
at SciVerse ScienceDirect

Journal of Autoimmunity 45 (2013) 24e30
Contents lists available
Journal of Autoimmunity

journal homepage: www.elsevier .com/locate/ jaut imm
Passive transfer of narcolepsy: Anti-TRIB2 autoantibody positive
patient IgG causes hypothalamic orexin neuron loss and sleep attacks
in mice

Aviva Katzav a,b,1, Maria T. Arango b,c,d,1, Shaye Kivity b, Susumu Tanaka e, Gili Givaty a,b,
Nancy Agmon-Levin b, Makoto Honda e, Juan-Manuel Anaya c, Joab Chapman a,b,
Yehuda Shoenfeld b,f,*

aDept. Neurology and Sagol Neuroscience Center, Sheba Medical Center, Tel-Hashomer, Israel
b Zabludowicz Center for Autoimmune Diseases, Sheba Medical Center, Tel-Hashomer, Affiliated to Sackler Medical School, Tel Aviv University, Israel
cCenter for Autoimmune Diseases Research e CREA, Universidad del Rosario, Bogota, Colombia
dDoctoral Program in Biomedical Sciences, Universidad del Rosario, Bogota, Colombia
e The Sleep Control Project, Tokyo Metropolitan Institute of Psychiatry, Tokyo, Japan
f Incumbent of the Laura Schwarz-Kip Chair for Research of Autoimmune Diseases, Tel Aviv University, Israel
a r t i c l e i n f o

Article history:
Received 17 June 2013
Accepted 18 June 2013

Keywords:
Narcolepsy
Anti-Tribbles homolog 2 (TRIB2) antibodies
Passive transfer
Orexin
Behavioral deficits
* Corresponding author. Zabludowicz Center for A
Medical Center, Tel-Hashomer, affiliated to Sackler M
versity, Israel. Tel.: þ972 3 5308070; fax: þ972 3 530

E-mail address: shoenfel@post.tau.ac.il (Y. Shoenfe
1 Both first authors contributed equally to this stud

0896-8411/$ e see front matter � 2013 Elsevier Ltd.
http://dx.doi.org/10.1016/j.jaut.2013.06.010
a b s t r a c t

Narcolepsy is a sleep disorder characterized by excessive daytime sleepiness and cataplexy (a sudden
weakening of posture muscle tone usually triggered by emotion) caused by the loss of orexin neurons in
the hypothalamus. Autoimmune mechanisms are implicated in narcolepsy by increased frequency of
specific HLA alleles and the presence of specific autoantibody (anti-Tribbles homolog 2 (TRIB2) anti-
bodies) in the sera of patients with narcolepsy. Presently, we passively transferred narcolepsy to naïve
mice by injecting intra-cerebra-ventricularly (ICV) pooled IgG positive for anti-TRIB2 antibodies.
Narcolepsy-IgG-injected mice had a loss of the NeuN (neuronal marker), synaptophysin (synaptic
marker) and orexin-positive neurons in the lateral hypothalamus area in narcolepsy compared to
control-IgG-injected mice and these changes were associated with narcolepsy-like immobility attacks at
four weeks post injection and with hyperactivity and long term memory deficits in the staircase and
novel object recognition tests. Similar behavioral and cognitive deficits are observed in narcoleptic pa-
tients. This is the first report of passive transfer of experimental narcolepsy to naïve mice induced by
autoantibodies and supports the autoimmune pathogenesis in narcolepsy.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Narcolepsy is a sleep disorder characterized by excessive day-
time sleepiness and cataplexy (a sudden weakening of posture
muscle tone usually triggered by emotion) caused by the loss of
orexin neurons in the hypothalamus [1e4]. Autoimmune mecha-
nisms are implicated in narcolepsy by increased frequency of spe-
cific HLA alleles [5] and the presence of specific autoantibody (anti-
Tribbles homolog 2 (TRIB2) antibodies) in the sera of patients with
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narcolepsy [6e8]. In addition to sleep disorders and cataplexy,
behavioral and cognitive deficits are also observed in narcoleptic
patients [9e11].

