EFFECTS OF HYPOCRETIN-1 RELATIVE TO STATE AT ADMINISTRATION

The Injection of Hypocretin-1 into the Nucleus Pontis Oralis Induces either
Active Sleep or Wakefulness Depending on the Behavioral State when it is

Administered
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Study Objectives: We previously reported that the microinjection of hypocretin (orexin) into the nucleus pontis oralis (NPO) induces a behavioral
state that is comparable to naturally occurring active (rapid eye movement) sleep. However, other laboratories have found that wakefulness oc-
curs following injections of hypocretin into the NPO. The present study tested the hypothesis that the discrepancy in behavioral state responses to
hypocretin injections is due to the fact that hypocretin was not administered during the same states of sleep or wakefulness.

Design: Adult cats were implanted with electrodes to record sleep and waking states. Hypocretin-1 (0.25 L, 500uM) was microinjected into the
NPO while the animals were awake or in quiet (non-rapid eye movement) sleep.

Measurements and Results: When hyprocretin-1 was microinjected into the NPO during quiet sleep, active sleep occurred with a short latency.
In addition, there was a significant increase in the time spent in active sleep and in the number of episodes of this state. On the other hand, the
injection of hyprocretin-1 during wakefulness resulted not only in a significant increase in wakefulness, but also in a decrease in the percentage
and frequency of episodes of active sleep.

Conclusions: The present data demonstrate that the behavioral state of the animal dictates whether active sleep or wakefulness is induced follow-
ing the injection of hypocretin. Therefore, we suggest that hypocretin-1 enhances ongoing states of wakefulness and their accompanying patterns
of physiologic activity and that hypocretin-1 is also capable of promoting active sleep and the changes in various processes that occur during this
state.
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HYPOCRETIN-1 AND HYPOCRETIN-2 (ALSO KNOWN
AS OREXIN-A AND OREXIN-B) ARE 2 NEUROPEPTIDES
THAT ARE SYNTHESIZED BY A WELL-DEFINED GROUP
of neurons that are located in the lateral hypothalamus.'* A de-
ficiency in the functioning of the hypocretinergic system results
in narcolepsy with cataplexy, which is characterized by a sudden
loss of muscle tone (i.e., cataplexy) that is triggered by unexpect-
ed, strong emotional events in humans, dogs, and other species
even though the subjects remain awake.*” The data suggest that
the hypocretinergic system plays a crucial role in the regulation
of not only wakefulness and motor facilitation, but also active
(REM) sleep and its accompanying patterns of motor inhibition.
The nucleus pontis oralis (NPO) in the pontine tegmentum
plays a key role in the generation of active sleep (AS) as well as
wakefulness.®!? Anatomic studies have shown that both hypo-
cretin receptor-1 and receptor-2 are present in the NPO and that
neurons within the NPO are innervated by a rich plexus of hypo-
cretinergic fibers.">' We have reported that microinjections of
either hypocretin-1 or hypocretin-2 into the NPO induce, with a
short latency, a behavioral state that is comparable to naturally
occurring AS.""® In addition, we have shown that the juxtacel-
lular application of hypocretin-1 (which has a high affinity for
both hypocretin receptor-1 and receptor-2) onto NPO neurons
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results in an increase in the discharge as well as the evoked
and spontaneous excitatory synaptic activity of the neurons.'”"°
These NPO cells are the putative effector neurons that com-
prise the active-sleep (AS) generator.® These data indicate that
hypocretinergic processes are involved in the generation of AS
and that the NPO is a critical site of action of the hypocretin-
ergic system with respect to the control of this state. On the
other hand, recent studies from other laboratories have reported
that comparable injections of hypocretin into the NPO result
in extended periods of wakefulness, rather than inducement of
AS.22! Consequently, we hypothesized that these “apparently”
paradoxical findings are due to the fact that hypocretin was
administered during different behavioral states in the 2 sets of
studies. This hypothesis was based upon related state-depen-
dent data, which were initially thought to be “discrepant,” but
that revealed that excitatory stimuli that occur during wakeful-
ness result in motor facilitation, although the identical stimuli,
when applied during AS, promote profound motor inhibition.
This phenomenon was named reticular response-reversal.”> Ac-
cordingly, in the present study, we compared, in chronically
instrumented unanesthetized cats, the behavioral states that fol-
lowed the microinjection of hypoctretin-1 into the NPO while
the animals were awake with the states that arose when hypo-
cretin-1 was injected during quiet sleep (QS).

