
The locus coeruleus (LC) provides the noradrenergic

innervation to many regions of the brain and is the sole

source of noradrenergic fibres to cortical regions including

the cerebral and cerebellar cortex and hippocampus (Moore

& Bloom, 1979; Levitt & Moore, 1979). Functionally the

LC plays an important role in directed attention (Usher et
al. 1999) and arousal/sleep modulation (Aston-Jones &

Bloom, 1981; Bourgin et al. 2000). The cellular activity of

LC neurons is dominated by an intrinsic pacemaker, in

part based on an inward non-specific cation current

mostly due to Na+, and a strong afterhyperpolarization

following spike generation. The pacemaker may be critical

for LC functional output and can be modulated by

neuromodulators, second messenger systems and drugs of

abuse (Nestler et al. 1999). The frequency of the pacemaker

increases with LC maturation (Williams & Marshall, 1987).

Through its noradrenergic innervation, the LC plays an

important role in targeting attention and modulating

levels of awareness. This is accomplished by changes in the

firing patterns of LC neurons; higher levels of cellular

synchronization correlate with cognitive performance

(Usher et al. 1999). Part of the LC cellular synchrony may

be due to electrotonic junctions between LC neurons or

their dendrites, particularly common during development

(Christie et al. 1989; Ishimatsu & Williams, 1996).
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The noradrenergic neurons of the locus coeruleus (LC) play an important role in modulating

arousal and selective attention. A similar function has been attributed to the hypocretin neurons of

the hypothalamus which maintain a strong synaptic projection to the LC. As the LC can be difficult

to detect in the embryonic and neonatal mouse brain, we used a new transgenic mouse with strong

GFP expression in the LC under the regulation of a mouse prion promoter. GFP colocalized with

immunoreactive tyrosine hydroxylase in sections and dispersed cultures of the LC, allowing

visualization and whole cell or single-unit recording from the LC in early stages of cellular

development. GFP expression in the LC had no apparent effect on cellular physiology, including

resting membrane potential, input resistance, spike threshold, depolarization-induced spike

frequency increase, current–voltage relations, or hypocretin responses. In slices of the mature

mouse and rat LC, hypocretin-1 and -2 increased spike frequency, with hypocretin-1 being an order

of magnitude more potent. In the postnatal day (P) 0–2 developing mouse slice during a

developmental period when spikes could be elicited in some cells, other developing LC neurons

showed rhythmic, subthreshold oscillations (~1 Hz) in membrane potential (2.9–7.4 mV

amplitude); others were arrhythmic. Hypocretin-1 depolarized the membrane potential, resulting

in the appearance of spikes in developing LC cells that showed no spikes under control conditions.

In the presence of TTX and glutamate receptor antagonists, hypocretin-1-mediated inward

currents were blocked by  substitution of choline-Cl for NaCl, suggesting an excitatory mechanism

based on an inward cation current. Hypocretin-1 initiated strong regular membrane voltage

oscillations in arrhythmic immature neurons. Hypocretin increased the temporal synchrony of

action potentials studied with dual-cell recording in P1–P5 mouse LC slices, consistent with the

view that synchrony of LC output, associated with improved cognitive performance, may be

increased by hypocretin. Together these data suggest that the hypothalamus, via hypocretin

projections, may therefore be in a position to enhance arousal and modulate plasticity in higher

brain centres through the developing LC.
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Developmentally, LC has been postulated to play a strong

role in the modulation of activity of many brain circuits. In

rats the LC system is the first monoamine system to

mature, and develops very early, with catecholamine-

synthesizing enzymes detectable between embryonic day

(E) 10 and 13 (Lauder & Bloom, 1974; Specht et al. 1981).

Noradrenergic fibres are found in the cortex by E16 and

LC neurons can be antidromically activated by E18

(Sakaguchi & Nakamura, 1987). Although LC axons in the

mature cortex comprise only about 1 % of the terminals, in

the developing brain LC fibres have been suggested to

account for more that half of the synapses in some cortical

regions, a very substantial level of innervation (Coyle &

Molliver, 1977). The initial LC innervation of target areas

often precedes many important developmental events,

including neuronal migration, final mitosis, synapto-

genesis and axonal pathfinding, and is therefore in a

position to modulate these events (Lauder & Bloom, 1974;

Nakamura & Sakaguchi, 1990). LC noradrenergic fibres

have been reported to modulate synapse formation in the

developing visual cortex (Blue & Parnavelas, 1982) and to

modulate dendritic growth and extension and spine

formation in several cortical regions (Maeda et al. 1974;

Felten et al. 1982). Functionally, synchronized output of the

LC may be important developmentally in the regulation of

arousal states.

Hypocretin-1 and -2 (also called orexin A and B) are

synthesized exclusively within the CNS in the lateral

hypothalamus/perifornical region (de Lecea et al. 1998;

Sakurai et al. 1998). Loss of hypocretin appears to be the

primary cause of narcolepsy, a disease characterized by

excessive day time sleepiness and slow arousal, unusual REM

sleep patterns, cataplexy and hypnogogic hallucinations

(Nishino et al. 1999; Peyron et al. 2000; Thannickal et al.
2000). Hypocretin fibres innervate a large number of

neuronal loci in the brain and spinal cord (Peyron et al.
1998; van den Pol, 1999) and show a particularly strong

innervation of the LC (Horvath et al. 1999), consistent

with reports of retrograde transport of tracers from the

LC to the lateral hypothalamus (Luppi et al. 1995).

Hypocretin-1 (Hagan et al. 1999) or hypocretin-2 (Horvath

et al. 1999) increases adult LC spike frequency, probably

via activation of the hypocretin receptor-1 (orexin-1

receptor) (Trivedi et al. 1998) and mediated by activation

of a Gq protein (Sakurai et al. 1998). The present paper

examines the actions of hypocretin in the developing LC.

A new transgenic mouse that expresses GFP in the

embryonic and neonatal LC is described and used to

facilitate detection of the LC in the developing brain.

