
The perifornical lateral hypothalamic area (PF-LHA) has

been implicated in several physiological functions, including

feeding, energy homeostasis, locomotor activity, cardio-

vascular regulation and sleep–wake control. Lesions of the

PF-LHA and surrounding areas produce a syndrome of

aphagia and adipsia (Teitelbaum & Epstein, 1962), akinesa

(Levitt & Teitelbaum, 1975), sensory deficits (Marshall &

Teitelbaum, 1974) and enhanced synchronization of the

neocortical EEG (de Ryck & Teitelbaum, 1978; Shoham &

Teitelbaum, 1982). Injections of neuropeptide Y into

the PF-LHA increase feeding (Stanley et al. 1985) and

administration of catecholamines into this region can

suppress food intake (Leibowitz, 1986). Electrical

stimulation of the PF-LHA evokes locomotor activity

(Sinnamon et al. 1999), EEG activation (Krolicki et al.
1985) and increased blood pressure and heart rate (Stock

et al. 1981).

The PF-LHA contains neurons that have widespread

projections throughout the brain and spinal cord. One

type of projection neuron contains the peptide melanin

concentrating hormone (MCH). These neurons are

principally localized in the PF-LHA and zona incerta

(Bittencourt et al. 1992, 1998). Other PF-LHA projection

neurons contain the hypocretin (Hcrt) peptides (also

known as orexins). Hcrt-producing neurons are localized

in the PF-LHA and dorsomedial hypothalamic nucleus

(de Lecea et al. 1998; Peyron et al. 1998; Sakurai et al. 1998;

Nambu et al. 1999). Although MCH- and Hcrt-immuno-

reactive neurons are intermingled within the PF-LHA,

these peptides are not co-localized within individual

neurons (Broberger et al. 1998; Peyron et al. 1998).

Intracerebroventricular adminstration of both MCH and

Hcrt promotes food intake (Qu et al. 1996; Sakurai et al.
1998) and food restriction results in elevated levels of

mRNA for both families of peptide (Qu et al. 1996;

Yamamoto et al. 2000).

The Hcrt peptides have recently been implicated in the

regulation of arousal and in the neuropathology of
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The perifornical lateral hypothalamic area (PF-LHA) has been implicated in the control of several

waking behaviours, including feeding, motor activity and arousal. Several cell types are located in

the PF-LHA, including projection neurons that contain the hypocretin peptides (also known as

orexins). Recent findings suggest that hypocretin neurons are involved in sleep–wake regulation.

Loss of hypocretin neurons in the human disorder narcolepsy is associated with excessive

somnolence, cataplexy and increased propensity for rapid eye movement (REM) sleep. However,

the relationship of PF-LHA neuronal activity to different arousal states is unknown. We recorded

neuronal activity in the PF-LHA of rats during natural sleep and waking. Neuronal discharge rates

were calculated during active waking (waking accompanied by movement), quiet waking, non-REM

sleep and REM sleep. Fifty-six of 106 neurons (53 %) were classified as wake/REM-related. These

neurons exhibited peak discharge rates during waking and REM sleep and reduced discharge rates

during non-REM sleep. Wake-related neurons (38 %) exhibited reduced discharge rates during

both non-REM and REM sleep when compared to that during waking. Wake-related neurons

exhibited significantly higher discharge rates during active waking than during quiet waking. The

discharge of wake-related neurons was positively correlated with muscle activity across all

sleep–waking states. Recording sites were located within the hypocretin-immunoreactive neuronal

field of the PF-LHA. Although the neurotransmitter phenotype of recorded cells was not

determined, the prevalence of neurons with wake-related discharge patterns is consistent with the

hypothesis that the PF-LHA participates in the regulation of arousal, muscle activity and

sleep–waking states. 
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narcolepsy. Narcolepsy is a neurological disorder

characterized by excessive sleepiness and cataplexy (sudden

loss of muscle tone precipitated by emotion; Siegel, 2000).

A mutation of the Hcrt-2 receptor gene has been

implicated in canine narcolepsy (Lin et al. 1999). Hcrt

peptide knock-out mice exhibit cataplexy-like episodes,

increased amounts of rapid eye movement (REM) and

non-REM sleep and shorter waking episodes during the

dark portion of the light–dark cycle (Chemelli et al. 1999).

Hcrt mRNA is undetectable in the hypothalamus, pons

and cortex of the brains of human narcoleptics (Peyron et
al. 2000) and the number of Hcrt-immunoreactive neurons

is reduced by 85–95 % in the hypothalamus of human

narcoleptics (Thannickal et al. 2000).

