
and drug pre-injection records were compared to determine whether behavioral state had been
altered prior to drug injection. Saline and drug post-injection records were examined to detect
alterations in sleep and waking states due to specific drug effects. The measures used were: total
recording period (TRP), time spent asleep (TSA). sleep efficiency (TSA/TRP). NREM percent-
age (NREM time/TSA). REM percentage (REM time/TSA). number of REM episodes and mean
duration of REM episodes.

Autoradiographic studies.

Preparation of tissue sections. A group of control rals (Sprague-Dawley, 90 day old. 300 gm)
was decapitated and their brains were Irozen on powdered dry ice and stored at -70°C until
sectioned. Coronal sections (20 pm) were cul on a eryostat at - 157C, at the level of Paxinos and
Watson (53) plates 49 and 52, thaw-mounted onto gelatin-coated slides (2 sections/slide) and
desiccated overnight at 4°C. These slide-mounted sections were then stored at -70°C until
assayed.

[THJCN-IMI binding to uptake sites for S-H7T. The hinding of ['"H]JCN-IMI to uptake sites for
5-HT was measured by autoradiography using the method of Kovachich et al. (34). Sections
were incubated with 0.3 nM ['"H|CN-IMI (New England Nuclear) in Tris buffer (50 mM Tris,
150 mM NaCl), pH 7.4, for 24 hr at 4°C. Non-specific binding, defined using 5 uM sertraline,
was less than 10% of total binding. Following incubation. sections were washed in cold buffer
for 60 min. dipped into cold water and dried. Sections were loaded into cassettes for 2-3 weeks
depending on the regions of the brain.

Quantitation of autoradiograms. All films were developed using Kodak GBX developer (3
min), dipped in water, and hxed in Kodak GBX fixer (6 min) at room temperature. The
autoradiograms were analyzed on a DUMAS (Drexel Unix-based Microcomputer Imager Analy-
sis System) densitometer using the Brain software package (14). Plastic embedded tritium
standards (American Radiolabelled Chemicals. St Louis, MO) calibrated using hrain-mash
sections were used for quantitation (16, 17). Binding of ['H]JCN-IMI in the amygdala was
compared to that in DRN. a major 5-HT cell body area (34).

Histological procedures for rats studied in behavioral experiments.
The rats vsed in the behavioral experiments were overdosed with sodium pentobarbital (50-
100 mg/100 gm intraperitoneally) and perfused intracardially with 9% saline and 10% formalin.
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Evans blue dye of equal volume to the experimental microinjections was infused (o assist in
locating the injection site. The brains were processed (o determine cannula and electrode
placements. For this purpose the brains were embedded in celloiding 40 um slices were made
through the areas of interest, and the sections were stained with cresyl violet.

RESULTS

1. Microinjections of 5-HT.

Alterations in behavioral state. - Microinjections of 5-HT during REM signifi-
cantly decreased the latency to a change of state to either waking or NREM
compared to saline, /(10) = 244, p < .035 (Fig. 1A). This is demonstrated
polygraphically in Figure 2. Microinjections of 5-HT during NREM also signifi-
cantly decreased the latency to a change of state to either waking or REM com-
pared to saline, 1(10) = 2.49. p < .032.

Whereas microinjections of 5-HT had significant effects in both REM and
NREM, the relative effect on behavioral state and the time course of the effect
varied considerably by state. Microinjections of 5-HT during REM resulted in
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Fig. | - A, Mean latencies to change of stare after microinjectiony of saline or 5-HF. 5-HT produced
shortened latencies when injected mm hoth REM and NREM although the effect was much more
pronounced in REM.

B. Mean latencies to arousal after injections of saline or 5-HT during REM and NREM. No
analyses were conducted on these data because not all animals aroused. Vertical bars indicate standard
error of the mean.
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behavioral arousal on 65% of the trials compared to 46% for saline in REM, and
38% for saline in NREM and 42% for 5-HT in NREM. The latencies to behavioral
arousal were generally shorter after 5-HT (Fig. 1B). These data were not analyzed
statistically because behavioral arousal was not observed in some rats in all
conditions.
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Fig. 2. - Excerpts from polygraph recordings after microinjection into the amygdala of safine (A:
NREM: B: REM) and 5-HT (C: NREM: D: REM).

