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Study Objectives: Narcolepsy is caused by selective loss of the orexin/hypocretin-producing neurons of the hypothalamus. For patients with nar-
colepsy, chronic sleepiness is often the most disabling symptom, but current therapies rarely normalize alertness and do not address the underlying
orexin deficiency. We hypothesized that the sleepiness of narcolepsy would substantially improve if orexin signaling were restored in specific brain
regions at appropriate times of day.

Design: We used gene therapy to restore orexin signaling in a mouse model of narcolepsy. In these Atx mice, expression of a toxic protein
(ataxin-3) selectively kills the orexin neurons.

Interventions: To induce ectopic expression of the orexin neuropeptides, we microinjected an adeno-associated viral vector coding for prepro-
orexin plus a red fluorescence protein (AAV-orexin) into the mediobasal hypothalamus of Atx and wild-type mice. Control mice received an AAV
coding only for red fluorescence protein. Two weeks later, we recorded sleep/wake behavior, locomotor activity, and body temperature and exam-
ined the patterns of orexin expression.

Measurements and Results: Atx mice rescued with AAV-orexin produced long bouts of wakefulness and had a normal diurnal pattern of arousal,
with the longest bouts of wake and the highest amounts of locomotor activity in the first hours of the night. In addition, AAV-orexin improved the
timing of rapid eye movement sleep and the consolidation of nonrapid eye movement sleep in Atx mice.

Conclusions: These substantial improvements in sleepiness and other symptoms of narcolepsy demonstrate the effectiveness of orexin gene
therapy in a mouse model of narcolepsy. Additional work is needed to optimize this approach, but in time, AAV-orexin could become a useful thera-
peutic option for patients with narcolepsy.
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INTRODUCTION

Narcolepsy is characterized by daytime sleepiness and ab-
normal manifestations of rapid eye movement (REM) sleep,
including cataplexy, a pathological intrusion of REM sleep ato-
nia into wakefulness.! In most people with narcolepsy, chronic
sleepiness is the most disruptive symptom; these individuals
often struggle to remain awake, especially under sedentary
conditions during school and work,? and they have a threefold
to fourfold increased risk of motor vehicle accidents, probably
from lapses in attention and dozing off.** Narcolepsy typically
begins in adolescence or young adulthood, and the proper man-
agement of such patients usually requires lifelong treatment
with medications.

During the past decade, researchers discovered that narco-
lepsy is caused by selective loss of the hypothalamic neurons
producing the orexin/hypocretin neuropeptides,” and this cru-
cial observation has led to great progress in understanding the
neurobiology of narcolepsy. During the active period, the orex-
in peptides (orexin-A and -B) increase the activity of neurons
in many brain regions that promote wakefulness and regulate
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REM sleep.'%!? In mouse models of narcolepsy, a lack of orexin
signaling results in low levels of arousal during the active peri-
od with much shorter bouts of wakefulness, reduced locomotor
activity, and cataplexy.'*'* Most likely, in the absence of orex-
ins, the activities of wake-promoting and REM sleep-regulating
brain regions are unstable, resulting in frequent transitions into
sleep and intrusions of cataplexy.'¢

These discoveries have shed much light on the neurobiol-
ogy of narcolepsy, but they have not yet translated into better
clinical therapies. For example, excessive daytime sleepiness is
often the most disabling symptom for patients with narcolepsy,
but even with optimal treatment, few patients achieve fully
normal levels of alertness.!” Clinical improvements are subop-
timal most likely because these medications simply address the
symptoms but not the underlying orexin deficiency. The ideal
therapy for narcolepsy would restore orexin signaling in wake-
promoting brain regions during the active period.

We hypothesized that the sleepiness of narcolepsy would
substantially improve with orexin gene therapy. Thus, to in-
duce robust ectopic expression of the orexin peptides, we
microinjected an adeno-associated viral vector coding for
the orexins (AAV-orexin) into mice with degeneration of the
orexin neurons. Our main goal was to determine whether
AAV-orexin could restore the ability of these mice to main-
tain long periods of wakefulness. In addition, we examined if
restoration of orexin signaling could promote wakefulness at
the correct times of day and if it could rescue other aspects of
the narcolepsy phenotype such as REM sleep abnormalities
and cataplexy.
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MATERIALS AND METHODS

We carried out these experiments in accordance with the Na-
tional Institutes of Health Guide for the Care and Use of Labo-
ratory Animals (National Institutes of Health Publication 8023,
revised 1978). These studies were approved by the Institutional
Animal Care and Use Committees of Beth Isracl Deaconess
Medical Center and Harvard Medical School.