Pharmacological studies support a role for Hcrt in the

modulation of sleep–waking states. Intracerebroventricular

infusion (Piper et al. 2000) or local microinjection of

orexin into the target sites such as the preoptic area

(Methippara et al. 2000) or locus coeruleus (Bourgin et al.
2000) promotes waking and suppresses REM sleep. Hcrt-1

application increases the discharge of rat locus coeruleus

neurons in vitro (Hagan et al. 1999; Horvath et al. 1999).

Immunoreactivity for c-fos protein is elevated in rat PF-

LHA Hcrt and non-Hcrt neurons in response to systemic

administration of the stimulant drug modafanil (Scammell

et al. 2000), and in response to sustained wakefulness

(Estabrooke et al. 2001).

The electrical activity of PF-LHA neurons during natural

sleep and waking has not been described. The above

findings led to the hypothesis that Hcrt-producing

neurons are activated during wakefulness and deactivated

during sleep. Here, we describe the frequency and

distribution of sleep–wake-related discharge patterns of

neurons recorded extracellularly within the field of Hcrt-

immunoreactive neurons in the rat PF-LHA. Recorded

neurons were grouped on the basis of the ratio of discharge

rates during REM sleep and waking in anticipation of the

possibility that a subset of PF-LHA neurons (specifically,

those containing Hcrt) might exhibit differential activation

during these two behavioural states.

METHODS
Experimental subjects and surgical procedures
We used seven male Sprague-Dawley rats weighing 300–350 g,
maintained on a 12 h:12 h light–dark cycle (lights on at 08.00 h)
with food and water freely available. Unit recordings of suitable
quality were obtained from five of the rats. All experiments were
conducted in accordance with the National Research Council
Guide for the Care and Use of Laboratory Animals and all
procedures were reviewed and approved by the Internal Animal
Care and Use Committee of the V.A. Greater Los Angeles
Healthcare System. 

Rats were surgically prepared for chronic recording of
extracellular neuronal activity in the PF-LHA and electrographic
assessment of sleep–waking states as described by Alam et al.

(1997). In brief, neocortical EEG and dorsal neck EMG electrodes
were implanted aseptically under anaesthesia (ketamine + xylazine,
80:10 mg kg_1, ..) for polygraphic determination of the sleep–
waking state. A single barrel (23 gauge stainless steel tube)
mechanical microdrive was implanted stereotaxically such that
the tip rested 3 mm above the dorsal aspect of the PF-LHA
(A, _2.9 to _3.3; L, 1.2; H, _4.8 to 5.0; Paxinos & Watson, 1998).
Five pairs of microwires, each consisting of two 20 mm insulated
stainless steel wires glued together except for 2.0 mm at the tip,
were inserted into the barrel such that the tips projected into the
PF-LHA. 

Data acquisition
Experiments were carried out after allowing at least 7 days for
recovery from surgery. During the recovery period, animals were
placed for 2–3 h per day in an electrically shielded, sound
attenuated recording chamber (temperature: 25 ± 2 oC) and
acclimatized to the recording environment. On experimental
days, recordings were performed during the light portion of the
light–dark cycle between 09.00 h and 15.00 h. During the
recording session, the microdrive was advanced by 25–30 mm steps
until amplified microwire signals, as confirmed in oscilloscopic
traces, showed the presence of action potentials with a signal to
noise ratio ≥ 2.0. Microwire recordings were filtered between
10 Hz and 5 kHz. The sampling rate was 25 000 samples s_1. EEG
and EMG recordings were digitized at a sampling rate of
220 samples s_1 and stored for subsequent off-line analysis of sleep
and waking state-dependent unit activity. 

Individual action potentials were sorted from filtered, amplified
microwire recordings on the basis of spike shape parameters using
Spike 2 software (Cambridge Electronic Design 1401, London,
UK). Spike 2 software was used to produce templates based on
waveform amplitude and shape for each distinct action potential
present in the raw signal and to sort action potentials throughout
the recording by matching them with these templates. Spike
shapes were based on 135 analog to digital sampling points. All
spikes that did not match existing templates were stored for
subsequent off-line examination to ensure that such spikes were
not incorrectly rejected. To minimize the possibility that spikes
from multiple cells matched a single template, interspike interval
histograms were constructed for each discriminated unit to verify
that no intervals < 2 ms were recorded. 

The discharge rate of each discriminated PF-LHA neuron was
recorded through three to five stable sleep–wake cycles
(~60–180 min). After completion of these recordings, the micro-
drive was advanced again in an attempt to isolate additional units
for study. This sequence was repeated 2–3 times during a 6 h
period.

