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1. ABSTRACT

The seminal studies by von Economo in humans
(1) and by Nauta (2) in rats implicated specific basal
forebrain areas at the preoptic level as important in sleep

regulation. In the last two decades, studies employing
recording of single neurons and monitoring of sleep
parameters with subsequent chemical and electron

microscopic identification of the synaptic input-output
relations of these recorded neurons, provided an
increasingly detailed understanding of the function of
specific neurotransmitters and corresponding chemically
specific neuronal circuits in the forebrain in relation to
sleep-wake  states. In this review, first the
electrophysiology of cholinergic and parvalbumin-
containing GABAergic basalo-cortical projection neurons
is described, followed by an examination of possible
functional interconnections between basal forebrain
neuropeptide Y- (NPY) and somatostatin-containing
putative interneurons and cholinergic projection neurons.
A survey of various inputs to basal forebrain neurons that
show state-related changes is then discussed in relation to
their possible effects via basal forebrain circuitry on
cortical activity. This treatise suggests that cholinergic and
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GABAergic projection neurons of the basal forebrain are
anatomically in a unique position to enable the channeling
of specific cellular and homeostatic states from different
subcortical systems to the cortical mantle to modulate
behavioral adaptation and cognitive functions.

2. INTRODUCTION

In 1975 Hobson and his colleagues (3), proposed
a model to explain the alternating rapid eye movement
(REM) and non-REM (NREM or slow wave sleep=SWS)
sleep states by suggesting that the underlying mechanism is
a reciprocal interaction between REM-on (cholinergic) and
REM-off (serotoninergic and noradrenergic) cells in the
brainstem. Over the subsequent years many details of the
sleep-wake control systems have been disclosed as
summarized in two recent reviews by Allan Hobson and his
coworker (4-5). Sleep is a complex phenomenon: it is
characterized by specific cortical electroencephalographic
(EEG) waveforms and synchronized electrical activity
(oscillations) in large scale networks, particularly in the
corticothalamic system (Steriade, this volume). It is
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Figure 1. Photomontage of a Nissl-stained coronal section
at the level of the caudal crossing fibers of the anterior

commissure. Triangular box delineates neurons in the
caudal portion of the ventrolateral preoptic nucleus (vipo).
Abbreviations: AC= anterior commissure; bn= basal
nucleus of Meynert (see text for explanation); bac=bed
nucleus of the anterior commissure; bst= bed nucleus of the
stria terminalis; cp= caudate putamen; F= fornix;
gp=globus pallidus; hdb= horizontal limb of the diagonal
band; IC= internal capsule; LV= lateral ventricle; mpo=
medial preoptic nucleus; lpo= lateral preoptic area;
ox=optic chiasm; scn= suprachiasmatic nucleus; sfi=
septofimbrial nucleus; SI substantia innominata; 3V= third
ventricle.

assumed that sleep-wake transitions are accomplished
by coordinated interactions between neural circuits of
the hypothalamic circadian, the mesopontine ultradian
REM-NREM oscillators, and GABAergic neurons in the
preoptic-anterior hypothalamic region. Changing levels
of adenosine, cytokines, growth factors and other
substances, acting via specific receptors in these
circuits, mediate the homeostatic sleep pressure (see
corresponding chapters by Krueger, Obal, Porkka-
Heiskanen and Borbely, this volume). This intermittent
sleep pressure gives rise to sleep-wake cycles which are
modulated by activity of the brainstem and forebrain
arousal systems that use noradrenaline, serotonin,
histamine, acetylcholine and orexin/hypocretin among
others as their transmitters.

Recent interest in basal forebrain (BF)
research was prompted by discoveries in the late
seventies and early eighties showing that a specific
population of neurons in this region, namely those that
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use acetylcholine (ACh) as their transmitter and project
to the cerebral cortex, are seriously compromised in
Alzheimer’s disease (6-9). In addition, studies using single
unit recordings in the BF and adjacent preoptic-anterior
hypothalamic regions in combination with EEG monitoring
indicated that neocortical activation critically depends on
corticopetal inputs from these regions (10-15). In vivo
recordings of single neurons, in combination with EEG and
transmitter identification of the recorded neurons opened
the way to determine the function of specific cell types in
modulating cortical activity (16-19). These studies have
provided a preliminary view of the dynamic interplay
between BF and cortical circuits as well as possible
interactions among specific cell types within the BF. This
paper will review the effect of various inputs on BF
circuitry and the possible consequence on cortical activity.

3. BASAL FOREBRAIN: PRESENCE
HETEROGENEOUS CELL POPULATIONS

OF

Figure 1 shows a Nissl-stained coronal section
in the forebrain of the rat at the level of the caudal
crossing fibers of the anterior commissure. At this level
several structures that are important in sleep regulation
can be identified including the medial and lateral

preoptic areas, ventrolateral preoptic nucleus, that
contain sleep-activating neurons (3, 4) and the
suprachiasmatic nucleus, the circadian pacemaker. As

subsequent figures will disclose, this general area is
populated by cholinergic and GABAergic corticopetal
neurons and various interneurons that interdigitate in a
complex fashion.  Cholinergic and non-cholinergic
neurons, however, are distributed in extended forebrain
territories across several different cytoarchitectonic
areas, including the medial septum, ventral pallidum,
diagonal band nuclei, substantia innominata (SI), and
peripallidal regions (Figs. 2 and 3). In this chapter, the
term BF is applied to those territories of the forebrain
that contain cholinergic projection neurons. According
to this definition, cholinergic cells in the medial
septum/vertical diagonal band (ms/vdb) complex, that
project primarily to the hippocampus, are part of the BF.
In reference to the clinical literature, cholinergic
neurons in the horizontal limb of the diagonal band
(hdb), SI and peripallidal areas projecting to neocortical
areas are often equaled with the term basal nucleus of
Meynert. It is beyond the scope of this paper to dwell
on nomenclature issues and the reader is referred to two
reviews (20, 21). As discussed elsewhere (22, 23),
cholinergic neurons in rodents establish a more or less
continuous band extending from the rostral pole of the
septum to caudal peripallidal areas, where any
demarcation would be artificial. Within this space,
however, cholinergic neurons show higher and lower
densities and it is possible that the high density clusters
in rodents correspond to aggregates of cholinergic
neurons in primates (23). Some of these high density
locations are labeled in Figures 2 and 3 as bn. In the
same cytoarchitectonically defined territories in addition to
cholinergic neurons, a heterogeneous population of neurons
is present. Figure 3 schematically shows in four coronal
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Figure 2. Dark-ficld photomicrographs of rostro-caudal
(A-D) series of coronal sections stained for choline
acetyltransferase to show the distribution of cholinergic

neurons. Abbreviations: bl= basolateral nucleus of the
amygdala; ms= medial septal nucleus; vdbh= horizontal
part of the vertical limb of the diagonal band; vp= ventral
pallidum; SM= stria medullaris. Reprinted from (55).
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Figure 3. Distribution of cholinergic (red), and
parvalbumin-containing (green) neurons at four rostro-
caudal levels in the forebrain. The Nissl-stained section

shown in Figure 1, was prepared from the same brain and
fits between levels B and C. These maps were generated
by superimposing the original Neurolucida® maps plotted
from sets of sections alternately stained for choline
acetyltransferase and parvalbumin, using landmarks and
alignment techniques. rt= reticular thalamic nucleus.

1148

sections the distribution of parvalbumin (PV) neurons (green)
that are used to label a subpopulation of GABAergic neurons.
According to tracing studies many of these PV-neurons project
to the cerebral cortex and hippocampus (23, 24). In addition to
PV, two additional calcium-binding proteins: calbindin and
calretinin are used to label non-cholinergic neurons in the BF.
Both calbindin and calretinin-containing neurons project to the
cerebral cortex albeit in fewer number than cholinergic or PV-
containing neurons (23, 24). At present it is unclear what is the
transmitter in these two neuronal populations. Although two-
dimensional sections do not show a clear organization of the
various cell populations, computational studies (Figure 4) that
apply spatial and numerical constraints on 3-D mapped cells
suggest that individual BF neuronal populations form partially
segregated bands that are twisted around each other (22).
Figure 4E proposes a scheme showing that the BF is composed
of several, partially segregated projection bands that can be
further subdivided into chemically specific mini-bands. The
functional consequence of this new aspect of organization has
not been explored but should be dealt with in future
electrophysiological mapping studies. Cortically projecting
cholinergic and GABAergic neurons are intermingled with
different types of interneurons, including those which contain
the peptides somatostatin and neuropeptide Y (NPY), as
displayed in Figures 5 and 6. For delineation of the BF as
defined above, in Figures 3 and 5, cholinergic neurons are also
depicted in red. Despite the systematic arrangement of
cholinergic and PV cells from rostral to the more caudal areas,
there are important physiological and anatomical differences in
the BF rostro-caudal axis.  For example, NPY and
somatostatin interneurons are less numerous in the ms/vdb
complex than in more caudal areas. Also, the intrinsic
electroresponsiveness of cholinergic neurons in the septal area
is different from those that are located in more caudal BF
regions (25). In our deliberations we will focus primarily on
this caudal, cortically projecting component of the BF.

4. DIVERSE ELECTROPHYSIOLOGY OF BASAL
FOREBRAIN NEURONS

Data correlating cortical EEG with discharge
profiles of BF neurons (10, 11, 26, 27) together with
electrophysiological evidence that ACh acts as a slow
excitatory neurotransmitter in the neocortex (28) have been
taken as support for the hypothesis that BF neurons would
relay the activating influence from the brainstem reticular
formation to the neocortex (29-33). Discrepancies between
the effect of selective and non-selective lesions of the BF
cholinergic system (34), as well as the complex effect of
stimulations in this region on cortical multiunit activity (35)
suggested that in addition to the cholinergic neurons, other
neural components from this region must participate in the
regulation of cortical activity. Due to the anatomical
complexity of this region, establishment of unequivocal
electrophysiological signatures of the different BF neurons
was not possible until efforts were made that allowed the
identification of their chemical characteristics.

4.1. Unanesthetized animals

Szymusiak and McGinty (26), in freely moving
cats, divided neurons in the hdb, lateral preoptic area, SI
and olfactory tubercle into three groups: waking-active,
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Figure 4. Computational models of the basal forebrain cell
populations. A: Differential density scatter plot to show the
spatial distribution of cholinergic (red dots) and parvalbumin
(green dots) containing neurons in the basal forebrain. Filled
circles mark the high-density locations where the density of
cholinergic or parvalbumin cells is higher than 15 in the unit
space (250 x 250 x 50 pm). Data from this and subsequent
panels (B and C) are derived from a brain alternately stained
for choline acetyltransferase, parvalbumin, calretinin and
calbindin. Cells were plotted using a computerized microscope
and the Neurolucida® software. Axis scaling is in pum
corresponding to the x, y and z coordinates according to the
Neurolucida® database. B: Combined iso-density surface
rendering of cholinergic (red) and parvalbumin (green)
neurons. Iso-color surfaces are rendered around volumes that
contain > 5 cells per unit space (250 x 250 x 50 pm). Note that
the bulk of parvalbumin-containing cells are located medially
from the cholinergic cells in the septum (S) but laterally in the
globus pallidus (gp). The numbers in the box plots represent
voxel (unit space) indices along the x and y axis. Numbers
along the z axis mark the set of four sections that were
combined into composite ‘layers’. x-axis: medio-lateral, y-axis:
antero-posterior, z-axis: rostro-caudal. C: Combined iso-
density surface rendering of cholinergic (red), parvalbumin
(green), calretinin (yellow), and calbindin (blue) neurons.
Looking from a three-dimensional perspective, these four cell
types seem to occupy longitudinal, obliquely (lateromedially)
oriented ‘U’-shaped lamellar or band-like subspaces. The
different cell sheets seem to be twisted and attached to each
other in a complicated fashion, however, closer observation
suggests that the four cell sheets display a pattern of
association in the entire basal forebrain. D: The differently
colored boxes (500 x 500 x 50 pum) in the basal forebrain are
derived from three individual animals that received retrograde
tracer injections along specific longitudinal stripes in the
parietal/frontal cortex. Red: medial strip of the cortex along the
MI1/M2 region; green: the S1 barrel cortex; yellow: around the
rhinal sulcus. The boxes represent spaces where non-
cholinergic projection neurons are represented by at least 6
neurons. As can be seen only one box (arrow) is shared among
the three animals, suggesting that specific medio-lateral stripes
of the neocortex receive segregated input from the basal
forebrain. E: Schematic illustration to show the relationship of
the three projection bands from panel (D) and the notion that
each of these bands may contain several transmitter-specific
sub-bands. Panel A, D, E from Zaborszky (81). cc=corpus
callosum.
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(i.e., waking discharge rates were > 2 times NREM sleep
rates); state-indifferent and sleep-active. In this latter group
the discharge rates of cells during alert waking were low,
and maximal discharge rates occurred during NREM sleep.
The increased discharge of sleep-active cells anticipated the
onset of NREM sleep. Although there was a considerable
overlap in the location where these three cell populations
were found, it was noted that sleep-active neurons tended to
be restricted to more ventral areas in each of the
investigated BF regions. Since atropine (1.5 mg/kg, i.p.)
resulted in an increase of firing rates during NREM of
sleep-active neurons and assuming that cholinergic neurons
are modulated by inhibitory autoreceptors, it was suggested
that the group of sleep-active neurons might use ACh as
their transmitter (26). In another study, Detari et al. (36)
similarly, in freely moving cats, recorded neurons primarily
at the borders between putamen/globus pallidus and globus
pallidus/ internal capsule. These neurons were divided into
five groups on the basis of the modifications of firing rates
and patterns during the entire sleep-wake cycle. Two of
these groups (#3, #4) were characterized by a strong
increase of firing rates in transition from SWS to quiet
wakefulness (W) or REM sleep. In one of these groups
(#3, n=27), that was characterized by regular firing in W
and REM and by bursty pattern in SWS, 66% of the
neurons showed an increase of firing at the SWS—REM
transition that preceded the cortical activation by an
average latency of 26 sec. In this study, only a small
percentage of neurons were found that increased their firing
during SWS. Neurons with the latter characteristics were
found by these investigators (37) also in the olfactory
tubercle in an earlier study. Although, no attempts were
made to identify the transmitter character of the neurons in
either study, Detari et al. (36) suggested that the wake-active
neurons (group #3) belong to cholinergic projection neurons.

The first study in unanesthetized rats was done by
Buzsaki et al. (11). In this study, recordings were
performed only during wakefulness and drowsiness. It was
found that neuronal firing increased more than twofold in
the majority of BF cells during transitions from standing
still to drinking and running. More recently, in freely
moving rats, wake-active and sleep-active neurons were
recorded in relation to their thermosensitivity in BF areas
(38). Furthermore, Szymusiak and colleagues (33) also
investigated the action of adenosine and GABA receptor
antagonists on the state-dependent discharge pattern of BF
neurons; however, the transmitter character of the recorded
neurons was not identified.

4.2. Anesthetized animals

Neurons in anesthetized rats with faster firing
rates during fast cortical EEG activity were termed F-cells,
to distinguish them from their counterparts, the S-cells,
whose firing rates increase during high amplitude slow
cortical EEG activity (32). It was noted that there is a great
diversity among F- and S-cells in terms of conduction
velocity, spontaneous and evoked neuronal activity, and
timing of changes in unit activity in relation to EEG
activity, indicating that F- or S-cells are far from being
homogeneous cell populations. In addition, there are also
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Figure 5. Distribution of cholinergic (red) and somatostatin
(black) containing neurons at four rostro-caudal (A-C)
coronal levels plotted from a rat brain that was double-
stained for choline acetyltransferase and somatostatin.
VHC= ventral hippocampal commissure.