Construction of Vector

We used a recombinant AAV produced by the Harvard Gene
Therapy Initiative. We chose to use an AAV because they have
high transduction efficiency in neurons, produce almost no
inflammation, and produce long-lasting gene expression.'s!”
These desirable properties have made AAV vectors very popu-
lar for genetic rescue experiments in mice and in humans.?*-*

The experimental AAV (serotype 8) contained the genes cod-
ing for prepro-orexin and mCherry (a red fluorescence protein),
linked by an internal ribosome entry site sequence. The control
vector contained only the mCherry sequence. The AAV were as-
sembled on a pAAV-MCS8 backbone with a constitutively active
cytomegalovirus promoter followed by a human beta-globin in-
tron 2 sequence that drives expression of the prepro-orexin and
mCherry genes. These genes were followed by a polyadenylation
sequence. The vectors were generated using tripartite transfection
(AAV-rep/cap expression plasmid, adenovirus miniplasmid, and
AAV vector plasmid) into 293 A cells, followed by purification by
iodixanol gradient and Q sepharose column chromatography, di-
alyzation against phopshate buffered saline, concentration by Am-
icon spin column (Merck Millipore, Billerica, MA), and titration
by dot blot hybridization. The final titers were ~4 x 10'2 pfu/mL.

Animals

As a mouse model of narcolepsy, we used transgenic (Atx)
mice in which the human orexin promoter drives the expression
of a mutant form of ataxin-3, a toxic protein that selectively
kills nearly all the orexin neurons by 8-12 weeks of age.'* This
selective cell loss closely mirrors the loss of the orexin neu-
rons in people with narcolepsy, and it provides a rigorous test of
whether expression of orexin peptides in “non-orexin” neurons
can rescue the narcolepsy phenotype. These Atx mice were a
gift from T. Sakurai at Kanazawa University. To maximize ge-
netic homogeneity, we backcrossed the Atx line with C57BLA6J
mice for six to eight generations.

We examined the effects of AAV gene therapy in four groups
of male mice (age 15-19 weeks; 25-35 g): Atx mice rescued
with injection of AAV-orexin (n = 10); an unrescued control
group of Atx mice injected with AAV-mCherry (n = 9); a nor-
mal control group of wild-type littermates (WT) injected with
AAV-mCherry (n = 10); and a group of WT mice injected with
AAV-orexin (n = 7).

We identified mice using polymerase chain reaction (PCR)
genotyping of tail biopsies. Primers used were 5’-CAT GAA
GGA AGAAGG TCC TGG and 3°-CCT TGC ACC CAG GAA
TCT GG against the orexin/ataxin-3 transgene.

Surgery and Protocol

We anesthetized mice with ketamine-xylazine (100 and 10
mg/kg, intraperitoneally) and placed them in a stereotaxic ap-
paratus. To induce orexin expression in a large number of neu-
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rons, we microinjected 50 nl of AAV-orexin or AAV-mCherry
unilaterally over 5 min. Coordinates for the injections were: AP
-1.82 mm, DV -5.3 mm, RL + 0.5 mm, a region just below the
dorsomedial nucleus of the hypothalamus (DMH). We targeted
this area because previous studies indicated that when driven by
a nonspecific promoter, many neurons in the ventral hypothala-
mus robustly produce orexin-A.*

After injection of AAV, we implanted each mouse with elec-
troencephalogram (EEG) and electromyogram (EMG) elec-
trodes, as described previously.?* In brief, we placed stainless
steel screw electrodes epidurally over the left frontal cortex (1.5
mm lateral and 1 mm anterior to bregma) and left parietal cortex
(1.5 mm lateral and 1.0 mm anterior to lambda). EMG signals
were acquired by a pair of stainless steel spring wires (Plastics
One Inc., Roanoke, VA) inserted into the neck extensor muscles.
We placed a telemetry transmitter (TA-F20, Data Sciences Inter-
national, St. Paul, MN) into the peritoneal cavity to record body
temperature and locomotor activity (LMA). These transmitters
were factory-calibrated to an accuracy of 0.1°C. The signal from
the telemetry transmitter was received and digitally acquired by
an antenna located below the recording cage (RPC-1 and Data-
quest, Data Sciences International, St. Paul, MN).

Recording and Analysis of Sleep

After surgery, we housed mice in individual recording cag-
es with food and water available ad libitum. After a recovery
period of 10 days, we connected the mice to recording cables
within a sound-attenuated chamber with a 12:12 h light-dark
(LD) cycle (30 lux daylight-type fluorescent tubes with lights
on at 07:00) and constant temperature (23 + 1°C). The record-
ing cable was attached to a low torque electrical swivel above
the cage that allowed free movement. After mice acclimated to
the recording environment for 4 days, we recorded EEG, EMG,
infrared video, body temperature, and LMA for 24 h. We re-
corded LMA and body temperature in 5 min bins.

