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Abstract

Most human patients with narcolepsy have no detectable hypocretin-1 in their cerebrospinal fluid. The cause of this hypocretin deficiency
is unknown, but the prevailing hypothesis states that an autoimmune-mediated mechanism is responsible. We screened for the presence of
autoantibodies against neurons in the lateral hypothalamus in 76 patients and 63 controls, using immunohistochemistry. Autoantibodies were
present in two patients, but also in two controls. However, one of the patients had a clearly different staining pattern and nerve endings of
immunolabeled cells were found to project onto hypocretin-producing neurons, suggesting a possible pathophysiological role. Humoral
immune mechanisms appear not to play a role in the pathogenesis of narcolepsy, at least not in the clinically overt stage of the disease.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Narcolepsy is a sleep disorder affecting approximately 5
per 10,000 people. Excessive daytime sleepiness, cataplexy
and fragmented nocturnal sleep are the main symptoms, and
pose a severe burden on the life of patients (Overeem et al.,
2001; Scammell, 2003). In humans, the disease occurs
mostly in a sporadic form, with genetic factors influencing
susceptibility (Mignot, 1998). Narcolepsy is associated with
certain human leucocyte antigen (HLA-) subtypes, with
over 90% of patients being positive for HLA-DQB1*0602
(Lin et al., 2001). This strong HLA association has led to the
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hypothesis that narcolepsy is an autoimmune disorder, but
direct evidence for this theory is lacking as of yet.

Recent studies pinpointed alterations in hypothalamic
hypocretin (orexin)-mediated neurotransmission as the
primary cause of narcolepsy: more than 90% of human
patients lack the neuropeptide hypocretin-1 in their cere-
brospinal fluid (CSF) (Nishino et al., 2000). Post-mortem
studies showed that hypothalamic neurons staining for
hypocretin were virtually absent in narcoleptics, probably
due to a degenerative process (Peyron et al.,, 2000;
Thannickal et al., 2000, 2003; Crocker et al., 2005; Blouin
et al., 2005).

It is possible that an autoimmune process destroying
hypocretin-producing neurons ultimately causes the hypo-
cretin deficiency in human narcolepsy. In this study, we
sought evidence for this hypothesis and screened serum and
CSF of a large cohort of narcoleptic patients for circulating
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antibodies against lateral hypothalamic neurons using
immunohistochemistry.

2. Methods
2.1. Subjects and sample collection

We included, after informed consent, 76 narcoleptic
patients (45 males) with an average age of 45.6 £ 15.6years.
The average duration of illness was 23.6+10.6years. The
diagnosis of narcolepsy was made on clinical grounds
combined with Multiple Sleep Latency Testing. Clear-cut
cataplexy was present in 67 patients (88%). In 54 patients,
CSF was available so hypocretin-1 levels could be measured
as previously described (Ripley et al.,, 2001): 46 had
undetectable levels. From 59 patients, HLA typing was
known and 55 were DQB1*0602 positive. In addition, sera
of 63 control subjects without any medical condition were
used (33 males, age 32.8 £ 16.3 years). After collection, both
CSF and serum was aliquoted and immediately stored at
—70°C.

2.2. Brain tissue

Immunohistochemistry was performed on sections of
encoded human hypothalamus, obtained from the Nether-
lands Brain Bank and from the department of pathology of
the Leiden University Medical Center [three male subjects
who died of non-neurological disease, age 63 (post-mortem
delay [PMD] 1.7h), age 37 (PMD 5h) and age 48 (PMD
19h), respectively]. Hypothalami were freshly dissected,
fixed in buffered formalin for 60—70days, paraffin-embed-
ded and serially sectioned at 6 um. In the study, we used the
sections from the expected hypocretin area, from the level
where the fornix touches the paraventricular nucleus to the
level where the fornix reaches the corpora mammillaria.

2.3. Screening immunohistochemistry

After deparaffinization and rehydration, endogenous
peroxidase activity was blocked in methanol-0.3% H,0,
for 20min. Sections were pre-incubated in Tris-buffered
saline (TBS)—10% normal goat serum for half an hour and
then incubated with patient or control serum at a dilution of
1:400 in supermix (0.05M Tris, 0.15M NaCl, 0.25% gelatin,
0.5% Triton X-100, pH 7.6) overnight at room temperature
(RT). Subsequently, sections were incubated with biotiny-
lated goat—anti-human-IgG (GaH, Vector Laboratories,
USA) 1:2000 in supermix for 1h at RT and labeled with
ABC-Elite kit (Vector) in supermix for 30min at RT, stained
with 3,3‘diaminobenzidine as chromogen and counter-
stained with Harris hematoxylin. In ambiguous cases, sera
were tested again in different concentrations (1:200, 1:400,
1:800). CSF samples were tested according to the same
protocol, except that they were used undiluted.