Note the abrupt arousal after microinjection of 5-HT into the amygdala during REM (D). In
contrast, microinjections of 3-HT during NREM produced arousal less frequently and did not prevent
the entrance into REM (C). Note the arousal from REM (D) produced by 5-HT injected into the
amygdala. The break displayed in C represents 10 min of continuous recording. The solid triangles
indicate microinjection onset.

The relative effectiveness of microinjections in producing a change of state from
REM and NREM at different post-injection latencies was analyzed using the
Kolmogorov-Smirnov test for cumulative distribution functions. The time course
for microinjections of 5-HT in REM differed significantly from saline in REM (p
< .028), saline in NREM (p < .005) and 5-HT in NREM (p < .028). There were no
significant differences between 5-HT and saline injections in NREM or between
the two saline conditions. For example, 62% of microinjections of 5-HT during
REM resulted in a change of state within 60 sec compared to 15% after saline (Fig.
3). In contrast, 29% of microinjections of 5-HT during NREM resulted in a change
of state within 60 sec compared to 25% after saline (Fig. 3).

Sleep architecture. - Sleep architecture over the entire 6-hour recording period
was analyzed using dependent /-test procedures for planned comparisons. There
were no significant differences between 5-HT and saline in any of the measures we
examined (Table 1).



AMYGDALOID INFLUENCE ON SLEEP 87

Table 1. - Sleep architecture after microinjections of saltne or S-HT into the amygdata.

Saline 5-HT
Mean SD Mean 5D
Total REM 48.5 13.4 50.3 13.8
Sleep efficiency 61.1 10.3 63.6 8.5
REM % 13.6 3.7 14.2 3.7
REM duration 2.6 0.8 2.6 0.3
REM count 19.0 4.2 19.5 3.6

PGO waves. - PGO waves were not analyzed due to the short durations of many
of the REM episodes after microinjections ot 5-HT. There were not enough
episodes of sufficient duration to allow samples adequate for statistical purposes.

2. Microinjections of Methvsergide.

Sleep achitecture. - The effects of microinjections of methysergide on sleep
architecture are presented in Table 2. Comparisons were made with dependent 7-
test procedures for planned comparisons. Methysergide significantly increased,
1(9) = 3.22, p < 011, sleep efficiency, but no other significant changes were
observed in the sleep architecture parameters we measured.

Table 2. - Sieep architecture after microinjections of saline or methvsergide into the amyedala.

Saline Methysergide

Mean SD Mecan SD
Total REM 49,7 17.6 49.6 16.9
Sleep efficiency 71.5 8.0 80.0 Full*
REM % 25.7 7.3 25.0 6.0
REM duration 3.1 0.8 2.9 0.4
REM count 174 6.7 16.6 4.3
*g < 011,

PGO waves. - Usable PGO wave recordings were obtained in 9 of the 10 rats
microinjected with methysergide. Pre-injection saline and pre-injection methysergide
conditions for waking., NREM and REM were compared using dependent 7-tests.
The post-injection data were analyzed for each behavioral state with a 2 (Drug
Condition) X 4 (Recording Period: 30 mins post-injection, 31-60 minutes post-
injection and remaining time) within subjects ANOVA.,

There were no significant differences hetween PGO wave frequency in the pre-
injection condition for any state. The Drug Condition main effects were significant
for waking and NREM. Methysergide significantly increased overall PGO wave
rate in waking (M =6.0+ 0.9 vo M =34+ 0.8). /(1. 8) =5.61, p<.045, and
NREM (M =65+ 1.1 vs M =27+0.3), F (I, 8) =579, p<.043, compared to
saline. The time course ol the effect of methysergide on PGO waves in NREM is
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Fig. 3. - Percentage of injections in REM and NREM producing a change of state graphed cumula-
tively across time demonstrating the dramatic effect of 3-HT microinjections in REM compared to 5-
HT injections in NREM or saline injections in etther REM or NREM.

shown in Figure 4. Figure 5 presents a polygraphic recording demonstrating the
increase in PGO waves in NREM after methysergide. No significant drug effects
were observed on PGO wave frequency in REM (M = 148+22vs M =119 =%
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Fig. 4. - PGO wave frequency measured prior to injections of saline or methysergide and at 4 post-
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Vertical bars indicate standard error of the mean.
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[.7). Neither the Recording Period main effects nor the Drug Condition X Record-
ing Period interactions reached significance in any of the analyses.
No significant change in PGO wave amplitude was observed in any state.

Fig. 5. - Polvgraph record showing NREM after saline (A) and after methysergide (B) microinjected
into the amygdala.