The EEG/EMG signals were acquired using Grass Model 12
amplifiers (West Warwick, RI), digitized at 128 Hz, digitally
filtered (EEG: 0.3-30 Hz, EMG: 5-60 Hz), and semi-automati-
cally scored as wake, nonrapid eye movement (NREM) sleep,
rapid eye movement (REM) sleep, or cataplexy in 10 s epochs
using SleepSign (Kissei Comtec, Matsumoto, Japan). S.K. then
visually inspected this preliminary scoring and made correc-
tions when appropriate.

A behavior was scored as cataplexy at any time during a 24
h period if it fulfilled certain criteria.”> Specifically, we scored
an epoch as cataplexy when: (1) the mouse had one or more
epochs of EEG theta activity and neck muscle atonia imme-
diately preceded and followed by active wake; (2) at least 40
s of wake preceded cataplexy to exclude any REM sleep that
might follow a brief awakening?; and (3) the animal was im-
mobile during the episode. Whenever behavior met criterion 1,
we examined integrated infrared video recordings (SleepSign)
to determine if all criteria were fulfilled.>** No specific triggers
of cataplexy were used in this study.

Immunostaining and Cell Counts

After polysomnographic recordings, we deeply anesthetized
the mice with ketamine-xylazine (150 and 15 mg/kg, intraperi-
toneally) and perfused them transcardially with 50-100 ml 0.9%
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Figure 1—Distributions of orexin immunoreactive neurons. A, The orexin field in a wild-type (WT) mouse injected with AAV-mCherry shows the normal,
moderately dense cluster of orexin-immunoreactive (IR) neurons above the fornix (f) and in the lateral hypothalamus (LH). B, An Atx mouse injected with AAV-
mCherry has a few scattered orexin-IR neurons in this region, but the cells are small and weakly IR and axonal labeling is nearly absent. C and D, An AAV-
orexin injection site in an Atx mouse shows many neurons expressing orexin in the posterior hypothalamus (PH), dorsomedial nucleus of the hypothalamus
(DMH), tuberomammillary nucleus (TMN), and other parts of the mammillary region. Axons from these neurons course around the mammillothalamic tract
(mt) and densely innervate the amygdalohippocampal area (AHiA) plus other sites. AAV, adeno-associated viral vector; Atx, transgenic (ataxin); opt, optic

tract; ic, internal capsule; 3V, third ventricle; cp, cerebral peduncle.

saline followed by 50-100 ml of neutral buffered 10% formalin
(pH 7.0; Fisher, Agawam, MA). We fixed the brains overnight in
formalin and cryoprotected them in 20% sucrose with 0.02% so-
dium azide (Sigma-Aldrich, St. Louis, MO). Afterward, we sec-
tioned brains at 30 um into a 1:3 series on a freezing microtome.

To confirm that AAV-orexin induced the expression of both
orexin-A and orexin-B peptides, we immunostained brain sec-
tions as described previously.”’ In brief, after three 5 min rinses
in PBS, we treated the sections with PBT (phosphate buffered
saline, pH 7.4, with 0.25% Triton X-100) containing 0.3% hy-
drogen peroxide for 30 min. Following three more 5 min rinses
in PBS, we incubated sections overnight in goat antiorexin-A or
antiorexin-B antisera (1:10,000 and 1:500, respectively; Santa
Cruz Biotechnology, Santa Cruz, CA). After six 5 min washes
in PBS, we incubated sections for 2 h in biotinylated secondary
antiserum (donkey antigoat immunoglobulin G (IgG) (H + L),
1:500; Jackson ImmunoResearch, West Grove, PA). After three
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10 min rinses in PBS, we incubated sections with avidin-biotin
complex (Vectastain Elite ABC Kit, Vector Labs, Burlingame,
CA) for 1 h followed by four 5 min rinses in PBS. We then
visualized orexin-immunoreactive (IR) neurons by reaction
with 3,3’-diaminobenzidine (DAB; SK-4100; Vector Labs) for
3-5 min. For cell counts and mapping of AAV-orexin injection
sites, we immunostained one series of sections for orexin-B. As
a control, we mapped AAV-mCherry injection sites using im-
munostaining for dsRed (rabbit anti-dsRed antiserum, 1:5,000,
Clontech, Mountain View, CA; donkey antirabbit, 1:500, Jack-
son ImmunoResearch) and DAB.

Atx mice injected with the control vector (AAV-mCherry)
had approximately 80% fewer orexin-B IR neurons than
their WT littermates injected with the same AAV (P < 0.001)
(Figure 1). This is slightly less than the 95% cell loss described
in other studies,'****® perhaps because we used younger mice
and possibly more sensitive antisera. All the remaining orexin-

Orexin Gene Transfer Restores Wakefulness in Mice—Kantor et al



IR cells in the Atx mice showed highly abnormal morphology,
with small and fragmented cell bodies, weakly IR soma, and
much less orexin immunoreactivity in axons and terminal fields.