The prevalence of narcolepsy with cataplexy is between 25 and
50 per 100,000 people dependent on environmental and genetic
factors [12] with the highest prevalence in Japan (0.16%) [1]. It has
been suggested that the cause of narcolepsy is a lack of orexin
(hypocretin), an important neurotransmitter in the regulation of
the sleep/wake cycle [2]. Though there are genetic animal models,
such as orexin knockout mice and dogs with mutations in the
orexins receptors [13e15], the etiology of narcolepsy in humans
remains unclear. The hypothalamus of postmortem brains from
narcolepsy patients show a loss of orexin neurons and the levels of
orexin in the cerebrospinal fluid of narcolepsy patients are low or
undetectable compared with healthy subjects [16e19]. Orexin is
required for body processes such as feeding, cardiovascular
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regulation, emotions, and locomotion. Orexin and histamine act
synergistically to promote and maintain arousal behavior [2,20].
Removing orexin neurons sets up a mutually inhibitory cycle,
which can cause unwanted abrupt transitions to rapid eye move-
ment (REM) sleep and an excessive daytime sleepiness [21,22].
Human genetic data suggests immune factors in narcolepsy are
highly associated with risk polymorphisms in the HLA system
including the allele DQB1*06:02 in 82e99% of patients, in contrast
to 12e38% of the healthy population, and the allele DRB1*15:01
[23,24]. Protective alleles have been found, such as DQB1*06:01 and
DQB1*05:01 [23]. Interestingly, polymorphisms in TCR a chain gene
and P2RY11 are also associated with narcolepsy [25,26]. Recent
evidence has shown the presence of auto-antibodies against TRIB2,
of the tribbles proteins family, found in orexin neurons [6e8]. Using
transgenic mice and sera of narcolepsy patient, Cvetkovic-Lopes
and coworkers found that the anti-TRIB2 antibodies present in
the patients bound directly to the orexin neurons [6]. Our studies in
Japanese patients have shown that the titers of anti-TRIB2 anti-
bodies are higher in narcolepsy patients [8] especially if measured
close to disease onset [6,7].

In the present study we passively transferred narcolepsy to
naïvemice by injecting intra-cerebra-ventricularly (ICV) pooled IgG
positive for anti-TRIB2 antibodies. Thesemice had a selective loss of
orexin-positive neurons in the lateral hypothalamus and
narcolepsy-like immobility attacks four weeks post injection.
Control mice were injected with pooled matched healthy control
IgG. This is the first report of passive transfer of experimental
narcolepsy to naïve mice induced by autoantibodies and supports
the autoimmune pathogenesis in narcolepsy.

2. Materials and methods

2.1. IgG samples

Blood samples and data related to sleep conditions were
collected at the Tokyo Metropolitan Institute of Medical Science
(Tokyo, Japan) and Neuropsychiatric Research Institute (Tokyo,
Japan). A total of 10 IgG samples from narcolepsy and matched
healthy controls purified by using Ab-Capcher (Protenova Co., Ltd.
Japan). Narcolepsy patients had also cataplexy, and all of themwere
positive for anti-TRIB2 by radioligand binding assay. Healthy con-
trols were negative for anti-TRIB2, and they did not have excessive
daytime sleepiness or any signs of immunologic abnormalities.
Additionally all subjects were positive for the allele DQB1*06:02.

2.2. Mice

Thirteen female C3Hmice 4months old (Harlan Laboratories, IS)
were used. Themice were housed in the animal house facility at the
Sheba Medical Center, and were maintained at 23 � 1 �C, and 12 h
light cycle with free access to food and water. Two groups were
injected, the first (n¼ 6) was injected with a total IgG purified from
narcoleptic patients, the second group (n ¼ 7) was injected with a
total IgG frommatched healthy controls. The Sheba Medical Center
Animal Welfare Committee approved all procedures.