A . B

bst’

Figure 6. Distribution of neuropeptide Y-containing
neurons at four rostro-caudal levels in the rat forebrain.
Each dot represents one cell body.

neurons whose activities remain unchanged despite EEG
cortical changes (15).

After our initial study of the electrophysiology
and morphology of BF non-cholinergic neurons using the
juxtacellular labeling technique (39, 40), we and others (16-
18) combined this technique with EEG monitoring in
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anesthetized rats with subsequent immunohistochemistry in
order to identify the transmitter of the recorded neurons.
Cholinergic neurons were found to correspond to some of
the F-type neurons reported earlier in that they show
increased action potential firing during cortical EEG
activation.  In addition to characterizing cholinergic
neurons, our study (16) identified for the first time the EEG
correlation of PV-containing, putative GABAergic neurons.
PV neurons, similar to cholinergic neurons, had a strong
positive correlation with EEG activation, indicating that
there are also PV cells among the F-cells.  Since
GABAergic basalo-cortical axons were found to terminate
exclusively on cortical GABAergic interneurons (41), our
finding is compatible with the notion that at least a
subpopulation of PV-containing basalo-cortical neurons
promotes functional activation in the cerebral cortex by
disinhibition (35).

Manns and coworkers (17, 18) emphasized the
rhythmicity of cholinergic neurons and their possible
participation to promote cortical theta and gamma
rhythmicity. We (16) noted that cholinergic neurons did
not show robust bursting during spontaneous or stimulation
induced EEG activation. In fact burst firing was not
characteristic for any cell type identified in our study.
Furthermore the stimulation-induced rhythmic burst firing of a
PV neuron in our study was remarkably similar to the
cholinergic neurons described by Manns et al. (17). These
findings indicate that a more extensive database of identified
cells is needed before electrophysiological criteria can be used
to reliably distinguish different BF cell types. Also, a
preliminary study (42) noted that theta and beta/gamma local
field potentials in the BF occurred often independently of such
thythms in the hippocampus and olfactory bulb. Thus, it
remains to be determined to what extent BF network activity
contributes to various rhythmicities in cortical areas across the
sleep-wake cycle. In this respect it is relevant to mention that
selective lesions of BF cholinergic neurons with 192-IgG-
saporin did not change the total amount spent in wakefulness,
but caused a transient (7-8 days) impairment of the circadian
distribution of sleep-wakefulness, indicating that BF
cholinergic neurons are not necessary for the maintenance of
wakefulness but play an enabling role (43-45). On the other
hand, the power of EEG was suppressed in each frequency
band after 192-IgG-saporin, suggesting that cholinergic BF
neurons contribute to the generation of normal EEG
independent of sleep regulation (45).

A major unresolved issue is whether ascending
basalo-cortical neurons also contain glutamate as their
transmitter. Although various attempts were made to label
putative =~ BF  glutamatergic  neurons, including
immunolabeling with phosphate activated glutaminase (46,
47), only the recently cloned vesicular glutamate
transporters can reliably label neurons that use glutamate as
transmitter (48). We, and others (49-51), have recently
described neurons in the BF that express a specific
vesicular glutamate transporter, Vglut2. Although a large
number of cells in BF areas express Vglut2 mRNA,
whether or not these glutamatergic neurons project to the
cortex and what their function is in relationship to the
sleep-wake cycle remains to be determined.
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Figure 7. Partial reconstruction of juxtacellularly filled
neuropeptide Y (NPY), A-B; parvalbumin (PV), C-D and
cholinergic neuron (CH), E-F. Cell body and dendrites are
black, axon collaterals in red. Scale bar: 50 pm. The boxed
area in each map shows the approximate location of the
respective neuron. In (B) green symbols represent two
cholinergic cell bodies that are approached by axon-
collaterals from the NPY neuron. In the case of the lower
cholinergic cell, electron microscopy revealed that the NPY
axon established synaptic contact with the cholinergic
dendrite. A cholinergic cell body is indicated by blue
symbol in (D) that is approached by a PV-containing axon-
collateral.

5. LOCAL PROCESSING
FOREBRAIN

IN THE BASAL

5.1. GABAergic neurons

Using combined microdialysis/unit recording
methodology, Alam et al. (52) have shown in freely
moving rats that neurons in the BF are under various degree
of GABAergic inhibition across the sleep-wake cycle.
Sources of GABAergic input include axon-collaterals of
basalo-cortical PV-GABAergic neurons (Figure 7D),
GABAergic neurons of the nucleus accumbens (53) and
other local GABAergic neurons, including those located in
the preoptic-anterior hypothalamic regions (54). Increased
activity of preoptic neurons during sleep onset has been
hypothesized to mediate, in part, the sleep-related
suppression of BF wake-active neural discharge (33).
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5.2. Somatostatin

Somatostatin a 14- or 28-amino acid-containing
neuropeptide has been identified in synapses on cholinergic
projection neurons (55). A portion of these somatostatin-
containing terminals may originate from local neurons
distributed mainly in the ventral pallidum, SI and around
the hdb as shown in Figure 5. Systemic or
intracerebroventricular  injections of  octreotide, a
somatostatin analog, suppress SWS for 1 hr followed by
slight increases of SWS 2-3 hrs postinjection (56, 57). It is
suggested that the octreotide-induced SWS inhibition is
mediated by the inhibition of growth hormone-releasing
hormone (GHRH) neurons in the hypothalamus or in the
preoptic area, where hypothalamic GHRH axons terminate
and where microinjection of GHRH promote sleep (58, 59).
Systemic octreotide treatment also enhances REM sleep
(56) and an antiserum against somatostatin administered in
the brainstem solitary nucleus blocks the REM-promoting
activity of locally applied carbachol (60), indicating that
the somatostatin effect on REM is mediated via
intracerebral action. Using in vitro patch clamp techniques,
our preliminary studies suggest that somatostatin inhibits
GABAergic miniature postsynaptic currents in BF
cholinergic neurons (Momiyama and Zaborszky, in
preparation). These data are compatible with the idea that
the effect of intraventricularly applied octreotide is
mediated in  part via inhibition of  the
GABAergic/cholinergic (61) interaction in the BF. It
would be interesting to know if BF somatostatin neurons
also show sleep-related activity and how they influence the
firing rate of cholinergic neurons.

5.3. Neuropeptide Y neurons

In addition to neurons that increase their firing
during cortical activation, several studies described the
presence of BF cells that reduced their firing rate during
cortical EEG activation in anesthetized rats (18, 32). These
so-called S-cells were suggested to be local GABAergic
interneurons, as they could not be activated antidromically
from the cortex (32). We identified several functionally S-
type cells (n=9), some of which (n=4) were stained
positively for NPY (Figure 7A). Although in
immunostained material the number of NPY neurons is
relatively low (Figure 6), their function might be significant
because they possess abundant axon collaterals, some of
which enter into synaptic contacts with cholinergic profiles
(Figure 7B). Although NPY axons have been described
innervating cholinergic neurons in bulk immunolabeled
material (19, 62), these studies could not ascertain that the
source of NPY-containing synapses on cholinergic neurons
indeed originate from local neurons. In the lack of in vitro
studies, it is unclear how NPY neurons affect the firing
properties of cholinergic neurons. However, considering
their opposite firing relation to EEG activation as compared
to that of cholinergic neurons, the possibility that they
contain GABA (63), and the conditions required for release
of neuropeptides (64), it is likely that burst firing of NPY
neurons could result in a pronounced modulation of
GABAergic-cholinergic transmission at least in the ventral
pallidum where cholinergic cell bodies are richly
innervated by GABAergic terminals (61). It is unknown
how many cholinergic neurons are contacted by a single
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NPY neuron or what are the other postsynaptic targets of
the local NPY axon-collaterals in addition to cholinergic
neurons since in the axonal arborization space of a single
NPY neuron, large numbers of non-cholinergic neurons
exist. These neurons include PV and other calcium-binding
protein-containing neurons, some of which may contain
glutamate (see Figure 9 in ref. 22).

5.4. Cholinergic local interaction

Several studies in brain slices containing the
septum and the diagonal band have documented that
cholinergic neurons are capable of releasing ACh locally in
an impulse-dependent manner (65-69). We have recently
shown that cholinergic projection neurons indeed possess
extensive local collaterals (16, 19 and Figures 7E-F), whose
postsynaptic targets remain to be established. Because of
the paucity of cholinergic synapses on cholinergic neurons
(70), it is expected that cholinergic-cholinergic interactions
in BF areas are limited. Carbachol (a cholinergic agonist)
injections in the lateral preoptic area and SI, in dogs and
cats, significantly reduced SWS and increased wakefulness
(71, 72). Also, it was found that microinjections of
carbachol into the BF significantly reduced the ability of
simultaneously injected carbachol into the pons to elicit
REM sleep (72). Since cholinergic neurons are
hyperpolarized by muscarine (73) and muscarinic receptor
agonists strongly excite non-cholinergic, presumably
GABAergic neurons in BF slices (74), it is unlikely that
corticopetal cholinergic neurons were activated in the
carbachol microinjection experiments. From these studies
it is uncertain whether endogenous ACh shows state-
dependent efflux in the BF and whether carbachol acted on
preoptic GABAergic or other non-cholinergic BF neurons
with descending projections to the mesopontine tegmentum
(75, 76). A preliminary study in rats (77) suggested that
lateral preoptic sites, from where carbachol injections
induced wakefulness, receive cholinergic projections only
from the mesopontine tegmentum, thus it remains to be
elucidated whether ACh release from local collaterals in the
BF affects the sleep-wake cycle.

6. CORTICAL INPUT TO THE BASAL FOREBRAIN

In urethane anesthetized rats, a continuous
spectrum of EEG patterns appears. For the sake of
simplicity, two patterns with rhythmically recurring periods
of cortical activation were differentiated to provide a
simple way to correlate BF unit activity (16). Using
transcortical EEG electrodes, under light anesthesia,
periods of low voltage fast activity (LVFA) alternate with
epochs of SWS at a frequency of 0.2-0.3 Hz (pattern I). At
deeper anesthesia, deep-positive inactive periods and short
activations riding on deep-negative deflections alternate at
a rate <1 Hz (pattern II). According to our study (16), in
pattern I EEG, firing changes started in BF neurons earlier
than seen in pattern II. At present, it is unknown where
such generalized patterns are initiated. However, the data
is compatible with the hypothesis that pattern I is generated
by BF cells and/or transmitted from the brainstem via the
BF to the cortex. On the other hand, our finding that all BF
units recorded under EEG pattern II showed delayed
increased firing in relation to cortical activation suggests
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that under these circumstances, the state of the cortex
reflected in the EEG may be transmitted via descending
corticofugal fibers to BF neurons. This suggestion is in
line with the observations of Dringenberg and Vanderwolf
(78), that stimulation of the lateral and ventrolateral
orbitofrontal ~cortex induced bilateral LVFA and
suppression of large irregular slow activity in the EEG
recorded from the sensory-motor cortex. Administration of
atropine, a centrally acting cholinergic antagonist, produced
a partial block of this stimulation-induced LVFA.

We recently described the termination of cortical
axons in the BF using correlated light- electron microscopic
methods (79). This study confirmed an earlier suggestion
(80) that the cortical feedback to the BF originates only
from a restricted portion of the cortex, including prefrontal,
insular, and piriform cortices. Furthermore, we found that
prefrontal axons terminate exclusively on non-cholinergic
cells, including PV-containing GABAergic neurons. In
addition to PV neurons, we noted at least another
unidentified cell population that received prefrontal input.
It would be important to investigate whether NPY or
somatostatin neurons are among the neuronal populations
that receive input from the prefrontal cortex and may
mediate the prefrontal stimulation induced EEG effects
described above, at least in part via cortically projecting
cholinergic or GABAergic neurons. It is unclear whether
this prefrontal feedback to the BF has any role in sleep
regulation or if it contributes to selective activation of
cortical regions during various cognitive operations as
proposed in recent reviews (23, 81).

7. BRAINSTEM
FOREBRAIN

INPUT TO THE BASAL

7.1. Noradrenergic-adrenergic effects via the basal
forebrain on cortical arousal

Noradrenaline (NE) has long been considered an
important modulator of cortical EEG and behavioral
arousal. Jouvet (82) suggested that NE is necessary for the
normal maintenance of tonic EEG activation. During
wakefulness, the discharge rates of the noradrenergic locus
coeruleus (LC) neurons are closely tied to the state of
arousal. During NREM sleep, LC neurons in rats, cats and
monkeys show a progressive decrease in firing rate and
become nearly silent before the onset of REM sleep (3, 83-
86). The noradrenergic innervation of the forebrain
originates in the LC, and electrical or chemical stimulation
of the LC area is effective in shifting the
electrocorticogram  (EcoG) or hippocampal EEG in
anesthetized rats from low-frequency-high amplitude to
high frequency-low amplitude activity. This effect is
blocked by the alpha-2 agonist, clonidine (86). On the other
hand, bilateral lesions of the LC in cats, with a consequent
85-95% depletion of cortical NE, resulted in control values
of EEG activation immediately after recovery from surgery
(87), suggesting that the role of LC is largely enabling
rather than maintaining the wake pattern as suggested
originally by Jouvet.

A scenario that LC-NE acts via BF cholinergic
neurons to influence cortical activity is suggested by our
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anatomical studies showing dopamine-beta-hydroxylase-
containing synapses on cholinergic dendrites that originate
in part from the LC (88, 89). Functional studies, as
described below, corroborate this notion. For example, high
frequency stimulation (100 Hz, 1 ms pulses, 20 pA) of the
LC area in urethane-anesthetized rats produced EcoG
activation in the neocortex and hippocampus, and these
effects are abolished by systemic treatment with the anti-
muscarinic drugs scopolamine or atropine (27). Single
pulse stimulation of the LC area enhanced discharge of the
majority of F cells in the BF and inhibited a significant
portion of S cells (23, 78). An amphetamine-induced
increased turnover rate of cortical ACh was also abolished
by intraseptal administration of the alpha-adrenergic
blocker phenoxybenzamine (90, 91). Furthermore, NE
microinjections into the BF in freely moving rats produced
a dose-dependent increase in gamma activity, a decrease in
delta activity and an increase in waking (92). These effects
on cortical EEG activity were interpreted by Jones and
coworkers as being attributable to the depolarization and
excitation of cholinergic BF neurons by NE as had been
demonstrated previously in in vitro studies (93).

Recently, we have described that adrenaline-
containing neurons also innervate BF cholinergic neurons
(94). Although an effect of adrenaline on cortical arousal
has been suggested ever since the description of the
brainstem adrenaline containing cell groups (95), studies
are lacking to support this notion. Histochemical evidence
for the existence of several types of adrenergic receptors in
the BF has been brought forward by autoradiographic
receptor-binding, immunocytochemical, and in situ
hybridization techniques (94). However, no attempt was
made to identify the cellular localization of such receptors.
In our preliminary studies (96) alpha,,-adrenergic receptors
were found to be localized in a subpopulation of BF
cholinergic as well as in a substantial number of non-
cholinergic neurons. Since alphay,-adrenergic receptors
are associated with neuronal inhibition, NE (or adrenaline)
may disinhibit the GABAergic/cholinergic link, thereby
causing a facilitatory action on cholinergic neurons. This
indirect excitatory effect of NE/adrenaline may be
paralleled by a direct excitatory action through putative
alpha  adrenergic receptors on cholinergic neurons as

suggested by Fort et al. (93). Thus, considering the
presence of different neuronal populations among the
electrophysiologically identified F and S types of neurons
and the various adrenergic receptors, NE/adrenaline may
affect cortical arousal via the BF according to a
complicated cellular mechanism that awaits to be
determined in future studies.