For fluorescent double staining of mCherry and orexin-A,
we first incubated sections in goat antiorexin-A antiserum, fol-
lowed by Alexa Fluor 488 secondary antiserum (donkey anti-
goat, 1:500; Invitrogen, Grand Island, NY). The next day, we
incubated sections in rabbit anti-dsRed antiserum (1:2,000) and
then in Alexa Fluor 555 secondary antiserum (donkey anti-rab-
bit, 1:500; Invitrogen).

The orexin-A and -B antisera produced no immunolabeling
in brain sections from prepro-orexin knockout mice, and the
dsRed antisera produced no labeling in sections from uninject-
ed WT mice.

Data Analysis and Statistics

We analyzed the duration of bouts, number of bouts, per-
centage of time spent in each behavioral state, and LMA. We
used two-way analysis of variance (ANOVA) with repeated
measures to analyze changes in each vigilance state and LMA
as a function of time and group (WT AAV-mCherry, WT AAV-
orexin, Atx AAV-mCherry, and Atx AAV-orexin). We used the
same test with two main factors (group and day-night cycle) to
compare vigilance state parameters and LMA. The Bonferroni
test was used for post hoc comparisons.

We examined the ability of mice to maintain wakefulness by
analyzing the distribution of wake as a function of bout length.
We separated all wake bouts into eight bins according to length
(<30, 40-70, 80-150, 160-310, 320-630, 640-1270, 1280-2550,
and > 2550 sec).?*! The percentage of wake occurring in each
bin was used to produce a time-weighted frequency histogram.
The primary endpoint was to compare the amounts of wake
occurring in bouts of various lengths between AAV-orexin or
AAV-mCherry treated WT and Atx mice during the dark period.
The results were compared by ANOVA for repeated measures
followed by Bonferroni post hoc test.

To examine the diurnal variations in the longest wake bout
lengths in mice, we calculated the longest duration of discrete
bouts of wakefulness across 24 h.** A wake bout was defined
as two or more consecutive epochs of polygraphically defined
wakefulness. We identified the maximum length bout within a
1 h window moved stepwise in 2 min increments through the
sleep-wake time series of each animal. In each step, the longest
wake bout within the window was identified and recorded. If
the length of a wake bout exceeded the size of the moving win-
dow the entire length of the bout was used. We averaged bout
lengths at corresponding times across mice and plotted them as
a function of clock time (means + standard error of the mean).
We then compared results across groups using ANOVA with
repeated measures and the Bonferroni post hoc test.

To measure the diurnal variations in sleep/wakefulness and
LMA we used the nocturnality ratio.* Nocturnality ratios were
defined as the percentage of total amount of a behavior (wake,
NREM sleep, REM sleep, or LMA) occurring during the night.
Thus, high nocturnality ratios represent high incidence of the
behavior during the dark period, whereas ratios close to 50%
indicate behavior evenly distributed between day and night. We
compared the results across groups using one-way ANOVA fol-
lowed by the Bonferroni post hoc test.
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RESULTS

AAV-Orexin Induced Robust Ectopic Expression of the Orexin
Peptides

We microinjected an AAV containing the prepro-orexin and
mCherry genes (AAV-orexin), or a control AAV containing only
the mCherry gene (AAV-mCherry) into the mediobasal hypo-
thalamus of Atx and WT mice. In Atx mice injected with AAV-
orexin, immunostaining showed robust expression of orexin-A
and -B (Figure 1). Double fluorescent labeling demonstrated
that more than 98% of orexin-A IR neurons at the injection sites
also contained mCherry. These observations demonstrate that
AAV-orexin induces strong ectopic expression of both orexin
peptides and mCherry.

AAV injection sites extended from the dorsomedial nucleus
of the hypothalamus (DMH) and lateral hypothalamus (LH),
caudally into the ventral parts of the posterior hypothalamus
(PH), and ventrally into the arcuate nucleus, retrochiasmatic re-
gion, supramammillary nuclei, and tuberomammillary nucleus
(TMN) (Figure 2). Interestingly, neurons in the ventromedial
nucleus of the hypothalamus often expressed mCherry but rare-
ly contained orexin immunoreactivity, suggesting that unlike
many other hypothalamic neurons, these cells lack key factors
for producing the orexin peptides. The distributions of injection
sites were similar in the other groups that received AAV-orexin
and AAV-mCherry, though there was some scatter within groups
(data not shown). These microinjections of AAV-orexin result-
ed in a similar number of orexin-IR neurons (1,000-1,400 per
mouse) across the mediobasal hypothalamus in each Atx mice.

Orexin-IR fibers projected from the injection sites to many
nuclei throughout the brain, including the anterior paraventric-
ular thalamic nuclei, basal forebrain, bed nucleus of the stria
terminalis, DMH, PH, supramammillary nucleus, and TMN.
The orexin fiber projections varied across animals because their
injection sites were slightly different. The best improvements in
maintenance of wakefulness occurred in Atx mice with dense
orexin-IR innervation of the bed nucleus of the stria terminalis,
preoptic area, anterior thalamus, arcuate nucleus, supramam-
millary nucleus, and TMN.