Both excerpts are records from the same animal at approximately 12 min after injection. Note the
striking increase in PGO wave frequency after methysergide (B), though the effect was most dramatic
in this rat.

3. Binding studies.

The results of the binding studies are summarized in Table 3. Quantitative
autoradiographic analysis of ['H|CN-IMI binding to 5-HT uptake sites indicated
moderate innervation in the central, medial and lateral nuclei with relatively
greater innervation in the basolateral nucleus.

Table 3. - Binding to (SH)CN-IMI in the amygdala. Mean and SEM are indicated.

Region ("H)CN-IMI binding
(tmol/mg protein)

Basolateral N. - 1300 £ 31

Central N. 4 300+ 14

Lateral N. 4 350 £23

Medial N. 4 736 + 28

4. Histology

Figure 6 presents representative photomicrographs of electrode placements in
the brainstem that successfully recorded PGO waves (A) and cannula placements
bilaterally in the amygdala (B). Figure 7 presents line drawings encompassing the
histological location of the injection sites in the amygdala for all animals micro-
injected in either the 5-HT (A) and/or the methysergide (B) protocols.
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Fig. 6. - Photomicrograph of a representative cannula placement in the amygdala (A) and recording
electrode placement in the pons (B).

Arrows indicate individual tips of bipolar recording electrode. BLA, basolateral amygdaloid
nucleus. anterior: BMA. basomedial amygdaloid nucleus. anterior; LC. locus coeruleus: MeAD,
medial amygdaloid nucleus. anterodorsal.

DISCUSSION

Role of amygdala in sleep and behavioral arousal.

The results demonstrate that the amygdala is involved in the modulation of
behavioral state and that 5-HT has a role in this modulation. Microinjecting 5-HT
into the amygdala during NREM or REM produced short-latency changes of state
either to another sleep state or to behavioral arousal, with the effect being more
pronounced after injections during REM. Serotonin did not significantly alter
overall sleep architecture. Microinjecting methysergide, a broad spectrum 5-HT
antagonist, during NREM increased the relative amount of sleep (sleep efficiency)
without significantly altering other measures of sleep architecture.
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Fig. 7. - Line drawing illustrating the microinjection sites (cross-hatched region) for all rats studicd
with 5-HT (A} and methvsergide ().

Note that some rats were used in both studies. AAD. anterior amygdaloid area, dorsal; AAV,
anterior amygdaloid area. ventral; Cel., central amygdaloid nucleus, lateral; CeM, central amygdaloid
nucleus, medial; D3V, dorsal third ventricle; La. lateral amygdaloid nucleus; LaVM, lateral amygda-
loid nucleus, ventromedial; MeA. medial amygdaleid nucleus, anterior. Plates adapted from Paxinos
and Watson (53).

The current results differ from those we have obtained after microinjecting
serotonergic drugs into the brainstem. Microinjecting 5-HT into the vicinity of
LDT in rats reduced REM episode duration and inhibited the overall amount of
REM (25). Similarly, microinjections of the 5-H'T,, agonist. 8-OH-DPAT, into
PPT of cats reduced the number of successfully maintained REM episodes without
reducing attempts to enter REM (59). In the present study. microinjections of 5-
HT into the amygdala during NREM did not prevent subsequent entrances into
REM, but microinjections during NREM and REM did shorten episode duration,
often dramatically. It is possible that the effect of the microinjection during REM
may mimic to some degree processes that naturally occur in the amygdala because
the DRN resumes firing near the termination of REM (72). Such an increase could
also accompany behavioral arousal from NREM where DRN firing occurs, but is
reduced compared to that of waking (8, 41, 45, 72). Together, our findings of
different effects from manipulations of 5-HT in forebrain and hindbrain regions
suggest that REM initiation and maintenance may be modulated by 5-HT acting in
different brain regions.
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Amygdaloid modulation of alerting.

PGO wave activity appears to be related to attentional and informational pro-
cesses. In cats, the largest amplitude elicited PGO waves in waking occur during
alerting situations or in response to novel stimuli (5. 58). These behavioral obser-
vations are bolstered by cellular studies indicating that activity in the pontine PGO
wave-generator region blocks the synchronized mode of thalamic spindle genera-
tion, thereby facilitating information transfer to the cortex (66); and the demonstra-
tion that carbachel activation of cells in PPT produces hippocampal theta rhythm
(73). We have proposed that the presence of a PGO wave reflects the registration
of a stimulus by the brain. and that wave amplitude reflects the level of activation
so that stimuli that elicit alerting responses such as orienting also elicit higher
amplitude PGO waves (58).

