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Effects of sodium oxybate on hypocretin/orexin and
locus coeruleus neurons
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Abstract

Long-term use of sodium oxybate (SXB), (also called gamma-hydroxybutyrate [GHB]) attenuates the cataplexy and sleepiness of
human narcolepsy. We had previously found that chronic opiate usage in humans and long-term opiate administration to mice sig-
nificantly increased the number of detected hypocretin/orexin (Hcrt) neurons, decreased their size, and increased Hcrt level in the
hypothalamus. We also found that opiates significantly decreased cataplexy in human narcoleptics as well as in narcoleptic mice
and that cessation of locus coeruleus neuronal activity preceded and was tightly linked to cataplectic attacks in narcoleptic dogs.
We tested the hypothesis that SXB produces changes similar to opiates and now report that chronic SXB administration significantly
increased the size of Hert neurons, the reverse of what we had seen with opiates in humans and mice. Levels of Hcrt in the hypo-
thalamus were nonsignificantly lower, in contrast to the significant increase in hypothalamic Hert level after opiates. SXB decreased
tyrosine hydroxylase levels in the locus coeruleus, the major descending projection of the hypocretin system, also the reverse of
what we saw with opioids. Therefore despite some similar effects on narcoleptic symptomatology, SXB does not produce anatomical
changes similar to those elicited by opiates. Analysis of changes in other links in the cataplexy pathway might further illuminate
SXB’s mechanism of action on narcolepsy.
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Graphical Abstract

Two drugs, sodium oxybate (SXB) and morphine, both reduce symptoms of narcolepsy. But they have very
different effects on hypocretin (orexin) neurons and on tyrosine hydroxylase (TH) level in locus coeruleus (LC).

Cataplexy Hypocretin neurons LC TH level

T

o | %ﬁ? |

Main findings: Morphine increases the number of detected hypocretin-containing neurons, decreases the
size of hypocretin neurons and increases TH level in LC. In contrast, SXB does not change the number of
hypocretin neurons, increases hypocretin cell size, and reduces TH level in LC.
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Statement of Significance

We test the hypothesis that sodium oxybate (SXB), a well established, but poorly understood treatment for narcolepsy, acts by in-
ducing changes in hypocretin (orexin) and locus coeruleus neurons similar to those we have shown are caused by morphine, which
is effective in reversing symptoms in both murine and human narcolepsy. We conclude that this is not the case.

Introduction

It is now well established, by work in humans as well as in mice,
that the loss of Hert (orexin) neurons is sufficient to cause nar-
colepsy [1, 2], with our immunohistochemical study showing an
average 90% loss of these neurons in human narcolepsy with cat-
aplexy [2, 3] and a smaller loss in human narcolepsy without cat-
aplexy [4]. Murine narcolepsy can be induced by eliminating the
Hert peptide [5] or, even more effectively, by eliminating neurons
containing the peptide [6]. Inactivation of Hert receptor-2 (HcrtR2)
induces narcolepsy in dogs [7].

Human narcoleptics not only show a 90%, on average, reduc-
tion in the number of Hert neurons, but also have an increased
number of histamine-producing neurons throughout the poste-
rior hypothalamus [8, 9]. Human narcoleptics show a decrease in
the number of corticotropin-releasing hormone neurons in the
paraventricular nucleus, but not of corticotropin-releasing hor-
mone neurons in other brain regions [10]. It is unclear if these
changes are a cause or a consequence of the loss of Hert neurons.

In 2018 we found that human heroin addicts had an average
54% increase in the number of “detected” Hert neurons and a 22%
shrinkage in the size of these neurons, compared to human con-
trols [11]. We also showed that morphine administration to mice
for 2 or more weeks produced a similar 38% increase in the num-
ber of “detected” Hert neurons and a 23% shrinkage in the average
size of these neurons [11].

We studied the effect of morphine on transgenic “DTA” mice in
which Hcrt neurons could be selectively deleted by withdrawing
doxycycline from the diet on which they had been raised [8]. At a
40% level of Hert neuron depletion, giving these mice 50 mg/kg of
morphine daily for 2 weeks restored detected Hert neuron num-
ber to a normal level and prevented cataplexy [11]. We found that
opiates also suppressed narcoleptic symptomatology in human
narcoleptics [11, 12].