2.3. Passive transfer ICV

The passive transfer process was performed according to the
protocol described previously [27]. Briefly, C3H naïve mice were
anesthetized by intraperitoneal injection of ketamine (100 mg/kg)
and xylazine (20 mg/kg). After the skull was carefully exposed, 1 ml
of the narcoleptic IgG extract or control was slowly infused intra
cerebral ventricularly (ICV). The antibody solutions used contained
6 mg protein/ml. Each mouse received one single injection.
2.4. Videotaping and scoring of narcoleptic episodes

Mice were filmed and analyzed for immobility attacks weekly
before and after ICV injection by using the NoldusPhenoTyper�

cage and EthoVision software� (Noldus Information Technology,
Netherlands). Under the same environmental conditions that were
mentioned previously, each naïve mouse was recorded individually
for 24 h. After the end of the recording process the mouse was
injected ICV to with total IgG purified from narcoleptic patients. In
parallel, another naivemousewas injected ICVwith a total IgG from
healthy controls. This protocol was repeated under the same con-
ditions for seven days, after that each mouse that was ICV injected
with IgG from narcolpetic patients were recorded serially every
week, at days 7, 14, 21 and 28 post injections. Narcoleptic episodes
were defined as freezing episodes by using the EthoVision
software� and were strictly defined by the following features: (1)
abrupt transition from an obvious motor activity; (2) a sustained
change in posture maintained throughout the episode; and (3) an
abrupt end to the episode with the resumption of obvious pur-
poseful motor activity (essentially a switch between “off” and then
“on” states). The exact time recorded on the video for the start and
end of each episode was recorded along with the following addi-
tional observations: the predominant activity for the 5 seconds (s)
preceding and the 10 s following an episode were categorized as
feeding, drinking, ambulating, grooming, burrowing, climbing, or
other.

2.5. Behavioral studies

To evaluate behavioral changes, the mice were tested in
behavioral and cognitive tests including: staircase test, novel object
recognition test, Y-maze test, and forced swimming test (FST). The
tests were performed at week 5 after ICV administration.

2.5.1. Staircase test
This test evaluated exploratory activity and “anxiety elike”

behavior. The staircase was placed in a roomwith constant lighting
and isolated from external noise. Each mouse was tested individ-
ually. The number of stairs climbed and the number of rears were
recorded for a 3 min period. Climbing was defined as each stair on
which the mouse placed all four paws; rearing was defined as each
instance the mouse rose on hind legs, either on a stair or leaning
against thewall. The number of stairs descendedwas not taken into
account. Before each test, the box was cleaned with a diluted
alcohol solution to eliminate smells.

2.5.2. Novel object recognition test
This test was used to evaluate a long term memory deficit. The

apparatus, an open field box (50 � 50 � 20 cm), was constructed
from a plywood painted white. Three phases (habituation, training,
and retention) were conducted on 2 separate test days. Before
training, mice were individually habituated by allowing them to
explore the box for 1 h. No datawere collected in this phase. During
the training session, two identical objects were placed into the box
in the northwest and southeast corners (approximately 5 cm from
the walls), 20 cm away from each other (symmetrically) and then
the individual mouse was allowed to explore for 5 min. Exploration
of an object was defined as follows: directing the nose to the object
at a distance of �1 cm and/or touching it with the nose. Turning
around or sitting near the object was not considered as exploratory
behavior. The time spent to explore each object was recorded. The
animals were returned to their home cages immediately after
training. During the retention test one of the familiar objects used
during training was replaced by a novel object. The mice were
placed back into the same box again after a 4-h interval and allowed
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to explore freely for 5 min. All objects were balanced in term of
physical complexity and were emotionally natural. The box and the
objects were thoroughly cleaned by 70% alcohol after each session
to avoid possible odorant cues. A preference index, a ratio of the
amount of time spent exploring any one of the two items (old and
new in the retention session) over the total time spent exploring
both objects, was used to measure recognition memory [28]. In-
dividual animals demonstrating insufficient task performancewere
excluded from later specific statistical analyses for the following
reason: non-exploration, which is defined as no object interaction.