Expression of Orexins in the Hypothalamus Restored the Timing
and Maintenance of Wakefulness

Mice treated with AAV-orexin continued to have normal di-
urnal variations in sleep/wake behavior (Figure 3). In Atx mice,
AAV-orexin increased the amount of wake by 13% (F5;,=9.93,
P < 0.01) and reduced the amount of NREM sleep during the
dark period (Table 1). Although WT mice showed similar shifts,
the changes were not statistically significant. AAV-orexin did
not alter the amounts of sleep/wake stages in the light period.

During the dark period, unrescued Atx mice injected with
AAV-mCherry had wake bouts much shorter than those seen in
control WT mice. In contrast, the mean duration of wake bouts
in AAV-orexin-injected Atx mice was 48% longer and nearly
the same length as in WT mice injected with AAV-mCherry
(F33, = 12.63, P < 0.01). In addition, Atx mice treated with
AAV-orexin had more consolidated wakefulness as evidenced
by 21% fewer wake bouts (F;;, = 6.99, P <0.01). Thus, we can
conclude that AAV-orexin markedly improved the consolida-
tion of wakefulness in Atx mice.
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Figure 2—Distribution of AAV-orexin injection sites in Atx mice. Each
mouse received a unilateral injection into the right side of the hypothala-
mus, but injection sites are depicted on either side for clarity. The drawn
injection site boundaries encompass approximately 90% of the orexin-im-
munoreactive neurons. AAV, adeno-associated viral vector; Atx, transgenic
(ataxin); DMH, dorsomedial nucleus; Arc, arcuate nucleus; PMV, ventral
premammillary nucleus; SuMM, medial supramammillary nucleus; LH, lat-
eral hypothalamus; MM, medial mammillary nucleus; mt, mammillothalamic
tract; 3V, third ventricle; TMN, tuberomammillary nucleus. Injected sites are
plotted on drawings adapted from Paxinos and Franklin.%°

A 100q-O- WT AAV-mCherry
—@- WT AAV-orexin

804 -0 Atx AAV-mCherry g\

=V- Atx AAV-orexin

60

Wake (% / 2h)

60

40+

20+

NREM sleep (% / 2h)

REM sleep (% / 2h)

Cataplexy (% / 2h)
N

7 11 15 19 23 3 7
Time (h)
Figure 3—Diurnal variations in sleep/wake states. A and B, The diurnal
pattern of wake and NREM sleep was almost identical in WT and Atx
mice irrespective of the treatment (AAV-mCherry or AAV-orexin). C,
However, Atx mice treated with AAV-mCherry had much less circadian
variation in REM sleep than their WT littermates due to an increase in
their REM sleep amount during the dark period. D, Injections of AAV-
orexin caused a small and statistically insignificant decrease in cataplexy
after dark onset in Atx mice. There were no changes in the amounts of
sleep-wake states in WT mice treated with AAV-orexin. Data are shown in
2 hintervals. *P < 0.01 compared to WT AAV-mCherry mice. AAV, adeno-
associated viral vector; Atx, transgenic (ataxin); NREM, nonrapid eye
movement; REM, rapid eye movement; WT, wild type.
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Table 1—Vigilance state parameters in WT and Atx mice microinjected with AAV-mCherry or AAV-orexin
Light period Dark period
WT WT Atx Atx WT WT Atx Atx
AAV-mCherry AAV-orexin AAV-mCherry AAV-orexin AAV-mCherry AAV-orexin AAV-mCherry AAV-orexin
(n=10) (n=7) (n=9) (n=10) (n=10) (n=7) (n=9) (n=10)
Wake
Total time, min 226.7+55 2459+75 2427+95 2584 +6.7 4198+77 4511+55 408.2%152 462.7 +8.8*°
Mean duration, sec  949+59  107.9+8.1 841+438 96.9+29 2185+10.6 273.0+18.0° 134.7+88° 199.0+16.3°
Number of bouts ~ 145.8+6.9 139479 173.8+5.78 159.7+3.7 172+52 101.7+72 1843+7.3 1453186
NREM sleep
Total time, min 4335+59 416.7+£53 4245+94 401369 2783+6.1 246.1+56 263.7+145 216.8+8.32°
Mean duration, sec 165.8+6.2 157.9+58 133.0+3.4% 1334+3.6° 1386+6.3 139.3+85 89.0+35  93.0+4.5
Number of bouts ~ 158.6+6.7 159.3+74 191.2+4.8 180.2+34 1216+47 1079166 1722+82° 1432+10.2°
REM sleep
Total time, min 59.8+29 575+4.0 51.7+3.9 59.7+24 219124 229+14 3741400 327+27
Mean duration, sec  56.5 +2.3 489+24 441+£13  466+1.0° 46.2+28 50.0+3.8 56.7+25  47.7+23
Number of bouts 64.0+4.0 71.3+6.6 69.4+5.2 76.1+23 219+27 28431 398+43 417+41
Cataplexy
Total time, min 0 0 12+05 0705 0 0 10.7+29 79+24
Mean duration, sec - - 400+ 114 81.0+32.3 - - 783+17.2 549+7A1
Number of bouts 0 0 1.7+£0.6 05+0.3 0 0 124439 77+23
Total time spent in each state, mean duration, and number of bouts during the light (rest) and dark (active) periods. Results shown as means + standard error
of the mean. P < 0.01 compared to control WT mice injected with AAV-mCherry. °P < 0.01 between Atx mice injected with AAV-mCherry and those injected
with AAV-orexin. AAV, adeno-associated viral vector; Atx, transgenic (ataxin); NREM, nonrapid eye movement; REM, rapid eye movement; WT, wild type.
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Figure 4—AAV-orexin improved maintenance of wakefulness. Time-
weighted frequency histograms of wake bouts during the dark period
show thatin WT mice treated with AAV-mCherry or AAV-orexin, 33-47% of
wakefulness occurred in bouts longer than 2,550 s (42.5 min). In contrast,
most wakefulness in Atx mice treated with AAV-mCherry occurred in
bouts lasting only 320-630 s (5.3-10.5 min) with almost no wakefulness
occurring in very long bouts. In Atx mice treated with AAV-orexin, 20% of
all wake occurred in very long wake bouts. *P < 0.01 compared to WT
AAV-mCherry mice. #P < 0.01 between Atx AAV-mCherry and Atx AAV-
orexin mice. AAV, adeno-associated viral vector; Atx, transgenic (ataxin);
WT, wild type.