The increase in “detected” Hcrt neurons in mice produced
by opioids was not due to neurogenesis, but rather to increased
Hcrt production in a population of Hert neurons that produced
amounts of Hcrt below the sensitivity of standard immunohis-
tochemistry. These neurons could be revealed by administration
of colchicine to mice. Colchicine increases the Hert level in Hert
neurons by blocking axonal transport of Hert (and all other pep-
tides) out of neurons. Colchicine treatment increases the number
of detected Hert neurons in mice by 40% [11, 13].

This work suggested to us that SXB might reduce narcoleptic
symptomatology by a “mechanism of action” similar to that pro-
duced by opiates, i.e. increasing the number of Hcrt-producing
neurons and decreasing their size [11] and increasing Tyrosine
hydroxylase (TH) expression in the locus coeruleus [14]. Similar
to the opiate effects on narcolepsy, which take 2 or more weeks to
develop [11], optimal symptom reversal by sodium oxybate takes
up to several months in humans to maximally reverse symptoms
of narcolepsy [15].

In prior work, to identify cell groups that might be responsible
for triggering cataplexy, the distinctive symptom of narcolepsy,

we recorded neuronal activity in narcoleptic (HcrtR-2 mutant [7])
dogs. We examined three neuronal groups that are known to fire
continuously in waking and cease firing in REM sleep in non-nar-
coleptic animals, i.e. “REM-off” neurons. One such group contains
histamine. We found that these neurons continued firing at the
normal waking rate or even elevated their discharge rate during
cataplexy [8]. We examined serotonin-containing neurons in the
dorsal raphe nucleus. These neurons decrease their discharge
rate to the rate seen in non-REM sleep during cataplexy, but did
not show the complete cessation they show in REM sleep [16].
In contrast to these two groups, noradrenergic neurons of the
locus coeruleus cease activity immediately prior to and during
cataplexy [17], similar to the greatly decreased norepinephrine
release in the spinal ventral horn and hypoglossal nucleus during
muscle tone suppression in both REM sleep and cataplexy [18,
19]. We found that a subpopulation of neurons in the central and
basal nucleus of the amygdala discharges before and during cat-
aplexy [20, 21]. A population of wake-active neurons localized to
the cortical nucleus of the amygdala decreases discharge before
and during cataplexy [20]. A population of GABAergic and glycin-
ergic neurons linked to motor inhibition in the medial medulla
region is known to be critically involved in the inhibition of mus-
cle tone in REM sleep, fires prior to and during cataplexy [19, 22].
Heart rate increases precede and continue during cataplectic
attacks in narcoleptic dogs [23].

To summarize, hypocretin neuronal loss is sufficient to cause
narcolepsy. The number and size of Hcrt neurons are greatly
affected by opioids. The largest descending projection of the Hert
neuronal group is to the locus coeruleus [24], which ceases activ-
ity immediately prior to and during cataplexy.

Broughton and Mamelak showed that narcolepsy-cataplexy in
human narcoleptics could be successfully treated with SXB (also
called gamma-hydroxybutyrate) [25-27]. Chronic administration
of this drug over a period of 4 weeks or longer produces a pro-
gressive decrease in the symptoms of narcolepsy including cat-
aplexy and daytime sleepiness [28]. SXB appears to act through
the endogenous opioid system, and its metabolic and pharma-
cological effects are blocked by naloxone [29], although its exact
mechanism of action of SXB in the reduction of the symptoms of
narcolepsy is unclear. As in human narcoleptics, SXB decreases
cataplexy and consolidates waking in Hcrt-depleted (narcoleptic)
mice [30-32]. These studies have guided the dosages used in the
current study. Because of the central role of Hcrt neurons and
their descending projections to the locus coeruleus in narcolepsy
[17, 24], we examined the effects of chronic SXB administration
on these neuronal groups.