Histology
At the end of a recording session, animals were deeply
anaesthetized (pentobarbital, 100 mg kg_1, ..,), injected with
heparin (500 U, ..) and perfused transcardially with 30–50 ml
of 0.1  phosphate buffer (pH 7.4) followed by 300 ml of 4 %
paraformaldehyde and 100 ml of 10 and 30 % sucrose in
phosphate buffer. The brains were removed and equilibrated in
30 % sucrose solution and then freeze-sectioned at 40 mm
thickness. Immunohistochemistry for Hcrt-1 was performed on
every third section in three rats. Sections were treated with 0.6 %
H2O2, rinsed in Tris-buffered saline (TBS) and incubated in
blocking solution (0.2 % Triton X-100 and 4 % normal goat
serum in TBS) for 2 h at 4 oC. The sections were then rinsed in TBS
and incubated in the primary antisera, namely rabbit polyclonal
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anti-Hcrt-1 (Oncogene, USA) diluted 1:2000 in diluent (0.1 %
Triton X-100 and 4 % normal goat serum in TBS) for 48 h at 4 oC.
The sections were then rinsed in TBS and incubated in diluent
containing goat anti-rabbit IgG (1:250, Vector Laboratories, USA)
for 2 h and then rinsed and incubated in avidin–biotin peroxidase
(1:100 in TBS, ABC Elite Kit, Vector Laboratories) for 2 h at room
temperature. Sections were then rinsed in 0.05  Tris buffer,
treated for 5–10 min with 0.05 % diaminobenzidine (Vector
Laboratories) and 0.001 % hydrogen peroxide in 0.05  Tris
buffer, and then rinsed in TBS. Staining was absent from control
sections from each brain processed without primary antibody.
The tracks of the microwire bundles were identified histologically
and the locations of recorded neurons were reconstructed along
each track (Fig. 1A). Individual microwires in a bundle could be
separated by a maximum of 125 mm in laterality, depth or
anterior–posterior plane. Because the location of individual

microwires in a bundle could not be determined, the
reconstructed locations of recorded neurons were subject to this
potential error. The reconstructed locations of recorded neurons
and Hcrt-1-immunoreactive neurons were plotted side by side on
the same section to determine whether the locations of recorded
neurons and Hcrt-1-immunoreactive neurons were congruent
(Fig. 1B and C).

Data analysis
States of active waking (AW), quiet waking (QW), non-REM sleep
and REM sleep were identified on the basis of EEG and EMG
patterns using standard criteria (Timo-Iaria et al. 1970). Mean
discharge rates of individual neurons during AW, QW, non-REM
sleep and REM sleep were calculated from 40–300 s blocks of three
to five stable recording episodes from each state. The discharge
rate during REM sleep was calculated from all episodes that were
longer than 20 s. Seven of 113 recorded neurons exhibited very
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Figure 1. Distribution of Hcrt-
immunoreactive neurons and locations of
recorded neurons in the rat PF-LHA
A, photomicrograph of a representative coronal
section through the PF-LHA showing the
microwire tracts (long arrows) and Hcrt-1-
immunoreactive neurons (short arrows). Scale
bar, 100 µm. B, camera lucida drawing of a
representative coronal section through the
PF-LHA showing the distribution of Hcrt-
immunoreactive neurons on the right side (0).
The area delineated by the thin line indicates the
highest density of Hcrt neurons in PF-LHA
regions where neuronal recordings were
performed. This area has been reproduced on the
left side in B and C to indicate the location of
recorded neurons with respect to Hcrt neurons.
The locations of Type I wake-related (8) and
Type II wake-related (9) neurons are plotted on
the left side in B. Note that nearly all of the
recorded wake-related neurons were localized in
or immediately adjacent to the Hcrt-
immunoreactive neuronal field. C, camera lucida
drawing of the same section depicted in B,
showing the distribution of wake/REM-related
neurons (1) on the left side and REM-related
neurons (†) on the right side. Abbreviations:
3V, third ventricle; f, fornix; opt, optic tract.



slow firing (< 0.5 Hz) in all sleep–waking states and were excluded
from subsequent analyses.

