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Abstract

GABA, glutamate, and glycine release in the locus coeruleus were measured as a function of
sleep/wake state in the freely-behaving cat using the microdialysis technique. GABA release was
found to increase during rapid-eye-movement sleep as compared to waking values. GABA release
during slow-wave sleep was intermediate between that of waking states and rapid-eye-movement
sleep. The concentration of glutamate and glycine in microdialysis samples was unchanged across
sleep and wake states. Our findings are consistent with the hypothesis that GABAergic inhibition
is responsible for the cessation of discharge in locus coeruleus neurons during REM sleep.

The data suggest that a population of GABAergic neurons innervating the locus coeruleus are
selectively active during rapid-eye-movement sleep.
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The locus coeruleus (LC) and peri-locus coeruleus (p-LC) nuclei in the cat contain
noradrenergic neurons that project to widespread areas of the forebrain, brainstem and
spinal cord. The activity of these neurons is thought to play an important role in cortical
desynchronization, vigilance, response to stressors, regulation of hormone release, and in
orienting and alerting behaviours.>10.18.22

Noradrenergic neurons of the cat LC and p-LC exhibit their highest rates of firing during
active waking (1-2 Hz), fire tonically during quiet wake (0.5-1.5 Hz), slow considerably
during slow-wave sleep (SWS) (0.3-0.7 Hz), and cease firing during rapid-eye-movement
(REM) sleep.35:36:38 This REM-off pattern of activity is found in noradrenergic LC
neurons, serotonergic raphe neurons,23 and histaminergic neurons of the tuberomammillary
nucleus.*’

Several lines of evidence suggest that this pattern of activity is permissive to the induction
of the REM sleep state in the cat. Stimulation of the LC promotes wakefulness.812.16

*To whom correspondence should be addressed.
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Localized cooling of the LC promotes REM sleep.8 Microinjection of beta-adrenoceptor and
alpha-2 antagonists into the pontine reticular formation (PRF) increases REM sleep time.”43
In addition, LC stimulation inhibits the activity of sleep-active neurons and increases the
activity of waking-active neurons in the rat preoptic area (POA).31 Microinjection of the
beta-adrenoceptor agonist isoproterenol into the POA induces wakefulness.2? Thus, the
noradrenergic nuclei of the LC appear to inhibit REM sleep production and promote
wakefulness at many levels of the brain.

The REM-off pattern of activity may also be an important function of REM sleep.

Data suggest that the sensitivity*4 and density25:26 of cortical beta-adrenergic receptors

is decreased by REM sleep deprivation lasting 72 or 96 hours. This effect is not seen

when sleep deprivation lasts longer than seven days.3*45 According to one hypothesis,*?
the constant release of norepinephrine during wake and SWS produces a desensitization of
post-synaptic adrenoceptor mechanisms. REM sleep is thought to offer the only period for
up-regulation/re-sensitization of adrenoceptors.

The importance of the near cessation of activity of LC noradrenergic neurons for REM sleep
initiation is clear; however, the mechanism producing this pattern of activity is unknown.
The near cessation of activity could occur through disfacilitation or through inhibition.
However, LC neurons exhibit spontaneous activity in the slice preparation.1:59 In addition,
the reduced activity of LC neurons during REM sleep is maintained in the presence of local
field potentials associated with increased LC unit discharge during waking.3 Thus, it is likely
that active inhibition of LC neurons is, at least in part, responsible for their reduced firing in
REM sleep.3

Among the compounds that can inhibit LC unit activity are the inhibitory amino acids
GABA and glycine.2419:32.35 The GABAergic input from the praepositus hypoglossal (PrH)
nucleus is one of two primary inputs to the area of the LC containing noradrenergic cell
bodies in the rat.# Stimulation of this pathway potently inhibits noradrenergic cell firing /in
vivo.? In addition, a population of GABAergic neurons has been identified in the dorsal
pontine tegmentum, including the LC nucleus.1®> Glycine-immunoreactive boutons have
been identified within the LC nucleus.!1

In this study, we tested the hypothesis that GABA and/or glycine release in the LC is
responsible for the cessation of discharge in LC neurons during REM sleep. To this end,
we employed the microdialysis technique in freely-behaving cats to measure the release of
GABA and glycine across the sleep/wake cycle. This technique has been used successfully
to detect changes in neurotransmitter release in several areas of the cat brain as a function
of sleep/wake state.17-3348:49 Glytamate was also measured to assess its possible role in
disfacilitation of LC and p-LC noradrenergic neurons during REM sleep.