METHODS 
Transgenic mice that express GFP in locus coeruleus
We used a mouse prion promoter to drive a cDNA construct of
an enhanced, red-shifted, mammalian codon-corrected green
fluorescent protein (GFP). The plasmid pEGFP-N2 (BD Biosciences

Clontech, Palo Alto, CA, USA) was digested with restriction
enzymes Xho1 and Stu1 to isolate a 1.962 kb GFP fragment
containing multiple cloning sequences with the Xho1 end at the
N-terminal, followed by GFP coding sequences, SV40 poly(A)
sequences and the SV40 origin of replication. The mouse prion
promoter MoPrp.Xho vector of about 16.3 kb, designed to accept
inserts with Xho1 or Sal1 generated ends, was a generous gift of
Dr D. Borchelt (Johns Hopkins University) and is described
elsewhere (Borchelt et al. 1996). It was digested with Xho1 and gel
purified. The Xho1 and Stu1 digested 1.96 kb GFP fragment was
gel purified twice to minimize any potential plasmid sequence
contamination and first ligated at the Xho1 site of the MoPrp.
fragment, phenol:chloroform extracted, alcohol precipitated and
then 3‚-end filling up was done by Klenow polymerase to make
blunt the other Xho1 end of the MoPrp. fragment. This linear
construct was then blunt end ligated with the Stu1 end of GFP and
Xho1 filled up end of the MoPrp. fragment to circularise the
plasmid for bacterial transformation. The Prp.–GFP plasmid
construct was introduced by electroporation into competent
ElectroMAX DH10B cells (Invitrogen Corp., CA, USA). The
clones containing Prp.–GFP sequences in proper orientation were
identified by colony-lift hybridization using both GFP and Prp.
DNA fragments as probes and restriction enzyme digestion of the
constructed plasmid. The Prp.–GFP constructed plasmid was first
linearized by digesting the DNA with the restriction enzyme
EcoR V, which cuts once in the vector plasmid sequence, and then
tested for GFP gene expression on rat primary neuronal cultures
transfected by electroporation. To test whether the construct was
viable, we transfected primary neuronal cultures by electroporation.
Two days after electroporation, we found a small number of
neurons or glia (< 0.1 %) that showed GFP expression. A positive
control plasmid with a IE1 CMV promoter in place of the prion
promoter was also used and transfected a much greater percentage
(20 %) of cells.

All animal procedures were conducted in accordance with
protocols approved by the Yale University Animal Care and Use
Committee. Ova were harvested from pregnant mice anaesthetized
with I.P. injections of 100 mg kg_1 ketamine and 10 mg kg_1

xylazine and subsequently killed with carbon dioxide. Ova were
injected with a linearized and highly purified Prp-GFP sequence.
Eggs were reimplanted into pseudopregnant mice, anaesthetised
as described above. Tail biopsies, taken from the caudal fourth of
the tail before P4 (see van den Pol & Ghosh, 1998), were used to
detect mice expressing the transgene. Positive mice were then bred
and brains of progeny were examined after fixation and sectioning
to detect GFP-expressing neurons. Tests were also used in which
brains of embryonic transgenic mice, taken from pregnant mice
anaesthetised as above, and subsequently killed with carbon dioxide,
were cultured on glass coverslips to determine if the transgene was
expressed in developing cultured cells (van den Pol & Ghosh,
1998). A number of transgenic strains were generated. Of eight
strains showing positive protein expression, GFP was found in the
LC of two. In the present paper, we focus on one strain (Prp 57)
with strong GFP expression in the LC.

Immunocytochemistry
After I.P. Nembutal (100 mg kg_1) administration, transgenic mice
were perfused with saline followed by 4 % paraformaldehyde.
Thick sections (10–50 µm) of the LC area were cut on a vibratome
or freezing microtome. To verify the catecholamine content of
GFP-expressing neurons, a rabbit anti-tyrosine hydroxylase
antibody was used (1:2000) and this was localized with goat anti-
rabbit IgG conjugated to Texas Red. The specificity of the tyrosine

A. N. van den Pol and others170 J. Physiol. 541.1



hydroxylase antiserum has been described in detail elsewhere (van
den Pol et al. 1984). Cultures were fixed in 4 % paraformaldehyde
and immunostained in parallel with the histological sections.

Extracellular recording from brain slices
Brain slices were prepared as described previously (Pineda et al.
1996). Briefly, male albino rats (130–180 g, Harlan) or transgenic
GFP-expressing mice (18–25 g) were anaesthetized with chloral
hydrate (400 mg kg_1, I.P.). Following decapitation, the brains
were removed rapidly and trimmed in ice-cold (~4 °C) artificial
cerebrospinal fluid (ACSF) in which sucrose (252 mM) was
substituted for NaCl (sucrose-ACSF). A block of tissue containing
the LC was dissected and coronal slices (600 µm in rat, 400 µm in
mouse) were cut in sucrose-ACSF with an oscillating-blade tissue
slicer (DSK Microslicer, Ted Pella. Inc., Redding, CA, USA). A
slice containing the LC was positioned on the stage of a fluid–gas
interface chamber with the cerebral aqueduct facing an elevated
fluid inlet. Fluid was wicked directly from the elevated inlet onto
the slice (Burlhis & Aghajanian, 1987). The standard ACSF
(pH~7.35), equilibrated with 95 % O2–5 % CO2, contained (mM):
NaCl, 128; KCl, 3; CaCl2, 2; MgSO4, 2; NaHCO3, 24; NaH2PO4,
1.25; and D-glucose, 10. The slices were incubated at 33 ± 0.5 °C
and perfused at a rate of ~1 ml min_1. A 2–3 h recovery period
preceded the data collection. Drug solutions, in gassed ACSF,
were introduced through a stopcock arrangement to the recording
chamber with a latency of ~20 s. Chemicals were obtained from
several different sources: hypocretin-1/orexin A from Phoenix
Pharmaceuticals (Belmont, CA, USA), hypocretin-2 from the
Stanford University Peptide Facility (Stanford, CA, USA), TTX
from Alomone Labs Ltd (Jerusalem, Israel) and met-enkephalin
and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) from Sigma
RBI (St Louis, MO, USA). 

Microelectrodes were pulled from filament-containing 1.5 mm
glass tubing using a Brown-Flaming pipette puller (Sutter
Instrument Co., Novato, CA, USA) and filled with 2 M NaCl. All
recordings were made using an Axoclamp 2A amplifier (Axon
Instruments, Inc., Union City, CA, USA) in the bridge mode; the
output signal was filtered at 10 kHz. Single-unit activity was
monitored continuously on an oscilloscope and distinguished
with a custom-made window discriminator. The cells selected for
study fired spontaneously and the firing could be inhibited by
enkephalin (100 mM). The firing rate was continuously recorded
on a thermal pen-recorder (Gould TA240, OH, USA).Using
pCLAMP V 8.0 (Axon Instruments), the effects of drugs on single-
unit activity were sampled by recording 15 s intervals before and
during the peak of action of the drugs.

