Neurotransmitters and Sleep

Wallace B. Mendelson, M.D.

Sleep isan active process, not just a default state when there isless incoming sensory information.
It can be understood best by considering fluctuating levels of a series of neurotransmitters including
the biogenic amines and acetylcholine. The effects of these neurotransmitters are not unique to sleep,
but also subserve awide range of other functions, including affect, sexual behavior, and appetite. The
mechanism by which the most common hypnotics work is by binding to the benzodiazepine recogni-
tion site of the y-aminobutyric acid,—benzodiazepine receptor complex, which mediates action of the
most widely distributed inhibitory neurotransmitter in the nervous system. It is possible that some en-
dogenous sleep factors indirectly alter the properties of this receptor complex.

I n this article, we will review the major neurotransmit-
ters that have arole in sleep as seen in the historical
context of our growing understanding of sleep regulation.
We begin our saga with the general 'view of sleep in the
first half of the 20th century. Until the 1940s or so, the pre-
dominant view in neuroscience was that sleep was a pas-
sive resting state, often thought of in terms of electrical
analogies. Putting thisin a cultural context, the electrifica-
tion of America was an event of recent memory, and the
Freudian view of the mind was largely comprised of 'im-
ages of changing levels of energy in various hypothetical
structures. It is not surprising, then, that many viewed
sleep as something which occurred when the batteries
were depleted, or as a kind of resting state that appeared
when there was not enough stimulation. Thisview reached
its culmination with the work of Moruzzi and Magoun® in
the 1940s, who expressed in modern terms, and provided
anatomical confirmation for, a notion that had been con-
sidered since the 18th century, i.e., that there was a struc-
ture deep in the brain which, when stimulated, brought
about wakefulness.? Thiswas, of course, the ascending re-
ticular activating system. They described a polymorphous
network rising from the upper brain stem reticular core
that, after passing through intralaminar and other thalamic
nuclei, impinges diffusely in the cortex, where it has an
excitatory function.? It can be thought of as having 3 col-

From the Sleep Research Laboratory, The University of
Chicago, Chicago, Il

Presented at the symposium “New Developments for
Treating Sleep Disorders,” which was held March 24, 2000,
in Chicago, Ill., and supported by an unrestricted educational
grant from Wyeth-Ayerst Laboratories.

This work was partially supported by National Institutes of
Health grants 1K07 HL03640 and 1RO1DA10682-01A2.

Reprint requests to: Wallace B. Mendelson, M.D.,
Department of Psychiatry, The University of Chicago, 5841 S.
Maryland Ave., MC 3077, Chicago, IL 60637.

J Clin Psychiatry 2001;62 (suppl 10)

(J Clin Psychiatry 2001;62[suppl 10]:5-8)

umns moving from medially to more laterally—the raphe
nuclei, the medial zone (including the gigantocellular re-
ticular nucleus), and the lateral zone.® The major neuro-
transmittersinvolved appear to be acetylcholine and gluta-
mate, as well as certain neuropeptides such as substance
P and neurotensin. It was thought that sensory input, in
addition to providing specific information about the world
around us, also sends nonspecific stimulation to this as-
cending system, which in turn activates the cortex. A sec-
ond, more anterior pathway is thought to go to the basal
forebrain and the anterior hypothalamus. It is also impor-
tant to understand that the ascending reticular activating
system'is a physiologic description of function; it is not
necessarily the same as the anatomical reticular formation,
but rather comprises a subsection of it.2

The view that-the reticular formation is the dominant
mode by which an organism becomes alert was consistent
with findings from physiologic preparations from the
1930s, such as the cerveau isolé cat, which appeared to be
asleep and manifested high-amplitude slow electroen-
cephalogram (EEG) waves after separation of the cere-
brum from the brain stem by transection at the inter-
collicular level below the third cranial nerve nucleus®; a
lower transection, at the level of the first cervical segment
of the spinal cord (encéphale isolé) allowed an animal to
remain awake.

On the other hand, a growing body of evidence was
also beginning to suggest that this passive view of sleep
was insufficient.® Studies from the 1930s indicated that
electrical stimulation of parts of the nervous system could
induce sleep.® These studies were sometimes difficult to
interpret, however, because in some cases only certain
stimulating frequencies were effective, and formal statisti-
cal analyses were not always available. A second line of
evidence that appeared was that lesions of some areas
in the mid-pons enhanced wakefulness,” suggesting that
there might be areas that actively inhibited the reticular
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Figure 1. Schematic Indication of Central Nervous System
Projections of Noradrenergic Neurons®*
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2Adapted from Nolte,® with permission. Abbreviations:
Am = amygdala, H = hypothalamus; HC = hippocampus,
LC = locus ceruleus, RF = reticular formation.