EXPERIMENTAL PROCEDURES

Experimental procedures were conducted in accordance with NIH guidelines on the use and
care of animals.
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Surgery was performed on four mongrel cats using sodium pentobarbital anaesthesia (35
mg/Kkg i.p.) and sterile conditions. Screw electrodes were placed in the posterior orbit

and sensorimotor cortex for the recording of eye movements and electroencephalographic
(EEG) activity. Tripolar electrodes were implanted into the lateral geniculate nucleus for the
recording of ponto-geniculo-occipital spikes. Flexible stainless steel wires were inserted into
the neck musculature for the recording of electromyographic (EMG) activity. Stainless steel
guide cannulae (21-gauge thin wall) were stereotaxicallv implanted at a 36 degree angle to
vertical at sites 1 mm above the LC and p-LC at two brainstem levels known to contain
noradrenergic neurons in the cat.1540 Coordinates for the two sites were®: P 2.1, L 2.2, V 0.5
and P 3.1, L 2.5, V 1.6. All cannulae and electrodes were secured to the skull with dental
cement.

At least two weeks following surgery, animals were connected to a recording cable for
polygraphic recording and a 50 mm concentric microdialysis probe with a 2 mm semi-
permeable membrane 0.27 mm in diameter was inserted to a position 3 mm beyond the tip
of the guide. The probe was perfused at a rate of 2 pl/min with artificial cerebrospinal fluid
of the following composition: 145 mM Na*, 2.7 mM K*, 1.0 mM Mg?*, 1.2 mM Ca?*,
152.1 mM CI7, 2.0 mM NayHPOQOy4, pH 7.4. The interval between probe insertion and sample
collection was 17 h. Microdialysis samples were then collected from immediately adjacent
4-10 min periods of SWS, REM sleep, quiet wake and active wake.

SWS and REM sleep were identified by standard criteria.%6 During quiet wake, cats were
lying down with raised head or in the sphinx posture. Active wake was elicited by engaging
cats in play behaviour using a string and consisted of continuous motor activity.

Sample collection was timed precisely by the use of an Eicom fraction collector
incorporating a 10 minute delay to allow for the time for perfusate to travel from the tip
of the probe to the outlet of the tubing. Samples were immediately frozen on dry ice and
stored for subsequent analysis.

Content of the amino acids glutamate, glycine, and GABA in microdialysis samples was
analysed by high-performance liquid chromatography with electrochemical detection using
a system manufactured by Eicom. The system employed a 4.6 x 150 mm C18 separation
column (Rainin) and a glassy-carbon electrode held at +700 mV. Portions of the collected
samples were reacted with 5 pl 4 mM o-pthaldialdehyde and 2-mercaptoethanol for 2 min
before injection onto the separation column. The volume of samples injected onto the
column in this study varied between 8 and 20 pl. The mobile phase flow rate was set at
either 1.0 or 1.2ml/min. The mobile phase consisted of 0.1 M sodium phosphate buffer with
35% methanol at a pH between 6.06 and 6.14. The pH of the mobile phase was adjusted

to obtain the best separation of the compounds of interest. Separation of the GABA peak
was especially dependent on precise maintenance of the pH. The assay was able to detect
10 fmoles of the amino acids glutamate, glycine and GABA with a signal/noise ratio of 3:1.
Neurotransmitter concentrations were calculated by comparing peak heights of glutamate,
glycine, and GABA in microdialysis samples with peak heights of known concentrations of
the same compounds analysed on the same day.
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Microdialysis samples were collected during 17 separate sleep/wake cycles. Within each of
these cycles, individual samples were collected from periods of SWS, REM sleep, and wake
that were immediately adjacent in time. Thus, statistical comparisons were always made
between samples collected using the same microdialysis probe over a period of less than or
equal to 30 min. This design overcomes potential confounds caused by comparing samples
collected at different intervals following implantation of the microdialysis probe, since the
recovery rate of microdialysis probes decreases over the course of experiments. In addition,
the potentially confounding effects of circadian temperature or hormone-release rhythms on
neurotransmitter release is minimized by this design.

Animals were killed using deep sodium pentobarbital anaesthesia (50 mg/kg i.p.) and
the brains removed for histological verification of microdialysis collection sites. 50 (um
brainstem slices from the pons were stained with Neutral Red.

In one case, slices were immunohistochemically stained for tyrosine hydroxylase using the
following technique: 1) 48 h incubation in 0.1 M Tris—saline with antiserum to tyrosine
hydroxylase (1:5000) (Eugene Tech) in 1% normal horse serum and 0.25% Triton X-100; 2)
2.5 hin 1:200 goat anti-rabbit IgG: 3) 2h in 1:100 avidin—biotin complex; 4) visualization by
Vector diaminobenzidine Kit.