Whole cell recording of GFP-expressing LC cells in culture
Thick (500 µm) slices of LC were cut from E18–19 fetal mice,
collected from dams anaesthetised with I.P. injections of
100 mg kg_1 ketamine and 10 mg kg_1 xylazine and subsequently
killed with carbon dioxide. The embryonic mice were killed by
cooling followed by decapitation. Under an Olympus SZX12
fluorescence microscope, the area of the LC was dissected out,
using the GFP fluorescence of the LC as a simple approach to
defining the correct cells. Cells were disaggregated by trituration
in the presence of trypsin and then plated on poly-L-lysine coated
glass coverslips, or directly on the bottom of 35 mm diameter tissue
culture dishes. Cultures were maintained in Neurobasal medium
from Gibco BRL supplemented with B27. Cells were maintained
at 37 o C in a Napco incubator in an atmosphere of 5 % CO2  in air.

All culture experiments were performed on neurons after 6–7 days
in vitro. The recording chamber was continuously perfused at a

rate of 1.5–2 ml min_1 with a bath solution containing (mM):
NaCl, 150; KCl, 2.5; CaCl 2, 2; MgCl 2, 1; Hepes, 10; and glucose, 10;
pH adjusted to 7.3 with NaOH. The patch pipette was made of
borosilicate glass (World Precision Instruments, FL, USA) using a
Narishige puller (PP-83; Narishigi Scientific Instrument Lab.,
Tokyo, Japan). The tip resistance of recording pipettes was 4–6 MV
after being filled with pipette solution containing (mM): KCl, 145;
MgCl 2, 1; Hepes, 10; EGTA, 1.1; Mg-ATP, 2; and Na2-GTP; 0.5,
pH adjusted to 7.3 with KOH. The liquid junction potential was
between 2 and 4 mV and data were compensated for this here and
below in slice recordings. Experiments were performed under
current clamp. All data were sampled at 3–10 kHz and filtered at
1 kHz with an Apple Macintosh computer using AxoData 1.2.2
(Axon Instruments).

Whole cell recording in developing LC slices
LC slices (200–300 µm thick) were cut from P0–P2 mice killed
by cooling followed by decapitation. The slices were rapidly
transferred to a recording chamber perfused at 2 ml min_1 with
oxygenated bath solution as described above. Experiments were
performed after perfusing LC slices for 30–45 min. The patch
pipette was made as described above and had a tip resistance
4–6 MV after being filled with pipette solution as described above.
Using an Olympus BX51 microscope with fluorescence and
infrared differential interference contrast (DIC), the LC area was
easily identified and a patch pipette was used for whole cell
recording on single identified green LC neurons. All data were
sampled at 3–10 kHz and filtered at 1 kHz with an Apple
Macintosh computer using AxoData 1.2.2 (Axon Instruments).
For experiments examining resting membrane potential, outlier
cells with resting membrane potentials more positive than _39 mV
were excluded to avoid the possibility that this positive potential
may be due to neuronal damage during slice preparation. In the
Results, means are reported with S.E.M. unless otherwise noted.
Both t tests and analysis of variance were used to compare
statistical significance in different experiments.

Dual-cell recording was used to study the synchrony of spikes after
hypocretin application. GFP-fluorescent cells in LC slices were
detected with a fluorescence and infrared DIC upright Olympus
microscope, as described above. Spikes were detected in the first
cell with cell attached patch using an EPC9 amplifier (Heka,
Lambrecht, Germany) and the second cell was recorded with an
extracellular pipette (1–3 MV tip resistance) and a DAM50
amplifier (World Precision Instruments). Both signals were
simultaneously recorded with Pulse software (Heka).

RESULTS 
The first section of the Results describes the expression

of GFP in LC neurons in the previously undescribed

transgenic mouse used in the present paper. The second

section examines the hypothesis that hypocretin enhances

the activity and synchronous firing of LC neurons during

early stages of development.

GFP expression in mature LC neurons
In live or fixed sections through the hindbrain, the LC

was easily detected by its strong expression of GFP

fluorescence (Fig. 1A) under regulation by a mouse prion

promoter. Cell bodies, dendrites and outgoing axons all

showed strong fluorescence. Paraformaldehyde treatment

caused a slight decrease in fluorescence, but even after
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Figure 1.  GFP expression in the LC
A, in this colour micrograph, GFP expression is seen bilaterally in the LC. Little GFP expression is seen in
other cells here. B and C, sections were immunostained with tyrosine hydroxylase (TH) antisera, detected
with secondary antiserum conjugated to Texas Red. The green fluorescence in B is due to endogenous
expression of GFP and the red (C) shows TH immunoreactivity.

Figure 2. Two-photon microscopy was used to examine thick sections of the LC
A, GFP expression is seen with 2-photon imaging in the LC. Some of the GFP-filled dendrites are indicated by
arrows. There are some small white dots, for instance in the upper right; these are common in older mice,  are
found in both transgenic and non-transgenic controls, are probably lysosomal, are not related to GFP
expression and are not restricted to the LC. Scale bar: 13 µm. B, outside the LC large numbers of LC axons are
found coursing in a common direction toward the more rostral brain. Scale bar: 8 µm.



fixation the fluorescence was strong. As a control to verify

the cellular identity, sections were immunostained with

antisera against tyrosine hydroxylase, an initial enzyme in

catecholamine synthesis. In tissue sections, based on

examining 100 green LC cells from each of three brains,

98 % of the LC neurons showing GFP expression also

showed tyrosine hydroxylase immunoreactivity, as detected

with red immunofluorescence. A photomicrograph showing

colocalization of GFP and tyrosine hydroxylase is shown in

Fig. 1B and C. Successive generations of these transgenic

mice (10 generations) consistently showed GFP expression

in the LC. Heterozygotes showed GFP expression, suggesting

the transgenic gene was dominant, and homozygotes

showed a higher level of expression.

Two-photon microscopy was done using 920 nm laser

excitation with a Biorad 2-photon microscope to increase

detection of processes in thick sections. LC axons leaving

the nucleus showed strong GFP expression, and could be

followed a long distance (Fig. 2). In addition, proximal

dendrites of LC cells show GFP fluorescence.
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Figure 3. Embryonic LC shows GFP expression
A, GFP expression is found in the LC in embryonic (E19)
development . Scale bar: 40 µm. B, after removing the cerebellum
from a P2 brain, the bilateral LC can be easily located in this dorsal
view of the whole brainstem. Scale bar: 200 µm.