MATERIAL AND METHODS

Animals and Surgical Procedures

Five adult cats (3.0-5.5 kg) were used in the present study.
Animals, which were housed in a temperature- (22°C + 1°C)
and humidity- (50%-70%) controlled environment with a
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12:12-hour light/dark cycle (lights on from 6:00-18:00), had ad
libitum access to food and water. All procedures were in accord
with the Guide for the Care and Use of Laboratory Animals
(National Academy Press, 1996) and approved by the Animal
Research Committee of the UCLA Office for the Protection of
Research Subjects. The animals were prepared for monitoring of
the states of sleep and wakefulness and for drug administration,
as previously described.” Briefly, each cat was anesthetized
with isoflurane; using sterile surgical procedures, we implanted
screw electrodes bilaterally in the calvarium overlying the fron-
tal, parietal, and occipital cortices and into the orbital portion of
the frontal bone to monitor the cortical electroencephalogram
and electrooculogram, respectively. Wire electrodes for record-
ing the electromyogram were inserted bilaterally into the dor-
sal neck muscles. A Winchester plug, which was connected to
the implanted electrodes, and a chronic head-restraining device
were bonded to the skull with acrylic cement. A hole, approxi-
mately 4 to 5 mm in diameter, was made in the calvarium over-
lying the cerebellar cortex and then covered with bonewax to
provide subsequent access for a cannula that was used for the
microinjection of drugs. Following the operations, the animals
received systemically and topically administered antibiotics.

After recovery from the operation, all cats were adapted to
the recording conditions on a daily basis for at least 2 weeks. By
the end of the adaptation period, the animals exhibited stable
spontaneous periods of wakefulness, QS, and AS.

Drug Administration

Following the period of adaptation, carbachol (0.25 uL, 22
mM in saline) was injected into the rostral pontine reticular
formation (L: 2, P: 3, and H: -4)* of each animal to determine
the optimal stereotaxic coordinates for the most effective AS-
induction site in the NPO. In experimental sessions, all of which
were conducted between 10:00 and 16:00, hypocretin-1 (0.25
pL, 500 mM in saline; American Peptide Company, Sunnyvale,
CA) was microinjected unilaterally into the NPO, as determined
by the stereotaxic coordinates at which carbachol, in preliminary
studies in each cat, induced long duration episodes of AS with
a latency shorter than 4 minutes. In all cats, control solutions of
saline (0.25 pL) were injected into the same site that received
the injection of hypocretin-1 (saline sessions). Hypocretin-1 was
selected in this study because it has a high affinity for both hypo-
cretin receptor-1 and receptor-2, and is pharmacologically stable.
We administered hypocretin-1 in the concentration of 500 mM
because the results of a dose—response curve demonstrated that
this dose (125 pmol) produces the shortest latency and the great-
est increase in AS.'”'® The injection of hypocretin-1 (or saline)
was carried out after the animals exhibited at least 2 spontaneous
episodes of QS, which always occurred during the first hour of
each experimental session. All injections were delivered over a
period of 1 minute, using a 2-uL. Hamilton syringe, which was
connected to a remote-controlled hydraulic micropositioner so
that the animals were not disturbed by the injection procedure.
In each experimental session, only a single injection was carried
out. A maximum of 5 injections were directed to the same site
on either the left or the right side of the NPO in each animal. All
experimental sessions, in each cat, were separated by at least 3
days. Control patterns of sleep and wakefulness were recorded
after each injection session to ensure that the effects of the injec-
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tions were reversible and that they did not produce any change
in sleep or waking states from prior control values.

Polygraphic Recording and Data Analysis

Polygraphic records were recorded and then digitized using
a Power Macintosh computer running SuperScope 11 software
(GW Instruments, Somerville, MA). The behavioral states of
wakefulness, QS, and AS were scored by analyzing each 15-sec-
ond time segment of polygraphic records according to standard
polygraphic and behavioral criteria.”> Two episodes of recording
segments (i.e., 30 seconds) are required to establish the presence
of a stable behavioral state of sleep or wakefulness. The follow-
ing dependent variables were obtained in conjunction with each
recording session: (1) percentage of time spent in wakefulness,
QS, and AS; (2) latency to the onset of the first episode of wake-
fulness, QS and AS, as measured from the time of the beginning
of the injection; (3) number of episodes of each behavioral state
per hour (frequency); and (4) duration of each behavioral state.
Experimental data are expressed as means + SEM.