Of every 25 subsequent hypothalamic sections, one was
stained with rabbit—anti-hypocretin-1 (Phoenix Pharmaceut-
icals, Belmont, CA) 1:5000 to identify the area of interest.
Slides incubated only with supermix served as negative
control.

2.4. Double-staining with serum and anti-hypocretin-1

Serum staining was done as described above, with the
following additions. Staining was intensified by proteinase
K treatment (Goldstone et al., 2002) and a 48-h incubation
in patient serum. The reaction was visualized using AEC (3-
amino-9-ethylcarbazole) solution (5mg/ml, Vector) for
20min. Subsequently, sections were stained with rabbit—
anti-hypocretin-1 (1:1250 in supermix), alkaline phospha-
tase-conjugated donkey—anti-rabbit-IgG (Vector) 1:50 in
supermix for 1h and fast blue solution (Sigma Chemicals,
Zwijndrecht, Holland) 2mg/ml in Tris—HCI for Smin.

2.5. Enzyme-linked immunoadsorbent assay (ELISA)

ELISA was setup according to standard protocols
(Verschuuren et al., 1991). In short, microtiter plates were
coated with 1pg hypocretin-1 or -2 per well and incubated
with 100l of patient or control serum (diluted 1:500) or
undiluted CSF, for 60min at 37°C. Peroxidase-conjugated
rabbit—anti-human-IgG (Dako, Glostrup, Denmark) 1:4000
was used as the second step and binding visualized with
3,3]5,5 tetramethylbenzidine—0.1 mg/ml DMSO in 0.1M
Na-acetate—0.1% H,0,. Wells coated with 25ng/ml of
human immunoglobulin served as positive control. As a
positive control for the hypocretin coating, two wells were
primarily stained using rabbit—anti-hypocretin-1 or -2 at
1:4000 and secondly with peroxidase-conjugated swine—
anti-rabbit-IgG 1:500. Staining intensity was quantified
using spectrophotometry at 450nm, with a positive cut-off
value set at an absorbance of 1000 A.

3. Results
3.1. Hypocretin staining

Hypocretin-1 positive neurons were found in all hypo-
thalamic sections used (see Fig. 1E for a representative
section). Hypocretin-1 positive cell bodies were mainly
located in the perifornical area of the lateral hypothalamus,
as expected (Fig. 1E and G). Fibers from hypocretin
neurons, characterized by multiple bead-like varicosities,
were found throughout the preoptic, anterior and tuberal
hypothalamus (Fig. 1E, insert).

3.2. Screening immunohistochemistry

From the 76 patient sera, we found two that consistently
stained neurons in the lateral and tuberal hypothalamus.
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Fig. 1. Adjacent sections from the lateral hypothalamus, stained with positive sera from two patients (A, B), two controls (C, D) and anti-hypocretin-1 (E).
Magnifications of representative neurons are shown in the top left corners. (G) Sketch, overdrawn from the adjacent sections, to compare the distribution of
stained cells and to indicate the relative number of neurons stained in the lateral hypothalamus (hypocretin neurons [red stars], patient 1 [blue filled squares],
patient 2 [open squares], control 1 [open circles], control 2 [black filled circles]). (F) Three parts from sections double-stained with anti-hypocretin-1 (blue) and
serum of patient 1 (red). Note that no cell bodies are double-stained. There are multiple bouton-like structures staining red, in close proximity of hypocretin cell
bodies, suggesting nerve endings (Li et al., 2002). Scale bars: (A—E) 200pum, (F) 50pum, (G) 1000pum. Abbreviations: F=fornix, 3V=third ventricle.

However, we also found two control subjects with similar
immunoreactivity. Both patients had clear-cut cataplexy and
had no detectable hypocretin-1 levels in the CSF. See Fig.
1A—D for adjacent sections of the hypocretin area stained
with these sera. Patient 1 was HLA-DQB1*0602 positive
and had a duration of illness of over 7years. Serum of this

patient stained a small number of neurons, closely surround-
ing the fornix (Fig. 1A and F). Furthermore, multiple
neuronal fibers were visible, including ones with boutons
closely resembling those of hypocretin neurons (Fig. 1A and
E). CSF tested also positive, although the staining pattern
with CSF was much weaker. In contrast, patient 2 did not
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have the HLA-DQB1*0602 genotype. Moreover, the stain-
ing pattern of this patient closely resembled those of the two
control subjects with a high number of cells in a relatively
large area of the lateral and tuberal hypothalamus (Fig. 1B—
D and F). None of these sera stained neuronal fibers
resembling those of hypocretin neurons, although the
distribution of positive neurons virtually overlapped with
the hypocretin field (Fig. 1G).