In the general area in which the LC is located, LC neurons

stand out selectively due to their GFP fluorescence. GFP

expression also occurs in a few other regions of the brain in

this transgenic mouse, including some layers of the

cerebral cortex, and in some laminae of the spinal cord.

Figure 4. LC neurons express GFP and tyrosine
hydroxylase in culture
The LC and surrounding brain were dispersed and cultured on
glass coverslips. A, LC neurons retained their GFP expression.
B, immunostaining for tyrosine hydroxylase (TH) showed that
most neurons showing TH immunoreactivity also showed GFP
expression. C, a phase contrast micrograph of the area shown in A
and B reveals a large percentage of unlabelled cells, many of them
glial cells. Scale bar: 5 µm.



GFP expression appears very early in embryonic LC
development
Sections were cut in the LC area from fetal mice. GFP

expression was already present by E15 and continued

during development (Fig. 3, E 19) through birth and into

the adult period. The paired GFP-expressing LC could be

located in whole brain with  fluorescence microscopy after

the cerebellum was removed (Fig. 3B). This strong and

selective GFP expression should facilitate detection of the

LC for electrophysiological recording in acute in vivo
experiments. The oldest mice we examined were ten

months old and they had strong GFP fluorescence in the

LC. In mature mice, the LC can be identified without the

use of GFP fluorescence; in embryonic and young neonatal

mice, detection of the noradrenergic cells of the LC was

difficult in the absence of the GFP reporter gene.

LC cells and processes in culture
The LC was harvested from 8–10 embryonic mice and

plated either onto plastic or glass coverslip substrates

pretreated with poly-L-lysine. Large GFP expressing neurons

were found from 1 to 10 days after plating (Fig. 4) and

accounted for about 2–5 % of the cells in culture when

large pieces of tissue were used (Fig. 4C); other cells

included neurons and glia with no GFP expression. In

cultures of smaller pieces containing the LC, the percentage

of positive cells was greater. Survival of the GFP-expressing

LC cells was enhanced by culturing with other neurons and

glia from the same region of the brain. To verify that the

GFP-expressing neurons were catecholamine neurons,

cultures were immunostained with tyrosine hydroxylase

antisera. Large cells showing tyrosine hydroxylase immuno-

staining (Fig. 4B) also showed GFP fluorescence (Fig. 4A).

In positive neurons, long GFP-expressing processes grew

out from the cultured perikarya (Fig. 5A). Processes grew

out many hundreds of microns (Fig. 5B) and established

boutons en passant with unlabelled dendrites of non-LC

neurons (Fig. 5C). The fact that the processes of LC cells

expressed GFP may prove useful for future studies

examining the regulation of axonal growth and pathfinding

in these cells and for studying postsynaptic responses to

activation of LC neurons.

Membrane properties of GFP expressing LC
neurons
To determine whether the GFP expressed by LC neurons

in transgenic mice altered the membrane properties of LC

cells, we compared the physiological properties of GFP-

expressing LC neurons (n = 14) from slices of transgenic

mice to non-GFP expressing LC neurons (n = 13) from

non-transgenic mice of the same strain at postnatal day

5 ± 2. LC neuron resting membrane potentials (RMP)

were _49.2 ± 1.7 mV for GFP expressing slices and

_49.8 ± 2.1 mV for non-GFP expressing slices, i.e. not

significantly different (P > 0.8). This RMP is slightly more

positive than that in reports based on more mature rat LC

neurons (53–54 mV; Nieber et al. 1998; Regenold & Illes,

1990), consistent with the view that developing neurons

generally show a relatively positive RMP compared with

mature neurons (Chen et al. 1996). The input resistances

were 219 ± 17 and 236 ± 13 MV and spike thresholds

were _37.2 ± 1.6 and _38.8 ± 1.9 mV (means ± S.E.M.) for
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Figure 5. GFP in LC neuronal processes
A, a single LC neuron growing on an astrocyte shows GFP
fluorescence in its dendritic and axonal processes. Scale bar:
15 µm. B, a higher magnification of an LC axon growing over an
unlabelled bundle of neurites. Scale bar: 8 µm. C, Large boutons
from an LC neuron are found contacting dendrites of an unlabelled
cell. Scale bar: 4 µm.
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Figure 6. GFP expression does not
alter the physiological properties of
LC neurons
LC cells from transgenic mice that express
GFP (A) or from other mice that do not
express GFP (B) were compared. A series
of current steps (a–c) show that the
responses of the LC cells are similar.
C, I–V relations from each recorded cell in
a group were combined (n = 14 for GFP
slices; n = 13 for non-GFP slices). Error
bars show overlap in S.E.M. No statistically
reliable difference was found between the
two groups (P > 0.2).

Figure 7. Hypocretin-1 increases
firing rate
A, the effect of different concentrations of
hypocretin-1 (Hcrt-1) on the frequency of
action potentials in the mouse LC was
tested. A positive correlation was found
between concentration and spike
frequency. A typical spike is shown at the
bottom. B, a dose–response curve is
shown. The open square at 10 µM is
defined as 100 %; a small increase in spike
frequency was found with 30 nM

hypocretin-1. The number of neurons
recorded for each concentration of the
dose–response curve were (starting at
lowest concentration on left) n = 4, 4, 5,
15, 15, 3.



GFP and non-GFP expressing LC neurons, respectively,

i.e. neither of these comparisons showed a statistically

significant difference. We also compared current–voltage

relations in these neurons and found little difference; the

mean current–voltage relations for the two groups are

shown in Fig. 6C from _20 to +120 pA. Both groups also

showed similar increases in spike frequency during

depolarization (Fig. 6). In addition, we compared inward

currents evoked by hypocretin and found no difference

between the two groups, as examined in detail below. We

conclude from this set of experiments that the expression

of GFP in the LC of the transgenic mice used in the present

report does not alter the physiological properties of these

neurons in comparison with LC neurons that do not

express GFP.