AAV-orexin had similar but smaller effects in WT mice.

Compared with WT mice injected with AAV-mCherry, WT
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mice treated with AAV-orexin had 25% longer wake bouts dur-
ing the dark period (F; 3, = 12.63, P <0.01). During the light pe-
riod, AAV-orexin did not alter the number or duration of wake
bouts in Atx and WT mice.

To better understand the ability of mice to maintain wakeful-
ness, we analyzed wake as a function of bout length. During
the dark period, most wakefulness in WT mice occurs in very
long wake bouts, but unrescued Atx mice spent very little time
in these long wake bouts and instead most of their wake oc-
curred in midlength bouts (Figure 4). Specifically, in WT mice
injected with AAV-mCherry, 33% of wake occurred in bouts
lasting more than 2,550 s (42.5 min). In contrast, Atx mice in-
jected with AAV-mCherry spent only 4% of their wake in such
long bouts. However, Atx mice rescued with AAV-orexin spent
20% of their time awake in these long bouts (F,; », = 10.08,
P < 0.01). This observation further demonstrates that AAV-
orexin markedly improved the maintenance of wakefulness
in Atx mice.

Mice normally produce their longest bouts of wakefulness
in the first few hours of the dark period when feeding and lo-
comotor activity are most abundant.'>333* To determine if AAV-
orexin promotes long bouts of wake at the correct times of day,
we examined the longest wake bouts across time. WT mice in-
jected with AAV-mCherry or AAV-orexin had very long wake
bouts in the first hours of the dark period, but Atx mice injected
with AAV-mCherry showed no lengthening of wake bouts, even
just after dark onset (Figure 5). In contrast, injection of AAV-
orexin restored the normal diurnal pattern of wakefulness in
Atx mice by producing very long wake bouts in the first 2 h
of the dark period in a pattern very similar to that of WT mice
(F157.2300 = 1.55, P < 0.01).
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Expression of Orexins in the Hypothalamus Improved Sleep and
Locomotor Activity, but Had Little Effect on Cataplexy

In addition to poor maintenance of wakefulness, Atx mice,
just like people with narcolepsy, also have fragmented sleep,
poor circadian control of REM sleep, and cataplexy.'*22433:36
In Atx mice treated with AAV-orexin, NREM sleep bouts were
still shorter than in WT mice (F53, = 25.56, P < 0.01; Table 1),
but they had fewer NREM sleep bouts (F;3, = 18.14, P <0.01;
Table 1), providing evidence of less fragmented sleep.