The amygdala is anatomically situated to modulate brainstem alerting mechanisms
(3,36,46, 61, 63) based on stimulus characteristics. It may have arole in attentional
processes (15). Further, the amygdala plays a role in investing sensory events with
emotional significance (18, 27, 76) and in evaluating the emotional significance of
stimuli and Initiating appropriate responses (I, 18, 37, 38). The amygdala also is
critical to the formation and expression of conditioned fear (11),

Several lines of evidence suggest a functional connectivity between the amygdala
and PGO wave generator regions. Electrical stimulation of the central nucleus of
the amygdala increases PGO wave frequency during REM in cats (6). Additionally,
PGO waves can be recorded from the basolateral amygdala temporally later than
PGO waves recorded from LGB during REM in cats (7). Single-unit activity in the
lateral amygdala (4) and the central nucleus (55) increases during REM. This
increase in unit activity may be related to the role of the amygdala in PGO waves
{4). Because cells in the amygdala respond to novel and significant stimuli affect-
ing different sensory modalities (38), the amygdala might provide a mechanism hy
which stimuli with emotional attributes could influence alerting responses.

We found that the local microinjection of methysergide into the amygdala
increased PGO wave frequency in waking and NREM, possibly by antagonizing
serotonergic input from DRN. The failure of methysergide to increase PGO waves
in REM is not surprising considering the normally suppressed firing of the DRN
in REM (8. 41, 45. 72). Thus, one would not expect that antagonizing 5-HT in the
amygdala would have the same effect in REM. when 5-HT already would be
areatly reduced or absent. In contrast, Calvo et al. (6) provided exogenous stimu-
lation of the central nucleus which in turn increased PGO wave activity during
REM.

We were unable to determine statistically the effects of 5-HT on PGO waves
because there were not enough REM episodes of sufficient duration under the drug
condition to obtain an adequate representation of PGO wave activity. Anecdotally,
in some of the longer REM episodes there did appear to be a suppression of PGO
wave activity. However, because there were few of these episodes and because
PGO waves can be a low probability event in rats, this evidence is suggestive al
best.
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The present results regarding PGO waves contrast with those we have found
after microinjecting serotonergic drugs into the brainstem PGO-generator region.
In cats we have been unable to inhibit PGO waves without aliering behavioral state
using microinjections into PPT of 5-HT agonists (59). Similarly, we have been
unable to release them consistently with micreinjections of 5-HT antagonists (56).
In rats, we were not able to alter the responsivity of auditory-elicited PGO waves
with microinjections of the 5-HT, , agonist. 8-OH-DPAT, into PPT, and we con-
currently found PPT to have moderate 5-HT innervation but few 5-HT, |, receptor
sites (60). By comparison, in LDT, where 5-HT has been demonstrated to hyper-
polarize “burst” neurons in vitro (40), there is a relatively extensive 5-HT inner-
vation and a moderate number of 5-HT,, receptor sites (60). [t has also been
demonstrated that 5-HT, receptor sites are closely associated with cholinergic cells
in LDT/PPT (47). Our laboratory currently is examining how manipulation of
serotonergic mechanisms in this region affects PGO wave generation in rats.

Behavioral arousal vs. alerting.

The seemingly contradictory effects of 5-HT on mechanisms of behavioral
arousal and alerting deserves comment. One would expect alerting and behavioral
arousal to be linked, yet 5-HT in the amygdala increased the tendency to behavioral
arousal, whereas a 5-HT antagonist increased an indicator of alerting, the PGO
wave. The paradoxical nature of REM suggests that alerting and behavioral arousal
can be distinguished. This is best demonstrated in cats with the atonia of REM
eliminated by pontine lesions. These cats can behaviorally orient to external
stimuli without awakening during REM without atonia (49). An aberration of the
linkage may be involved in narcolepsy. which can be produced by stimuli with
emotional content (21).