Preliminary examinations of PF-LHA unit activity revealed
several types of sleep–wake discharge patterns among recorded
neurons. Therefore, it was necessary to segregate neurons according
to their sleep–wake discharge profile to permit meaningful
statistical comparisons among groups of neurons. We decided to
segregate neurons based on the value of the ratio of discharge rates
during REM sleep vs. waking (REM/wake ratio). This parameter
was selected because there is physiological evidence that Hcrt-
producing neurons in the PF-LHA are activated during waking,
but might exhibit suppression of discharge during REM sleep.
Classification of neurons on the basis of the REM/wake ratio
allowed us to distinguish neurons with this discharge pattern from
those that are activated during both waking and REM sleep, a cell
type commonly encountered in the lateral hypothalamus of cats

and rats (Szymusiak et al. 1989; Krilowicz et al. 1994; Steininger et
al. 1999). 

Neurons were classified as wake related if the REM/wake ratio was
< 0.5. Two types of wake-related neurons were defined, based on
the magnitude of the suppression of discharge during REM sleep.
Type I wake-related neurons displayed a REM/wake ratio ≤ 0.2.
Type II wake-related neurons displayed a REM/wake ratio > 0.2
and < 0.5. Neurons were classified as wake/REM-related if the
REM/wake ratio was ≥ 0.5 and < 1.5. Neurons were classified as
REM related if the REM/wake ratio was ≥ 1.5. The effects of
sleep–waking state on the discharge rate of each class of neuron
were assessed with a one-way repeated measures ANOVA. The
significance of differences between individual sleep-wake state
means was evaluated with Newman-Keuls post hoc tests. 

The duration of each discriminated action potential was
calculated from averaged waveforms (based on 10–30 action
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Figure 2. The discharge pattern of individual wake/REM-related neurons across the
sleep–waking cycle
A, 15 min of continuous recording showing the discharge of two wake/REM-related neurons (Units 1 and 2)
recorded simultaneously across the sleep–waking cycle. B, the superimposed waveforms of individual action
potentials of the recorded neurons captured during five consecutive seconds along with the background
signal variations. C, the averaged waveforms of the two action potentials recorded for five consecutive
seconds. Note the difference in the spike shape and the duration of the action potentials, even though these
neurons were recorded simultaneously from the same microwire. Lower panels illustrate expanded tracings
(60 s) from A, showing the discharge patterns of the recorded neurons during waking (a), non-REM sleep (b)
and REM sleep (c). The values to the right of each expanded tracing represent mean discharge rates
(spikes s_1) for the respective neurons during the representative sections. These neurons exhibited high
discharge rates during waking and REM sleep and dramatically reduced discharge rates during non-REM
sleep. EEG, electroencephalogram; EMG, neck electromyogram.



potentials) to reduce noise. The duration of an action potential
was measured from the initial inflection from baseline voltage to
the point at which the after-potential returned to the baseline (see
Figs 2C, 4C and 6C). The effects of cell classification on action
potential duration were assessed with a one-way ANOVA followed
by a Newman-Keuls post hoc test.

The relationship of neuronal discharge to muscle activity was
examined for each class of neuron. For 60–120 min recording
periods containing episodes of waking, non-REM and REM sleep,
discharge rates were calculated for successive 5 s epochs. These
values were paired with the amplified, rectified dorsal neck EMG
during the same epoch. Thus, multiple pairs of discharge rate vs.
EMG activity values were generated across all sleep–waking states.
Simple linear regression was calculated for each of the classified
neuronal types. To plot these data, values were grouped on the
basis of EMG activity into 0.3 V bins (see Fig. 8).

RESULTS
Anatomical location of recorded neurons 
A total of 106 neurons recorded from dorsal to ventral

passes through the PF-LHA were characterized by sleep

and waking state-dependent discharge patterns. On the

basis of the REM/wake discharge rate ratio, 56 neurons

(53 %) were classified as wake/REM related, 24 (23 %) as

Type I wake related, 16 (15 %) as Type II wake related

and 10 (9 %) as REM related. A photomicrograph of a

representative microwire pass in a Hcrt-immunostained

PF-LHA section is shown in Fig. 1A. Figures 1B and C
show the distribution of Hcrt-immunoreactive neurons in

the vicinity of the microwire tracts and the location of each

classified neuron. Hcrt-immunoreactive neurons were

located in the perfornical lateral hypothalamus and dorsal

medial hypothalamic area. The rostral–caudal plane of the

recorded neurons varied by 0.1–0.4 mm through the

PF-LHA but they have been superimposed on a single

plane of the section illustrated in Fig. 1B and C. The

different neuronal types encountered were not clearly

segregated within the PF-LHA. Nearly all of the recorded

neurons were located in the field of Hcrt-immunoreactive

neurons. 

The details of the discharge patterns and other

characteristics of the different neuronal types encountered

were as follows.