Analysis of variance for repeated measures and posthoc
Scheffé F tests were applied to determine the statistical signifi-
cance of the changes in individual variables (the percentages
of wakefulness, QS, and AS) between drug (hypocretin-1) and
control (saline) conditions over time. Accordingly, time was
considered as a repeated-measure within-subject variable (3
levels corresponding to 3 hourly measures after injections) and
treatment as a between-subject variable (2 levels corresponding
to hypocretin-1 and saline). The statistical significance of the
difference between sample means during the first hour follow-
ing the injection of hypocretin-1 and saline was evaluated using
the 2-tailed unpaired student’s t-test. The criterion chosen to
discard the null hypothesis was P < 0.05.

Histologic Determination of Microinjection Sites

After all of the microinjection studies were completed in
each animal, the site of the last drug injection was marked with
0.5 puL of a 2% solution of Chicago sky blue dye in 0.5 M of
Na acetate. The animal was then euthanized with an overdose
of pentobarbital sodium (Nembutal) and perfused with saline
followed by a solution of 10% formaldehyde. Serial sections
of brainstem tissue were examined to verify the injection sites,
which were all located within the NPO (Figure 1A).

RESULTS

A total of 27 microinjections of hypocretin-1 and 20 control
injections of saline were administered in 5 cats. Each animal
received at least 5 injections of hypocretin-1 and 4 control in-
jections of saline. Fourteen injections of hypocretin-1 and 10
control injections of saline were carried out during QS; 13 in-
jections of hypocretin-1 and 10 control injections of saline were
performed during wakefulness.

Figure 1B-E consists of a series of hypnograms that depict
the effects of the microinjection of hypocretin-1 into the NPO
during QS and wakefulness. In these representative figures, the
injection of hypocretin-1 during QS induced AS with a short
latency (Figure 1B). The hypocretin-induced state of AS and
naturally occurring AS were indistinguishable on the basis of
polygraphic recordings and behavioral observations. On the
other hand, when hypocretin-1 was administered during the
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Figure 1—Schematic presentation of the sites of hypocretin-1 injection in the pons of 5 cats (A). All injection sites, which are indicated by filled circles,
are mapped onto coronal brainstem sections at levels P 2.5 and P 3.0. Hypnograms of the effects of (B) the injection of hypocretin-1 during quiet sleep
(QS), (C) the injection of saline during QS, (D) the injection of hypocretin-1 during wakefulness (W), and (E) the injection of saline during W from a
representative cat. The injection of hypocretin-1 (vertical arrow in B), which was carried out during QS, immediately induced an episode of active sleep (AS).
In contrast, the injection of hypocretin-1 during W (vertical arrow in D) induced long-duration episodes of W and blocked the subsequent occurrence of AS
for more than 1 hour. be refers to the brachium conjunctivum; bp, brachium pontis; cp, cerebral peduncle; DR, dorsal raphe nucleus; IC, inferior colliculus;

PPT, pedunculopontine tegmental nucleus.

waking state, there was an increase in wakefulness following
its administration (Figure 1D). Injections of saline during either
QS or wakefulness did not result in any change in the states of
QS, AS, or wakefulness (Figure 1C and E).

Time Period of the Effects Produced by Hypocretin-1
Administration During QS and Wakefulness

The analysis of variance for the percentage of time that
the cats spent in AS and wakefulness during each of the first
3 hours following the injection of hypocretin-1 during QS re-
vealed a significant time effect (AS: F,,=21.53, P <0.001;
wakefulness: F, , = 10.53, P = 0.002). Similarly, there was a
significant time effect with respect to the percentage of AS and
wakefulness during each of the 3 postinjection hours following
the injection of hypocretin-1 during wakefulness (AS: F,,, =
20.44, P < 0.001; wakefulness: F,,=1561,P< 0.001). The
results of a posthoc analysis (Scheffé test) demonstrated that,
following its injection during QS, hypocretin-1 induced an in-
crease in the time spent in AS during the first hour; this increase
was significantly greater than the time spent in this state dur-
ing the second or third postinjection hour (first hour: 26.1% +
2.7% vs second hour: 11.1% £ 1.3% P < 0.001; first hour vs
third hour: 12.3% + 1.2%, P < 0.001). In addition, following
the injection of hypocretin-1 during wakefulness, there was a
significant increase in wakefulness during the first postinjection
hour compared with the time spent in wakefulness during the
second or third postinjection hour (first hour: 53.1% =+ 3.3% vs
second hour: 32.1% =+ 2.8% P < 0.001; first hour vs third hour:
33.0% £ 2.9%, P < 0.001, posthoc Scheffé test). There were no
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significant changes in either sleep or wakefulness during the
second or third postinjection hour following the injection of
hypocretin-1 during QS or wakefulness, compared with saline
control sessions, which indicates that the amount of sleep and
wakefulness returned to control (saline) levels during the sec-
ond and third postinjection hours of recording.