2.5.3. Y-maze test
The Y maze test was used to study the spatial short term

memory, a task requiring hippocampal function and spatial mem-
ory. One arm was randomly selected as the “start” arm, and the
mouse was placed twice in this arm. On the first trial, lasting for
5 min, one of the other two arms was randomly chosen to be
blocked, whereas for the second trial, lasting for 2 min, both arms
were open. The two trials were separated by a 2-min interval,
during which the mouse was returned to his home cage. The time
spent in each of the arms was measured. Between each trial and
between eachmouse, themazewas cleanedwith a 70% ethanol and
dried. Discrimination of spatial novelty was assessed by a
Fig. 1. Histopathological changes induced by narcolepsy-IgG. Coronal brain sections through
healthy controls were stained for neuronal marker (NeuN) (top panel, aed), synaptic mar
orexin) (lower panel, iel). (aeb, eef, iej) Representative images from control mice inject
narcolepsy-IgG. First and third column images are at 10� magnification and scale bar 200
preference index: time in the new arm e time in the old arm/time
in the new arm þ time in the old arm.

2.5.4. Forced swimming test (FST)
This test is based on the method of Porsolt et al. to detect

depression-like behavior [29]. Depression-like behavior was
defined as an immobility (floating) and it was measured in seconds
during the 6 min of test, when there was no presence of escape-
oriented behaviors such as swimming, jumping, rearing, sniffing,
or diving.

2.6. Histological studies

At 6 weeks post ICV passive transfer, mice were anesthetized by
intraperitoneal injection of ketamine (100 mg/kg) and xylazine
(20 mg/kg) and underwent transcardiac perfusion with phosphate
buffer saline followed by perfusion with 4% paraformaldehyde in
PBS. The brains were removed, fixed in 4% p-formaldehyde in PBS,
and cryoprotected by immersion in 30% sucrose at 4 �C. Frozen
coronal sections (50 mm) were then cut on a sliding microtome and
collected serially and were preserved in a cryoprotectant solution.

For detection of histological changes, brain sections were
stained free-floating incubated overnight at 4 �C with first
the hypothalamus from mice injected ICV with IgG from narcolepsy patients and from
ker (synaptophysin) (middle panel, eeh), and for orexin expressing neurons (prepro-
ed with control-IgG. (ced, geh, kel) Representative images from mice injected with
mm. Second and forth column images are at 40� magnification and scale bar 50 mm.
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antibodies against neuronal marker (Neuronal Nuclei, NeuN,
Chemicon, USA), synaptophysin (SigmaAldrich, USA) or Prepro-
Orexin (Chemicon, USA). After washing, the sections were incu-
bated at a room temperature for 2 h with the corresponding fluo-
rescent chromogens-conjugated secondary antibody. Counter
staining was performed with Hoechst.

2.7. Statistical analysis

The c2 test for categorical variable was applied for comparison
between groups. Continuous values among groups were tested
using ANOVA. The analysis was performed using the SPSS 17.0
software. Results are presented as averages � standard error of the
mean, and in percentages. Differences among the cases and con-
trols in all the variables were established by Chi-square or Fisher’s
tests as appropriate. Continuous values among groups were tested
using T-test or ANOVA. A level of 5% was used to define statistical
significance (p < 0.05).

3. Results

3.1. Histopathological changes induced by narcoleptic IgG

Brain sections through the hypothalamus from narcolepsy and
control mice were stained for neuronal and synaptic markers and
for orexin expressing neurons and representative data are pre-
sented in Fig. 1. There was a loss of the neuronal marker (Neronal
Nuclei, NeuN) (Fig. 1aed) and the synaptic marker (synaptophysin)
(Fig. 1eeh) in the lateral hypothalamus area in narcolepsy mice
compared to controls. The most striking difference between the 2
groups was a significant loss of orexin-positive neurons (prepro-
orexin staining) in the lateral hypothalamic area in narcolepsy-IgG
compared to control-IgG mice (Fig. 1jel).

3.2. Behavioral characterization of narcolepsy-like episodes

Mice were filmed and analyzed weekly before and after ICV
injection of the Abs. For eachmouse the 12 h of the dark phasewere
analyzed for immobility/freezing episodes. Narcolepsy-like epi-
sodes were not observed before the ICV injection of Abs.
Narcolepsy/cataplexy-like immobility attacks were recorded in
narcolepsy mice 4 weeks post injection but not before. The number
and time of episodes for each mouse are summarized (Table 1).