7.2. Basal forebrain in mediating serotoninergic effect
on cortical arousal

The activity of dorsal raphe (DR) neurons, one of
the main sources of serotoninergic (5-HT) innervation of
the forebrain, shows state-dependent changes across the
sleep-wake cycle. The firing of putative 5-HT neurons
shows wake-active REM-off discharge characteristics: in
both cats and rats the activity of these neurons declines as
the animal becomes drowsy and declines even further in
SWS. Finally, the activity of putative DR-5SHT neurons
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becomes virtually silent in REM sleep (97-100). There is in
vitro intracellular evidence to suggest that 5-HT produces
cortical activation by enhancing the membrane excitability
of neocortical pyramidal neurons (101, 102). Finally, 5-
HT-dependent cortical activation is not affected by
cholinergic, dopaminergic, noradrenergic, (103) or
histaminergic blockade (104), suggesting that the activating
effect of 5-HT release is exerted by its direct action in the
cortex. Recent studies in unanesthetized rats suggest that
DR neurons have enabling effects on cortical arousal, since
altering discharge rates of DR neurons did not result in
changes in the vigilance state (99, 100).

An indirect effect of the raphe-serotonin neurons
on the cortex via BF neurons was also suggested by both
electrophysiological and anatomical studies.
Microinjection of serotonin into the BF induces a decrease
in the gamma component of cortical EEG in unanesthetized
rats (92). This EEG effect was attributed to the
hyperpolarization and inhibition of cholinergic neurons by
5-HT, as shown earlier in in vitro guinea pig slices (105).
In vivo experiments in which the DR was stimulated
showed a more complex scenario. Single pulse stimulation
of the DR produced excitatory or inhibitory responses with
latencies ranging from 3-26 ms in about 20% of cortically
projecting BF neurons tested in barbiturate-anesthetized
rats (106). In a more recent study in which F and S cells in
the BF of urethane—anesthetized rats were recorded, Detari
et al. (107) found that single pulse DR stimulation elicited
a short-latency, short-duration excitation in the majority of
both F and S cells, although in a few F and S cells the
initial reaction was inhibitory. Interestingly, tail pinch
induced excitation in most of F cells and in half of the S-
cells while the other half of the S-cells were inhibited.
LVFA induced by noxious stimulation, such as tail pinches,
is abolished by 5-HT antagonists (108), suggesting that
neocortical activation due to noxious stimulation depends
on the DR/5-HT system. The interpretation of the effects
of stimulation is complicated by the presence of different
cell types in the DR: only about one third of the neurons
contain 5-HT, and they are mixed with dopaminergic,
GABAergic and peptidergic neurons (109-112). Thus,
these neuronal populations may have been co-activated by
electrical stimulation.

Previous preliminary anatomical (113) and
biochemical (114) studies from this laboratory provided
evidence that the BF might be a relay station conveying
neural information from 5-HT cells toward cortical areas.
However, there is no agreement about the potential
postsynaptic sites. Light microscopic studies (113, 115)
suggested that cholinergic cells may be among the BF
targets, but an electron microscopic study in the rat septum
failed to identify serotoninergic synapses on cholinergic
neurons (116). On the other hand, 5-HT fibers formed
synapses with PV-containing- GABAergic neurons in the
septum (116). Additionally, it was found in a preliminary
study that 5-HT axons synapse on calretinin-containing
neurons in the septum and in more caudal BF areas,
including the SI (117). Calretinin neurons in the septum
are supposed to represent a subpopulation of GABAergic
neurons, although in the supramammillary nucleus
calretinin has been colocalized with glutamate (118).



Sleep and basal forebrain circuitry

According to the reciprocal interaction model for
REM sleep regulation (3), 5-HT exerts an inhibitory
influence on mesopontine REM-on neurons through
postsynaptic 5-HT 5 receptors and also inhibits the firing of
DR/5-HT neurons acting on somatodendritic 5-HT;,
autoreceptors (119-121). This same 5-HT receptor subtype
is also expressed in a subpopulation of ms/vdb cholinergic
neurons  (122).  Data suggests that disruption of
hippocampal theta by the action of 5-HT is mediated in part
via the septum (123). In the absence of 5-HT synapses on
BF cholinergic neurons, however, it is unclear how a
reduced 5-HT efflux through altered activation of SHT,
postsynaptic receptors could contribute to increased firing
in cholinergic BF neurons during REM sleep.

7.3. Input to the basal forebrain from the mesopontine
tegmentum

Since the seminal studies of Moruzzi and
Magoun (124) and Jouvet (125) it is accepted that the
pontomesencephalic reticular formation is critical for the
initiation and maintenance of cortical activation during
wakefulness and REM sleep. In line with these early
studies, unit recordings in unanesthetized cats revealed that
neurons in the pontomesencephalic tegmentum increase
their firing rate before transitions from NREM to REM
sleep occur (126).

The concurrent increase in cortical ACh release
following stimulation of the pedunculopontine tegmental
nucleus (PPT) (127) strongly suggests that BF cholinergic
neurons are activated by PPT stimulation. The projection
from the reticular formation to the forebrain was originally
presumed to be cholinergic since the most effective sites
for EEG activation were in the vicinity of cholinergic cell
bodies in the PPT (126). Using microdialysis to deliver
receptor antagonists to the BF, however, it was found that
ACh release and cortical EEG activation evoked by PPT
stimulation were not blocked by either muscarinic or
nicotinic antagonists, but were greatly reduced by a non-
specific glutamate antagonists, kynureic acid (127). Also,
ACh inhibits BF cholinergic neurons in vitro (73). These
findings suggest that the excitatory input to BF neurons
from the PPT area may be via glutamatergic axons (128).
Electrical stimulation in the mesopontine tegmentum was
also used to assess their effect on the activity of BF
neurons. Stimulation of the midbrain central tegmental
field (ventral and lateral to the central gray matter and
dorsal to the red nucleus) in freely moving cats elicited
short latency orthodromic excitatory or inhibitory responses
in wake-active and sleep-active neurons in BF areas,
including the hdb, ventral globus pallidus and rostral
portions of the SI, rich in cholinergic and GABAergic
corticopetal neurons (129, 130). Single pulse stimulation
of the PPT area produced excitation in the majority of F
and S cells in the BF (107).

Cholinergic,  putative  glutamatergic ~ and
GABAergic neurons are codistributed within the
mesopontine tegmentum, including the PPT and the
laterodorsal tegmental (LDT) nuclei (131, 132). Some
GABAergic cells in the PPT/LDT showed increased
expression of the immediate early gene c-fos after REM
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sleep deprivation (133) and thus could correspond in part to
the electrophysiologically identified REM-on (134) and/or
Wake/REM-on cells (119). Retrograde tracer studies in
rats indicated ascending projections from the PPT/LDT
nuclei and the central tegmental field to BF areas, however,
the majority of retrogradely labeled cells did not colocalize
with choline acetyltransferase, the definitive marker for
cholinergic neurons (135).

The nucleus reticularis pontis oralis (RPO) has
been identified as an important site for generating various
signs of cortical activation, including REM and
hippocampal theta (123). The transmitter of these tonic
movement-REM  neurons apparently has not been
identified. On the other hand, GABAergic neurons in the
RPO showed decreased c-fos expression after paradoxical
sleep deprivation and are thought to be SWS-on or REM-
off cells (136). In preliminary studies, we have shown that
axons arising from the RPO synapse with PV-containing
neurons in the BF, however the transmitter identity of the
ascending axons was not determined (23). Some of the
pontomesencephalic GABAergic neurons project to the
posterior lateral hypothalamus (132), or represent local
interneurons and innervate neighboring monoaminergic
neurons (137). In the lack of a systematic investigation at
the electron microscopic level, it is unclear if putative
glutamatergic, GABAergic or cholinergic projections from
the mesopontine tegmentum synapse with specific neuronal
types or indiscriminately contact neurons in the BF to
mediate cortical arousal.

7.4. Ventral tegmental area input to basal forebrain in
mediating arousal

The ventral tegmental area (VTA) is the source of
dopamine (DA) containing neurons that project to the
prefrontal cortex, ventral striatum, BF and hypothalamus.
Neural interactions among these areas have been implicated
in mediating motivated behavior (138-140). We have
recently described that VTA and substantia nigra pars
compacta (SNc) neurons synapse on cholinergic and PV-
containing neurons in the BF and could thus transmit
reward-related information to these neurons (141, 142).
Although the firing rate or pattern of DA neurons in the
VTA and SNc are not significantly modulated by the sleep-
wake cycle or anesthetics (143, 144), the administration of
DA DI receptor agonists produces EEG desynchronization
and behavioral arousal (145). Low doses of
dopaminomimetic agents acting on D2-like inhibitory
autoreceptors on the cell bodies or terminals of VTA
neurons induce sleep (146). Also, mice with deleted
dopamine transporter show increased wakefulness and
decreased NREM sleep (147). Furthermore, sleep
disturbances in Parkinson’s disease and related disorders
and their influence with dopaminergic medication suggest
involvement of the dopaminergic system in sleep-wake
regulation (148-150). Clearly, the effects of midbrain-
dopamine on sleep mechanisms await  further
investigations.

Its has been recently discovered that VTA non-
dopaminergic, putative GABAergic, neurons increase firing
rates during active wakefulness and REM sleep, relative to
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quiet wakefulness. During deprived SWS, there was a
direct correlation between decreased VTA-GABA neuron
firing rates and increased delta wave power (151). It
remains to be definitely established whether VTA-
GABAergic neuronal activity contributes to, or only
reflects, cortical activity. However, it is interesting to note
that neurons in the VTA project to somatostatin-containing,
putative GABAergic neurons in the BF (152).
Furthermore, a preliminary study indicated that VTA
neurons that project to the SI and adjacent BF areas contain
GABA (54). Since somatostatin-containing neurons in the
BF innervate cholinergic corticopetal neurons (55), a VTA-
GABAergic/BF-GABA-ACh link might represent another
extrathalamic route for cortical activation.

8. AMYGDALA
FOREBRAIN

INPUT TO THE BASAL

It has been long known that high frequency
unilateral stimulation in the amygdaloid body activates
bilaterally the ECoG and induces LVFA in anesthetized
cats (153, 154). This activation may be mediated by the BF
since it can be blocked by lidocaine injections in the SI or
attenuated by systemic administration of centrally acting
muscarinic receptor antagonists (155, 156). The
involvement of the BF is also supported by anatomical
evidence showing that projections from the amygdala
terminate in the ST (157-161). Although a pharmacological
study (162) and an electron microscopic study (163)
suggested the existence of glutamatergic inputs from the
amygdala to the BF, another morphological study indicated
the presence of inhibitory (164) inputs from the amygdala
to the BF. Similarly, even though amygdalofugal axons
were shown to synapse on cholinergic neurons in the
ventral pallidum (163) and SI (165), the majority of
amygdala efferents to the BF terminated on non-cholinergic
neurons of unknown transmitter identity. In line with these
seemingly contradictory results, single-pulse stimulation of
the amygdala excited the majority of F cells in the BF,
while inhibiting the majority of S cells (156). Interestingly,
in an early study Kreindler and Steriade had shown that
within the basolateral amygdala there are two antagonistic
systems, one that desynchronizes and another one that
synchronizes the background activity of the neocortex.
Both reactions persisted following a complete midbrain
transection (166). Another route by which the amygdala
stimulation may participate in EEG and sleep modulation is
via its projections to the lateral pontine region, as suggested
by Calvo and Simon-Arceo (167).

9. HYPOTHALAMUS AND BASAL FOREBRAIN
CIRCUITS INVOLVED IN SLEEP-WAKE
MECHANISMS

A large body of evidence accumulated since the
classical study of the Viennesa epidemic of encephalitis
lethargica by von Economo (1) showing that inflammatory
lesions in the posterior wall of the third ventricle caused
somnolence, while lesions in more rostrally situated parts
of the hypothalamus were paralleled with insomnia. Later
Walle Nauta, in his elegant study in rats (2) using a series
of knife cuts, suggested that neurons in the lateral
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preoptic/hypothalamic regions, about the level of the
suprachiasmatic nucleus, have specific importance for sleep
regulation (“sleep centre”). On the other hand, neurons in
the posterior hypothalamus, at the mammillary region that
give rise to ascending pathways to be relayed at successive
rostral hypothalamic levels, are important in the
maintenance of the waking state (“waking centre”).

9.1. Preoptic/anterior hypothalamic area

Subsequent lesion or stimulation studies in
various  species  (168-173)  confirmed that the
preoptic/anterior hypothalamic (POAH) and adjacent BF
areas have a hypnogenic function. In addition, studies in
cats and rats in which axon-sparing neurotoxins such as
kainic or ibotenic acids were deposited into POAH and
neighboring BF structures, revealed that the insomnia could
be attributed to the destruction of neuronal cell bodies and
not axonal fibers of passage. Both the duration and number
of SWS and REM sleep episodes were reduced following
these lesions, although in the chronic course SWS bouts did
consolidate. A substantial cell population in the median
preoptic nucleus (MnPN), medial and lateral preoptic areas
and more laterally in the cholinergic rich regions of the BF
in cats and rats show sleep-related discharge patterns (129,
130, 174-178). The sleep-related neurons included
heterogeneous populations: SWS/REM-related neurons
exhibiting activation during both phases of sleep compared
to W; SWS and REM neurons exhibiting selective
activation during either NREM or REM sleep, respectively.
While sleep-related neurons are intermingled with wake-
active neurons in extended POAH-BF areas, sleep-related
neurons are concentrated in two specific regions: in the
MnPN and within the ventralmost aspect of the lateral
preoptic area (VLPO). Similarly to neurons in the MnPN,
the firing of VLPO neurons anticipated sleep onset (176-
178). Some of the sleep-active neurons that showed
elevated discharge in deep SWS in the POAH may be
projection neurons as they gave antidromic responses
evoked from the external capsule, cingulate bundle or
mesencephalic reticular formation (129). Since POAH
neurotoxic lesions also impaired EEG spindling (172), it is
likely that these lesions involved cholinergic or
GABAergic neurons projecting to the thalamic reticular
nucleus (179-181), the locus of the spindle-genesis
(Steriade, this volume).