Dose–response relationship in rat and mouse LC
slices
Hypocretin neurons make two neuroactive peptides from

preprohypocretin. These are hypocretin-1 (orexin A) and

hypocretin-2 (orexin B). The rat LC has been shown to

respond to both hypocretin-2 (Horvath et al. 1999; Ivanov

& Aston-Jones, 2000) and hypocretin-1 (Hagan et al.
1999). As the primary receptor reported in the LC is the

hypocretin receptor-1 (Trivedi et al. 1998) which has been

reported to have a greater sensitivity to hypocretin-1

(Sakurai et al. 1998), we examined the firing rate of adult

mouse LC cells during stimulation with different

concentrations of hypocretin-1 and -2, using single-unit

recording in slices. Neurons in the mouse LC, which has

not been studied previously in the context of hypocretin
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Figure 8. Mouse LC slices show greater response to hypocretin-1 than to hypocretin-2
Responses to hypocretin-1 and -2 were tested with single-unit recording. A, neurons showed a complete
block of spikes in the presence of enkephalin (100 µM) and then recovered after washout, a feature of LC
neurons. Three concentrations of either hypocretin-1 (Hcrt-1) or -2 (Hcrt-2) were tested in the two
representative cells shown in this figure. Cells showed an increasingly greater spike frequency as the
concentration of the peptides increased. After peptide washout, cells returned toward their baseline spike
frequency. At the higher concentrations of peptide, desensitization began soon, potentially obscuring a peak
response to the peptide. B, bar graph showing the relative responses to different concentrations of the
peptide. No response was found to 300 nM hypocretin-2. Due to the strong desensitization during
application of 3 µM hypocretin-1, higher concentrations were not used. n = 15 (300 nM Hcrt-1); n = 12
(300 nM Hcrt-2); n = 15 (1 µM Hcrt-1); n = 12 (1 µM Hcrt-2); n = 3 (3 µM Hcrt-1); n = 5 (3 µM Hcrt-2);
n = 3 (10 µM Hcrt-2).



responses, showed a substantial increase in spike frequency

in response to hypocretin-1 with a mean increase of 234 %

for 1 µM hypocretin-1. Spike frequency was increased by

the application of hypocretin-1 in a dose-dependent

manner. Figure 7A shows typical responses of a single LC

neuron to hypocretin-1 and a typical spike is shown in

an expanded scale at the bottom of the figure. The

dose–response relation is shown in graphic form in Fig. 7B.

Based on peptide-induced changes in spike frequency in

LC slices, the EC50 dose for hypocretin-1 was 390 nM.

In the mouse, hypocretin-1 was considerably more effective

than hypocretin-2 (n = 33 neurons); an increase in firing

rate was found with 30–100 nM hypocretin-1 but a similar

concentration of hypocretin-2 had no detectable effect on

firing. However, at higher concentrations hypocretin-2 did

increase firing. Met-enkephalin (100 µM) was used as a

control. Previous work has shown that LC neurons show a

characteristic strong inhibitory response to enkephalin

that recovers rapidly upon washout (Williams et al. 1982).

As expected, LC neurons were completely inhibited by

enkephalin. A dose–response evaluation of the two

hypocretin peptides is shown in the bar graph in Fig. 8B.

The response to hypocretin-1 showed signs of desensitiz-

ation even before the peak response was reached, as

evidenced by the spontaneous reduction in spike

frequency in the constant presence of hypocretin (Fig. 8A).

An inherent problem in testing hypocretin dose–response

relations in a slice is desensitization to the peptide as the

maximal concentration is approached. Thus, the responses

found here in LC slices would tend to overestimate the

actual concentrations that might generate a specific level of

increase in spike frequency.

In a further analysis, we compared the response of rat LC

slices to mouse LC slices and found them to respond to

hypocretin peptides in a qualitatively similar manner. Both

rat (n = 18) and mouse (n = 33) showed a similar enhanced

sensitivity of LC neurons to hypocretin-1 compared with

hypocretin-2. Neurons from both species were excited by

300 nM hypocretin-1, but showed almost no response to

the same concentration of hypocretin-2. Both responded

to 1 µM hypocretin-2 (Fig. 9).

Hypocretin initiates spikes in non-spiking LC cells
during early development
Mouse slices containing the LC were recorded on the day

of birth, or within the 2 days after birth, using whole cell

current clamp to facilitate study of hypocretin-mediated

influences on membrane potential that would not be

detectable with the single-unit recording used above.

During this developmental period, a number of LC cells

showed no spikes whereas other cells did spike. Responses

to hypocretin-1 in developing LC slices were excitatory. In

some non-spiking neurons (n = 3), hypocretin-1 induced

a dramatic membrane depolarization without generating

spikes, as shown in Fig. 10A. The depolarization in

membrane potential reached its peak immediately after

the onset of application of hypocretin-1 and soon

desensitized. The depolarized membrane potential returned

to baseline after the washout of hypocretin-1. In neurons

already showing a low spike baseline, hypocretin-1 increased

the frequency of spontaneous spikes without evoking a

substantial depolarization (Fig. 10B); the absence of a

depolarization in these cells may be due to the strong

afterhyperpolarization typical of LC neurons, which

would tend to repolarize the membrane potential. In some

developing neurons, hypocretin-1 caused a very strong

burst of spikes that included a continued depolarization

(Fig. 10C). The depolarization induced by hypocretin-1

was from 3.7 to 11.3 mV with a mean of 7.0 ± 1.6 mV

(n = 5). The frequency of spontaneous spikes increased by

8-fold, from 0.2 ± 0.1 Hz to 1.6 ± 0.6 Hz, which was

significant as suggested by statistical analysis with a t test

(P < 0.05, n = 6). Upon washout, neuronal behaviour

returned to a less excited level. In eight cells (P1–P5)

showing no spikes at resting membrane potential, the

membrane potential was depolarized by injection of

positive current to 5 to 10 mV positive to rest. As the

command depolarization increased all eight cells showed

spikes, which then disappeared upon return to resting

membrane potential. These data suggest that hypocretin

increases spike probability in developing LC neurons by a

mechanism that may involve depolarization, as discussed

further below.

A number of developing LC neurons (n = 4) in slices

showed no spikes and no membrane oscillations before

hypocretin application. The addition of hypocretin-1 to

these cells initiated the appearance of regular oscillations

(0.5–1 Hz) in membrane potential of several millivolts
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Figure 9. Comparison of rat and mouse LC
Bar graph showing the relative responses of 51 LC neurons from
slices of rat (n = 18 neurons) and mouse (n = 33 neurons), tested
in parallel experiments. The responses tend to be similar, with a
modest response to hypocretin-2  (Hcrt-2) and a strong response
to hypocretin-1 (Hcrt-1).