3.3. Behavioral and cognitive performance

Narcolepsy mice and controls were tested in the staircase test
and (Fig. 2a). Narcolepsy mice were significantly hyperactive as
measured in both stair-climbing and rearing parameters (p < 0.005
Table 1
Characterization of the number and duration of sleeping attacks during the first 12 h
of the light phase in mice injected with IgG from narcolepsy patients. The exact time
recorded on the video for the start and end of each episode was recorded along with
the following additional observations: the predominant activity for the 5 seconds (s)
preceding and the 10 s following an episode were categorized as feeding, drinking,
ambulating, grooming, burrowing, climbing, or other.

Mouse Sleeping attacks N Attack duration
(average, sec)

1 4 88
2 3 66
3 0 e

4 1 210
5 2 464
6 2 188
by t-test) in the staircase test. The results of cognitive performance
in the novel object recognition test are presented as discrimination
index for novel object as a measure for long term recognition
memory (Fig. 2b). There was a significant preference for attention
to the new object in the control group compared to the narcolepsy
group (34% vs.�16% additional percent time spent in near the novel
object, p ¼ 0.00001 by t-test). This suggests specific visual recog-
nition memory impairment in the narcolepsy mice. Cognitive per-
formance in the Y-maze test is presented as preference index for
new (additional percent time spent in the novel arm) as a measure
for short term spatial novelty memory (Fig. 2c). There was no sig-
nificant difference between the narcolepsy and the control groups
in the additional time spent in the newarm (45% vs.18%, p¼ 0.32 by
t-test). In the forced swimming test the narcolepsy mice performed
poorly and exhibited significant depression-like behavior
compared to controls (Fig. 2d). Average immobility times of the
control mice vs. narcolepsy mice were 123.1 � 28.1 vs. 219.4 � 31.4
(p ¼ 0.00003 by t-test).

4. Discussion

This study demonstrates the passive transfer of orexin neuron
loss and narcolepsy-like behavioral changes by anti-TRIB2 positive
narcolepsy patients IgG. The histological data showed a loss of both
neuronal and synapticmarkers demonstrating a neurodegenerative
process in the hypothalamus and a loss of the prepro-orexin pep-
tide in themice injectedwith IgG fromnarcoleptic patients. Prepro-
orexin is the precursor of the two kinds of orexins, A and B, and it is
exclusively produced in the lateral hypothalamic orexin neurons
[2,22]. This loss of orexin neurons is similar to what has been
described in postmortem brains of narcoleptic patients [5,18,19].
Loss of the NeuN marker may indicate more extensive damage to
neurons in this area. The loss of synaptophysin is compatible with a
decreased neuronal activity and signaling. The loss of synapses in
the lateral hypothalamic area is probably the consequence of the
loss of orexin neurons in this area and may be related to with other
neurotransmitters that are produced in the orexin neurons such as
glutamate [30].

There are several animal models of narcolepsy, most of them are
knockout mice with lack of orexin or orexin receptors, but the
models that best resemble the symptoms characteristic of human
narcolepsy are those with a loss of the orexin neurons [13,23,30e
32]. The orexin/ataxin-3 hemizygous mice show the reduction of
orexin neurons by ataxin-3 accumulations after birth, and these
mice regarded as a good model for human narcolepsy [33]. This
may indicate that the clinical signs and symptoms of human nar-
colepsy depend on the loss of orexin neurons and all their functions
rather than just the loss of orexin. In 2004, Smith et al. described an
animal model by intra-peritoneal injection with total IgG from
narcoleptic patients to healthy mice [34]. They described the
cessation of movements from a few seconds to 1 min during ac-
tivities such as grooming in the injected mice, which are very
similar to the behavioral pattern that we found in our narcolepsy
mice. Mice injected with IgG from narcoleptic patients, develop
cognitive and behavioral impairments compatible with narcoleptic
patients that have alterations in their cognitive and behavioral
functions [35]. The narcoleptic mice showed hyperactivity, long
term memory deficits and depression. In humans, it has been re-
ported that children with attention deficit hyperactivity disorder
(ADHD) have a similar sleep pattern to narcolepsy patients, char-
acterized by a period of sleepiness during the day and abnormal
pattern of REM cycle [11,36,37]. In a case control-study Jara et al.,
showed that the frequency of depression in narcolepsy patients
was higher than in healthy controls, and that it was not dependent
on the presence of cataplexy [38]. Some authors suggest that in