Recently, it has been shown that neurons in the
VLPO (182-185) and in the MnPN (186) show c-fos
activation proportional to the amount of time spent in sleep.
In the VLPO the number Fos-immunoreactive neurons was
proportional to SWS sleep (182, 183), while the number of
Fos-immunoreactive neurons in the area extending dorsally
and medially from the VLPO (‘extended VLPO’) was
highly correlated with REM but not SWS sleep (185).
Sixty percent of sleep-active neurons in the extended
VLPO and 90% of sleep-active cells in the VLPO-cluster
contain galanin, an inhibitory peptide, and many of these
galanin-positive neurons also express GABA (184, 185).
The VLPO has been shown to project to the histaminergic
tuberomammillary nucleus in the posterior lateral
hypothalamus (187-189). It is suggested that this particular
projection would promote SWS (190). On the other hand,
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GABAergic projections from the VLPO and extended
VLPO to the LC and DR cell groups might promote REM
sleep by inhibiting the discharge of brainstem aminergic
nuclei (190). Neurons in the MnPN project to the DR-
serotoninergic and LC-noradrenergic neurons (191) and to
the VLPO (192). MnPN may be part of a POAH sleep-
promoting network, although MnPN neurons are also
involved in thermoregulation, while VLPO neurons
apparently are not (186). Local warming of the POAH area
resulted in inhibition in a substantial population of wake-
active cells in the cat cholinergic BF areas (130) suggesting
that sleep-active neurons may inhibit wake-active neurons.
Our observations that symmetric, inhibitory type, synapses
originating from the medial preoptic area were found on
cholinergic neurons in the SI (193) are compatible with this
notion. Interestingly, axons from the VLPO were also
traced to the cholinergic BF area, but they seemed to avoid
cholinergic cell bodies (187). It remains to be assessed in
electron microscopic studies whether VLPO
GABA/galaninergic axons innervate specific BF non-
cholinergic neurons. Other studies, using in vitro slice
preparation have shown that a subpopulation of VLPO-
GABAergic neurons are inhibited by ACh (194), and the
origin of this ACh was suggested to be the mesopontine
tegmentum (77). Finally, it is suggested that GHRH axons
projecting from the paraventricular/periventromedial region
(195) to the POAH region could mediate the SWS
promoting action of GHRH (58, 196), since microinjection
of GHRH directly into the medial preoptic area elicits
enhanced SWS and GHRH antagonists in the same area
suppress spontaneous SWS (59).

9.2 The hypocretin/orexin
hypothalamus

Two new neuropeptides, hypocretin-1 and
hypocretin-2 (also called orexin-A and orexin-B) were
identified in about 1,200 neurons in the perifornical-
dorsolateral hypothalamus of rats (197, 198). These
neurons project in addition to the neocortex to such diverse
regions, as the BF, VLPO, tuberomammillary nucleus, DR,
LC, pontine reticular formation and the PPT/LDT
tegmental nuclei that are all involved in behavioral state
control (199, 200). Hypocretins operate through Hert-1 and
Hert-2 receptors that show differential distribution. For
example, in the BF, septum and the pontine reticular
formation, neurons express mostly Hert-2 (201, 202), while
in the LC the predominant receptor is Hert-1 (203).

system of the lateral

Fos expression in orexin neurons correlates
positively with the amount of wakefulness and negatively
with the amounts of SWS and REM sleep (204). Hert-1
efflux was significantly higher during active waking than
during SWS in the hypothalamus and higher during REM
sleep than during SWS in both the hypothalamus and BF in
freely moving cats (205). This is compatible with the data
of Alam et al. (206) that many neurons in the rat
perifornical area show elevated discharge in active waking
and REM sleep as compared to SWS. Since in this
electrophysiological study no attempt was made to identify
the transmitter character of the recorded neurons, and in the
perifornical area hypocretin cells are intermingled with
other cell types, including melanin-concentrating hormone
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expressing cells (207), the unequivocal electrophysiological
signature of hypocretin/orexin cells awaits further studies.
For example, they may correspond to wake-related neurons
that exhibited reduced discharge during both SWS and
REM sleep when compared to that during waking (206)
neurons (202, 217).

These findings, together with studies showing
that intraventricular (208, 209) or BF (210) microinjections
of hypocretins produce an increase in wakefulness, suggest
that the activation of hypothalamic hypocretin neurons may
promote or contribute to the maintenance of wakefulness.
The excitatory effects of hypocretins on noradrenergic
neurons of the LC, serotoninergic neurons of the DR,
histaminergic neurons of the tuberomammillary nucleus,
cholinergic neurons of the LDT and cholinergic and PV
neurons of the BF have been described (211-217).
Hypocretin-containing  axons  establish  asymmetric,
excitatory type synapses on septal cholinergic neurons and
Hert-2 receptors have been found on PV-containing, septal
GABAergic neurons (202, 217).  Orexin/hypocretin-
containing terminals were also found in the VLPO area
(192) and microinjections of hypocretins into the lateral
preoptic area increased wakefulness and suppressed all
sleep stages, especially deep SWS and REM sleep (218).

It has been shown recently that adrenaline-
containing axons synapse on orexin/hypocretin containing
neurons in the perifornical area (219): a transmitter
interaction that could mediate the sedative action of the
alpha,-adrenoreceptor-mediated anesthetic agent,
dexmedetomidine  (220). Interestingly, —adrenaline-
containing axons synapse with asymmetric synapses on
orexin-containing dendrites, but show symmetric synapses
with orexin-positive cell bodies, an observation that was
noted also with adrenaline synapses on cholinergic neurons
of the BF (94). The functional significance of this
phenomenon is unclear.

9.3. Posterior lateral hypothalamus

Lesions in the posterior lateral hypothalamus,
including the area of the histaminergic tuberomammillary
nucleus produce somnolence and hypersomnia, whereas
stimulation promotes wakefulness (221-226). The
existence of interactions between preoptic hypnogenic and
posterior hypothalamic wake-promoting neurons was
already suggested by Nauta (2) and is supported by the
demonstration that muscimol injection in the ventrolateral
part of the posterior hypothalamus restores sleep in cats
previously rendered insomniac by the injection of the cell-
specific neurotoxin ibotenic acid into the VLPO area (173).
Neurons in the posterior lateral hypothalamus, in rats and
cats, using chronically implanted electrodes, were classified
as waking-related (W) W/REM-related and REM-related
(227, 228). W-related neurons decreased their discharge in
SWS sleep, and remained firing at low rates during REM
sleep. A subpopulation of these neurons discharge very
little during REM sleep, and qualified as REM-off neurons.
It is suggested that these latter units may correspond to
histaminergic neurons (225, 227), although neither their
cortical projections nor their transmitter were identified.
Histaminergic neurons in the ventrolateral part of the
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posterior hypothalamus innervate the entire forebrain as
well as brainstem regions (229, 230) and may affect
multiple neuronal sites involved in behavioral-state control.
For example, histamine microinjections into the VLPO area
produce dose-dependent increases in wake, and blockade of
histamine synthesis in the POAH increases sleep and
decrease wakefulness (226). The VLPO area is richly
innervated by histaminergic fibers (192), however in an in
vitro study (194) VLPO-GABAergic neurons were
unaffected by histamine. Since muscimol injection in the
same site of the preoptic area evoked severe insomnia
(225), and all histamine-immunoreactive neurons in the
tuberomammillary nucleus also contain GABA (231),
further studies are necessary to understand the mechanism
by which histamine and GABA elicit arousal in the VLPO.
In addition, histaminergic fibers innervate neurons lateral to
the VLPO, i.e. hdb and SI, that contain cholinergic and
GABAergic corticopetal neurons. Indeed, an excitatory
action of histamine on BF cholinergic neurons has been
shown in vitro (232) and a projection from the
tuberomammillary/posterior ~ hypothalamic  area  to
cholinergic neurons has been described (193), although no
evidence exists to indicate whether histaminergic axons
indeed synapse with cholinergic or other non-cholinergic
neurons of the BF.

9.4. The supramammillary nucleus

The supramammillary nucleus is a relay station
within the ascending pathway from the nucleus reticularis
pontis to the septo-hippocampal complex and thought to
play a modulatory role in reticularly elicited hippocampal
theta (123). Supramammillary fibers may regulate the
electrical activity of the hippocampus by both a direct
pathway as well as via an indirect pathway through the
septal  complex. Supramammillary,  presumably
glutamatergic, fibers terminate both on cholinergic and PV-
containing GABAergic neurons in the ms/vdb complex
(233, 234). It has not been investigated whether
supramammillary fibers also contact cholinergic and/or
GABAergic cells in more caudal areas of the BF where
neurons with predominant projection to the cortical mantle
instead of the hippocampus are found.

9.5. The homeostatic and circadian control of sleep—
wake cycles

Adenosine is an endogenous somnogen; its
accumulation in specific brain regions during prolonged
wakefulness might constitute the physiological basis of
homeostatic sleep need (sleep pressure). During prolonged
wakefulness accumulating adenosine produces immediate
ionic effects reflected in decreased neuronal discharge in
BF wake-active, putative cholinergic neurons. Adenosine
may indirectly activate sleep-promoting neurons in the
VLPO via an inhibition of presynaptic GABA release onto
these neurons, resulting in disinhibition (235-238). At
present, the origin of this GABA input to the VLPO-
GABAergic neurons is unclear.

According to the two-process model of sleep
regulation (239), the homeostatic sleep pressure with
duration of wakefulness must be integrated with circadian
propensity to initiate sleep. In the absence of the

1157

suprachiasmatic nucleus (SCN), the circadian pacemaker,
the total amount of sleep is unchanged, but there is no light-
induced variation in sleep onset (240). The VLPO receives
inputs from the retina and the SCN. In addition, circadian
influence can reach the VLPO indirectly through the
median, medial preoptic area and the dorsomedial
hypothalamic nucleus, all of which receive dense
projections from the SCN and project to the VLPO (192,
241-244). Thus, the VLPO is anatomically well positioned
to integrate homeostatic and circadian drives and to
influence forebrain and brainstem arousal systems. It is
unclear if BF neurons receive circadian information
directly from the SCN or via preoptic or dorsomedial
hypothalamic projections to cholinergic neurons whose
existence has been established by electron microscopy
(193).

10. CONCLUDING REMARKS

Figure 8 is an attempt at summarizing the
synaptic input and interconnections of specific BF neurons
in rat with their EEG-correlated firing properties in
anesthetized animals whenever appropriate data are
available.  Unfortunately, at present the sleep-waking
related discharge characteristics of neurochemically
identified BF neurons in awake behaving animals have not
been established. It would be interesting to know if
application of similar criteria, used to classify sleep-wake
related cell groups in other brain areas, would lead to
segregation of BF neurons along different transmitter types.
Alternatively, it is possible that neurons with the same
transmitter show temporarily distinct activation/inhibition
patterns depending upon the prevailing state of afferent
control. Fifteen years ago, Cliff Saper suggested in an
influential review (245) that neurons comprising the diffuse
corticopetal systems may give off collaterals at multiple
levels along their ascending path towards the cerebral
cortex and affect the function of rostrally located cortical
projection neurons. Study of the local axonal arborization
of electrophysiologically and chemically identified neurons
and the application of computational methods that show the
specific spatial associations between the wvarious cell
populations, suggest that the BF is not a diffuse structure
and its neural elements might be capable of distinct
operations. The increasing use of combined rather than
correlated functional anatomical studies (246) helps to
understand how the firing properties of projection
(cholinergic, PV-containing GABAergic) and local
interneurons (NPY) relate to cortical EEG. The
establishment of the input/output relationships, receptor-
makeup and synaptology of electrophysiologically and
neurochemically identified neurons will likely reveal that
the various ‘diffuse’ ascending systems affect cortical
arousal via the BF according to a very complex fine tuned
cellular mechanism. Of course, if we treat the BF as a
diffuse structure then sleep-related information may reach
any of its cell population from all important brainstem and
diencephalic arousal systems. However, even though all BF
cell types are innervated by noradrenergic/adrenergic
axons, the data suggest that the end-effect of NE on the
different BF neurons would be different due to the presence
of various adrenergic receptors and the different intrinsic
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Figure 8. Schematic diagram (modified from [19]) illustrating the mode of termination of different ascending afferents to
cholinergic (CH) parvalbumin (PV), somatostatin (SOM), neuropeptide Y (NPY) and calretinin (CR) containing neurons in the
basal forebrain. Some of the interconnections between ascending aminergic cell groups are also indicated. Black filling in cell
bodies indicates GABA, while gray tone in CR and NPY cell bodies indicates that data are equivocal as to whether the neuron is
GABAergic or glutamatergic. Inhibitory synapses are drawn in full black, excitatory synapses with open symbols. Within the
open symbols a minus sign represent dopaminergic synapses, a dot marks a noradrenergic or serotoninergic synapses. Axon
collaterals with free endings indicate that no firm data is available about the postsynaptic target. Only those neurons and
connections are included here that have been cross-correlated on the basis of fine structural, tracing and/or immunocytochemical
identification of the same elements. Note that afferents to cholinergic neurons selectively innervate different portions of the
neuron. Amygdala (AMY) axons from the basolateral amygdala (163), central nucleus of the amygdala (165) noradrenergic
axons from the locus coeruleus (LC) (88) terminate on distal dendrites. Somatostatin, NPY (19, 70), GABAergic (61), medial
preoptic (MPA) (193) and dopaminergic (141) axons innervate predominantly the cell bodies and proximal dendrites of
cholinergic neurons. Corticofugal axons originating in the prefrontal cortex terminate on dendritic shafts of parvalbumin-
containing neurons (79). Parvalbumin-containing neurons also receive on their soma input from the ventral tegmental area-
substantia nigra (VTA-SN) (142). These synapses were GABA-negative (142), however, GABAergic axons from the VTA
synapse in prefrontal cortex (247). Synapses originating in the VTA on BF-somatostatin neurons were not tested for the presence
of GABA (152). Parvalbumin (23), and cholinergic (Kallo and Zaborszky, in preparation) neurons also receive input from the
mesopontine tegmentum (MPT). Inputs from serotoninergic (5-HT) neurons to CR (117) and PV (116) neurons in the BF have
been described. Synapses on midbrain dopaminergic neurons originating from the mesopontine cholinergic (131), glutamatergic
(250) and serotoninergic (251) axons have also been indicated. Serotonin inputs to the mesopontine neurons are described in
references (248, 249). Adrenergic (A) input to the LC (252), to orexin/hypocretin (Hert) neurons (217) and to cholinergic neurons
in the basal forebrain (94) have been described. Hert-axons synapse with cholinergic (217) and PV-containing neurons (202) in
the BF. Histamine (His) synapses on BF neurons are apparently not described. Data are based on studies of the rodent
basalocortical neurons; the presence of catecholaminergic and GABAergic synapses on cholinergic neurons of the nucleus basalis
in primates has been recently confirmed (253). The VLPO is omitted due to the lack of electron microscopic data on synaptic
connections. EEG-correlated unit firing of CH, PV and NPY neurons are from (16).

properties of transmitter-specific neuronal populations. synaptic transmission and transduction mechanisms.
Further specialization may be achieved if ascending Nothwithstandingly, = corticopetal ~ cholinergic ~ and
monoaminergic axons do not contact indiscriminately all GABAergic neurons are uniquely positioned to integrate
cell types. For example, the available electron microscopic the constant flow of cellular and homeostatic states derived
data suggest that 5-HT axons selectively contact non- from the ascending subcortical systems and to channel this
cholinergic BF neurons. Also the subtle differences in the momentarily changing neural pattern to the cortical mantle
synaptology of adrenergic synapses on cholinergic or to modulate alertness. As we argued elsewhere (23, 81),
orexin-containing neurons may presage differences in against the relatively ‘diffuse’ termination of the ascending
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brainstem and hypothalamic axons, the restricted input
from the prefrontal cortex to PV-containing BF neurons
(79) might be instrumental in communicating state-related
changes from BF neurons to specific posterior sensory
areas to modulate selective cognitive processes. It is
unclear, however, if the same BF neurons that receive
sleep-related brainstem or diencephalic input are the ones
that also mediate specific functions, like selective attention
and sensory plasticity.

11. ACKNOWLEDGEMENTS

The original research summarized in this review was
supported by NIH grant No. NS23945 to L.Z. and IR25 GM60826
to L.Z. and A.D. Figure 2 is reprinted from (55) with permission
from Birkhauser Verlag. Panels A, D, E in Figure 4 are reproduced
from (81) with permission from Elsevier.