Figure 2. Schematic Indication of Central Nervous System
Projections of Serotonergic Neurons®
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aAdapted from Nolte,® with permission. Abbreviations:
Am = amygdala, H = hypothalamus, HC = hippocampus,
S=septal nuclei, T = thalamus.

activating system. Perhaps less troubling, but still a con-
sideration, was the large disparity between the time dura-
tions involved in the electrical processesinvolved in neu-
ronal action potentials and the phenomenaof sleep. It was
difficult to picture, for instance, a system in which firing
rates measured in milliseconds could systematically regu-
late sleep phenomena that occurred with regularity over
hours or even days. It seemed easier to picture these much
slower processes as being regulated by the rise and fall of
concentrations of chemical substances.

The final blow to the passive view of sleep regulation
came with the discovery of rapid eye movement (REM)
sleep in 1953.%° Once it became clear that sleep was not a
unitary process, but rather was comprised of 2 very differ-
ent, alternating states (non-REM and REM sdleep), it was
very difficult to describe sleep as aresting condition toward
which the nervous system drifts in the absence of stimula-
tion. It seemed much more likely that it isan actively regu-
lated process.

Aslong as sleep was considered a passive process, tra-
ditional “dry” neurophysiology—the study of electrical
processes—seemed adequate; the active view, however,
demanded a more complex formulation. Fortunately, in
these same years, technical advances made possible what
came to be known as “wet” neurophysiology, the study of
neurotransmitters. The finding primarily responsible for
this was the discovery by Falck et al.™® that monoamines,
when exposed to formaldehyde vapor, would fluoresce,
thus introducing histofluorescence techniques capable of
tracking neurotransmitter pathways. The diffuse, polymor-
phous qualities of the reticular activating system had made
it difficult to understand anatomically; now, important
neurotransmitter pathways could be histologically exam-
ined with precision. In the rest of this article, we look at
the results of studying the pathways of the major neuro-

transmitters involved in sleep and then conclude with
some comments about how hypnotics may act on these
pathways to induce sleep.

MAJOR NEUROTRANSMITTERS IN SLEEP

The major biogenic amines, serotonin and norepineph-
rine, have cell bodieslargely located in the brain stem, with
major ascending pathways rising through the reticular
formation to the thalamus and going anteriorly and bath-
ing the basal forebrain and the anterior hypothalamus.
Noradrenergic neurons are concentrated in the pons and
medulla.in the locus ceruleus near the floor of the fourth
ventricle, as well-as in the lateral medullary reticular for-
mation.® As-seen in Figure 1, ascending projections, pri-
marily through the central tegmental tract, passthrough the
hypothalamus and thalamus;-as well as limbic areas, ulti-
mately innervating virtually all- of the cerebral cortex.
Serotonergic neurons, found at all levels of the brain stem,
originate primarily in the raphe nuclei; ascending fibers
through the medial forebrain bundle passthrough the fore-
brain and ultimately innervate virtually all areas of the cor-
tex, particularly sensory and limbic areas® (Figure 2). Fir-
ing rates of the biogenic amines are highest in waking,
declinein non-REM sleep, and are virtually silent in REM
sleep.”* Of course, it should be recalled that these same
neurotransmitters subserve a huge range of physiologic
functions—not just sleep, but also affect, appetite, repro-
ductive behavior, and so on—which suggests why the same
processes in depression, for instance, that cause an alter-
ation in affect and reproductive interest also affect sleep.

Dopamine has a similar pathway, except that it is
largely confined in origin to the midbrain in the dorsal
substantia nigra and the nearby ventral tegmental area
(Figure 3). There are 3 major ascending pathways to the
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Figure 3. Schematic Indication of Central Nervous System
Projections of Dopaminergic Neurons®
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caudate nucleus and putamen, limbic structures such as
the amygdala, and the cortex.® In general, dopamine leads
to alertness, which explains, for instance, why-compounds
such as bupropion, which has significant dopaminergic
properties, have such major side effects in causing awak-
enings and disturbed sleep.

The biogenic amine histamine is concentrated in the
posterior hypothalamus,® primarily in the tuberomam-
millary nucleus (TMN). It receivesinput from thereticul ar
formation, and projects to the cortex,*** where it tends to
depolarize cells and promote waking. That is why antihis-
tamines are used so widely as sedatives, because they
inhibit that area. The TMN may also play an inhibitory
role in some forms of behavioral reinforcement and learn-
ing,” and lesions of its E2 region have an anxiolytic-like
effect.’® Inhibitory galininergic and y-aminobutyric acid
(GABA)-ergic fibersfrom sleep-active neuronsin the ven-
trolateral preoptic area (VLPO) impinge on the TMN, as
well as on the serotonergic dorsal raphe nuclei and nor-
adrenergic locus ceruleus; it has been hypothesized that
this mechanism quiets these arousal systems during
sleep.”” It is also possible that this is one of the mecha-
nisms by which GABAergic hypnotic medications may
promote sleep.