Because the effects produced by hypocretin-1 were limited
to the first hour following its administration, as presented in the
following sections, we conducted an analysis during this period
of time of the specific changes in sleep and waking states that
arose in conjunction with the administration of hypocretin-1
during QS and wakefulness.

Effects of Hypocretin-1 on Sleep and Wakefulness When
Administered During QS

Figure 2A shows the mean latency to the onset of the first
episode of AS and wakefulness following the application of
hypocretin-1. Because injections were carried out during QS,
there was no measure of the latency to this state. The mean la-
tency to AS following the application of hypocretin-1 was 3.2 +
0.4 minutes (n = 14), which was significantly shorter than that
observed following saline injections (n = 10; df =22, t=5.78,
P <0.001, unpaired t-test).

The percentage of time that the cats spent in sleep and wak-
ing states following the injection of hypocretin-1 during QS is
shown in Figure 2B. Compared with saline injections, injec-
tions of hypocretin-1 significantly increased the amount of AS
by 99.2% (df = 22, t = 3.72, P = 0.002, unpaired t-test). This
increase was accompanied by a significant decrease of 34.2%
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in the time spent in wakefulness (df = 22, t = 3.06, P = 0.006,
unpaired t-test). There was no statistically significant difference
in the time spent in QS following the injection of hypocretin-1
compared with control injections.

The effects of the injection of hypocretin-1 into the NPO dur-
ing QS on the frequency of sleep and waking states are shown
in the Figure 2C. Following the injection of hypocretin-1, the
frequency of AS increased significantly (df = 22, t = 0.56,
P =0.002, unpaired t-test). The frequency of episodes of wake-
fulness or QS did not change significantly following the injec-
tion of hypocretin-1. The mean duration of the AS episodes that
occurred following the injection of hypocretin-1 was not sig-
nificantly different from that observed following the injection
of saline, although there was a tendency for an increase in the
duration of episodes of AS in conjunction with the administra-
tion of hypocretin-1 (Figure 2D; df =22, t = 1.12, P = 0.276,
unpaired t-test).

Effects of Hypocretin-1 on Sleep and Wakefulness When
Administered During Wakefulness

The latency to the onset of the first episode of AS and QS fol-
lowing the application of hypocretin-1 during waking states is
shown in Figure 3A. The mean latency to AS following the ap-
plication of hypocretin-1 during waking states was significantly
longer than that observed following saline injections (df = 17,
t=3.30, P=0.042, unpaired t-test).

An increase in wakefulness occurred when hypocretin-1 was
injected into the NPO while the animals were awake. Figure 3B
presents the effects of hypocretin-1, when injected during wake-
fulness, on the percentage of time that the cats spent in sleep and
waking states following the injection. Compared with saline injec-
tions, injections of hypocretin-1 during wakefulness significantly
increased the time spent in this state by 58.5% (df = 21, t =4.37,
P <0.001, unpaired t-test). In addition, there was a corresponding
decrease in AS by 81.5% (df =21, t=6.23, P<0.001, unpaired t-
test). There was a tendency toward a decrease in QS, although the
mean percentage of time spent in this state was not significantly
different from that observed following the injection of saline.

The injection of hypocretin-1 into the NPO during wake-
fulness also resulted in a change in the frequency of sleep and
waking states, as shown in Figure 3C. Thus, following the injec-
tion of hypocretin-1, the frequency of episodes of AS decreased
significantly (df = 21, t = 4.09, P < 0.001, unpaired t-test). On
the other hand, the frequency of episodes of either wakefulness
or QS did not change significantly following the injection of
hypocretin-1. The mean duration of episodes of wakefulness
following the injection of hypocretin-1 during wakefulness was
significantly longer than that observed following the injection of
saline (Figure 3D; df =21, t=1.97, P = 0.042, unpaired t-test).