12. REFERENCES

1. Economo von C.: Sleep as a problem of localization. J
Nerv Ment Dis 71, 249-251 (1930)

2. Nauta W. J. H.: Hypothalamic regulation of sleep: an
experimental study. J. Neurophysiol 9, 285-316 (1946)

3. HobsonJ. A., R. W. McCarley & P. W. Wyzinski: Sleep
cycle oscillation: reciprocal discharge by two brainstem
neuronal groups. Science 189, 55-8 (1975)

4. Hobson J. A & E. F. Pace-Schott: The cognitive
neuroscience of sleep: neuronal systems, consciousness and
learning. Nat Rev Neurosci 3, 679-693 (2002)

5. Pace-Schott E. F & J. A. Hobson: The neurobiology of
sleep:  genetics, cellular physiology and subcortical
networks. Nat Rev Neurosci 3, 591-605 (2002)

6. Whitehouse P. J., D. L. Price, R. G. Struble, A. W.
Clark, J. T. Coyle & M. R. Delon: Alzheimer's disease and
senile dementia: loss of neurons in the basal forebrain.
Science 215, 1237-9 (1982)

7. Price D. L, P. J. Whitehouse & R. G. Struble: Cellular
pathology in Alzheimer's and Parkinson's diseases. TINS 9,
29-33 (1986)

8. Geula C. & M.-M. Mesulam: Cholinergic systems and
related neuropathological predilection patterns in
Alzheimer disease. In: Alzheimer Disease. Eds.: R. D.
Terry, R. Katzman & K. L. Bick. Raven Press, NY (1994)

9. de Lacalle S. & C. B. Saper: The cholinergic system in
the primate brain: Basal forebrain and pontine-tegmental
cell groups. In: Handbook of Chemical Neuroanatomy V.
13. The Primate Nervous System, Part I. Eds.: F. E. Bloom,
A. Bjorklund & T. Hokfelt. Elsevier, Amsterdam, 217-262
(1997)

10. Detari L. & C. H. Vanderwolf: Activity of identified
cortically projecting and other basal forebrain neurones

1159

during large slow waves and cortical activation in
anaesthetized rats. Brain Res 437, 1-8 (1987)

11. Buzsaki G., R. G. Bickford, G. Ponomareff, L. J. Thal,
R. Mandel & F. H. Gage: Nucleus basalis and thalamic
control of neocortical activity in the freely moving rat. J
Neurosci 8, 4007-4026 (1988)

12. McGinty D. & R. Szymusiak: Keeping cool: a
hypothesis about the mechanisms and functions of slow-
wave sleep: Trends Neurosci 13, 480-487 (1990)

13. Metherate R., C. L. Cox & J. H. Ashe: Cellular bases
of neocortical activation: modulation of neural oscillations
by the nucleus basalis and endogenous acetylcholine. J
Neurosci 12,4701-11 (1992)

14. Whalen P.J., B. S. Kapp & J. P. Pascoe: Neuronal
activity within the nucleus basalis and conditioned
neocortical electroencephalographic activation. J. Neurosci
14, 1623-1633 (1994)

15. Nunez A.: Unit activity of rat basal forebrain neurons:
relationship to cortical activity. Neuroscience 72, 757-66
(1996)

16. Duque A., B. Balatoni, L. Detari & L. Zaborszky: EEG
correlation of the discharge properties of identified neurons
in the basal forebrain. J Neurophysiol 84, 1627-1635
(2000)

17. Manns 1. D., A. Alonso & B. E. Jones: Discharge

properties of juxtacellularly labeled and
immunohistochemically  identified cholinergic  basal
forebrain neurons recorded in association with the

electroencephalogram in anesthetized rats. J Neurosci 20,
1505-1518 (2000)

18. Manns 1. D, A. Alonso & B. E. Jones: Discharge
profiles of juxtacellularly labeled and
immunohistochemically identified GABAergic Dbasal
forebrain neurons recorded in association with the
electroencephalogram in anesthetized rats. J Neurosci 20,
9252-9263 (2000)

19. Zaborszky L. & A. Duque: Local synaptic connections
of basal forebrain neurons. Behav Brain Res 115,143-158
(2000)

20. Butcher L. L. & K. Semba: Reassessing the cholinergic
basal forebrain: nomenclature and concepts. 7Trends
Neurosci 12, 483-485 (1989)

21. Heimer L., J. de Olmos, G. Alheid & L. Zaborszky:
"Perestroika" in the basal forebrain: Opening the border
between neurology and psychiatry. Progr Brain Res_87,
109-165. (1991)

22. Zaborszky L., A. Csordas, D. Buhl, A. Duque, J.
Somogyi, & Z. Nadasdy: Computational anatomical
analysis of the basal forebrain corticopetal system. In:



Sleep and basal forebrain circuitry

Computational neuroanatomy: principles and methods. Ed.:
A. Ascoli. Humana Press, Totowa, NJ, 171-197 (2002)

23. Zaborszky L., K. Pang, J. Somogyi, Z. Nadasdy & L.
Kallo: The basal forebrain corticopetal system revisited.
Ann N'Y Acad Sci 877, 339-67 (1999)

24. Gritti L., L. Mainville & B. E. Jones: Calcium binding
proteins contained in cortically projecting and GABAergic
basal forebrain neurons. Soc  Neurosci Abstr 25,1135
(1999)

25. Alonso A.: Intrinsic electroresponsiveness of basal
forebrain cholinergic and non-cholinergic neurons. In:
Handbook of behavioral state control. Eds.: R. Lydic &
H.A. Baghdoyan. CRC Boca Raton, FL, 297-309 (1999)

26. Szymusiak R. & D. McGinty: Sleep-related neuronal
discharge in the basal forebrain of cats. Brain Res 370, 82-
92 (1986)

27. Dringenberg H. C. & C. H. Vanderwolf: Involvement
of direct and indirect pathways in electrocorticographic
activation. Neurosci Biobehav Rev 22, 243-257 (1998)

28. Sillito A. M. & J. A. Kemp: Cholinergic modulation of
the functional organization of the cat visual cortex. Brain
Res 289, 143-55 (1983)

29. Steriade M., E. G. Jones & D. A. McCormick:
Thalamus. Vol 1. Organisation and function. Elsevier,
Amsterdam, (1997)

30. Buzsaki G. & F. H. Gage: The cholinergic nucleus
basalis: a key structure in neocortical arousal. In: Central
cholinergic synaptic transmission. Eds.: M. Frotscher & U.
Misgeld. Birkhauser Verlag, Basel, 159-171 (1989)

31. Semba K.: The cholinergic basal forebrain: A critical
role in cortical arousal. Adv Exp Med Biol 295, 197-218
(1991)

32. Detari L., D. D. Rasmusson & K. Semba: Phasic
relationship between the activity of basal forebrain neurons
and cortical EEG in urethane-anesthetized rat. Brain Res
759, 112-121 (1997)

33. Szymusiak R., N. Alam & D. McGinty: Discharge
patterns of neurons in cholinergic regions of the basal
forebrain during waking and sleep. Behav Brain Res 115,
171-182 (2000)

34. Detari L.: Tonic and phasic influence of basal forebrain
unit activity on the cortical EEG. Behav Brain Res 115,
159-170 (2000)

35. Jimenez-Capdeville M. E., R. W. Dykes & A. A.
Myasnikov: Differential control of cortical activity by the
basal forebrain in rats: a role for both cholinergic and
inhibitory influences. J Comp Neurol 381, 53-67 (1997)

36. Detari L., G. Juhasz & T. Kukorelli: Neuronal firing in
the pallidal region: firing patterns during sleep-wakefulness

1160

cycle in cats. Electroenceph Clin Neurophsyiol 67, 159-166
(1987)

37. Detari L., G. Juhasz & T. Kukorelli: Firing properties
of cat basal forebrain neurons during sleep-wakefulness
cycle. Electroenceph Clin Neurophysiol 58, 362-368 (1984)

38. Alam M. N., D. McGinty & R. Szymusiak:
Thermosensitive neurons of the diagonal band in rats:
relation to wakefulness and non-rapid eye movement sleep.
Brain Res 752, 81-89 (1997)

39. Pang K., J. M. Tepper & L. Zaborszky: Morphological
and electrophysiological characteristics of noncholinergic
basal forebrain neurons. J Comp Neurol 394, 186-204
(1998)

40. Pinault D.: A novel single-cell staining procedure
performed in vivo under electrophysiological control:
morpho-functional features of juxtacellularly labeled
thalamic cells and other central neurons with biocytin or
Neurobiotin. J Neurosci Methods 65, 113-136 (1996)

41. Freund T. F. & V. Meskenaite: gamma-Aminobutyric
acid-containing basal forebrain neurons innervate
inhibitory interneurons in the neocortex. Proc Natl Acad
Sci US A 89, 738-742 (1992)

42. Quinn L. K., G. M. Pechenik, A. A. Chiba & D. A.
Nitz: Local field potential recordings in the rat basal
forebrain reveal prominent bursts of theta- and beta/gamma
frequency activity. Soc Neurosci Abst 28, 584.12 (2002)

43. Bassant M., H. E. Apartis, F. R. Jazat-Poindessous, R.
G. Wiley & Y. A. Lamour: Selective immunolesion of the
basal forebrain cholinergic neurons: effects on hippocampal
activity during sleep and wakefulness in the rat.
Neurodegeneration 4, 61-70 (1995)

44. Wenk G. L., J. D. Stoehr, G. Quintana, S. Mobley & R.
G. Wiley: Behavioral, histological, and
electrophysiological effects of 192 IgG-saporin injections
into the basal forebrain of rats. J Neurosci 14, 5986-5995
(1994)

45. Kapas L., F. Obal Jr., A. A. Book, J. B. Schweitzer, R.
G. Wiley: The effects of immunolesions of nerve growth
factor-receptive neurons by 192 IgG-saporin on sleep.
Brain Res 712, 53-59 (1996)

46. Jones B. E. & M. Muhlethaler: Cholinergic and
GABAergic neurons of the basal forebrain: role in cortical
activation. In: Handbook of behavioral state control -
cellular and molecular mechanisms. Eds.: Lydic R. & H. A.
Baghdoyan. CRC Press, NY, 213-233 (1999)

47. Manns 1. D., L. Mainville & B. E. Jones: Evidence for
glutamate, in addition to acetylcholine and GABA,
neurotransmitter sysntesis in basal forebrain neurons
projecting to the entorhinal cortex. Neuroscience 107, 249-
263 (2001)

48. Fremeau R. T.Jr., M. D. Troyer, I. Pahner, G. O.
Nygaard, C. H. Tran, R. J. Reimer, E. E. Bellocchio, D.



Sleep and basal forebrain circuitry

Fortin, J. Storm-Mathisen & R. H. Edwards: The
expression of vesicular glutamate transporters defines two
classes of excitatory synapse. Neuron 31, 247-260 (2001)

49. Hur E. E., R. L. Stornetta, P. G. Guyenet & L.
Zaborszky: Distribution of glutamate neurons in the basal
forebrain as revealed by the presence of vesicular glutamate
transporter (VGLUT2). Soc Neurosc Abstr 28, 239.4 (2002)

50. Henny P., I. D. Manns, M. G. Lee, A. Beaudet, R. T.
Fremeau, R. H. Edwards & B. E. Jones: Vesicular
transporter proteins for glutamate (VGLUT), as well as for
acetylcholine (VACHT) or GABA (VGAT), in terminal
varicosities of cortically projecting basal forebrain neurons.
Soc Neurosc Abstr 28, 870.14 (2002)

51. Poulin A. & K. Semba: Immunohistochemical analysis
of localizations of vesicular glutamate transporters 1 and 2
and vesicular acetylcholine trasporter in the rat cortex and
basal forebrain. Soc Neurosc Abstr 28, 35.5 (2002)

52. Allam M. N., D. McGinty & R. Szymusiak: Effects of
GABA-A agonist and antagonist on preoptic area neuronal
activity in freely moving rats. Sleep 21, S16 (1998)

53. Zaborszky L. & W. E. Cullinan: Projections from the
nucleus accumbens to cholinergic neurons of the ventral
pallidum: a correlated light and electron microscopic
double- immunolabeling study in rat. Brain Res 570, 92-
101 (1992)

54. Fort P., D. Gervasoni, C. Peyron, C. Rampon, R.
Boissard & P.-H. Luppi: GABAergic projections to the
magnocellular preoptic area and substantia innominata in
the rat. Soc Neurosci Abst 24, 1694 (1998)

55. Zaborszky L.: Afferent connections of the forebrain
cholinergic projection neurons, with special reference to
monoaminergic and peptidergic fibers. In: Central
cholinergic synaptic transmission. Eds.: M. Frotscher & U.
Misgeld. Birkhauser, Basel, 12-32 (1989)

56. Beranek L., F. Obal Jr ., P. Taishi, B. Bodosi, F. Laczi
& J. M. Kueger: Changes in rat sleep after single and
repeated injections of the long-acting somatostatin analog
octreotide. Am J Physiol 273 (Regulatory Integrative Comp
Physiol 42), R1484-R1491 (1997)

57. Beranek L., I. Hajdu, J. Gardi, P. Taishi, F. Obal Jr. &
J. M. Krueger: Central administration of the somatostatin
analog octreotide induces captopril-insensitive sleep
responses. Am J Physiol 277 (Regulatory Integrative Comp
Physiol 46), R1297-R1304 (1997)

58. Gardi, J., F. Jr. Obal, J. Fang, J. Zhang & J. M.
Krueger: Diurnal variations and sleep deprivation-induced
changes in rat hypothalamic GHRH and somatostatin
contents. Am J Physiol 277, (Regulatory Integrative Comp
Physiol 46) R13339-R1344 (1999)

59. Zhang J., F. Jr. Obal, T. Zheng, J. Fang, P. Taishi & J.
M. Krueger: Intrapreoptic microinjection of GHRH or its
antagonists alters sleep in rats. J Neurosci 19, 2187-2194
(1999)

1161

60. Danguir J., S. De Saint-Hilaire-Kafi: Somatostatin
antiserum blocks carbachol-induced increase of paradoxical
sleep in the rat. Brain Res Bull 20, 9-12 (1988)

61. Zaborszky L., L. Heimer, F. Eckenstein & C. Leranth:
GABAergic input to cholinergic forebrain neurons: an
ultrastructural study using retrograde tracing of HRP and
double immunolabeling. J Comp Neurol 250, 282-295
(1986)

62. Tamiya R., M. Hanada, S. Inagaki & H. Takagi:
Synaptic relation between neuropeptide Y axons and
cholinergic neurons in the rat diagonal band of Broca.
Neurosci Lett 122, 64-66 (1991)

63. Aoki C. & V. M. Pickel: Neuropeptide Y in the
cerebral cortex and the caudate-putamen nuclei:
ultrastructural basis for interactions with GABAergic and
non-GABAergic neurons. J Neurosci 9, 4333-4354 (1989)

64. Hokfelt T.: Neuropeptides in perspective: the last ten
years. Neuron 7, 867-879 (1991)

65. Metcalf, R. H., R. J. Boegman, R. J. Riopelle & S. K.
Ludwin: The release of endogenous acetylcholine from the
medial septum/diagonal band of rat brain. Neurosci Lett 93,
85-90 (1988)