(Fig. 10A). Other neurons with no spikes did show baseline

cyclical periods of membrane voltage fluctuations with an

amplitude, peak to trough, of between 2.9 and 7.4 mV and

a mean of 4.5 ± 0.6 mV (n = 5). The frequency of the

spontaneous oscillation was between 0.5 and 1.6 Hz with

an average of 1.0 ± 0.2 Hz (n = 5). A spontaneous and

regular fluctuation in membrane potential has previously

been shown to be a consequence of electrotonic coupling

with other LC neurons (Christie et al. 1989). Of considerable

interest, when hypocretin-1 (1 µM) was applied to these

non-spiking cells, an increase in the frequency of these

subthreshold membrane oscillations became apparent

(Fig. 11). The frequency of oscillations could increase by

300 %, coupled with a depolarization of the membrane

potential. Hypocretin-1 (1 mM) could also trigger action

potentials out of this spontaneous subthreshold membrane

oscillation, as shown in Fig. 11B. After peptide washout,

spike frequency returned to baseline levels, and membrane

oscillations slowed (Fig. 11C).

The application of hypocretin-2 (1 mM) induced an increase

in the frequency of spontaneous spikes in LC slices from

P0–P2 mice (Fig. 12). The frequency of spontaneous spikes

increased from 3.4 ± 1.0 min_1 to 14.7± 3.1 min_1 during

the application of hypocretin-2 in the four neurons tested

and returned to 3.0 ± 1.1 min_1 after peptide washout.

The increase in excitatory activity induced by hypocretin

could result from a decreased K+ current after an action

potential (Horvath et al. 1999; Hagan et al. 1999), from an

increase in the release of excitatory transmitters (van den

Pol et al. 1998) or from a direct depolarization. To study a

mechanism that might be involved in the increase in spike

frequency, we tested whether membrane depolarization

induced by hypocretin-1 was responsible for the increase

in spike frequency, using current clamp recording in

mouse LC slices. After hypocretin-1 (1 µM) increased spike

frequency with a concomitant depolarization, we used a

command hyperpolarization in the form of negative

current to return the membrane potential back to its pre-

hypocretin baseline while in the presence of hypocretin.

This eliminated the hypocretin-1 induced spike increase

(Fig. 13A) in the seven neurons recorded for this experiment.

Prior to hypocretin application, the spontaneous spike

frequency, defined as 100 %, was 0.31 ± 0.12 Hz. Hypocretin

raised the spike frequency by a factor of 642 ± 135 %

greater than baseline; when the cells were brought back to

their control level baseline membrane potential by negative

current injection, the spike frequency returned to its

baseline level of 101 ± 16 %. The hypocretin-mediated

increase and the command return to baseline were

statistically significant (P < 0.05). Further hyperpolarization

to a membrane potential 10 mV negative to the resting

membrane potential in the presence of hypocretin (n = 9

neurons) blocked spikes. To further study mechanisms of

hypocretin-mediated excitation, we used voltage clamp

recording to determine what type of current was evoked by

hypocretin (n = 27 neurons). In the presence of TTX

(1 µM) to eliminate action potentials and CNQX (10 µM)

to block AMPA and kainate-type glutamate responses that

otherwise might cause a membrane depolarization, we

found that hypocretin-1 (1 µM) evoked a consistent

inward (excitatory) current of 28 ± 3 pA (n = 14). For this

experiment we compared LC cells from GFP-expressing

mice with LC cells from non-GFP expressing mice. We

found no differences in the response to hypocretin in the

two groups, with a 27 ± 6 pA current in GFP-expressing

LC cells (n = 8) and 28 ± 3 pA in non-GFP cells (n = 6),

suggesting that GFP expression does not alter the response

of LC neurons to this peptide.
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Figure 10. Hypocretin-1 actions in LC slice at postnatal
day 1
A, hypocretin-1 (1 µM) evoked a strong depolarization of this
developing LC cell. In addition, in the presence of hypocretin-1,
regular membrane oscillations appeared that were absent in
control and washout conditions. B, hypocretin-1 evoked an
increase in spike frequency in this developing LC neuron with little
membrane depolarization. C, hypocretin-1 depolarized the
membrane potential and dramatically increased spike frequency in
this developing neuron from an LC slice.



To test the hypothesis that the inward current was based

on sodium, we substituted choline chloride for sodium

chloride in the presence of TTX (1 µM) and CNQX

(10 µM). Neurons (n = 5) that showed an inward current

in response to hypocretin-1 (1 µM) in the presence of

sodium (32 ± 7 pA) showed little hypocretin response

when the extracellular sodium was replaced with choline

(1 ± 2 pA) (Fig. 13D–F). Together these data suggest that

hypocretin increases spike frequency at least in part by

activating a TTX-insensitive inward sodium based current

to depolarize the neuron. A similar inward current

activated by substance P has been described previously

(Shen & North, 1992).

Hypocretin increases synchronous spikes
To determine if hypocretin might increase the synchrony

of spikes recorded simultaneously from different LC

neurons, we used dual-cell recording with cell attached

recording of one cell and an external glass pipette recording

the activity of the second cell in the same LC slice.

Electrodes were separated by 200–300 µm and recorded

the activity of non-adjacent cells in the LC; GFP fluorescent

neurons were detected with a fluorescence–infrared DIC

microscope. In 11 of 12 pairs of cells recorded from slices

of mice from postnatal day 1 to 5, bath application of

hypocretin-2 (5 mM) caused an increase in spike synchrony.

An example of one pair of recordings is shown in Fig. 14.

To statistically evaluate the change in synchrony, we

counted the number of spikes in the second cell that

occurred within an interval from the first spike that

was < 10 % of the mean interspike interval of the first

neuron; if two cells had different initial spike frequencies,

the faster one was used as the first cell. From each pair of

recorded cells, the number of spikes in the second cell that

occurred synchronously with 100 spikes of the first cell was

determined. In the control condition prior to hypocretin

application, the percentage of synchronized spikes was

15.5 ± 7 %; after hypocretin application, the number of

synchronized spikes increased to 257 %, to 39 ± 7 %. This

increase in synchronized firing was significant (t test;

P < 0.05). The range in increase of synchronized spikes in

the 11 pairs showing an increase was from 2- to 8-fold;

Early hypocretin actions in the LCJ. Physiol. 541.1 179

Figure 11. Hypocretin-1 initiates spikes and
increases frequency of membrane voltage
oscillations
A, this neuron from a mouse LC slice showed no
spikes under control conditions, but did show a
regular pattern of membrane oscillations. B, when
hypocretin-1 was added, the frequency of
membrane oscillations increased substantially, and
spikes were found. C, after washout of the peptide,
spikes were no longer found and the frequency of
membrane oscillations returned toward baseline
levels. Lower panel, higher resolution traces are
shown, corresponding to the boxed area above.
Spikes are truncated in b.



only one pair with a high level of synchrony in control

buffer showed no increase in the presence of the peptide.