AAV-orexin also improved the diurnal pattern of REM
sleep in Atx mice. REM sleep is under strong circadian con-
trol, and normally, most REM sleep occurs during the inactive
period.’”* Compared with WT mice, unrescued Atx mice had
longer REM sleep bouts and more REM sleep during the night
(F33,=11.35,P <0.01 and F; 5, = 8.71, P < 0.01, respectively;
Table 1 and Figure 3). Moreover, almost half (42%) of their to-
tal daily REM sleep occurred during the dark period: a consid-
erably higher proportion than the 26% seen in control WT mice
treated with AAV-mCherry (F3, = 9.66, P < 0.01; Figure 6).
Injection of AAV-orexin into Atx mice reduced the proportion
of REM sleep in the dark period to 35%, an amount closer to
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that of WT mice, further supporting the role of orexins in the
circadian control of REM sleep.*

In contrast to a prior study that injected AAV-orexin into
the zona incerta,”® our more ventral injections of AAV-orexin
did not reduce cataplexy (Table 1). The frequency and the total
amount of cataplexy appeared less, but the reductions were not
statistically significant.

In Atx mice, AAV-orexin increased locomotion in the first
2 h of the dark period (F;35, = 1.83, P < 0.01; Figure 7A), and
it increased the total amount of LMA during the dark period
(F53,=3.13, P <0.05; Figure 7B). The diurnal patterns of body
temperature did not differ between groups (data not shown).

DISCUSSION

We found that orexin gene therapy substantially improved the
sleepiness of mice with narcolepsy. Hypothalamic expression
of the orexin peptides in mice lacking the orexin neurons mark-
edly increased their ability to maintain long bouts of wakeful-
ness. In addition, mice rescued with AAV-orexin had a normal
diurnal pattern of arousal, with the longest bouts of wake and
the highest amounts of locomotor activity in the first hours of

Orexin Gene Transfer Restores Wakefulness in Mice—Kantor et al
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Figure 6—AAV-orexin improved the diurnal rhythm of REM sleep.
Nocturnality ratios (amount of a state occurring during the dark
period / total amount in 24 h) show normal patterns for wake and NREM
sleep in all groups. Atx mice treated with AAV-mCherry have an excessive
proportion of REM sleep in the dark period, indicated by a nocturnality
ratio close to 50%, but Atx mice injected with AAV-orexin show normal
proportions. *P < 0.01 compared to WT mice injected with AAV-mCherry.
AAV, adeno-associated viral vector; Atx, transgenic (ataxin); NREM,
nonrapid eye movement; REM, rapid eye movement; WT, wild type.

the dark period, just as in WT mice. Although the expression of
orexins in the hypothalamus had little effect on cataplexy, both
NREM and REM sleep improved in orexin neuron-deficient
mice. These observations provide strong evidence that orexin
gene therapy considerably improved the symptoms of narco-
lepsy in mice, even when the orexin peptides were produced by
a variety of “nonorexin” hypothalamic neurons.

AAV-Orexin Improved Wakefulness

Sleepiness is the most disabling symptom for most people
with narcolepsy, and a key goal when treating narcolepsy is
to achieve normal alertness during the waking hours. Several
studies have shown that intracerebroventricular administration
of orexin peptides transiently increases wakefulness in mice
with narcolepsy and healthy rodents, but the amounts of wake-
fulness are often much higher than normal and ventricular in-
jections are impractical in people.?***! Restoration of orexin
signaling using viral vectors is a more promising approach, but
prior studies have shown no improvements in wakefulness even
though cataplexy was improved.?*

In our study, orexin gene therapy improved many behaviors
that likely reflect the excessive sleepiness of narcolepsy. Atx
mice injected with AAV-orexin had more consolidated wake-
fulness, with more time awake and longer wake bouts during
the dark period. This response is similar to that seen in Atx
mice treated with a very high dose of modafinil (200 mg/kg).*
In addition, we found that expression of orexins in the me-
diobasal hypothalamus produces a surprisingly normal diur-
nal pattern of wakefulness in Atx mice. Similar to WT mice,
Atx mice injected with AAV-orexin had their highest levels of
arousal in the first few hours of the dark period, as shown by
very long wake bouts and high levels of locomotor activity
during this time.
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Figure 7—AAV-orexin increased locomotor activity (LMA) during the dark
period. A, The general timing and the amounts of LMA was similar in
WT and Atx mice treated with AAV-mCherry. B, Injections of AAV-orexin
strongly increased LMA in Atx mice during the dark period. WT mice
injected with AAV-orexin showed a less striking increase that did not reach
statistical significance. *P < 0.05 compared to WT mice injected with AAV-
mCherry. *P < 0.05 between Atx mice injected with AAV-mCherry and
AAV-orexin. AAV, adeno-associated viral vector; Atx, transgenic (ataxin);
WT, wild type.