Comparison of the Effects Produced by Hypocretin-1
Administration During QS and Wakefulness

Figure 4A shows that the mean latency to AS following the
application of hypocretin-1 during QS was significantly shorter
than that observed following the injection of hypocretin-1 dur-
ing wakefulness (df =21, t =7.43, P <0.001, unpaired t-test).

Figure 4B presents the percentage of time spent in sleep
and wakefulness following hypocretin-1 injections during
QS, compared with the time in these states that occurred when

SLEEP, Vol. 33, No. 9, 2010

A Latency to Behavioral States
1. Active Sleep 2. Wakefulness

L0 30

£20 20 O Saline

=10 we 10 W Hypocretin-1
0 0

B Percentage of Behavioral States
1. Active Sleep 2. Quiet Sleep

60 60 60
0 * 40 40 .

20 20

0 0 0

C Frequency of Behavioral States
2. Quiet Sleep

3. Wakefulness

Percentage
N B

o

1. Active Sleep 3. Wakefulness

1 1

*k

o AN whsO
oN B~ O oo
o O oo

Episodes/hour

D Duration of Behavioral States
1. Active Sleep 2. Quiet Sleep

il N}

Figure 2—Effects of the injection of hypocretin-1 into the nucleus pontis
oralis on the latency (A), percentage (B), frequency (C) and duration
(D) of wakefulness, quiet sleep, and active sleep during the first hour
following its injection during quiet sleep. The bars represent mean values;
error bars indicate the SEM of each population. A: Graphs highlight the
latency to the onset of the first episode of active sleep and wakefulness
following injections of hypocretin-1 (n = 14) and saline (n = 10). Note
that hypocretin-1 significantly reduced the mean latency to active
sleep. B: Histograms illustrating the percentages of behavioral states
following the injection of hypocretin-1, which significantly increased the
time spent in active sleep and decreased the amount of wakefulness,
compared with injections of saline. C: Graphs present the number of
episodes of behavioral states per hour (frequency) following the injection
of hypocretin-1 and saline. Injections of hypocretin-1 significantly
increased the frequency of episodes of active sleep. D: Graphs showing
that injections of hypocretin-1 significantly reduced the mean duration
of episodes of wakefulness. Asterisks indicate the levels of statistical
significance of the difference between means: **P < 0.01, ***P < 0.001
by unpaired t-test.
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hypocretin-1 was administered while the animals were awake.
The cats spent significantly more time in AS following the in-
jection of hypocretin-1 during QS (26.1% = 2.7%), compared
with the amount of AS that occurred following injections dur-
ing wakefulness (2.3% =+ 1.2%; df = 25, t = 7.76, P < 0.001,
unpaired t-test). On the other hand, when hypocretin-1 was
injected during wakefulness, the animals spent significantly
more time in this state (53.1% =+ 3.3%), compared with the
amount of wakefulness that occurred when injections were car-
ried out during QS (19.9% + 2.5%, df=25,t=28.12, P<0.001,
unpaired t-test).
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Figure 3—Effects of hypocretin-1 injections into the nucleus pontis oralis
on the latency (A), percentage (B), frequency (C) and duration (D) of
wakefulness, quiet sleep, and active sleep during the first hour following
injections that were carried out while the animals were awake. Bars
represent mean values; error bars indicate the SEM of each population.
A: Graphs show the latency to the onset of the first episode of active
sleep and quiet sleep following injections of hypocretin-1 (n = 13) and
saline (n = 10). Injections of hypocretin-1 significantly increased the
mean latency to active sleep. Because injections were carried out during
wakefulness, there was no measure of the latency to wakefulness. B:
Histograms illustrate the percentages of behavioral states observed
following the injection of hypocretin-1, which significantly increased the
percentage of time spent in wakefulness and decreased active sleep,
compared with saline injections. C: Graphs present the number of
episodes of behavioral states per hour (frequency) following the injection
of hypocretin-1 and saline. Note that injections of hypocretin-1 significantly
reduced the frequency of episodes of active sleep. D: Graphs showing
that hypocretin-1 significantly increased the mean duration of episodes
of wakefulness. Asterisks indicate the levels of statistical significance of
the difference between means: *P < 0.05, **P < 0.01, **P < 0.001 by
unpaired t-test.