Methods

Animals

Wild-type C57BL/6] male mice from Jackson Labs, between 10 and
12 weeks old were used. They were housed at a constant temper-
ature of 23 + 2°C with lights on at 07:00 am and lights off at 07:00



pm. All procedures were approved by the Institutional Animal
Care and Use Committee of the University of California at Los
Angeles and the Veterans Administration Greater Los Angeles
Healthcare System.

Dose-response relation of sodium oxybate to the
number and morphology of hypocretin cells in
WT mice

Ten-week-old mice, 6 per group, were treated with either saline
or sodium oxybate (supplied as sodium oxybate oral solution, 500
mg/mL) (Xyrem, Jazz Pharmaceuticals) at 150, 300, 600, or 1200
mg/kg, IP for 14 days. Two injections at each dose were given per
day at ZT 2 (09:00 am) and ZT 6 (01:00 pm). Twwo hours after the
last dose on the 14th day of treatment, the animals were eutha-
nized with Fatal Plus (100 mg/kg), and then perfused transcardi-
ally with saline followed by 4% paraformaldehyde. Injections were
staggered so that six animals (1-2 animals from each dose) were
euthanized per day over 5 days during a 1.5-hour window. Brains
were removed from the skull and immersed in 4% paraformal-
dehyde for 24 hours. The brains were then transferred to 20%
sucrose until they sunk, then to 30% sucrose for 3 days. Brains
were cut into 40 pm sections with a freezing microtome and
saved in cryoprotectant until immunohistochemical processing.

For Hert immunostaining, brain sections were washed in PBS,
treated with 0.5% H,0, for 30 minutes, then washed in PBS again.
Sections were incubated in blocking agents (1% normal goat
serum + 0.3% TritonX-100 in PBS) for 2 hours followed by Hert-1
antibody (Phoenix Pharmaceuticals, Burlingame, CA USA, Cat
# H-003-30, Lot 01651-10, Rabbit; 1:10 000) for 72 hours at 5°C.
Hert-1 and Hert-2 can be found co-expressed in the majority of
hypocretin neurons.

After 72 hours, sections were washed in PBS, incubated for 2
hours in secondary antibody (0.3% TritonX-100 + 1% normal goat
serum + 1:500 anti-rabbit secondary antibody), followed by avi-
din-biotin-peroxidase complex (ABC Elite Kit, Vector Laboratories,
Burlingame, CA USA), for 2 hours each at room temperature. The
tissue-bound peroxidase was visualized by diaminobenzidine
(DAB) (Vector Laboratories).

Hypocretin cell number and distribution were
determined using stereological techniques

Brains were coded and analyses were always carried out by inves-
tigators blind to treatment condition, using stereological tech-
niques on a 1-in-3 series. We used a Nikon E600 microscope with
three-axis motorized stage, video camera, Neurolucida inter-
face, and Stereo Investigator software (MicroBrightField Corp.,
Williston, VT USA). Nine sections were counted per animal. The
average surface area of 127.2 + 24.8 Hcrt cells per animal from
representative sections was quantified.

Western blot analysis of hypocretin protein in
the hypothalamus

Twelve WT mice (n = 6/group) received a daily intraperitoneal
administration of either saline (0.05 mL) or SXB (600 mg/kg, twice
per day at ZT2 and ZT6) for 14 days. Animals (six each, three from
each group, over two days) were euthanized 2 hours after the last
dose at the end of the experiments with an overdose of Fatal Plus
(100 mg/kg). The brain was removed from the skull and the hypo-
thalamus was extracted. Total proteins (25 pg) for each sample
were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) using 4%-20% 10-well TGX gels (Bio-
Rad, Cat. # 456-1094) and blotted on to polyvinylidene fluoride
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(PVDF) membranes (Bio-Rad, Cat. # 162-0174). After blocking,
membranes were incubated with primary antibodies (Prepro-Hcrt,
Millipore, Cat. # AB3096; and B-actin, Millipore, Cat # MABT523,
respectively) overnight at 4°C. Horseradish peroxidase-conju-
gated mouse anti-rabbit IgG (Invitrogen, Cat. # 31460) was used
to enhance chemiluminescence (West Femto, Fisher Scientific,
Cat. # 34094). Signal was detected by CL-XPosure™ X-ray films
(Thermo Scientific, Cat. # 34090) and quantified through optical
density measurements (Image J, NIH). The immunoreactivity of
Prepro-Hcrt was normalized to that of B-actin. Each experiment
was repeated four times and averaged for the final result.