3.3. Double-staining experiment

We further characterized the staining patterns by double-
labeling hypothalamic sections with serum and anti-hypo-
cretin. We found no neurons double-staining both with
serum and anti-hypocretin-1 or -2. However, using serum
from patient 1, we found several hypocretin-positive cell
bodies surrounded by axons and bouton-like structures
stained with patient serum (Fig. 1F).

3.4. Enzyme-linked immunoadsorbent assay

None of the sera and CSF samples tested positive in the
ELISA assay, using hypocretin-1 or -2.

4. Discussion

In 2000, it was shown for the first time that human
narcolepsy is caused by defects in hypothalamic hypocretin
neurotransmission, most likely through a specific degener-
ation of hypocretin-producing neurons (Peyron et al., 2000;
Thannickal et al., 2000; Crocker et al., 2005; Blouin et al.,
2005). Particularly, the strong HLA association gave rise to
the current hypothesis that narcolepsy is an autoimmune
disorder. However, general markers of immune activation in
the nervous system have not been found (Lin et al., 2001)
and several studies screening for previously described
neuronal antibodies were negative (Rubin et al., 1988;
Black et al., 2002; Overeem et al., 2003). Smith et al. (2004)
reported that narcoleptics may harbour IgG interfering with
peripheral cholinergic transmission when injected in rats,
but the link to the pathophysiology of narcolepsy remains
unclear and the results have not been confirmed.

Recently, the first study specifically looking for anti-
bodies against the hypocretin peptides and some of their
cleavage products was performed, with negative results
(Black et al., 2005b,c). However, it certainly is possible that
circulating autoantibodies recognize other components of
hypocretin-producing neurons. In a first screening study
using a pooled ELISA approach, Black et al. (2005a) found
that CSF from narcoleptic subjects showed immunoreactiv-
ity to rat hypothalamic protein extract on a group level. Our
current study is the first to use immunohistochemistry on
human hypothalamic material as a screening method.
Furthermore, it is the largest antibody screening to date.
Our results confirm earlier studies showing that there are no

specific antibody responses in narcolepsy to hypocretin-1 or
-2, or other components of hypocretin neurons, at least not in
the clinical stage of narcolepsy. We found two patients with
serum containing antibodies recognizing parts of hypotha-
lamic neurons, but this was a non-specific finding, as these
were present in the same number of control subjects. The
HLA positive patient turning up in our screen may still be of
interest however. The pattern of immunoreactivity was
clearly different from the other positive subjects. Further-
more, although double-labeling experiments showed that the
neurons did not contain hypocretin themselves, some
showed nerve endings projecting onto hypocretin-producing
cells. It is tantalizing to hypothesize that pathogenic
autoantibodies staining bouton-like structures recognize a
possible synaps between nerve endings and hypocretin
positive cells, implying that these antibodies might bind
extracellular parts of synaptic proteins. Attractive candidates
target cells are the recently described glutaminergic inter-
neurons in the lateral hypothalamus that project directly to
hypocretin cells to regulate their activity (Li et al., 2002).
Future experiments may shed more light on this.

Our study has some technical limitations. For example, it
may be possible that the hypothalamic sections we used here
(from three normal brains) lacked key antigens involved in
narcolepsy. Furthermore, we used paraffin-embedded tissue,
which may have altered the sensitivity of immunostaining.
Finally, after the first few months of years, the symptoms of
narcolepsy typically remain stable. Thus, it may be possible
that patients only produce autoantibodies around disease
onset.

In conclusion, we found no disease-specific increase in
the presence of autoantibodies against lateral hypothalamic
neurons. Other screening studies using different methodol-
ogies yielded similar results. It therefore is very important
to keep an open mind to mechanisms other than autoim-
munity explaining the hypocretin deficiency in human
narcolepsy.

Acknowledgments

This study was supported by a grant from the Hersen-
stichting Nederland to G.J. Lammers (project number 9F01-
(2)35). S. Overeem is supported by a Veni grant from the
Netherlands Organisation for Scientific Research (grant no.
916.56.103). We thank P.H. de Meijer, A.J. Fogteloo and P.
Kok for providing control serum samples, B.R. Roep en E.
de Heer for stimulating discussions, A.M. van der Wal for
technical assistance with the ELISA, and J.J. van Heer-
ikhuize for assistance with slide photography.

References

Black, J.L., Krahn, L.E., Pankratz, V.S., Michael, S., 2002. Search for
neuron-specific and nonneuron-specific antibodies in narcoleptic
patients with and without HLA DQB1¥0602. Sleep 25, 719-723.



S. Overeem et al. / Journal of Neuroimmunology 174 (2006) 187—191 191

Black 111, J.L., Avula, R.K., Walker, D.L., et al., 2005a. HLA DQB1*0602
positive narcoleptic subjects with cataplexy have CSF 1gG reactive to
rat hypothalamic protein extract. Sleep 28, 1191—-1192.