Tissue culture electrophysiology
Because the LC cells of the transgenic mouse continued to

express GFP in culture, we could identify and record from

them with whole cell pipettes. In cultured LC neurons

(< 7 days in vitro; n = 10) studied with current clamp,

spontaneous postsynaptic potentials, but not action

potentials, were found. Hypocretin-1 (1 mM) depolarized

the membrane potential from _51.9 ± 3.6 mV to _47.2 ±

3.5 mV in four of six tested neurons. The membrane

potential returned to _50.6 ± 4.9 mV after the washout of

hypocretin-1. Hypocretin-evoked membrane depolariz-

ations could reach the spike threshold, as shown in Fig.

15A. The effect of hypocretin-2 was also tested in cultured

LC neurons. Hypocretin-2 (1 mM) caused only a moderate

depolarization in membrane potential (Fig.15B). The

membrane potential increased from _63.1 ± 2.6 mV to

_60.8 ± 1.6 mV during the application of hypocretin-2

and returned to _63.2 ± 1.8 mV after the washout of

hypocretin-2 in four tested neurons. These data suggest

that LC neurons in culture continue to synthesize GFP and

hypocretin receptors.

DISCUSSION 
As indicated in the Introduction, the LC develops early and

may play a role in the modulation of development of other

neuronal loci that it innervates. From that perspective, it is

of interest that the hypocretin system also develops early,

that hypocretin receptor expression is found in the

embryonic brain and that hypocretin physiological

responses are robust on the day of birth in the lateral

hypothalamus (van den Pol et al. 2001). In parallel, during
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Figure 12. Hypocretin-2 increases spike frequency 
In this postnatal day 1 slice, hypocretin-2 increased the spike
frequency and this increase returned to baseline after hypocretin-2
washout.

Figure 13. Hypocretin
activates inward sodium
current and depolarization
A–D, hypocretin-1 (1 µM) causes
a depolarization and dramatic
increase in spike frequency.
When the membrane potential
was returned to its control level
(_60 mV) the number of spikes
returned to a baseline frequency.
When the cell was further
hyperpolarized, spikes were
stopped. E–F, hypocretin-1
(1 µM) evoked an inward current.
When choline was substituted for
sodium, hypocretin no longer
evoked an inward current in the
same cell that had previously
responded to hypocretin.
Holding potential _60 mV.
G, bar graph showing the
amplitude of inward current
evoked by hypocretin in normal
buffer and the same five cells after
choline substitution.
* Statistically significant
difference (P < 0.05).



embryonic development, long hypocretin immunoreactive

fibres are found throughout the CNS.

Hypocretin axons make synaptic contact both with LC

perikarya and with long LC dendrites (Horvath et al.
1999). A number of reports have shown that the LC

expresses primarily the hypocretin receptor-1 (orexin R-1)

(Trivedi et al. 1998; Bourgin et al. 2000). This receptor has

been reported to respond primarily to hypocretin-1 (Sakurai

et al. 1998). In the present paper we compared rat and

mouse LC responses to hypocretin-1 and -2 and found

roughly similar response characteristics with dose response

evaluations in both species. Hypocretin-1 was substantially

more effective, by about an order of magnitude, in

generating an increase in spike frequency than hypocretin-2.

LC cells have an intrinsic pacemaker (Andrade &

Aghajanian, 1984; Williams et al. 1984) and a regular firing

pattern is a signature feature of mature LC cells. Even in

the presence of TTX to block voltage-dependent sodium

spikes or in the presence of amino acid transmitter receptor

antagonists, the pacemaker continues and calcium spikes

are generated at regular intervals (Ishimatsu & Williams,

1996). Electrical- and dye-coupling, suggestive of gap

junctions, are common in developing LC cells and reduced

in frequency with age (Christie et al. 1989; Christie &

Jelinek, 1993). In the embryonic LC, cell synchrony can be

found (Sakaguchi & Nakamura, 1987). We find during

neonatal development that individual cells that normally

show no spikes begin to fire in the presence of hypocretin.

Furthermore, hypocretin initiates the appearance of

regular membrane voltage oscillations in non-oscillating

LC cells and substantially increases the synchrony of spike

firing tested with dual-cell recording, consistent with the

view that the peptide not only increases activity, but also
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Figure 14. Hypocretin increases synchrony of action potentials in developing LC slices 
A, during a control period in normal buffer, spikes recorded from two cells in a neonatal mouse LC slice
appeared random with respect to each other. B, after hypocretin-2 (5 µM) was added to the bath the action
potentials of the two cells showed a substantially higher degree of synchrony. C, 2 min after the trace in B,
neuron synchrony remained high. Spikes are truncated.

Figure 15. Hypocretin depolarizes
dissociated LC neurons in culture 
Hypocretin-1, added during the period
indicated by the bar, depolarized the
membrane potential resulting in the
occurrence of action potentials.
B, hypocretin-2 also evoked a modest
depolarization and slight increase in spike
frequency.



increases the synchrony of output activity. The increase in

synchrony may result from excitation mediated by an

inward cation current carried primarily by Na+, parallel to

an increase in synchrony reported for depolarization

induced by glutamate agonists (Ishimatsu & Williams,

1996). These latter results imply that the hypocretin-induced

increase in synchrony is secondary to depolarization and

increase in spiking activity, rather than to a specific

property of hypocretin itself. An increase in synchronized

LC output is associated with improved performance on

cognitive tasks (Usher et al. 1999). Thus hypocretin would

increase the activity of single LC neurons and would also

increase the synchronized output during early neonatal

development. The early response of the LC to hypocretin

suggests that the lateral hypothalamus, acting through

hypocretin, could improve task-related cognitive processing,

which correlates with synchrony of LC firing, even at a

relatively early stage of brain development.