66. Metcalf R. H. & R. J. Boegman: Release of
acetylcholine from tissue slices of the rat nucleus basalis
magnocellularis. J Neurochem 52, 1143-1148 (1989)

67. Nishimura L. M. & R. J. Boegman: N-methyl-D-
aspartate-evoked release of acetylcholine from the medial
septum/diagonal band of rat brain. Neurosci Lett 115, 259-
264 (1990)

68. Takei N., H. Tsukui, K. Kumakura & H. Hatanaka:
Monitoring of acetylcholine released from postnatal rat
basal forebrain cholinergic neurons cultured on membrane
filter by cell bed perfusion system and HPLC-ECD. Exp
Neurol 108, 229-231 (1990)

69. Moor E., P. de Boer, H. J. Beldhuis & B. H. Westerink:
A novel approach for studying septo-hippocampal
cholinergic neurons in freely moving rats: a microdialysis
study with dual-probe design. Brain Res 648, 32-38 (1994)

70. Zaborszky L.: Synaptic organization of basal forebrain
cholinergic projection neurons. In: Neurotransmitter
interactions and cognitive functions. Eds.: E. D. Levin, M.
W. Decker & L. Butcher. Birkhauser, Boston, 27-65 (1992)

71. Nishino S., M. Tafti, M. S. Reid, J. Shelton, J. M.
Siegel, W. C. Dement & E. Mignot: Muscle atonia is
triggered by cholinergic stimulation of the basal forebrain:
implication for the pathophysiology of canine narcolepsy. J
Neurosci 15, 4806-4814

72. Baghdoyan H. A., J. L. Spotts & S. G. Snyder:
Simultaneous pontine and basal forebrain microinjections
of carbachol suppress REM sleep. J Neurosci 13, 229-242
(1993)



Sleep and basal forebrain circuitry

73. Khateb A., P. Fort, S. Williams, M. Serafin, B. E.
Jones & M. Muhlethaler: Modulation of cholinergic
nucleus basalis neurons by acetylcholine and N-methyl-D-
aspartate. Neuroscience 81, 47-55 (1997)

74. Wu M., M. Shanabrough, C. Leranth & M. Alreja:
Cholinergic excitation of septohippocampal GABA but not
cholinergic neurons: implications for learning and memory.
J Neurosci 20, 3900-3098 (2000)

75. Semba K. & H. C. Fibiger: Afferent connections of the
laterodorsal and pedunculopontine tegmental nuclei in the
rat: A retro- and antero-grade transport and
immunohistochemical study. J Comp Neurol 323, 387-410
(1992)

76. Steininger T. L., D. B. Rye & B. H. Wainer: Afferent
projections to the cholinergic pedunculopontine tegmental
nucleus and adjacent midbrain extrapyramidal area in the
albino rat. I. Retrograde tracing studies. J Comp Neurol
321, 515-543 (1992)

77. Schmidt M. H., D. Gervasoni, P.-H. Luppi & P. Fort:
Carbachol administration into the lateral preoptic area
induces penile erections and wakefulness. Soc Neurosci
Abst 27, 522.19 (2001)

78. Dringenberg H. C. & C. H. Vanderwolf: Neocortical
activation: modulation by multiple pathways acting on
central cholinergic and serotonergic systems. Exp Brain
Res 116, 160-174 (1997)

79. Zaborszky L., R. P. Gaykema, D. J. Swanson & W. E.
Cullinan:  Cortical input to the basal forebrain.
Neuroscience 79, 1051-1078 (1997)

80. Mesulam M.-M. & E. J. Mufson: Neural inputs into the
nucleus basalis of the substantia innominata (Ch4) in the
rhesus monkey. Brain 107, 253-274 (1984)

81. Zaborszky L.: The modular organization of brain
systems. Basal forebrain: the last frontier. Prog Brain Res
136, 359-372 (2002)

82. Jouvet M.: The role of monoamines and acetylcholine-
containing neurons in the regulation of the sleep-waking
cycle. Ergeb Physiol 64, 166-307 (1972)

83. Aston-Jones G. & F. E. Bloom: Activity of
norepinephrine-containing locus coeruleus neurons in
behaving rats anticipates fluctuations in the sleep-waking
cycle. J Neurosci 1, 876-886 (1981)

84. Gervasoni D., L. Darracq, P. Fort, F. Souliere, G.
Chouvet & P.-H. Luppi: Electrophysiological evidence that
noradrenergic neurons of the rat locus coeruleus are
tonically inhibited by GABA during sleep. Eur J Neurosci
10, 964-970 (1988)

85. Berridge C. W. & S. L. Foote: Effects of locus
coeruleus activation on electroencephalographic activity in

1162

neocortex and hippocampus. J Neurosci 11, 3135-3145
(1991)

86. Foote S. L. & G. S. Aston-Jones: Pharmacology and
physiology of central noradrenergic systems. In:
Psychopharmacology: the fourth generation of progress.
Eds.: F. E. Bloom & D. J. Kupfer. Raven Press, New York,
NY, 335-345 (1995)

87. Jones B. E, S. T. Harper & A. E. Halaris: Effects of
locus coeruleus lesions upon cerebral monoamine content,
sleep-wakefulness states and the response to amphetamine
in the cat. Brain Res 124, 473-496 (1977)

88. Zaborszky L., W. E. Cullinan & V. N. Luine:
Catecholaminergic-cholinergic interaction in the basal
forebrain. Prog Brain Res 98, 31-49 (1993)

89. Zaborszky L. & W. E. Cullinan: Direct
catecholaminergic-cholinergic interactions in the basal
forebrain. 1. Dopamine-B-hydroxylase- and tyrosine
hydroxylase input to cholinergic neurons. J Comp Neurol
374, 535-554 (1996)

80. Robinson S. E., D. L. Cheney & E. Costa: Effect of
nomifensine and other antidepressant drugs on
acetylcholine turnover in various regions of rat brain.
Naunyn Schmiedebergs Arch Pharmacol 304, 263-269
(1978)

91. Robinson S. E.: 6-Hydroxydopamine lesion of the
ventral noradrenergic bundle blocks the effect of
amphetamine on hippocampal acetylcholine. Brain Res
397, 181-184 (1986)

92. Cape E. G. & B. E. Jones: Differential modulation of
high-frequency gamma-electroencephalogram activity and
sleep-wake state by noradrenaline and serotonin
microinjections into the region of cholinergic basalis
neurons. J Neurosci 18, 2653-2666. (1998)

93. Fort P., A. Khateb, A. Pegna, M. Muhlethaler & B. E.
Jones: Noradrenergic modulation of cholinergic nucleus
basalis neurons demonstrated by in vitro pharmacological
and immunohistochemical evidence in the guinea-pig brain.
Eur J Neurosci 7, 1502-1511 (1995)

94. Hajszan T. & L. Zaborszky: Direct catecholaminergic-
cholinergic interactions in the basal forebrain. III.
Adrenergic innervation of choline acetyltransferase-
containing neurons in the rat. J Comp Neurol 449, 141-157
(2002)

95. Hokfelt T., K. Fuxe, M. Goldstein, O. Johansson & A.
Ljungdahl: ~ Recent developments in monoamine
histochemistry. J Psychiatr Res 11, 277-280 (1974)

96. Zaborszky L., J. Kiss, & D. L. Rosin: Alphay,-
adrenergic receptors are present in basal forebrain
cholinergic projection neurons. Soc Neurosci Abst 21, 69
(1995)



Sleep and basal forebrain circuitry

97. McGinty D. J. & R. M. Harper: Dorsal raphe neurons:
depression of firing during sleep in cats. Brain Res 101,
569-575 (1976)

98. Jacobs B. L. & C. A. Fornal: An integrative role for
serotonin in the central nervous system. In: Handbook of
behavioral state control - cellular and molecular
mechanisms. Eds.: Lydic R. & H. A. Baghdoyan. CRC
Press, NY, 181-193 (1999)

99. Guzman-Marin R., M. N. Alam, R. Szymusiak, R.
Drucker-Colin, H. Gong & D. McGinty: Discharge
modulation of rat dorsal raphe neurons during sleep and
waking: effects of preoptic/basal forebrain warming. Brain
Res 875, 23-34 (2000)

100. Gervasoni D., C. Peyron, C. Rampon, B. Barbagli, G.
Chouvet, N. Urbain, P. Fort & P.-H. Luppi: Role and origin
of the GABAergic innervation of dorsal raphe serotonergic
neurons. J Neurosci 20, 4217-4225 (2000)

101. Davies M. F., R. A. Deisz, D. A. Prince & S. J.
Peroutka: Two distinct effects of 5-hydroxytryptamine on
single cortical neurons. Brain Res 423, 347-352 (1987)

102. Araneda R. & R. Andrade: 5-Hydroxytryptamine2
and 5-hydroxytryptamine 1A receptors mediate opposing
responses on membrane excitability in rat association
cortex. Neuroscience 40, 399-412 (1991)

103. Vanderwolf C. H. & G. B. Baker: Evidence that
serotonin mediates non-cholinergic neocortical low-voltage
fast activity, non-cholinergic hippocampal rhythmical slow
activity and contributes to intelligent behavior. Brain Res
374, 342-356 (1986)

104. Servos P., K. E. Barke, L. B. Hough & C. H.
Vanderwolf: Histamine does not play an essential role in
electrocortical activation during waking behavior. Brain
Res 636, 98-102 (1994)

105. Khateb A., P. Fort, A. Alonso, B. E. Jones & M.
Mubhlethaler: Pharmacological and immunohistochemical
evidence for serotonergic modulation of cholinergic
nucleus basalis neurons. Eur J Neurosci 5, 541-547 (1993)

106. Semba K., P. B. Reiner, E. G. McGeer & H. C.
Fibiger: Brainstem afferents to the magnocellular basal
forebrain studied by axonal transport,
immunohistochemistry, and electrophysiology in the rat. J
Comp Neurol 267, 433-453 (1988)

107. Detari L., D. D. Rasmusson & K. Semba: Responses
of cortical EEG-related basal forebrain neurons to
brainstem and sensory stimulation in urethane-anesthetized
rats. EurJ. Neurosci 9, 1153-1161 (1997)

108. Neuman R. S. & G. Zebrowska: Serotonin (5-HT2)
receptor mediated enhancement of cortical unit activity.
Can J Physiol Pharmacol 70, 1604-1609 (1992)

1163

109. Leger L., Y. Charnay, P. M. Dubois & M. Jouvet:
Distribution of enkephalin-immunoreactive cell bodies in
relation to serotonin-containing neurons in the raphe nuclei
of the cat: immunohistochemical evidence for the
coexistence of enkephalins and serotonin in certain cells.
Brain Res 362, 63-73 (1986)

110. LuJ., T. C. Chou & C. B. Saper. Identification of
wake-active dopaminergic neurons in the ventral
periaqueductal gray (PAG). Soc Neurosci Abstr 28, 871.8
(2002)

111. Nitz D. & J. Siegel: GABA release in the dorsal
raphe nucleus: role in the control of REM sleep. Am J
Physiol 273, R451-R455 (1997)

112. Descarries L., K. C. Watkins, S. Garcia & A.
Beaudet: The serotonin neurons in nucleus raphe dorsalis of
adult rat: a light and electron microscope radioautographic
study. J Comp Neurol 207, 239- 254 (1982)

113. Zaborszky L., W. E. Cullinan & A. Braun: Afferents
to basal forebrain cholinergic projection neurons: an
update. Adv Exp Med Biol 295, 43-100 (1991)

114. Zaborszky L. & V. N. Luine: Evidence for
existence of monoaminergic-cholinergic interactions in the
basal forebrain. J Cell Biol Suppl 11D, 187 (1987)

115. Gasbarri A., A. Sulli, C. Pacitti & J. L. McGaugh:
Serotonergic input to cholinergic neurons in the substantia
innominata and nucleus basalis magnocellularis in the rat.
Neuroscience 91, 1129-1142 (1999)

116. Leranth C. & R. P. Vertes: Median raphe serotonergic
innervation of medial septum/diagonal band of broca
(MSDB)  parvalbumin-containing  neurons:  possible
involvement of the MSDB in the desynchronization of the
hippocampal EEG. J Comp Neurol 410, 586-598 (1999)

117. Hajszan T. & L. Zaborszky: Serotoninergic
innervation of basal forebrain neurons in the rat. Serotonin:
From the Molecule to the Clinic. 4 Serotonin Club/ Brain
Res Bull Conf. Elsevier Science, Abstracts, 97 (2000)

118. Kiss J., A. Csaki, H. Bokor, M. Shanabrough & C.

Leranth: The supramammillo-hippocampal and
supramammillo-septal glutamatergic/aspartatergic
projections in the rat: a combined [3H]D-aspartate
autoradiographic ~ and  immunohistochemical  study.

Neuroscience 97, 657-669 (2000)

119. Thakkar M.M., R. E. Strecker & R. W. McCarley:
Behavioral state control through differential serotoninergic
inhibition in the mesopontine cholinergic nuclei: A
simultaneous unit recording and microdialysis study. J
Neurosci 18, 5490-5497 (1998)

120. Boutrel B., C. Monaca, R. Hen, M. Hamon & J.
Adrien: Involvement of 5-HT1A receptors in homeostatic
and stress-induced adaptive regulations of paradoxical



Sleep and basal forebrain circuitry

sleep: studies in 5-HT1A knock-out mice. J Neurosci 22,
4686-4692 (2002)

121. Portas C. M., B. Bjorvatn & R. Ursin: Serotonin and
the sleep/wake cycle: special emphasis on microdialysis
studies. Progr Neurobiol 60, 13-35 (2000)

122. Kia H. K., M. J. Brisorgueil, G. Daval, X. Langlois,
M. Hamon & D. Verge: SerotoninlA receptors are
expressed by a subpopulation of cholinergic neurons in the
rat medial septum and diagonal band of Broca -a double
immunocytochemical study. Neuroscience 74, 143-154
(1996)

123. Vertes R. P. & B. Kocsis: Brainstem-diencephalo-
septo-hippocampal systems controlling the theta rhythm of
the hippocampus. Neuroscience 81, 893-926 (1997)

124. Moruzzi G. & H. W. Magoun: Brain stem reticular
formation and activation of the electroencephalogram.
Electroenceph Clin Neurophysiol 1, 455-473 (1949)

125. Jouvet M.: Recherches sur les structures nerveuses et
les mecanismesresponsables des differentes phases du
sommeli physiologique. Arch Ital Biol 100, 125-206 (1962)

126. Steriade M., S. Datta, D. Pare, G. Oakson & R. C.
Curro Dossi: Neuronal activities in brain-stem cholinergic
nuclei related to tonic activation processes in
thalamocortical systems. J Neurosci 10, 2541-2559 (1990)

127. Rasmusson D. D., K. Clow & J. C. Szerb:
Modification of neocortical acetylcholine release and
electroencephalogram desynchronization due to brainstem
stimulation by drugs applied to the basal forebrain.
Neuroscience 60, 665-77 (1994)

128. Steriade M.: Neuromodulatory systems of thalamus
and neocortex. Sem Neurosci 7,361-370 (1995)

129. Szymusiak R. & D. McGinty: Sleep-waking
discharge of basal forebrain projection neurons in cats.
Brain Res Bull 22, 423-430 (1989)

130. Alam N., R. Szymusiak & D. McGinty: Local
preoptic/anterior hypothalamic warming alters spontaneous
and evoked neuronal activity in the magno-cellular basal
forebrain. Brain Res 696, 221-230 (1995)