Black III, J.L., Silber, M.H., Krahn, L.E., et al., 2005b. Studies of
humoral immunity to preprohypocretin in human leukocyte antigen
DQBI1*0602-positive narcoleptic subjects with cataplexy. Biol. Psy-
chiatry 58, 504—-509

Black III, J.L., Silber, M.H., Krahn, L.E., et al., 2005c. Analysis of
hypocretin (orexin) antibodies in patients with narcolepsy. Sleep 28,
427-431.

Blouin, A.M., Thannickal, T.C., Worley, P.F., Baraban, J.M., Reti, LM.,
Siegel, J.M., 2005. Narp immunostaining of human hypocretin (orexin)
neurons: loss in narcolepsy. Neurology 65, 1189—1192.

Crocker, A., Espana, R.A., Papadopoulou, M., et al., 2005. Concomitant
loss of dynorphin, NARP, and orexin in narcolepsy. Neurology 65,
1184-1188.

Goldstone, A.P., Unmehopa, U.A., Bloom, S.R., Swaab, D.F., 2002.
Hypothalamic NPY and Agouti-related protein are increased in human
illness but not in Prader-Willi syndrome and other obese subjects.
J. Clin. Endocrinol. Metab. 87, 927—-937.

Li, Y., Gao, X.B., Sakurai, T., van den Pol, A.N., 2002. Hypocretin/orexin
excites hypocretin neurons via a local glutamate neuron—a potential
mechanism for orchestrating the hypothalamic arousal system. Neuron
36, 1169-1181.

Lin, L., Hungs, M., Mignot, E., 2001. Narcolepsy and the HLA region.
J. Neuroimmunol. 117, 9-20.

Mignot, E., 1998. Genetic and familial aspects of narcolepsy. Neurology 50,
S16-S22.

Nishino, S., Ripley, B., Overeem, S., Lammers, G.J., Mignot, E., 2000.
Hypocretin (orexin) deficiency in human narcolepsy. Lancet 355,
39-40.

Overeem, S., Mignot, E., van Dijk, J.G., Lammers, G.J., 2001. Narcolepsy:
clinical features, new pathophysiologic insights, and future perspec-
tives. J. Clin. Neurophysiol. 18, 78—105.

Overeem, S., Geleijns, K., Garssen, M.P., Jacobs, B.C., Van Doorn, P.A.,
Lammers, G.J., 2003. Screening for anti-ganglioside antibodies in
hypocretin-deficient human narcolepsy. Neurosci. Lett. 341, 13—16.

Peyron, C., Faraco, J., Rogers, W., et al., 2000. A mutation in a case of early
onset narcolepsy and a generalized absence of hypocretin peptides in
human narcoleptic brains. Nat. Med. 6, 991-997.

Ripley, B., Fujiki, N., Okura, M., Mignot, E., Nishino, S., 2001. Hypocretin
levels in sporadic and familial cases of canine narcolepsy. Neurobiol.
Dis. 8, 525-534.

Rubin, R.L., Hajdukovich, R.M., Mitler, M.M., 1988. HLA-DR2 associa-
tion with excessive somnolence in narcolepsy does not generalize to
sleep apnea and is not accompanied by systemic autoimmune
abnormalities. Clin. Immunol. Immunopathol. 49, 149—-158.

Scammell, T.E., 2003. The neurobiology, diagnosis, and treatment of
narcolepsy. Ann. Neurol. 53, 154—-166.

Smith, A.J., Jackson, M.W., Neufing, P., McEvoy, R.D., Gordon, T.P., 2004.
A functional autoantibody in narcolepsy. Lancet 364, 2122-2124.

Thannickal, T.C., Moore, R.Y., Nienhuis, R., et al., 2000. Reduced number
of hypocretin neurons in human narcolepsy. Neuron 27, 469-474.

Thannickal, T.C., Siegel, J.M., Nienhuis, R., Moore, R.Y., 2003. Pattern of
hypocretin (orexin) soma and axon loss, and gliosis, in human
narcolepsy. Brain Pathol. 13, 340—-351.

Verschuuren, J.J., Graus, Y.M., Tzartos, S.J., van, B.V., De Baets, M.H.,
1991. Paratope- and framework-related cross-reactive idiotopes on anti-
acetylcholine receptor antibodies. J. Immunol. 146, 941—948.



	Immunohistochemical screening for autoantibodies against lateral hypothalamic neurons in human narcolepsy
	Introduction
	Methods
	Subjects and sample collection
	Brain tissue
	Screening immunohistochemistry
	Double-staining with serum and anti-hypocretin-1
	Enzyme-linked immunoadsorbent assay (ELISA)

	Results
	Hypocretin staining
	Screening immunohistochemistry
	Double-staining experiment
	Enzyme-linked immunoadsorbent assay

	Discussion
	Acknowledgments
	References