Sleep–waking state-related discharge patterns
Wake/REM-related neurons. This was the most frequently

encountered class of neuron. Computer-generated tracings

of the individual discharge patterns of two wake/REM-

related neurons recorded simultaneously are shown in

Fig. 2. The individual discharge rate (spikes s_1) of all the

recorded neurons during AW, QW, non-REM sleep and

REM sleep and their mean discharge rate as a group are

shown in Fig. 3A and B, respectively. These neurons had a

mean (± ...) REM/wake ratio of 0.87 ± 0.04 (range,

0.51–1.48). There was a significant overall effect of sleep–

waking state on the discharge rate of wake/REM-related

neurons (F3,55 = 31.2, P < 0.0001). The discharge rate in

AW was significantly higher than in QW and non-REM

sleep, but did not differ significantly from that in REM

sleep (Fig. 3B). REM sleep rate was also significantly higher

than rates during QW and non-REM sleep. The discharge

rate during QW was significantly higher than non-REM

sleep rate.

Type I wake-related neurons. Computer-generated

tracings showing the individual discharge patterns of two

simultaneously recorded Type I wake-related neurons are

shown in Fig. 4. The discharge rate of individual Type I
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Figure 3. Discharge characteristics of wake/REM-related
neurons
Individual (A) and mean (± ...; B) discharge rates (spikes s_1) of
wake/REM-related neurons during active waking (AW), quiet
waking (QW), non-REM sleep and REM sleep. As a group, these
neurons exhibited a significantly higher discharge rate during both
AW and REM sleep when compared to QW and non-REM sleep.
* P < 0.01. NS, not significantly different.



wake-related neurons and their mean discharge rate as a

group are shown in Fig. 5A and B, respectively. Type I

wake-related neurons exhibited a mean REM/wake ratio

of 0.09 ± 0.01 (range, 0.003–0.200). There was a significant

overall effect of sleep–waking state on discharge rates

(F3,23 = 38.5, P < 0.0001). The discharge rate during AW

was significantly higher than those in all other states. There

were no significant differences in mean discharge rates

during QW, non-REM sleep and REM sleep.

Wake-related discharge patterns that exhibit near cessation

of activity during REM sleep are characteristic of several

monoaminergic cell groups (see Introduction). A

comparison of Type I wake-related neurons recorded in

PF-LHA with putative serotonergic ‘REM-off’ neurons

recorded in dorsal raphe of rats (Guzman-Marin et al.
2000) is presented in Table 1. These two classes of neuron

exhibited similar declines in discharge rate during REM

sleep compared to AW (91.09 ± 1.56 vs. 92.58 ± 8.35 %).

However, PF-LHA wake-related neurons exhibited a

significantly higher discharge rate during AW and a

significantly greater reduction in discharge rate from AW

to QW compared to dorsal raphe neurons. Dorsal raphe

neurons exhibited a significant reduction in discharge rate

from non-REM to REM sleep, whereas PF-LHA neurons

did not. In addition, action potential durations of dorsal

raphe neurons were significantly longer.

Type II wake-related neurons. The discharge rate of

individual Type II wake-related neurons and their mean
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Figure 4. Discharge patterns of wake-related neurons across the sleep–waking cycle
A, 66 min tracing showing continuous discharge of two Type I wake-related neurons (Units 1 and 2)
recorded simultaneously across the sleep–waking cycle. The superimposed waveforms of individual action
potentials captured during 5 s along with the background noise and their averaged waveforms are shown in B
and C, respectively. Lower panels depict expanded tracings (60 s) showing discharge rates of these two
neurons during waking (a), non-REM sleep (b), and REM sleep (c). Wake-related neurons exhibited highest
discharge rates during AW, as indicated by desynchronized EEG and increased EMG activity, a dramatic
decline in discharge rates during QW and a further decline during non-REM sleep and REM sleep. The values
to the right of each expanded tracing represent the mean discharge rate during the representative sections of
the tracing.
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Figure 5. Discharge characteristics of Type I and II wake-related neurons
Activity of Type I (A and B) and II (C and D) wake-related neurons during AW, QW, non-REM sleep and
REM sleep, showing individual (A and C) and mean (± ...; B and D) discharge rates. Note that both types
of neuron exhibited significantly higher discharge rates during AW compared to QW, non-REM and REM
sleep. For both types of neuron, discharge rates during QW, non-REM and REM sleep were not significantly
different. * P < 0.01. 