The frequency of episodes of AS also increased signifi-
cantly following the injection of hypocretin-1 during QS com-
pared with during wakefulness (Figure 4C; df = 25, t = 6.97,
P <0.001, unpaired t-test). In 7 out of 14 experimental sessions
in which hypocretin-1 was injected into the NPO during QS, 3
or more episodes of AS occurred during the first postinjection
hour. On the other hand, in 7 of 13 experimental sessions in
which hypocretin-1 was injected during wakefulness, no epi-
sodes of AS occurred during this period. The mean duration of
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Figure 4—Comparisons of the effects of hypocretin-1 (Hcrt-1) injections
into the nucleus pontis oralis on the latency (A), percentage (B),
frequency (C), and duration (D) of wakefulness, quiet sleep, and active
sleep following the injection of Hert-1 during quiet sleep or wakefulness.
Bars represent the mean values; error bars indicate the SEM of each
population. A: Graphs show the latency to the onset of the first episode
of active sleep following injections of Hert-1 during either quiet sleep (n
= 14) or wakefulness (n = 13). Injections of Hert-1 during wakefulness
significantly increased the mean latency to active sleep. B: Histograms
illustrating the percentages of behavioral states following the injection of
Hert-1 during quiet sleep, which significantly increased the percentage
of time spent in active sleep, compared with the percentages following
the injection of Hert-1 during wakefulness. In contrast, the animals spent
a significantly greater the percentage of time in wakefulness following
injections of Hert-1 during this state, compared with the time spent in
wakefulness following injections during quiet sleep. C: Graphs present
the frequency of episodes of behavioral states following the injection
of Hert-1 either during quiet sleep or wakefulness. Injections of Hert-1
during quiet sleep significantly increased the frequency of episodes of
active sleep. D: Graphs show that injections of Hert-1 during wakefulness
resulted in a significant increase in the mean duration of episodes of
wakefulness. Asterisks indicate the levels of statistical significance of the
difference between means: ***P < 0.001 by unpaired t-test.

episodes of wakefulness following the injection of hypocretin-1
during QS was significantly shorter than that following the in-
jection of hypocretin-1 during the waking state (Figure 4D; df
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=25,t=6.98, P<0.001, unpaired t-test). In addition, there was
a tendency toward an increase in the duration of episodes of AS
following the injection of hypocretin-1 during QS, compared
with during wakefulness, although this increase did not reach
statistical significance.

DISCUSSION

In the present study, we demonstrated that the behavioral
state of the animal, at the time of the administration of hypo-
cretin-1 into the NPO, determined whether wakefulness or AS
was induced. If the cat was in QS at the time when hypocre-
tin was injected, the AS state arose with a short latency. The
hypocretin-induced state of AS was comparable to naturally oc-
curring AS on the basis of polygraphic recordings (see Figure 2
in Xi et al.'”). In addition, there was a significant increase in the
percentage of time spent in AS and a corresponding reduction
in wakefulness. Furthermore, the mean latency to AS follow-
ing the application of hypocretin-1 during QS was significantly
shorter than that observed following the injection of hypocre-
tin-1 during wakefulness. Finally, following the injection of
hypocretin-1 during QS, there was a significant increase in the
number of episodes of AS. In contrast, if the animal was awake
at the time of injection, there was a significant increase in the
percentage of time spent in wakefulness and a comparable re-
duction in the amount and number of episodes of AS. These
data support our hypothesis that not only does hypocretin act to
promote an ongoing state of wakefulness and its accompanying
patterns of somatomotor activation,’® but that hypocretin is also
capable of producing AS and the inhibition of somatomotor ac-
tivity that occurs during this state.”’

Other laboratories have recently reported that injections of
hypocretin into the NPO result in an increase in wakefulness
and a suppression of AS in the rat and cat,?**! which initially
appeared to contradict our previously reported findings that
AS arose following the administration of hypocretin into the
NPO. '8 The present study was conducted to determine if these
apparently “contradictory” findings could be explained on the
basis that the state of the animals was different when hypocretin
was injected in 2 sets of studies. We conclude that the present
study provides strong evidence that the state of the animal at
the time of the injection of hypocretin is the critical factor that
is responsible for determining whether AS or wakefulness is in-
duced. Accordingly, these results resolve previous “apparently”
paradoxical findings that different behavioral states arise when
hypocretin is injected into the NPO.!"1820-21