TH fluorescence immunohistochemistry

We examined TH expression intensity as a function of SXB
administration in locus coeruleus. Hert neurons project to virtu-
ally all brain regions, ending on Hcrt-receptors 1 and 2. The distri-
bution of these receptors varies between brain regions [33-35]. TH
is a rate-limiting factor in the synthesis of dopamine and norepi-
nephrine. All immunohistochemical procedures were performed
on 40 pm free-floating sections. These sections were taken from
animals treated with 300 and 1200 mg/kg SXB and used in Hert
cell number/size experiments. The sections were incubated in
primary antibody (sheep anti-TH, ab-113, Abcam, USA, 1:1000,
Lot # GR3277795-16) overnight at room temperature in PBS with
0.25% Triton X-100 (PBST), followed by incubation with lights off
and samples wrapped in aluminum foil, in the corresponding sec-
ondary antibody tagged with fluorophores that match our micro-
scope filters (Alexa Fluor 488 donkey anti-sheep, Cat # A-11015,
ThermoFisher Scientific). Tissues were mounted and coverslipped
using Vector Shield anti-fade mounting media (H 1000, Vector
Laboratories, Lot # 2E00806). To quantify the number of norep-
inephrine-producing neurons, the same mounting media con-
taining 4, 6-diamidino-2-phenylindole (DAPI) was used (H 1200,
Vector Laboratories, Lot # 2E0815). All tissue sections from exper-
imental and control animals were stained at the same time and
with the same antibody lot.

The distribution of TH cells was assessed using a Zeiss LSM 900
confocal microscope (Imager.Z2 AX10, Jena, Germany) equipped
with the appropriate lasers. Every section of the locus coeruleus
was imaged at 1 pm optical planes. Superstack fluorescent images
collected with standardized parameters were obtained using
Zeiss ZEN Blue software. Quantification was performed bilater-
ally. Mean Fluorescence Intensity (MFI) and area measurements
were done using the open-source imaging software Fiji [36]. The
area was defined by the presence of the TH* neuronal bodies in
each structure. Representative sections of the locus coeruleus
at the plane containing the maximum density of TH* neurons
were selected for comparison across treatment groups. An area
of interest was defined around the cell cluster. The MFI of the
area in the stack of the selected section was used for analysis and
bilateral areas were averaged.

In data sets that were not normally distributed or with outlier
data points (e.g. cell number and cell size), we employed non-
parametric tests of significance. In the remaining studies, we
employed parametric tests.

Results

Cell number analysis

There was, on average, a decrease of ~15% in the number of detect-
able Hert cell neurons after repeated SXB treatments for 14 days.
This difference was not statistically significant, (Fligner—-Wolfe
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nonparametric test comparing the difference between saline and
all SXB conditions, FW = 342, p > 0.05) (Figure 1).

Cell size analysis
The size of Hcrt neurons in SXB-treated mice increased signifi-
cantly by an average of 8% across doses relative to saline controls.
This difference was significant (Fligner-Wolfe test, FW = 420, p =
0.019) (Figures 2 and 3).

Western blot analysis

There was a nonsignificant reduction of Prepro-Hcrt level in the
hypothalamus of SXB-treated animals (t-test, df = 9, t = 1.993,
p = 0.077). Figure 4 shows western blot assessment of Prepro-
Hert level in the hypothalamus compared to B-actin (control

“housekeeping” protein) after twice daily doses of 600 mg/kg of
SXB for 2 weeks (n = 6 in each group).