Table 1. Comparison of sleep–wake discharge of Type I wake-related neurons recorded in
the PF-LHA and wake-related/’REM-off’ neurons recorded in rat dorsal raphe nucleus

Decrease Decrease
Non-REM from wake from AW

Area AW QW sleep REM sleep to REM sleep to QW Spike width
(spikes s_1) (spikes s_1) (spikes s_1) (spikes s_1) (%) (%) (ms)

Dorsal raphe (n = 24) 1.09 ± 0.14 0.69 ± 0.12 0.34 ± 0.04 0.09 ± 0.02 92.6 ± 8.0 38.4 ± 4.7 2.88 ± 0.09
PF-LHA (n = 24) 4.54 ± 0.70 * 1.03 ± 0.31 0.29 ± 0.09 0.37 ± 0.10 91.1 ± 1.5 77.5 ± 4.2 * 2.23 ± 0.07 *

Data for dorsal raphe neurons are taken from Guzman-Marin et al. (2000). All values are means ± ...
* P < 0.01 (independent two-tailed t test).



discharge rate as a group during AW, QW, non-REM sleep

and REM sleep are shown in Fig. 5C and D, respectively.

The mean REM/wake ratio was 0.35 ± 0.03 (range,

0.02–0.48). There was a significant overall effect of sleep–

waking state on discharge rates (F3,15 = 8.1, P < 0.001). As

in the case of Type I neurons, the discharge rate during AW

was significantly higher than those in all other states and

there were no significant differences in mean discharge

rates during QW, non-REM sleep and REM sleep (Fig. 5D).

REM-related neurons. These neurons were the least

frequently encountered type (10/106). Computer-generated

tracings of individual discharge patterns from two REM-

related neurons that were recorded simultaneously are

shown in Fig. 6. The mean REM/wake ratio of REM-related

neurons was 3.88 ± 1.10 (range, 1.99–12.97). Figure 7A
and B shows the individual REM-related neuron discharge

rates and their mean discharge rates during AW, QW,

non-REM sleep and REM sleep. There was a significant

effect of sleep–waking state on the discharge rates of these

neurons (F3,9 = 8.3, P < 0.001). The discharge rate during

REM sleep was significantly higher than those in all other

states. There were no significant differences in mean

discharge rates during AW, QW and non-REM sleep

(Fig. 7B).

Action potential duration
Mean action potential duration was 1.84 ± 0.4 ms (range,

1.04–2.24 ms) for wake/REM-related neurons, 2.23 ±

0.08 ms (range, 1.6–3.12 ms) for Type I wake-related

neurons, 2.24 ± 0.11 ms (range, 1.32–2.94 ms) for Type II

wake-related neurons and 1.86 ± 0.07 ms (range, 1.44–

2.16 ms) for REM-related neurons. There was a significant

effect of cell classification on action potential duration

(F3,95 = 10.2, P < 0.0001). Mean durations for Type I and

Type II wake-related neurons were significantly longer
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Figure 6. The discharge pattern of individual REM-related neurons across the sleep–waking
cycle
A, 15 min continuous recording showing the discharge of two REM-related neurons (Units 1 and 2)
recorded simultaneously across the sleep–waking cycle. The superimposed waveforms of individual action
potentials captured during 5 s for each recorded neuron along with background noise and their averaged
waveforms are shown in B and C, respectively. Lower panels depict expanded tracings (60 s) from A,
illustrating the discharge patterns of the two neurons during waking (a), non-REM sleep (b) and REM sleep
(c). The values to the right of each expanded tracing represent mean discharge rates of the respective neurons
during the representative sections. These neurons exhibited lower discharge rates during waking and non-
REM sleep and increased discharge rates during REM sleep. 



than for both wake/REM- and REM-related neurons

(Newman-Keuls, P < 0.05), but did not differ significantly

from each other. Mean action potential durations for

wake/REM- and REM-related neurons did not differ

significantly from each other.

EMG activity vs. discharge rate 
Relationships between the discharge rate of individual

neurons and changes in rectified EMG voltage occurring

spontaneously across the sleep–waking cycle for each of

the four classes of PF-LHA neuron are shown in Fig. 8. The

discharge rate of Type I wake-related neurons showed a

strong positive correlation with rectified EMG voltage

across all sleep–waking states (r = 0.48, t = 6.43, P < 0.001),

as was the case for type II wake-related neurons (r = 0.18,

t = 2.95, P < 0.01). The discharge rates of a comparable

number of wake/REM-related (n = 23) and of REM-

related (n = 10) neurons were not correlated with EMG

voltage (r = _0.0286, t = _0.410, P = 0.68, and r = _0.019,

t = _0.597, P = 0.551, respectively).