Several factors may explain why AAV-orexin increased
arousal at the beginning of the active period. Normally, ex-
tracellular levels of orexins vary in a circadian pattern, with
high levels during the active period and low levels during the
rest period.* Our AAV used a constitutively active promoter to
drive production of prepro-orexin messenger RNA, so restora-
tion of this normal pattern of arousal suggests that the timing
of orexin peptide release is more important than the timing of
orexin synthesis. Perhaps “nonorexin” hypothalamic neurons
transduced with AAV-orexin have patterns of synaptic activ-
ity similar to that of the orexin neurons. Indeed, some of the
neurons ectopically expressing orexins (e.g., TMN) normally
help regulate wakefulness, and other neurons (e.g., arcuate, su-
pramammillary, PH, LH) may release orexins in the course of
mediating behaviors such as feeding that occur during wake.
Alternatively, ectopic orexins may be released in a disorga-
nized pattern, but they enhance the effects of other wake-pro-
moting mechanisms, amplifying signals that increase arousal
and activity during the active period yet having little effect at
other times. Future studies will need to define the exact nature
of these neurons ectopically expressing orexins and determine
whether they produce higher extracellular levels of orexins
during the dark period.
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In comparison with prior gene transfer studies, injection of
AAV-orexin into the brain of Atx mice produced marked im-
provement in wakefulness in our study. Liu and colleagues®
injected vectors coding for orexins into the zona incerta, LH, or
dorsolateral pons of mice with narcolepsy, and though the mice
had less cataplexy, they showed little improvement in their abil-
ity to maintain wakefulness.“**¢ In contrast, we targeted our
AAV-orexin injections at more ventral regions because prior
research showed that neurons in the mediobasal hypothalamus
can produce very high levels of orexin-A when driven by a non-
specific promoter.” After transduction with AAV-orexin, these
neurons may have simply released greater amounts of orexins,
or their axons may have been more effective at delivering orex-
ins to key wake-promoting brain regions.

AAV-Orexin in the Hypothalamus Improved Sleep but Not Cataplexy

Ectopic expression of orexins in the hypothalamus also im-
proved sleep in mice with narcolepsy. Unrescued Atx mice
injected with AAV-mCherry had fragmented NREM sleep and
excessive amounts of REM sleep during the dark period as
seen in prior studies.'*?*?*%7 In contrast, Atx mice treated with
AAV-orexin had more consolidated NREM sleep and a par-
tially improved diurnal pattern of REM sleep. The dark pe-
riod suppression of REM sleep by orexins reported here is
consistent with previous studies in which the prepro-orexin
gene was expressed in orexin-neuron ablated Atx mice,” or
overexpressed in mice with intact orexin neurons.***® How-
ever, mice in these previous studies had widespread ectopic
expression of orexins and highly fragmented sleep, especially
during the light phase, perhaps as a consequence of excessive-
ly high orexin tone.?*-*¢48 In addition, the partial improvement
in REM sleep in our study suggests that targeting AAV-orexin
to different brain regions, or restoring the signaling of other
molecules normally released by orexin neurons (e.g., dynor-
phin and/or glutamate) will be necessary to fully correct the
REM sleep abnormalities in Atx mice. Still, these findings fur-
ther support the hypothesis that orexins, by suppressing REM
sleep during the active period, play an important role in the
circadian control of REM sleep.?

It is very likely that the diverse symptoms of narcolepsy,
such as excessive daytime sleepiness and cataplexy, are me-
diated by different brain pathways. This idea is supported by
the finding that drugs with different mechanisms of action are
required for the treatment of each symptom.' Our injections of
AAV-orexin into the mediobasal hypothalamus improved the
timing and maintenance of wakefulness, sleep fragmentation,
and diurnal pattern of REM sleep, but produced smaller reduc-
tions in cataplexy than reported in prior gene transfer stud-
ies. 4245 Orexin gene transfer into the LH or dorsolateral pons
of orexin peptide knockout mice improved cataplexy in recent
studies, but the usefulness of this approach was limited by the
preservation of the “orexin neurons” and the modest or no im-
provement in wake maintenance.***> Microinjections of AAV-
orexin into the zona incerta or LH of orexin neuron-deficient
Atx mice produced similar reductions in cataplexy with no im-
provements in wakefulness.”® Most likely, these differences are
a consequence of targeting different brain regions. It is possible
that neurons ectopically expressing orexins in our study more
heavily innervate brain sites that promote wakefulness whereas
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in other studies neurons of the injected area better innervate
regions that regulate cataplexy.

Future Directions

Our results demonstrate that injection of AAV-orexin into the
mediobasal hypothalamus markedly improved the maintenance
of wakefulness in mice lacking the orexin neurons. In principle,
AAV-orexin could be developed into a novel and effective ther-
apy for people with narcolepsy. AAV vectors are relatively safe,
cannot replicate, and produce almost no inflammatory response.
In addition, genes encoded by AAV can be expressed for many
years, so AAV-orexin could produce long-lasting improvements
in narcolepsy.® These properties have made AAV vectors very
attractive for genetic rescue experiments in rodents and early
stage clinical trials of Parkinson disease and other neurologic
disorders.?*** Thus far, clinical applications have focused on
neurological disorders with limited life expectancy, but as more
is learned about how to optimize the safety and efficacy of
AAV-orexin, it may become a potent option for many patients
with narcolepsy.
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