Based on numerous studies in the literature, we expected 5-HT to inhibit the
generation of the PGO wave. a sign of alerting (5. 58), but the most obvious effect
appeared to be on behavioral arousal. Studies of unit activity in DRN and MRN
suggest a possible resolution to this puzzle. The activity of some DRN and MRN
neurons is suppressed during, and for several scconds following, orienting to
visual and auditory stimuli (26). The typical orienting response of cats is to turn
the head or rotate the ear pinna toward the source of the stimulus. At this time, all
other overt movement is usually suppressed. The suppression of DRN unit activity
also often accompanies the appearance of PGO waves (8, 41, 45, 72). Thus, it may
be that 5-HT inputs into the amygdala may act as a trigger to resume other
behavioral activity after the pause in that behavior during orienting. Hence, during
a period of spontancous PGO wave occurrence, i.e., REM, the effect of exogenous
5-HT on behaviora) arousal could be regarded as an extension or exaggeration ol
its usual role in waking.

Anatomical basis of amygdaloid modulation of behavioral state.

The amygdala has anatomical connections that provide a possible substrate for
control of behavioral state. The central nucleus projects to several brainstem
regions implicated in the generation of REM and PGO waves. A major pathway
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originating in the central nucleus and projecting to the lateral parabrachial region
of the pontomesencephalic tegmentum has been demonstrated in several species
including rats (3. 36, 46, 61) and cats (36, 71). This region has recently been
demonstrated to have an important role in the generation of REM and PGO waves.
Microinjections of the chelinergic agonist carbachol into the parabrachial region
of cats produces increased REM and PGO waves (hat persist over a period of
several days (9, 10). In rats, reciprocal projections have been demonstrated be-
tween the amygdala and PPT, LDT and the locus coeruleus (29, 54, 63, 75). In cats,
these areas are implicated in the control of REM and PGO wave generation (65):
and similar reciprocal projections with the amygdala have been demonstrated (24,
71).

Connections of the amygdala to other forebrain regions may also be important.
It projects to and receives input from cholinergic regions in the basal forebrain in
rats (15, 19, 20, 78) which, in turn, has reciprocal connections with the brainstem
reticular formation including PPT/LDT (28, 29, 39, 62, 67.77). The basal forebrain
of cats contains neurons that have increased firing in REM and alert wakefulness,
as well as a group of neurons that increase firing at sleep onset and during NREM
(69, 70). Cells with similar state-related firing patterns have also been found in the
anterior hypothalamic and medial preoptic areas in rats (35). The existence of these
cells suggests that the basal forebrain contains neurons that may promote sleep as
well as neurons that are involved in cortical activation (68, 70). Given the dem-
onstrated role the basal forebrain plays in arousal, the reciprocal connections
between the amygdala and basal forebrain may well be involved in the amygdaloid
modulation of behavioral arousal that we observed.

Site of action for 5-HT.

The results of our autoradiographic studies suggest that the basolateral nucleus
has relatively denser serotonergic innervation than the central. medial and lateral
nuclei. Studies using immunocytochemical techniques have also demonstrated
relatively heavy 5-HT innervation in the basolateral, lateral and medial nuclei and
in the medial edge of the central nucleus, with much lower density in the lateral
central nucleus (12). Although there were variations in actual injection sites, given
the volume we injected, there could casily have been diffusion into regions with
the greatest serotonergic innervation. e.g.. the basolateral nucleus. Further work
will be required to determine the precise site(s) ol action of 5-HT in the amygdala.

Conelusion.

The present study indicates that serotonergic mechanisms in the amygdala have
a role in modulating alerting and behavioral arousal. The amygdala provides a
potential mechanism by which emotion may influence alerting behaviors and
arousal state. These findings suggest that one should not focus entirely on the
brainstem in attempting to delineate the mechanisms underlying the control of
REM sleep. Taken together, our results and those examining serotonergic mecha-
nisms in the brainstem suggest that forebrain and brainstem regions may work
together to regulate REM initiation and maintenance.
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SUMMARY

The role of 5-HT mechanisms in the amygdala in the modulation of sleep and
arousal states and PGO waves was examined. Studies of the amygdala suggest that
it provides a neural mechanism by which emotionally-relevant or significant stimuli
may influence behavioral state and alerting mechanisms. The amygdala projects
massively (via the central nucleus) into brainstem regions involved in alerting and
in the generation of REM and PGO waves. Serotonergic innervation of the amygdala
comes from DRN and to a lesser degree MRN. Microinjections of 5-HT into the
amygdala produced short-latency changes of state from NREM and REM with the
effect being relatively greater in REM. Microinjections of the 5-HT antagonist,
methysergide, increased slecp cfficiency and increased PGO wave frequency in
waking and NREM. These results demonstrate an important role for the amygdala
in the control of behavioral state and alerting mechanisms and suggest that 5-HT
exerts some of its regulatory effects via an influence on forebrain regions.
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