DISCUSSION
The lateral hypothalamus has been implicated in several

waking behaviours, including feeding, drinking and

locomotor activity (Teitelbaum & Epstein, 1962; Sinnamon

et al. 1999). This region has also been implicated in the

maintenance of the waking state, i.e. in the behavioural

and electrographic manifestations of arousal (de Ryck &

Teitelbaum, 1978; Shoham & Teitelbaum, 1982). The unit

recording studies carried out in the present study are

consistent with a role for the lateral hypothalamus in one

or more aspects of waking behaviour, because nearly all

PF-LHA neurons that we examined were active during

waking, but exhibited significantly reduced activity during

non-REM sleep. Furthermore, we found that neurons in

the PF-LHA that were active during waking were of two

general types, namely those that exhibited similar levels of

activation during waking and REM sleep and those that

exhibited significantly reduced discharge rates during

REM sleep compared to waking. 

The discovery that neurons containing the hypocretin (or

orexin) peptides are localized in the PF-LHA has generated

considerable interest in this region of the hypothalamus

(de Lecea et al. 1998; Sakurai et al. 1998). The available

evidence suggests that activation of Hcrt neurons promotes

waking, suppresses REM sleep and antagonizes loss of

muscle tone during waking. Hcrt neurons exhibit c-fos

activation in response to systemic administration of

stimulatory drugs and in response to sustained waking

(Scammell et al. 2000; Estabrooke et al. 2001). Central

administration of Hcrt in rats acutely increases time spent

awake and suppresses non-REM and REM sleep (Bourgin

et al. 2000). Micro-perfusion of a Hcrt-2 receptor antagonist

into the brainstem promotes REM sleep (Thakkar et al.
1999). Hcrt exerts excitatory effects on locus coeruleus

neurons (Hagan et al. 1999; Horvath et al. 1999) and these

neurons are normally silent during REM sleep (Aston-

Jones & Bloom, 1981). Finally, loss of Hcrt-containing

neurons in human narcolepsy (Peyron et al. 2000;

Thannickal et al. 2000) and abnormalities in hypocretin

receptors in animal models of narcolepsy (Chemelli et al.
1999; Lin et al. 1999) are associated with excessive

sleepiness, reduced latencies to REM sleep onset and the

intrusion of the muscle atonia of REM sleep into the

waking state (known as cataplexy).

Based on this evidence, we hypothesized that Hcrt neurons

should exhibit a wake-related discharge pattern, with peak

discharge rates in the waking state and reduced rates

during non-REM and REM sleep. Here, we report the

presence of neurons with wake-related discharge patterns

in regions of the rat PF-LHA that contain Hcrt-immuno-

reactive neurons. Type I wake-related neurons comprised

23 % of the total number of recorded neurons and Type II

wake-related neurons accounted for an additional 15 %.
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Figure 7. Discharge characteristics of REM-related
neurons
Individual (A) and mean (± ...; B) discharge rates of REM-
related neurons during AW, QW, non-REM sleep and REM sleep.
These neurons exhibited low discharge rates during AW, QW and
non-REM sleep, with comparatively elevated discharge rates
during REM sleep. * P < 0.01.



Categorization of wake-related neurons as either Type I or

II was based solely on the magnitude of the reduction in

discharge rate during REM sleep compared to waking.

Type I and II neurons exhibited similar patterns of

neuronal discharge across the sleep–waking cycle (Fig. 5)

and exhibited nearly identical action potential durations.

Therefore, rather than constituting two physiologically

distinct types of cell, Type I and II wake-related neurons

may reflect two components of the same neuronal

population.

For all of the PF-LHA cell types described here, changes in

discharge rate during different waking behaviours and

across the sleep–waking cycle may reflect changes in

excitatory and/or inhibitory synaptic input to these cells,

rather than endogenous pacemaker activity.

Based on our reconstructions of the microwire bundle

tracks, almost all of the 106 neurons recorded in this study

were located within the field of Hcrt-1-immunoreactive

neurons. However, the extracellular recording method

employed here precludes identification of the neuro-

transmitter phenotype of recorded neurons. Therefore, we

were unable to determine whether Hcrt-producing neurons

exhibit the wake/REM-related discharge pattern (Figs 2

and 3), the wake-related discharge pattern (Figs 4 and 5) or

the REM-related discharge pattern (Figs 6 and 7). 