131. Lavoie B. & A. Parent: Pedunculopontine nucleus in
the squirrel monkey: distribution of cholinergic and
monoaminergic neurons in the mesopontine tegmentum
with evidence for the presence of glutamate in cholinergic
neurons. J Comp Neurol 344, 190-209 (1994)

132. Ford B., C. J. Holmes, L. Mainville & B. E. Jones:
GABAergic neurons in the rat pontomesencephalic
tegmentum: codistribution with cholinergic and other
tegmental neurons projecting to the posterior lateral
hypothalamus. J Comp Neurol 363, 177-196 (1995)

133. Maloney K., J. L. Mainville & B. E. Jones:
Differential c-Fos expression in cholinergic,

1164

monoaminergic, and GABAergic cell groups of the
pontomesencephalic tegmentum after paradoxical sleep
deprivation and recovery. J Neurosci 19, 3057-3072 (1999)

134. Koyama Y., T. Honda, M. Kusakabe, Y. Kayama &
Y. Sugiura: In vivo electrophysiological distinction of
histochemically-identified cholinergic neurons using
extracellular recording and labelling in rat laterodorsal
tegmental nucleus. Neuroscience 83, 1105-1112 (1998)

135. Hallanger A. E. & B. H. Wainer: Ascending
projections from pedunculopontine tegmental nucleus and
the adjacent mesopontine tegmentum in rat. J Comp Neurol
274, 483-515 (1988)

136. Maloney K. J., L. Mainville & B. E. Jones: c-Fos
expression in GABAergic, serotonergic, and other neurons
of the pontomedullary reticular formation and raphe after
paradoxical sleep deprivation and recovery. J Neurosci 20,
4669-4679 (2000)

137. Jones B. E.: Paradoxical sleep and its
chemical/structural substrates in the brain. Neuroscience
40, 637-656 (1991)

138. Mogenson G. J., J. Ciriello, J. Garland & M. Wu:
Ventral pallidum projections to mediodorsal nucleus of the
thalamus: an anatomical and electrophysiological
investigation in the rat. Brain Res 404, 221-230 (1987)

139. Kalivas P. W., L. Churchill & M. A. Klitenick: The
circuitry mediating the translation of motivational stimuli
into adaptive motor responses. In: Limbic motor circuits
and neuropsychiatry. Eds.: P. W. Kalivas & C. D. Barnes.
CRC Press, Boca Raton, FL, 237-287 (1994)

140. Schultz W., P. Apicella, T. Ljungberg, R. Romo & E.
Scarnati: Reward-related activity in the monkey striatum
and substantia nigra. Prog Brain Res 99, 227-235 (1993)

141. Gaykema R. P. & L. Zaborszky: Direct
catecholaminergic-cholinergic interactions in the basal
forebrain. II. Substantia nigra-ventral tegmental area
projections to cholinergic neurons. J Comp Neurol 374,
555-577 (1996)

142. Gaykema R. P. & L. Zaborszky: Parvalbumin-
containing neurons in the basal forebrain receive direct
input from the substantia nigra-ventral tegmental area.
Brain Res 747, 173-179 (1997)

143. Miller J. D., J. Farber, P. Gatz, H. Roffwarg & D. C.
German: Activity of mesencephalic dopamine and non-
dopamine neurons across stages of sleep and walking in the
rat. Brain Res 273, 133-141 (1983)

144. Steinfels G. F., J. Heym, R. E. Strecker & B. L.
Jacobs: Behavioral correlates of dopaminergic unit activity
in freely moving cats. Brain Res 258, 217-228 (1983)

145. Ongini E., M.G. Caporali, M. Masotti: Stimulation of
dopamine D-1 receptors by SKF 38393 induces EEG



Sleep and basal forebrain circuitry

desynchronization and behavioral arousal. Life Sci 37,
2327-2333 (1985)

146. Bagetta G., G. De Sarro, E. Priolo & G. Nistico:
Ventral tegmental area: site through which dopamine D2-
receptor agonists evoke behavioral and electrocortical
sleep in rats. Br J Pharmacol 95, 860-866 (1988)

147. Wisor J. P., S. Nishino, I. Sora, G. H. Uhl, E. Mignot
& D. M. Edgar: Dopaminergic role in stimulant-induced
wakefulness. J Neurosci 21, 1787-1794 (2001)

148. Aldrich M. S.: Parkinsonism. In: Principles and
practice of sleep medicine. Eds.: M.H. Kryger, T. Roth &
W.C. Dement. 3" Edition. W.B. Saunders, Philadelphia,
1051-1057 (2000)

149. Rye D. B. & J. Jankovic: Emerging views of
dopamine in modulating sleep/wake state from an unlikely
source: PD. Neurology 58, 341-346 (2002)

150. McNamara P., R. Durso & S. Auerbach:
Dopaminergic syndromes of sleep, mood and mentation:
evidence from Parkinson’s disease and related disorders.
Sleep & Hypnosis 4, 119-131 (2002)

151. Lee R. S., S. C. Steffensen & S. J. Henriksen:
Discharge profiles of ventral tegmental area GABA
neurons during movement, anesthesia, and the sleep-wake
cycle. J Neurosci 21, 1757-1766 (2001)

152. Smith K. S., A. Csordas, T. Hajszan & L. Zaborszky:
Somatostatin-containing neurons in the basal forebrain
receive input from the ventral tegmental mesencephalon.
Soc Neurosc Abstr 27, 599.15 (2001)

153. Kaada B. R.: Somato-motor, autonomic and
electrocorticographic responses to electrical stimulation of
“rhinencephalic” and other structures in primates, cat and
dog. Acta Physiol Scand [Suppl 83] 24, 1-285 (1951)

154. Gloor P.: Amygdala. In: Handbook of physiology,
sect 1, Neurophysiology. Eds.: J. Field, H-W. Magoun, &
V. E. Hall. American Physiological Society, Washington
DC, 1395-1420 (1960)

155. Kapp B. S., W. F. Jr. Supple & P. J. Whalen: Effects
of electrical stimulation of the amygdaloid central nucleus
on neocortical arousal in the rabbit. Behavioral Neurosci
108, 81-93 (1994)

156. Dringenberg H. C. & C. H. Vanderwolf: Cholinergic
activation of the electrocorticogram: an amygdaloid
activating system. Exp Brain Res 108, 285-296 (1996)

157. Price J. L. & D. G. Amaral: An autoradiographic
study of the projections of the central nucleus of the
monkey amygdala. J Neurosci 1, 1242-1259 (1981)

158. Ruschen F. T. & J. L. Price: Amygdalostriatal
projections in the rat. Topographical organization and fiber

1165

morphology shown using the lectin PHA-L as an
anterograde tracer. Neurosci Lett 47, 15-22 (1984)

159. McDonald A. J.: Topographical organization of
amygdaloid projections to the caudatoputamen, nucleus
accumbens, and related striatal-like areas of the rat brain.
Neuroscience 44, 15-33 (1991)

160. Grove E. A.: Neural associations of the substantia
innominata in the rat: afferent connections. J Comp Neurol
277: 315-346 (1988)

161. Petrovich G. D., P. Y. Risold & L. W. Swanson:
Organization of projections from the basomedial nucleus of
the amygdala: a PHAL study in the rat. J Comp Neurol
374, 387-420 (1996)

162. Francis P. T., R. Carl, A. Pearson, S. L. Lowe, J. W.
Neal, P. H. Stephens, T. P. Powell & D. M. Bowen: The
dementia of Alzheimer's disease: an update. J Neurol
Neurosurg Psychiatry 50, 242-243 (1987)

163. Zaborszky L., C. Leranth & L. Heimer:
Ultrastructural ~ evidence of amygdalofugal axons
terminating on cholinergic cells of the rostral forebrain.
Neurosci Lett 52, 219-225 (1984)

164. Pare D. & Y. Smith: GABAergic projection from the
intercalated cell masses of the amygdala to the basal
forebrain in cats. J Comp Neurol 344, 33-49 (1994)

165. Jolkkonen E., R. Miettinen, M. Pikkarainen & A.
Pitkanen: Projections from the amygdaloid complex to the
magnocellular  cholinergic basal forebrain in rat.
Neuroscience 111, 133-149 (2002)

166. Kreindler A. & M. Steriade: EEG patterns of arousal
and sleep induced by stimulating various amygdaloid levels
in the cat. Arch Ital Biol 102, 576-586 (1964)

167. Calvo J. M. & K. Simon-Arceo: Cholinergic
enhancement of REM sleep from sites in the pons and
amygdala. In :Handbook of behavioral state control. Eds.:
R. Lydic & H.A. Baghdoyan. CRC Press, Boca Raton, FL,
391-406 (1999)

168. Sterman M. B. & and C. D. Clemente: Forebrain
inhibitory mechanisms: cortical synchronization induced by
basal forebrain stimulation. Exp Neurol 6, 91-102 (1962)

169. McGinty, D. J. & M. B. Sterman: Sleep suppression
after basal forebrain lesions in the cat. Science 160, 1253-
1255 (1968)

170. Szymusiak R. & E. Satinoff: Ambient temperature-
dependence of sleep disturbances produced by basal
forebrain damage in rats. Brain Res Bull 12, 295-305
(1984)

171. Asala S. A., Y. Okano, K. Honda & S. Inoue: Effects
of medial preoptic area lesions on sleep and wakefulness in
unrestrained rats. Neurosci Lett 114, 300-304 (1990)



Sleep and basal forebrain circuitry

172. Szymusiak R. & D. McGinty: Sleep suppression
following kainic acid-induced lesions of the basal
forebrain. Exp Neurol 94, 598-614 (1986)

173. Sallanon M., M. Denoyer, K. Kitahama, C. Aubert,
N. Gay & M. Jouvet: Long-lasting insomnia induced by
preoptic neuron lesions and its transient reversal by
muscimol injection into the posterior hypothalamis in the
cat. Neuroscience 32, 669-683 (1989)

174. Kaitin K. L.: Preoptic area unit activity during sleep
and wakefulness in the cat. Exp Neurol 83, 347-57 (1984)

175. Koyama Y. & O. Hayaishi: Firing of neurons in the
preoptic/anterior hypothalamic areas in rat: its possible
involvement in slow wave sleep and paradoxical sleep.
Neurosci Res 19, 31-38 (1994)

176. Suntsova N., R. Szymusiak, M. N. Alam, R. Guzman-
Marin & D. McGinty: Sleep-waking discharge patterns of
median preoptic nucleus neurons in rats. J Physiol 543,
665-677 (2002)

177. Alam M. N., D. McGinty & R. Szymusiak:
Preoptic/anterior hypothalamic neurons: thermosensitivity
in wakefulness and non rapid eye movement sleep. Brain
Res 718, 76-82 (1996)

178. Szymusiak R., N. Alam, T. L. Steininger & D.
McGinty: Sleep-waking discharge patterns of ventrolateral
preoptic/anterior hypothalamic neurons in rats. Brain Res
803, 178-188 (1998)

179. Hallanger A. E., A. L. Levey, H. J. Lee, D. B. Rye &
B. H. Wainer: The origins of cholinergic and other
subcortical afferents to the thalamus in the rat. J Comp
Neurol 262, 105-124 (1987)

180. Steriade M., A. Parent, D. Pare & Y. Smith:
Cholinergic and non-cholinergic neurons of cat basal
forebrain project to reticular and mediodorsal thalamic
nuclei. Brain Res 408, 372-376 (1987)

181. Asanuma C.: Axonal arborization of a magnocellular
basal nucleus input and their relation to the neurons in the
thalamic reticular nucleus of rats. Proc Natl Acad Sci USA
86, 4746-4750 (1989)

182. Sherin J. E., P. J. Shiromani, R. W. McCarley & C. B.
Saper: Activation of ventrolateral preoptic neurons during
sleep. Science 271, 216-219 (1996)

183. Lu J.,, M. A. Greco, P. Shiromani & C. B. Saper:
Effect of lesions of the ventrolateral preoptic nucleus on
NREM and REM sleep. J Neurosci 20, 3830-3842 (2000)

184. Gaus S. E., R. E. Strecker, B. A. Tate, R. A. Parker &
C. B. Saper: Ventrolateral preoptic nucleus contains sleep-
active, galaninergic neurons in multiple mammalian
species. Neuroscience 115, 285-294 (2002)

1166

185. Lu J., A. A. Bjorkum, M. Xu, S. E. Gaus, P. J.
Shiromani & C. B. Saper: Selective activation of the
extended ventrolateral preoptic nucleus during rapid eye
movement sleep. J Neurosci 22, 4568-4576 (2002)

186. Gong H., R. Szymusiak, J. King, T. L. Steininger &
D. McGinty: Sleep-related c-Fos protein expression in the
preoptic hypothalamus: effects of ambient warming. Am J
Physiol Regulatory Integrative Comp Physiol 279, R2079-
R2088 (2000)

187. Sherin J. E., J. K. Elmquist, F. Torrealba & C. B.
Saper: Innervation of histaminergic tuberomammillary
neurons by GABAergic and galaninergic neurons in the
ventrolateral preoptic nucleus of the rat. J Neurosci 18,
4705-4721 (1998)

188. Steininger T. L., H. Gong, D. McGinty & R.
Szymusiak:  Subregional organization of preoptic
area/anterior hypothalamic projections to arousal-related
monoaminergic cell groups. J Comp Neurol 429, 638-653
(2001)

189. Yang, Q. Z & G. 1. Hatton: Electrophysiology of
excitatory and inhibitory afferents to rat histaminergic
tuberomammillary nucleus neurons from hypothalamic and
forebrain sites. Brain Res 773, 162-172 (1997)

190. Saper C. B., T. C. Chou & T. E. Scammell: The sleep
switch: hypothalamic control of sleep and wakefulness.
Trends Neurosci 24, 726-731 (2001)

191. Zardetto-Smith A. & A. Johnson: Chemical
topography of efferent projections from the median
preoptic nucleus to pontine monoaminergic cell groups in
the rat. Neurosci Lett 199, 215-219 (1995)

192. Chou T. C., A. A. Bjorkum, S. E. Gaus, J. Lu, T. E.
Scammell & C. B. Saper: Afferents to the ventrolateral
preoptic nucleus. J Neurosci 22, 977-990 (2002)

193. Cullinan W. E. & L. Zaborszky: Organization of
ascending hypothalamic projections to the rostral forebrain
with special reference to the innervation of cholinergic
projection neurons. J Comp Neurol 306, 631-667 (1991)

194. Gallopin T., P. Fort, E. Eggermann, B. Cauli, P.-H.
Luppi, J. Rossier, E. Audinat, M. Muhlethaler & M.
Serafin: Identification of sleep-promoting neurons in vitro.
Nature 404, 992-995 (2000)

195. Sawchenko P. E., L. W. Swanson, J. Rivier & W. W.
Vale: The distribution of growth-hormone-releasing factor
(GRF) immunoreactivity in the central nervous system of
the rat: an immunohistochemical study using antisera
directed against rat hypothalamic GRF. J Comp Neurol
237,100-115 (1985)

196. Obal F. Jr., R. Floyd, L. Kapas, B. Bodosi & J. M.
Krueger: Effects of systemic GHRH on sleep in intact and



Sleep and basal forebrain circuitry

hypophysectomized rats. Am J Physiol, 270 Endocrinol
Metab 33, E230-E237 (1996)

197. Gautvik K. M., L. de Lecea, V. T. Gautvik, P. E.
Danielson, P. Tranque, A. Dopazo, F. E. Bloom & J. G.
Sutcliffe: Overview of the most prevalent hypothalamus-
specific mRNAs, as identified by directional tag PCR
subtraction. Proc Natl Acad Sci USA 93, 8733-8738 (1996)