One interesting feature of the developing LC is that it

responds to sensory stimuli even during embryonic

development (Sakaguchi & Nakamura, 1987). In addition,

despite the relative paucity of synaptic input, many cells in

the LC respond simultaneously to unimodal sensory

input. As it is unlikely that a large percentage of LC

neurons would receive specific axonal input from cortical

regions during early development, electrotonic coupling

may increase the spread of the input within the LC. In that

context, during development, hypocretin may act to

modulate the general gating of LC neurons responding to

sensory input and thereby play a role in early selective

attention or arousal. In the context of previous work

suggesting that the LC innervation of cortical regions may

play a role in synapse formation or the modulation of

dendritic growth and spine extension, this hypothetically

would give the hypocretin neurons in the lateral

hypothalamus (LH) a potential role in modulating

development of higher brain regions through an LC

intermediate. Hypocretin may provide a mechanism

whereby hypothalamic neurons that reduce sleepiness and

increase arousal in the mature brain may modulate

cortical development through the noradrenergic neurons

of the LC.

Interest in hypocretin has been sparked by the finding that

it plays a key role in narcolepsy, a disease characterized by

unusual REM sleep, increased daytime sleepiness and

hypnogogic hallucinations; many narcoleptics also have

cataplexy, where a sudden emotion will cause temporary

paralysis. Loss of the hypocretin receptor-2 (orexin

receptor-2) (Lin et al. 1999) or loss of the peptide

(Chemelli et al. 1999) causes narcolepsy in animals. The

majority of human narcoleptics have no hypocretin in

their CSF (Nishino et al. 2000) and, based on postmortem

analysis, have no or only a small number of hypocretin

neurons in their brains compared with the brains of

non-narcoleptic controls (Peyron et al. 2000; Thannickal

et al. 2000). Intraventricular application of hypocretin-1

enhanced arousal (Hagan et al. 1999) and local

administration of hypocretin-1 to the LC suppressed REM

sleep and increased wakefulness (Bourgin et al. 2000),

underlining the potential importance of the hypocretin

projection to the LC. The developmentally early response

to hypocretin by LC neurons suggests that hypocretin may

be in a position to regulate arousal even before normal

sleep patterns have matured.

We previously showed that, in the lateral hypothalamic

area, hypocretin evoked a strong excitatory response in

neonatal rats, increasing spike frequency and synaptic

activity. This is consistent with an early high level of

expression for mRNA coding for each of the two cloned

hypocretin receptors (van den Pol et al. 2001). Hypocretin

can enhance activity of developing LC neurons by an

increase in TTX-insensitive inward sodium current (as

shown here). This current appears similar to the TTX-

insensitive non-selective cation current induced in LC

neurons by another Gq-coupled protein neuroactive

peptide, substance P, a current that was also dependent on

extracellular sodium (Shen & North, 1992). As previously

reported (Hagan et al. 1999; Horvath et al. 1999), a

hypocretin-mediated decrease in K+ currents may also

play an excitatory role, probably by increasing the speed of

recovery after spiking.

At present, good selective hypocretin receptor antagonists

are not available, so it is difficult to examine the physiological

or developmental actions of hypocretin released from

axon terminals in the LC.

Advantage of GFP expression in LC neurons
The expression of GFP in LC neurons in the transgenic

mice described in the present paper has some advantages

for several types of experiments. Although in adults the LC

can be readily identified without GFP expression, the LC in

the embryonic and neonatal mouse is more difficult to find

in the absence of the early GFP expression. Most of our

recordings were made within a few days of birth, but since

GFP expression is found even earlier in the LC, future

experiments can address the actions and roles of a number

of neuromodulators during early embryonic development.

The strong level of GFP expression can also be used to locate

the LC in acute in vivo electrophysiological experiments.

The LC has become a major model system for the study of

cellular mechanisms underlying the action of drugs of

abuse, including opiates and anti-depressants (Alreja &

Aghajanian, 1993; Nestler et al. 1999), in part based on

mechanisms related to long term activation or depression

of second messenger molecules such as cAMP. In the past

in vitro experiments utilizing extended application of drugs

to study cellular mechanisms of dependence, tolerance and

habituation with LC neurons were complicated by problems
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in identifying live LC neurons. Now that LC neurons can

be identified in culture by their green fluorescence, novel

experiments involving in vitro application of opiates and

antidepressants may be explored that otherwise would

have not been possible. The use of these mice may also

facilitate study of axonal growth and target selection by

GFP-expressing LC neurons in vitro or in vivo after

transplantation.

Prion promoter
This appears to be the first paper to report the use of the

mouse prion promoter with a GFP reporter gene. Transgenic

mice could also be generated with a tyrosine hydroxylase

or dopamine b-hydroxylase promoter to give selective

expression in subsets of catecholamine neurons; however,

neurotransmitter-related promoters are sometimes weak,

whereas the prion promoter is fairly strong. The strong

expression of the reporter in the LC raises the question of

whether there is something special about the LC relating to

prion disease. First, although some of our other transgenic

lines generated with the prion promoter did express in the

LC, some did not. Furthermore, as different lines of

transgenic mice that we raised showed different patterns of

expression, this suggests that the prion promoter, at least

as used in the context of the present paper, may be

influenced by local gene sequences in the chromosomal

region where the transgene was incorporated. The prion

promoter has been used in a number of interesting

experiments examining the contribution of various agents

to neurodegenerative disease in rodent models (e.g. Borchelt

et al. 1996; David et al. 1998; Schilling et al. 1999) and

expression of those transgenes was found in a number of

regions of the brain. It is notable that in the present study

transgene expression was found early in development,

indicating that the prion promoter can be active in

embryonic development. Finally, the prion protein is a

common one found throughout the brain; its function in

the normal brain is not understood. It appears to play an

important role in prion-related neurodegenerative diseases

such as kuru, mad cow disease, scrapie and Creutzfeldt-

Jakob disease, perhaps related to an infectious ‘scrapie’

form of the prion protein (Prusiner, 1996) which is outside

the scope of the present paper.

In summary we show that a new transgenic mouse

expresses GFP with a prion promoter in the LC at early

stages of development, and that LC neurons continue to

express GFP in culture. Using GFP expression as a tool to

find the developing LC in the neonatal mouse, we showed

a substantial excitatory response to hypocretin, mediated

in part by a TTX-insensitive depolarizing cation current,

and found that hypocretin also evokes an increase in the

synchronized activity of developing LC cells, potentially

influencing the LC in its own role in modulating plasticity

and function in developing higher brain regions.
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