Locus coeruleus immunofluorescence

SXB at 300 and 1200 mg/kg produced a reduction in the TH flu-
orescent intensity in the locus coeruleus, with a decrease of
37.1% and 47.7%, respectively compared to the saline condition.
(ANOVA, F(2,15) = 5.901, p = 0.013). Tukey post hoc comparisons
showed significant differences between saline and SXB 300 mg/
kg conditions (p = 0.041) and between saline and SXB 1200 mg/kg
conditions (p = 0.016). Figure 5A shows the median of MFI across
sections of the locus coeruleus following 14 days of saline or SXB.
Figure 5B shows representative confocal TH immunofluorescent
images of locus coeruleus.
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Figure 1. Average number of Hert-1 expressing cells after 2 weeks, twice daily, treatment with saline or different doses of SXB. The differences are not

significant.
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Figure 2. Average size of Hert-1 expressing cells after 2 weeks, twice daily, treatment with saline or different doses of SXB. Hcrt neuron size was

increased by SXB (*p < 0.02, Fligner-Wolfe test, compared to saline control).
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Figure 3. Light microscope pictures of Hert cell (brown) distribution in the hypothalamus of a saline control (A and B) and a SXB (600 mg/kg) treated
(C and D) animal. (A) Picture from a saline control animal taken at 10x magnification. (B) 40x magnification of the box area in A. (C) Picture from a
SXB-treated animal taken at 10x. (D) 40x magnification of the box area in C. White scale bars: 50 pm in A and C, 20 pm in B and D.
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Figure 4. Western blots. (A) Prepro-Hcrt and B-actin after 2-week daily dose of 600 mg/kg of SXB. (B) Level of prepro-Hert in saline and SXB conditions

normalized to B-actin. SXB did not produce a significant change in Hert level.

Discussion

Medically useful drugs are often found through trial and error,
rather than through an understanding of the disease mechanism.
This was the case with SXB, as outlined in the Introduction. SXB
is a naturally occurring substance that is a precursor to GABA,
glutamate, and glycine. It acts on the SXB (GHB) receptor and is a
weak agonist at the GABA, receptor [32, 37-40].

We find that doses of SXB that significantly reduce TH expres-
sion in LC do not affect Hert cell number. These findings differ
from the anatomical changes produced in these cell types by
doses of morphine that reduce cataplexy in animal models of
narcolepsy and in human narcoleptics [11, 12]. These findings
lead us to reject the hypothesis that SXB reduces cataplexy by
the same means as opiates. The changes we observe in LC may

be direct results of SXB action on LC neurons or may be mediated
by Hert or other systems projecting to or otherwise affecting LC.
Whether changes in LC are critical to the changes in cataplexy
that both drugs produce remains to be determined, although
extensive evidence suggests that LC activity is tightly linked to
cataplexy [17-19, 41].

Narcolepsy is now thought to be a disease of the REM
sleep-generating system, caused by the loss of Hcrt neurons.
Cataplexy is due to a pontomedullary system that removes
noradrenergic facilitation and increases GABAergic and gly-
cinergic inhibition of motoneurons. The major Hert descending
projection is to the noradrenergic locus coeruleus. However,
muscle tone suppression in REM sleep does not require Hert
neurons as is demonstrated by the spontaneous, regular induc-
tion of muscle tone suppression in REM sleep in decerebrate
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Figure 5. (A) Median TH Mean Fluorescence Intensity (MFI) in the locus
coeruleus of saline and SXB-treated animals. MFI was significantly
decreased by SXB (p < 0.05, Tukey post-hoc, ciompared to saline control).
(B) Representative confocal images of fluorescent TH cells in the locus
coeruleus of saline and SXB-treated animals.

animals, i.e. in animals in which Hcrt neurons have been dis-
connected or removed [42]. Since we had seen that opioids
produce major changes in both Hert and locus coeruleus neu-
rons, and a reduction in the symptoms of narcolepsy [11, 12]
we wondered if SXB would cause similar changes. But clearly,
the changes in Hcrt and locus coeruleus caused by doses of
SXB that reverse cataplexy and sleepiness [30, 31] are not the
same as those caused by opioids. Indeed in terms of neuronal
morphology, they seem to be opposite.

Despite the differences in the effects of SXB and opioids on
Hert and locus coeruleus neurons, ultimately both SXB and opi-
oids have similar effects on the systems controlling both muscle
tone and sleepiness. The point of “downstream” neuronal conver-
gence of these drugs remains to be determined.
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