198. de Lecea L., T. S. Kilduff, C. Peyron, X. Gao, P. E.
Foye, P. E. Danielson, C. Fukuhara, E. L. Battenberg, V. T.
Gautvik, F. S. Bartlett, 2nd, W. N. Frankel, A. N. van den
Pol, F. E. Bloom, K. M. Gautvik & J. G. Sutcliffe: The
hypocretins: ~ hypothalamus-specific ~ peptides ~ with
neuroexcitatory activity. Proc Natl Acad Sci U S 4 95, 322-
327 (1998)

199. Nambu T., T. Sakurai, K. Mizukami, Y. Hosoya, M.
Yanagisawa & K. Goto: Distribution of orexin neurons in
the adult rat brain. Brain Res 827, 243-260 (1999)

200. Peyron C., D. K. Tighe, A. N. van den Pol, L. de
Lecea, H. C. Heller, J. G. Sutcliffe & T. S. Kilduff:
Neurons containing hypocretin (orexin) project to multiple
neuronal systems. J Neurosci 18, 9996-10015 (1998)

201. Thakkar M. M., V. Ramesh, R. E. Strecker & R. W.
McCarley: Microdialysis perfusion of orexin-A in the basal
forebrain increases wakefulness in freely behaving rats.
Arch Ital Biol 139, 313-328 (2001)

202. Wu M., Z. Zhang, C. Leranth, C. Xu, A. N. van den
Pol & M. Alreja: Hypocretin increases impulse flow in the
septohippocampal GABAergic pathway: implications for
arousal via a mechanism of hippocampal disinhibition. J
Neurosci 22, 7754-7765 (2002)

203. Bourgin P., S. Huitron-Resendiz, A. D. Spier, V.
Fabre, B. Morte, J. R. Criado, J. G. Sutcliffe, S. J.
Henriksen & L. de Lecea: Hypocretin-1 modulates rapid
eye movement sleep through activation of locus coeruleus
neurons. J Neurosci 20, 7760-7765 (2000)

204. Estabrooke I. V., M. T. McCarthy, E. Ko, T. C. Chou,
R. M. Chemelli, M. Yanagisawa, C. B. Saper & T. E.
Scammell: Fos expression in orexin neurons varies with
behavioral state. J Neurosci 21, 1656-1662 (2001)

205. Kiyaschenko L. I., B. Y. Mileykovskiy, N. Maidment,
H. A. Lam, M.-F. Wu, J. John, J. Peever & J. M. Siegel:
Release of hypocretin (orexin) during waking and sleep
states. J Neurosci 22, 5282-5286 (2002)

206. Alam M. N., H. Gong, T. Alam, R. Jaganath, D.
McGinty & R. Szymusiak: Sleep-waking discharge patterns
of neurons recorded in the rat perifornical lateral
hypothalamic area. J Physiol 538.2, 619-631 (2002)

207. Broberger C., L. De Lecea, J. G. Sutcliffe & T.
Hokfelt: Hypocretin/orexin- and melanin-concentrating
hormone-expressing cells form distinct populations in the

1167

rodent lateral hypothalamus: relationship to the
neuropeptide Y and agnouti gene-related protein systems.
J Comp Neurol 402, 460-474 (1998)

208. Hagan J. J., R. A. Leslie, S. Patel, M. L. Evans, T. A.
Wattam, S. Holmes, C. D. Benham, S. G. Taylor, C.
Routledge, P. Hemmati, R. P. Munton, T. E. Ashmeade, A.
S. Shah, J. P. Hatcher, P. D. Hatcher, D. N. Jones, M. 1.
Smith, D. C. Piper, A. J. Hunter, R. A. Porter & N. Upton:
Orexin A activates locus coeruleus cell firing and increases
arousal in the rat. Proc Natl Acad Sci USA 96, 10911-
10916 (1999)

209. Piper D. C., N. Upton, M. I. Smith & A. J. Hunter:
The novel brain neuropeptide, orexin-A, modulates the

sleep-wake cycle of rats. Eur J Neurosci 12, 726-730
(2000)

210. Espana R. A., B. A. Baldo, A. E. Kelley & C. W.
Berridge: Wake-promoting and sleep-suppressing actions
of hypocretin (orexin): basal forebrain sites of action.
Neuroscience 106, 699-715 (2001)

211. Bayer L., E. Eggermann, M. Serafin, B. Saint-Mleux,
D. Machard, B. Jones & M. Muhlethaler: Orexins
(hypocretins) directly excite tuberomammillary neurons.
Eur J Neurosci 14, 1571-1575 (2001)

212. Brown R. E, O. Sergeeva, K. S. Eriksson & H. L.
Haas: Orexin A excites serotonergic neurons in the dorsal
raphe nucleus of the rat. Neuropharmacology 40, 457-459
(2001)

213. Burlet S., C. J. Tyler & C. S. Leonard: Direct and
indirect excitation of laterodorsal tegmental neurons by
Hypocretin/orexin peptides: implications for wakefulness
and narcolepsy. J Neurosci 22, 2862-2872 (2002)

214. Eggermann E., M. Serafin, L. Bayer, D. Machard, B.
Saint-Mleux, B. E. Jones & M. Mubhlethaler:
Orexins/hypocretins excite basal forebrain cholinergic
neurones. Neuroscience 108, 177-181 (2001)

215. Huang Z. L., W. M. Qu, W. D. Li, T. Mochizuki, N.
Eguchi, T. Watanabe, Y. Urade & O. Hayaishi: Arousal
effect of orexin A depends on activation of the
histaminergic system. Proc Natl Acad Sci U S A 98, 9965-
9970 (2001)

216. Ivanov A. & G. Aston-Jones: Hypocretin/orexin
depolarizes and decreases potassium conductance in locus
coeruleus neurons. Neuroreport 11, 1755-1758 (2000)

217. Zaborszky L., M. Wu, Z. Zhang, T. Hajszan, A. N.
van den Pol, & M. Alreja: Hypocretin excitation and
innervation of septohippocampal cholinergic neurons. Soc
Neurosci Abst 27, 1259 (2001)

218. Methippara M. M., M.N. Alam, R. Szymusiak & D.
McGinty: Effects of lateral preoptic area application of
orexin-A on sleep-wakefulness. Neuroreport 16, 3423-
3426 (2000)



Sleep and basal forebrain circuitry

219. Hajszan T., Zs. Liposits & L. Zaborszky:
Adrenergic input to the perifornical orexin-containing
neurons in the rat. Soc Neurosci Abst 28, 735.9 (2002)

220. Nelson L. E., T. Z. Guo, J. Lu, N. P. Franks, C. S.
Saper & M. Maze: Differential roles of orexin (hypocretin)
in o, adernoreceptor- and GABA-modulated anesthetic
induced hypnosis. Soc Neurosci Abst 28, 776.14 (2002)

221. Swett C. P. & J. A. Hobson: The effects of posterior
hypothalamic lesions on behavioral and -electrographic
manifestations of sleep and waking in cats. Arch Ital Biol
106, 283-93 (1968)

222. McGinty D. J.: Somnolence, recovery and
hyposomnia following ventro-medial diencephalic lesions
in the rat. Electroenceph Clin Neurophysiol 26, 70-9 (1969)

223. Shoham S. & P. Teitelbaum: Subcortical waking and
sleep during lateral hypothalamic "somnolence" in rats.
Physiol Behav 28, 323-33 (1982)

224. Anchel H. & D. B. Lindsley: Differentiation of two
reticulo-hypothalamic systems regulating hippocampal
activity. Electroenceph Clin Neurophysiol 32, 209-26
(1972)

225. LinJ. S., K. Sakai, G. Vanni-Mercier & M. Jouvet: A
critical role of the posterior hypothalamus in the
mechanisms of wakefulness determined by microinjection
of muscimol in freely moving cats. Brain Res 479, 225-40
(1989)

226. Lin J. S., K. Sakai & M. Jouvet: Hypothalamo-
preoptic histaminergic projections in sleep-wake control in
the cat. Eur J Neurosci 6, 618-25 (1994)

227. Steininger T. L., M. N. Alam, H. Gong, R. Szymusiak
& D. McGinty: Sleep-waking discharge of neurons in the
posterior lateral hypothalamus of the albino rat. Brain Res
840, 138-47 (1999)

228. Vanni-Mercier G., K. Sakai & M. Jouvet: Specific
neurons for wakefulness in the posterior hypothalamus in
the cat. C R Acad Sci 111 298, 195-200 (1984)

229. Steinbusch H. W. M. & A. H. Mulder:
Immunohistochemical localization of histamine in neurons
and mast cells in the rat brain. In: Handbook of chemical
neuroanatomy. Classical transmitter receptors in the CNS
Part II. Eds.: A. Bjorklund, T. Hokfelt & M. J. Kuhar. Vol
3, Elsevier, Amsterdam, 126-140 (1984)

230. Panula P., U. Pirvola, S. Auvinen & M. S.
Airaksinen: Histamine-immunoreactive nerve fibers in the
rat brain. Neuroscience 28, 585-610 (1989)

231. Airaksinen M.S., S. Alanen, E. Szabat, T. J. Visser &
P. Panula: Multiple neurotransmitters in  the
tuberomammillary nucleus: comparison of rat, mosue and
guinea pig. J Comp Neurol 323, 103-116 (1992)

1168

232. Khateb A., P. Fort, A. Pegna, B. E. Jones & M.
Mubhlethaler: Cholinergic nucleus basalis neurons are
excited by histamine in vitro. Neuroscience 69, 495-506
(1995)

233. Leranth C. & J. Kiss: A population of
supramammillary area calretinin neurons terminating on
medial septal area cholinergic and lateral septal area
calbindin-containing cells are aspartate/glutamatergic. J
Neurosci 16, 7699-7710.

234.  Borhegyi, Z., Z. Magloczky, L. Acsady & T.
Freund: The supramammillary nucleus innervates
cholinergic and GABAergic neurons in the medial septum-
diagonal band of Broca complex. Neuroscience 82, 1053-
1065 (1998)

235. Porkka-Heiskanen T., R. E. Strecker & R. W.
McCarley: Brain site specificity of extracellular adenosine
concentration changes during sleep: an in  vivo
microdialysis study. Neuroscience 99, 507-517 (2000)

236. Strecker R. E., Morairty S., M. M. Thakkar, T.
Porkka-Heiskanen, R. Basheer, L. J. Dauphin, D. G.
Rainnie, C. M. Portas, R. W. Greene & R. W. McCarley:
Adenosinergic modulation of basal forebrain and
preoptic/anterior hypothalamic neuronal activity in the
control of behavioral state. Behav Brain Res 115, 183-204
(2000)

237. Basheer R., E. Arrigoni, H. S. Thatte, R. W. Greene,
I. S. Ambudkar & R. W. McCarley: Adenosine induces
inositol 1,4,5-trisphosphate receptor-mediated mobilization
of intracellular calcium stores in basal forebrain cholinergic
neurons. J Neurosci 22, 7680-7686 (2002)

238. Eggerman E., T. Gallopin, P. Fort, P.-H. Luppi, M.
Mubhlethaler & M. Serafin: Adenosine decreases
presynaptic inhibition of sleep-promoting ventrolateral
preoptic neurons in vitro. Soc Neurosci Abst 26, 655.10
(2000)

239. Borbely A. A.: From slow waves to sleep
homeostasis: new perspectives. Arch Ital Biol 139, 53-61
(2001)

240. Ibuka N. & H. Kawamura: Loss of circadian rhythm
in sleep-wakefulness cycle in the rat by suprachiasmatic
nucleus lesions. Brain Res 96, 76-81 (1975)

241. Shiromani P. J., T. Scammell, J. E. Sherin & C. B.
Saper: Hypothalamic regulation of sleep. In: Handbook of
behavioral state control. Eds.: R. Lydic & H. A.
Baghdoyan. CRC Press, Boca Raton, FL, 311-325 (1999)

242. LuJ., Shiromani P. & C. B. Saper: Retinal input to
the sleep-active ventrolateral preoptic nucleus in the rat.
Neuroscience 93, 209-214 (1999)

243. Sun X., B. Rusak & K. Semba: Electrophysiology and
pharmacology of projections from the suprachiasmatic



Sleep and basal forebrain circuitry

nucleus to the ventrolateral rat.

Neuroscience 98, 715-728 (2000)

preoptic area in

244, Semba K., J. Pastorius, M. Wilkinson & B. Rusak:
Sleep deprivation-induced c-fos and junB expression in the
rat brain: effects of duration and timing. Behav Brain Res
120, 75-86 (2001)

245. Saper C. B.: Diffuse cortical projection systems:
anatomical organization and role in cortical function. In:
Handbook of physiology. Section 1. The nervous system.
Eds.: V. B. Mountcastle, F. Plum & S. Geiger. Vol 5, part
1, American Physiological Society, Bethesda, 169-209
(1987)

246. Duque A., L. Detari, E. Rommer & L. Zaborszky:
Morphological comparison between cholinergic and NPY
basal forebrain neurons. Soc Neurosci Abst 28, 35.1 (2002)

247. Carr D. & S. R. Sesack: GABA-containing neurons in
the rat ventral tegmental area project to the prefrontal
cortex. Synapse 38, 114-123 (2000)

248. Steininger T. L., B. H. Wainer, R. D. Blakely & D. B.
Rye: Serotoninergic dorsal raphe nucleus projections to the
cholinergic and noncholinergic neurons of the
pedunculopontine tegmental regions: a light and electron
microscopic anterograde tracing and immunohistochemical
study. J Comp Neurol 382, 302-322 (1997)

249. Honda T & K. Semba: Seroneric synaptic input to
cholinergic neurons in the rat mesopontine tegmentum.
Brain Res 647, 299-306 (1994)

250. Charara A., Y. Smith & A. Parent: Glutamatergic
inputs from the pedunculopontine nucleus to midbrain
dopaminergic neurons in primates: Phaseolus vulgaris-
Leucoagglutinin anterograde labeling combined with
postembedding glutamate and GABA
immunohistochemistry. J Comp Neurol 364, 254-266
(1996)

251. Moukhles H., O. Bosler, J. P. Bolam, A. Vallee, D.
Umbriaco, M. Geffard & G. Doucet: Quantitative and
morphometric data indicate precise cellular interactions
between serotonin terminals and postsynaptic targets in rat
substantia nigra. Neuroscience 76, 1159-1171 (1997)

252. Milner T. A., C. Abate, D. J. Reis & V. M. Pickel:
Ultrastructural localization of phenylethanolamine N-
methyltransferase-like immunoreactivity in the rat locus
coeruleus. Brain Res 478, 1-15 (1989)

253. Smiley J. F. & M.-M. Mesulam: Cholinergic neurons
of the nucleus basalis of Meynert receive cholinergic,
catecholaminergic and GABAergic synapses: an electron
microscopic investigation in the monkey. Neuroscience 88,
241-254 (1998)

1169

Key Words: cholinergic, parvalbumin, neuropeptide Y,
somatostatin neurons, electrophysiology, synaptic circuits,
Review

Send correspondence to: Laszlo Zaborszky, M.D., D.Sc.,
Center for Molecular and Behavioral Neuroscience, Rutgers,
The State University of New Jersey, 197 University Avenue,
Newark, NJ 07102, USA, Tel: 973-353-1080, Fax: 973-353-
1844, E-mail: zaborszky@axon.rutgers.edu