The present findings, which reveal that different behavioral
responses occur depending on the ongoing state of sleep and
wakefulness, are similar to other state-dependent phenomenon
that we described a number of years ago, which we named re-
ticular response-reversal.” This phenomenon is one in which
there is a striking reversal in various physiologic patterns of
activity to exteroceptive and interoceptive inputs that are gov-
erned by the ongoing state of sleep or wakefulness. Our first de-
scription of the phenomenon of reticular response-reversal was
based upon our finding that somatomotor responses to excit-
atory afferents were either facilitated or inhibited depending on
the behavioral states of the animal. We reported that electrical
stimulation of the NPO results in motor excitation during wake-
fulness, whereas the identical stimulus elicits a diametrically
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opposite motor drive, inhibition, during AS.*-** We determined
that the state of the animal at the time of stimulation of the
NPO determines whether the resultant motor drive is excitatory
or inhibitory. In the present study, injections of hypocretin-1
were directed to the same region of the pontine reticular forma-
tion, i.e., the NPO, that we believe is responsible for generating
the state of AS as well as the processes that result in reticular
response-reversal. Therefore, we suggest that the phenomenon
of reticular response-reversal, together with the present results,
provide additional support for the concept that the state of the
animal is critically important when evaluating the results of
state-related experiments.

A great number of studies have presented complementary
data indicating that the NPO is the critical brainstem region
that is ultimately responsible for the generation of AS, somato-
motor atonia, and other AS-dependent patterns of physiologic
activity.*!? Anatomically, hypocretinergic fibers project to cells
within the NPO'"5; in addition, cells in the NPO contain both
hypocretin receptor-1 and receptor-2."*%3! Microdialysis ex-
periments have shown that the release of hypocretin in the hy-
pothalamus is greater during AS, compared with QS, although
the highest levels are present during wakefulness.* Kiyas-
hchenko et al.** reported that the microinjection of hypocretin
into the pontine reticular formation produces motor inhibition
in decerebrated rats, which is consistent with our observation
that the microinjection of hypocretin into the NPO elicits an
AS-like state and its accompanying pattern of motor inhibition.
Although unit-recording studies in the rat and mouse have not
shown that hypocretinergic cells discharge during AS,*-¢ the
studies of Steininger et al.’” and Alam et al.*® described elec-
trophysiologically identified AS-on neurons and waking-on/
AS-on neurons in the hypocretinergic zone of the hypothala-
mus, although the neurotransmitter phenotype of these recorded
cells was not determined. Using c-fos immunocytochemistry
as a marker of neuronal activity, we discovered that a group
of hypocretinergic neurons in the lateral hypothalamus is acti-
vated during carbachol-induced AS.*

Our prior electrophysiologic data also demonstrate that
hypocretin excites neurons of the NPO.!"” We therefore suggest
that a preponderance of the evidence indicates that the hypo-
cretinergic system plays an important role in AS-related pro-
cesses and that the NPO is one of critical sites of action for
the hypocretinergic system with respect to the control of AS. In
addition, NPO neurons are a key component of the brainstem—
spinal-cord inhibitory system that is responsible for promoting
muscle atonia during AS; these cells also are components of the
“neuronal gate” that converts excitatory drives to motoneurons
that occur during wakefulness into powerful inhibitory inputs
during AS, which was our original finding that led to our de-
scription of the phenomenon of reticular response-reversal.?*
Therefore, we suggest that the change in behavioral state (i.e.,
AS), induced by the injection of hypocretin into the NPO dur-
ing QS, results from the activation of the same population of
NPO neurons that is normally responsible for the generation of
AS and the accompanying inhibition of muscle activity."!