Acetylcholineisfound in neuronsin the basal forebrain
(particularly the nucleus basalis), but also in parts of the
reticular formation, as well as the caudate nucleus and pu-
tamen® (Figure 4). The cells of the basal forebrain project
widely to the cortex, and in effect become the ventral,
extrahypothalamic extension of the reticular formation to
the cortex.’® Lesions and pharmacologic inhibition of this
area appear to diminish fast EEG activity and arousal.
Cholinergic neurons of the brain stem and basal forebrain
are inhibited by adenosine,*®® which may be the mecha-
nism by which adenosine and its agonists increase slow
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Figure 4. Schematic Indication of Central Nervous System
Projections of Cholinergic Neurons®
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wave sleep® and by which caffeine, which blocks ade-
nosine receptors, may enhance wakefulness.*> Pharmaco-
logic manipulation of brain stem cholinoceptive cells of the
pontine gigantocellular tegmental (FTG) fields suggests
that acetylcholine plays an important role in REM sleep
initiation.

A family of neurotransmitters which has received much
interest recently is the orexins (hypocretins). These neu-
ropeptides, which appear to be involved in regulation of
both eating behavior and wakefulness,? arelocalized in neu-
ronsin the perifornicular nucleus of the posterior hypothala-
mus, from which projections go to sleep-regulatory areas
including the preoptic area.?® Direct injection of orexin-A
into the preoptic area of rats results in increased wakeful-
ness and decreased REM ‘sleep.® Studies®® from an animal
model suggest that genetic alterations of the orexin-2 recep-
tor may be involved in the genesis of narcolepsy.

Thefinal neurotransmitter we will consider, and the one
that may be most relevant to the consideration of hypnotic
medications, is GABA, which is the dominant inhibitory
neurotransmitter in the nervous system. In 1977, two
groups independently described what, in those years, was
called the*Valium receptor” and isnow calledthe GABA ,-
benzodiazepine receptor complex. It is one of the members
of aligand-gated ion channel superfamily, which includes
nicotinic acetylcholine, glycine, and serotonin-3 recep-
tors.® It is comprised of 3 distinct but interacting functional
units: abenzodiazepine recognition site, a GABA , recogni-
tion site, and a chloride ionophore. When a GABA agonist
binds to the GABA recognition site, the ionophore is
opened; negative chloride ions enter the cell, making the
neuron relatively more negative on the inside and stabiliz-
ing it at a level below that needed for spike generation.
When benzodiazepines, or the newer nonbenzodiazepine
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hypnotic compounds such as zaleplon and zolpidem, bind
to the benzodiazepine recognition site, they cause a com-
plex interaction with the GABA recognition site, the end
result of which isto increase chloride ion flux by increas-
ing the frequency of channel opening.

Structurally, the receptor complex is comprised of at
least 5 subunits, each of which has multiple isoforms.
Each of these subunits is made up of 4 membrane-
spanning sections, which include consensus phosphoryla-
tion sites.? It is interesting that one of the possible en-
dogenous sleep factors—the unsaturated fatty acid amide
oleamide—can activate protein kinases® and hence might
alter the phosphorylation state of drug receptors. So it is
very possible that one way that some endogenous sleep
factors influence sleeping and waking is by atering the
properties of the GABA,-benzodiazepine receptor by a
mechanism of changing the phosphorylation state.

Asmentioned earlier, this complex receptor structureis
made up of multiple subunits, and each of the alpha, beta,
and gamma sites themselves have ‘multiple isoforms.
Clinically, the one of particular interest'is the alpha sub-
unit, which has at least 6 isoforms, leading to alarge range
of possible types of receptors. One major categorization is
into type | and type Il receptors, which are determined by
the type of alpha subunit. The original benzodiazepines
were nondiscriminatory—they bound equally to type | and
type ll—whereas the newer, nonbenzodiazepine com-
pounds such as zaleplon and zol pidem are much more spe-
cific for type . It has been speculated by some investiga-
tors that this binding property may lead to their greater
selectivity for sleep-related effects.

Drug names. bupropion (Wellbutrin), diazepam (Vaium and others),
zaleplon (Sonata), zolpidem (Ambien)

Disclosure of off-label usage: The author has determined that, to the
best of his knowledge, no investigational information about pharmaceu-
tical agents has been presented in this article that is outside U.S. Food
and Drug Administration—approved labeling.
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