Histological identification

Samples were collected from six microdialysis sites in four cats. Histological analysis
indicated that the membranes of all six microdialysis probes were positioned on the
borderline of the LC nucleus or within the p-LC. Each of these areas contains concentrations
of noradrenergic neurons in the cat!®49 (see Fig. 1A). Figure 1B and C depicts the
placement of a microdialysis probe within a population of neurons on the border of the

LC staining positively for tyrosine hydroxylase. Except for the area of tissue displacement
directly surrounding the probe point, the integrity of the noradrenergic LC neurons was
maintained. Thus, the borderline position of this probe permitted collection of extracellular
constituents from noradrenergic neurons while minimizing damage to the nucleus.

Dialysate amino acid concentrations

The concentration of GABA across all samples (7=51) was 1.6 + 0.3 fmoles/ul. Glutamate
and glycine concentrations were 0.901 + 0.20 (/7=48) and 0.489 + 0.14 (/7=42) pmoles/ul,
respectively. It was possible to compare the concentration of GABA, glutamate (six sample
pairs each), and glycine (four sample pairs) in samples collected from adjacent periods

of quiet wake and active wake. GABA concentration (in fmoles/ul £ S.E.M.) in these

quiet wake and active wake sample pairs was, respectively, 1.26 + 0.31 and 1.40 + 0.31.
Glutamate concentration (in pmoles/ul £ S.E.M.) in quiet wake versus active wake samples
was 0.71 £ 0.29 and 0.73 = 0.29. Glycine concentration (also in pmoles/ul + S.E.M.) was
0.92 + 0.43 and 0.85 £ 0.44 in quiet versus active wake. No consistent differences in the
release of GABA, glutamate, or glycine were seen and paired #tests indicated no significant
changes in the release of any of the three neurotransmitters as a function of activity level
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during waking. Therefore, active and quiet waking values were combined for comparison
with SWS and REM sleep values.

Release of GABA was analysed across 17 sleep/wake cycles collected from six
microdialysis sites. We found a significant increase in GABA release during REM sleep

as compared to SWS and waking values (REM vs SWS, £<0.05; REM vs wake, A<0.005.
ANOVA with Newman-Keuls post hoc ttests) (Table 1). GABA levels were, on average,
higher during SWS than in wake samples. This difference approached statistical significance
(P=0.06). Figure 2 depicts GABA peaks in microdialysis samples collected from SWS,
REM sleep, and wake. Table 2 lists GABA content in microdialysis samples collected over
the course of two consecutive sleep/wake cycles at a single site.

Release of glutamate and glycine was analysed across 16 and 14 sleep/wake cycles
respectively. Mean glutamate concentrations (= S.E.M.) in SWS, REM sleep, and wake
microdialysis samples were, respectively, 0.90 + 0.20, 0.95 + 0.22, and 0.88 + 0.20
pmoles/ul. Mean glycine concentrations (x S.E.M.) in samples collected during SWS, REM
sleep, and wake were, respectively, 0.45 + 0.14, 0.48 £ 0.13, and 0.54 £+ 0.16 pmoles/pul.
Glutamate and glycine concentration was unchanged as a function of sleep/wake state as
determined by ANOVA.

DISCISSION

Glycine concentration in our samples was unchanged as a function of sleep/wake state. The
present data suggest that glycine does not mediate changes in the state-dependent firing of
noradrenergic LC neurons.

We found no significant reduction in glutamate concentration in samples collected during
REM sleep. In fact, mean levels were higher in REM sleep than in waking. Thus, the
cessation of firing of LC neurons during REM sleep is unlikely to be mediated by
disfacilitation by an excitatory glutamatergic input.

Glutamate projections from the medullary nucleus paragigantocellularis (PG) are known to
mediate the phasic excitation of LC unit activity in response to some environmental stimuli.®
Furthermore. the behaviours elicited during active wake in this study (arousal to the opening
of the cage door, orienting responses associated with high motor activity) are associated
with increased LC unit activity in the cat.3° Therefore, we expected to find increases in
glutamate release during active wake as compared to quiet wake, SWS, or REM sleep.

One explanation for our not finding significantly increased release of glutamate during
active wake is that the behaviours elicited in this study during periods of active wake were
insufficient to increase the activity of glutamatergic neurons projecting to the LC. On the
other hand, the microdialysis technique may be incapable of resolving small changes in
naturally-occurring glutamate and/or glycine release. In the absence of chemical, electrical,
or mechanical stimulation of the brain, the percentage of synaptically-released glutamate
(and possibly glycine) in microdialysis samples may be small relative to the percentage of
these compounds used in metabolic processes. This may also explain the high concentrations
of glutamate and glycine relative to GABA (300 x) in our samples.
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The increased release of GABA during REM sleep suggests the existence of GABAergic
neurons that increase firing during REM sleep as compared to waking. Anatomical and
electrophysiological evidence has demonstrated that the primary GABAergic input to the rat
LC derives from the PrH nucleus of the medulla. Neurons firing selectively during REM
sleep have not been found in this area; however, very few neurons have been recorded in this
region across sleep/wake states. Moreover, neurons exhibiting selective firing during REM
sleep make up only a small percentage of neuronal types in the brainstem areas (p-LC-alpha
and ventromedial medulla) where they have been located.#! Neurons in the PrH nucleus
were found to be immunoreactive for the immediate early gene c-fos following the induction
of REM sleep by microinjections of the muscarinic receptor agonist carbachol into the PRF
of the cat.>1 C-fos immunohistochemistry has been used extensively as a marker of neuronal
activity.1324.27.37 Thys, some neurons in this area may indeed fire maximally during REM
sleep.