In the present study, the administration of hypocretin into the
NPO during wakefulness promoted wakefulness and suppressed
AS. These results agree with findings in the cat and the rat that
hypocretin-1 produces an increase in wakefulness and a reduc-
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tion in AS when it is injected into the NPO while the animals
are awake.”*?! A large body of evidence demonstrates that the
hypocretinergic system is critically involved in promoting wake-
fulness and that it also activates somatomotor functions that nor-
mally accompany this state.**** Since the NPO is an established
component of the ascending reticular activating system that is
responsible for promoting arousal and motor activation,* and the
hypocretins are “excitatory” neurotransmitters, we suggest that
hypocretinergic projections to the NPO constitute an important
contribution to the mesopontine system that is responsible for the
generation and maintenance of wakefulness. On the other hand,
the present data also demonstrate that hypocretin produces an
entirely different response, which is the induction of AS, when
it is injected into the NPO during QS. These data indicate that
hypocretinergic synaptic contacts on neurons in the NPO also
participate in promoting AS and the inhibition of motor activity
that accompanies this state. When pathologies occur, such as in
cataplexy, wherein there is a significant decrease in the function-
ing of the hypocretinergic system,*%** we hypothesize that there
is a corresponding reduction in hypocretinergic activation of
NPO neurons, which results in a striking reduction in motor ac-
tivity during wakefulness and a relative increase in motor activity
during AS, in a manner that is coherent with the phenomena of
reticular response-reversal. This hypothesis is supported by the
fact that cataplectic humans and canines exhibit a decrease in
motor activity during wakefulness as well as a relative increase
in somatomotor tone during AS.*47-

Hypocretin levels are low or undetectable in narcoleptics
with cataplexy.’®! However, the hypocretinergic system is in-
tact (i.e., hypocretin levels in the cerebrospinal fluid are nor-
mal) in narcoleptics without cataplexy.’®*' Since there is no
difference in the latency to AS and the amount of AS in both
narcoleptics with and without cataplexy,’** it is clear that the
hypocretinergic system does not have a significant impact on
either parameter of AS. Nevertheless, there is a population of
hypocretinergic neurons that are activated during AS,** and
unit-recording studies indicate that these neurons discharge
selectively during the phasic periods of AS.3*% Therefore,
we suggest that the promotion of AS following the injection
of hypocretin into the AS generator in the NPO reflects inputs
of hypocretinergic origin that are normally associated with the
phasic periods of AS.

Although the neuronal (cellular)-level mechanisms that me-
diate the dual state-dependent effects of hypocretin in the NPO
have not been elucidated, it is possible that the generation of
AS and wakefulness occurs as a result of different levels of
activity during sleep and wakefulness in neuronal structures/
neurotransmitter systems that project to the NPO. For example,
hypocretin, when injected during wakefulness, may facilitate
the discharge of waking-on NPO neurons that are already ex-
cited by serotonergic projections from the dorsal raphe and nor-
adrenergic inputs from the locus coeruleus, since neurons of
these cell groups project to the NPO and exhibit their highest
activity levels during the waking state.>**” On the other hand,
since there is a dramatic decrease in discharge of the preceding
groups of monoaminergic neurons during QS, compared with
wakefulness,>* it is possible that the potential for activation of
AS-on cells in the NPO is enhanced following the administra-
tion of hypocretin during QS by monoaminergic disinhibition.*
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We have previously reported that the effects of the injection
of hypocretin-1 on sleep and waking states are not significantly
different from those produced by hypocretin-2."” Hypocretin-1
is known to have an equally high affinity for both hypocretin
receptor-1 and receptor-2, whereas hypocretin-2 has a 10-fold
higher affinity for hypocretin receptor-2 than for hypocretin
receptor-1.° Based on our data and the difference in the affini-
ties of hypocretin receptor-1 and receptor-2, we suggest that
hypocretinergic processes, acting on hypocretin receptor-2
rather than hypocretin receptor-1 in the NPO, may play a more
important role in the control of AS and wakefulness. On the
other hand, molecular and behavioral studies using hypocretin-
receptors knock-out mice suggest that, although both recep-
tors are involved in the regulation of wakefulness and sleep,
hypocretin receptor-2 is more important for the maintenance of
wakefulness, whereas hypocretin receptor-1 may be principally
involved in the regulation of AS.%¢' Future experiments using
specific hypocretin-receptor antagonists would be useful in de-
termining the receptor subtype or subtypes involved.

In summary, the present findings demonstrate that AS, as well
as muscle atonia, can be induced with a short latency follow-
ing the microinjection of hypocretin-1 into the NPO during QS,
whereas prolonged periods of wakefulness arise following the
microinjection of hypocretin-1 into the NPO when the animal
is awake. These data highlight the importance of the behavioral
state of the animal at the time of the administration of hypocre-
tin. In addition, the present findings support our hypothesis that
hypocretin has dual functions that are expressed according to
the phenomenon of reticular response-reversal, which consist
of the promotion of wakefulness and motor activity, as well as
the generation of AS and motor inhibition.
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