Kilduff & Peyron (2000) hypothesized that Hcrt-

producing neurons exhibit activation during both waking

and REM sleep, with diminished activity during non-REM

sleep. We recorded several cells in the PF-LHA that

exhibited a wake/REM-related discharge pattern. In fact,
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Figure 8. Correlation of PF-LHA neuronal activity with muscle activity
Correlation between discharge rate and EMG activity of wake/REM-related (A), Type I wake-related (B),
Type II wake-related (C) and REM-related (D) neurons. Mean (± ...) discharge rates of individual
neurons (large filled circles) are plotted against mean rectified and amplified EMG voltages calculated during
successive 5 s epochs across 3–5 sleep–waking cycles. Discharge rates were divided into 0.3 V bins. The
straight line in each graph represents the simple linear regression between discharge rate and EMG voltage.
The discharge rates of Type I and II wake-related neurons (B and C) were strongly positively correlated with
EMG voltage across all sleep–waking states. The discharge rates of a comparable number of wake/REM-
related neurons (n = 23) and of REM-related neurons were not significantly correlated with EMG voltage.



these were the most commonly encountered neurons, as is

the case in more posterior regions of the lateral hypo-

thalamus (Szymusiak et al. 1989; Krilowicz et al. 1994;

Steininger et al. 1999). As a group, wake/REM-related cells

exhibited a significant reduction in discharge rate during

non-REM sleep compared to AW, QW and REM sleep

and, therefore, fit the state-dependent discharge profile

predicted by Kilduff & Peyron (2000) for Hcrt cells. 

Regardless of which of the state-dependent discharge

patterns defined here on the basis of the REM/wake

discharge rate ratio is eventually found to be typical of

Hcrt-producing neurons, it seems probable that Hcrt-

producing neurons comprise only a subset of the neurons

recorded in the present study. Hcrt-producing neurons in

the PF-LHA are interspersed with other cell types,

including neurons that contain MCH (Broberger et al.
1998; Peyron et al. 1998). Hcrt-producing neurons are

outnumbered by non-Hcrt cells throughout the PF-LHA

(Peyron et al. 1998). Therefore, assuming a random

sampling of cell types in the present study, only a minority

of cells that were recorded from microelectrode passes

through this region would be Hcrt neurons. Given the

relatively high percentage of wake-related neurons that we

encountered in the PF-LHA (38 %), it seems plausible that

this discharge pattern is not confined to PF-LHA cells with

a single neurotransmitter phenotype. 

Neurons with wake-related discharge patterns (also

referred to as ‘REM-off’ neurons) have been most

extensively characterized in brain regions that contain

monoaminergic neurons. These include the serotonergic

neurons in the dorsal raphe nuclei (McGinty & Harper,

1976; Jacobs & Fornal, 1999; Guzman-Marin et al. 2000),

noradrenergic neurons of the locus coeruleus (Aston-

Jones & Bloom, 1981) and histaminergic neurons in the

tuberomammillary nuclei of the posterior hypothalamus

(Vanni-Mercier et al. 1984; Steininger et al. 1999). Wake-

related neurons recorded in the PF-LHA in the present

study exhibit both similarities to and differences from the

discharge patterns described for monoaminergic neurons.

For example, the magnitude of suppression of discharge

during REM sleep compared to AW was similar for PF-

LHA Type I wake-related neurons and putative serotonergic

neurons in the dorsal raphe nucleus (Table 1). However,

the discharge of PF-LHA neurons was more strongly

modulated from AW to QW than has been described for

monoaminergic neurons in the dorsal raphe and other

regions. Another characteristic of putative serotonergic

neurons is a progressive decline in discharge rate from

light to deep non-REM sleep and a further significant

decrease in discharge rate from deep non-REM to REM

sleep (Lydic et al. 1985; Guzman-Marin et al. 2000).

However, PF-LHA wake-related neurons did not show a

significant reduction in discharge rate from QW to non-

REM sleep to REM sleep in the present study. Therefore, it

appears that wake/REM-related neurons in the PF-LHA

are more selectively active during AW than wake-related

neurons recorded in monoaminergic brain regions.

The increased discharge rates of PF-LHA wake-related

neurons during AW compared to QW prompted us to

examine the relationship between neuronal discharge and

muscle activity across each of the sleep and waking states.

The discharge rates of both Type I and Type II wake-

related neurons exhibited strong positive correlations with

muscle activity (Fig. 8), whereas the discharge rates of the

other two classes of neuron did not. The correlation between

PF-LHA wake-related neuronal activity and muscle activity

suggests a role for these cells in motor control, behavioural

arousal and/or the regulation of muscle activity across the

sleep–waking cycle.
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