Fig. 2. Behavioral and cognitive changes induced by narcolepsy-IgG. (a) Behavioral measurements in the staircase test included activity (stair-climbing) and exploration (rearing).
(b) Cognitive performance in the novel object recognition test is presented as discrimination index for novel object as a measure for long term recognition memory. (c) Cognitive
performance in the Y-maze test is presented as preference index for new (additional percent time spent in the novel arm) as a measure for short term spatial novelty memory. (d)
Depression-like behavior in the forced swimming test is presented as an immobility time. Results for narcolepsy mice (black bars, n ¼ 6) and control mice (white bars, n ¼ 7) are
presented as mean � SEM. *P < 0.05 compared to controls (unpaired t test).
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narcolepsy patients the depression and the associated anxiety may
be a secondary outcome to the social consequences and the
perception of a hostile environment [10,38]. However our results
using a mouse model suggest that this manifestation may be a
primary manifestation of the disease. The normal production of
orexin is linked to the normal function of the limbic and dopami-
nergic systems related to the production of neurotransmitters such
as norepinephrine, serotonin and histamine [2,22]. Burgess et al.
described a change in the expression pattern of dopamine receptors
in orexin knockout mice and they linked this alteration with the
presence of sleep pattern changes and cataplexy [39]. However, the
dopaminergic system is also important in the other processes such
as making decisions and learning and deficits in these functions
have been also demonstrated in narcolepsy [9]. In line with all
these changes we also found memory impairments in the
narcolepsy-IgG injected animals. There are several studies in nar-
colepsy patients that show alteration in attention and reduced
learning, recognition andmemory capacities [40]. There are reports
of poor performance in the long term memory tests and a normal
performance in the short termmemory tests [37], similarly to what
we found in the narcolepsy mice in the novel object recognition
and Y-maze tests. As Lloyd et al. have described, there are several
manifestations in children with sleep disorders that include
learning difficulties, hyperactivity and mood changes [41].

5. Final comments

This paper is part of a dedicated issue of the Journal of Auto-
immunity to honor themany contributions of Professor Abul Abbas.
It is a particular pleasure for our group to contribute to this issue
because of Abul’s long commitment to the many Congresses of
Autoimmunity. The Congress of Autoimmunity is an international
meeting that occurs every two years. The goal of the Congress, like
so many international meetings, has the broad mission of bringing
together scholars to present their work and improve our under-
standing of autoimmunity. It has, however, served a much larger
purpose which is that of widespread education in immunology to
our younger colleagues and in this respect, Abul Abbas has
graciously volunteered and has led with considerable enthusiasm a
full-day meeting devoted just to an update on cutting-edge
immunology. It is a session which is greeted with incredible
enthusiasm. The success of the Congress which have included
symposia dealing with geoepidemiology, new treatments, gender
susceptibilities, genomics, pregnancy loss, differential diagnosis of
unique and rare syndromes, epigenetics, twins, environmental
factors and of course cellular immunology; all have succeeded in
their own dedicated sessions that come after the initial introduc-
tory immunology course of Abul Abbas and for this we thank him
[42e64]. The next Congress of Autoimmunity will be in Nice, France
in March 2014 and we look forward to another cutting-edge pre-
sentation by Abul. It is therefore with humility and gratitude that
this paper be included in this special issue.

6. Conclusions

We presently demonstrated that antibodies present in the sera
of narcoleptic patients induce narcolepsy-like episodes in naïve
mice after ICV injection. The narcoleptic patients’ serawere positive
for anti-TRIB2, which reinforces the hypothesis that TRIB2 may be a
major auto-antigen in subgroup of narcolepsy that induces the
destruction of orexin neurons in the brain of narcolepsy patients. It
remains unclear how the antibodies responsible for the loss of
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orexin neurons penetrate the blood brain barrier. The recognition
that narcolepsy is an autoimmune disorder has important clinical
implications. Similarly to type I diabetes, the timewindow inwhich
to save orexin neurons from autoimmune destruction may be a
very narrow as demonstrated by a single injection in the present
study. Early detection and prompt therapy of narcolepsy are
indicated.
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