Alternatively, an increase in GABA release could be effected by changes in the release of
other neurotransmitters or neuropeptides at GABAergic axon terminals in the LC and p-LC.
Removal of a tonic inhibition at GABAergic axon terminals in the LC and p-LC could
account for increased GABA release in the LC and p-LC even without change in the firing
rate of GABAergic units.

Although not great in number, GABAergic neurons are found within the p-LC region of

the cat pons and in the PG of the rat which projects heavily to the LC.1415.28 REM-on
neurons have been identified in each of these areas.3? It is possible that REM-on neurons in
either of these areas are GABAergic and account for the increased GABA release in the LC
found in this study. The possibility that some REM-on neurons are GABAergic is especially
significant in light of the observed firing rate reductions and increases in, respectively, LC
REM-off and REM-on neurons during short-term REM sleep deprivation.2! GABA neurons
could potentially mediate compensatory responses of noradrenergic LC neurons to REM
sleep disruption.

The important role of GABA release in mediating state-related changes in unit activity

in the brain is becoming increasingly apparent. GABA release in the dorsal raphe (DR)

is increased during REM sleep when serotonergic DR neurons exhibit a near-cessation of
activity while GABA release in the posterior hypothalamus (PH) is greatest during SWS
when PH units exhibit reduced discharge relative to wake and REM sleep.2930 As in the
present study, then, the release of GABA across the sleep/wake cycle is opposite that of

the predominant state-related activity characteristic of neurons in the DR and PH. Together,
these findings indicate that state-dependent fluctuations in GABA release are regionally
specific.

CONCLUSIONS

The present findings are consistent with our hypothesis that the cessation of activity in
LC neurons during REM sleep is mediated by GABAergic inhibition. The source of this
GABAergic input remains to be determined.
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Abbreviations:

DR dorsal raphe

EEG electroencephalographic

EMG electromyographic

LC locus coeruleus

PG paragigantocellularis

PGO ponto-geniculo-occipital

PH posterior hypothalamus

p-LC peri-LC

POA preoptic area

PRF pontine reticular formation

PrH praepositus hypoglossal

REM rapid-eye-movement

SWS slow-wave sleep
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Fig. 1.
A) Summary of histologically identified placements of microdialysis probes. Black

rectangles (indicated by arrows) indicate the placement of microdialysis probe membranes
as determined by histology. IC, inferior colliculus; BC, brachium conjunctivum; P,
pyramidal tract; DR, dorsal raphe; LC, locus coeruleus; P-LC, peri-locus coeruleus; FTP,
paralemniscal tegmental field; FTG, gigantocellular tegmental field; BP, brachium pontis;
5M, tract of the mesencephalic trigeminal nucleus; 5N, 5th cranial nerve. B and C)
Identification of tyrosine hydroxylase staining in a microdialysis collection area at the
border of the LC and P-LC nuclei. B) Photomicrograph (1 x) of an individual microdialysis
site. Large and small white arrows indicate, respectively, placement of the base and tip

of the microdialysis probe membrane. C) Photomicrograph (40 x) of the area between

the white arrows in B. Black and white arrows identify some of the tyrosine hydroxylase
immunopositive cells surrounding the microdialysis site.
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Fig. 2.
Chromatographic peaks corresponding to GABA from an individual sleep/wake cycle. In

each case, the area of the GABA peak has been blackened.
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Extracellular GABA concentration across behavioural state for each microdialysis site

Site sws REM WAKE
1 303(1.3) 364(0.7) 1.47(0.2)
2 155(0.2) 230(04) 1.81(0.6)
3 128(0.3) 122(02) 1.11(0.2)
4 046 (0.1) 0.72(0.1) 0.53(0.1)
5 185(04) 195(02) 165(0.2)
6 130(0.1) 1.60(04)  0.60(0.3)
Mean 158(0.2) 191(0.2%? 12(03)

GABA concentration (+ S.D.) in fmoles/pl.

FREM vs SWS, A<0.05.
b

REM vs WAKE, A<0.005.
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Table 2.

GABA content (in fmoles/ul) in microdialysis samples collected from a single site over the course of two
consecutive sleep/wake cycles

SWS REM Wake SWS REM Wake

0.75 1.05 0.6 0.8 1,0 0.7
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