Downloaded from genome.cshlip.org on June 21, 2026 . Published by Cold Spring Harbor Laboratory Press

Identification and Functional Analysis of Mutations in the
Hypocretin (Orexin) Genes of Narcoleptic Canines

Marcel Hungs, Jun Fan, Ling Lin, et al.

Genome Res. 2001 11: 531-539
Access the most recent version at doi:10.1101/gr.161001

License

Email Alerting  Receive free email alerts when new articles cite this article - sign up in the box at the
Service top right corner of the article or click here.

CRISPR and RNAI Genetic Screening. | LEARN
Your new superpower. MORE CELLECTA

To subscribe to Genome Research go to:
https://genome.cshlp.org/subscriptions

Cold Spring Harbor Laboratory Press


http://genome.cshlp.org/lookup/doi/10.1101/gr.161001
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.161001&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.161001.full.pdf
http://genome.cshlp.org/cgi/adclick/?ad=58174&adclick=true&url=https%3A%2F%2Fcellecta.net%2Ffxlscreen-genres-2301-468x68
https://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 21, 2026 . Published by Cold Spring Harbor Laboratory Press

Research

Identification and Functional Analysis
of Mutations in the Hypocretin (Orexin)
Genes of Narcoleptic Canines

Marcel Hungs,'? Jun Fan,?? Ling Lin," Xiaoyan Lin," Richard A. Maki,? and
Emmanuel Mignot'*

!Stanford Center for Narcolepsy, Stanford University Medical Center, Department of Psychiatry and Behavioral Sciences, Palo
Alto, California 94304-5485, USA; 2Neurocrine Biosciences, San Diego, California 92121, USA

Narcolepsy is a sleep disorder affecting animals and humans. Exon skipping mutations of the
Hypocretin/Orexin-receptor-2 (Hcrtr2) gene were identified as the cause of narcolepsy in Dobermans and
Labradors. Preprohypocretin (Hcrt) knockout mice have symptoms similar to human and canine narcolepsy. In
this study, 1l sporadic cases of canine narcolepsy and two additional multiplex families were investigated for
possible Hcrt and Hcrtr2 mutations. Sporadic cases have been shown to have more variable disease onset,
increased disease severity, and undetectable Hypocretin-l levels in cerebrospinal fluid. The canine Hcrt locus was
isolated and characterized for this project. Only one novel mutation was identified in these two loci. This
alteration results in a single amino acid substitution (E54K) in the N-terminal region of the Hcrtr2 receptor and
autosomal recessive transmission in a Dachshund family. Functional analysis of previously-described
exon-skipping mutations and of the E54K substitution were also performed using HEK-293 cell lines transfected
with wild-type and mutated constructs. Results indicate a truncated Hcrtr2 protein, an absence of proper
membrane localization, and undetectable binding and signal transduction for exon-skipping mutated constructs.
In contrast, the E54K abnormality was associated with proper membrane localization, loss of ligand binding, and
dramatically diminished calcium mobilization on activation of the receptor. These results are consistent with a
loss of function for all three mutations. The absence of mutation in sporadic cases also indicates genetic

heterogeneity in canine narcolepsy, as reported previously in humans.

Narcolepsy is a neurological sleep disorder affecting
humans and animals (Baker et al. 1982; Mignot et al.
1992; Aldrich 1998). It is characterized by excessive
daytime sleepiness and symptoms of abnormal rapid-
eye-movement (REM) sleep (cataplexy, hypnagogic
hallucinations, and sleep paralysis). Cataplexy is a sud-
den loss of muscle tone triggered by emotions that
share some physiological similarities with REM sleep
atonia. This symptom is the most valuable clinical fea-
ture used to diagnose narcolepsy in humans and ani-
mals (Nishino and Mignot 1997; Anic-Labat et al.
1999).

Canine and human narcolepsy are strikingly simi-
lar at the clinical and genetic epidemiological level.
Most cases of human and canine narcolepsy are spo-
radic in nature (Baker et al. 1982; Mignot et al. 1992;
Mignot 1998). Familial clustering suggestive of highly
penetrant narcolepsy genes is observed occasionally in
both human and canines. Human narcolepsy is tightly
associated with HLA-DQB1*0602 and has been sug-
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gested to be autoimmune in nature (Mignot et al. 1995,
2001). In contrast, canine narcolepsy is not associated
with specific dog leukocyte antigen (DLA) -DQ alleles
(Wagner et al. 2000), but the involvement of other
major histocompatibility complex (MHC) loci remains
to be investigated.

Recent studies have implicated Hypocretin (also
called Orexin) abnormalities in both human and ca-
nine narcolepsy (Lin et al. 1999; Nishino et al. 2000;
Peyron et al. 2000; Thannickal et al. 2000; Ripley et al.
2001). In Dobermans and Labradors, familial canine
narcolepsy is caused by exon-skipping mutations of
the Hcrtr2 (Lin et al. 1999). Sporadic human narco-
lepsy-cataplexy is associated with dramatically de-
creased Hcrt transcript and peptides in brain and CSF
(Nishino et al. 2000; Peyron et al. 2000; Thannickal et
al. 2000). This result parallels recent findings indicat-
ing undetectable CSF Hcrt-1 levels in two sporadic ca-
nine narcolepsy cases but not in Hcrtr2-mutated ca-
nines (Nishino et al. 2000; Ripley et al. 2001).

The majority of familial and sporadic cases of hu-
man narcolepsy lack Hcrt system gene mutations. In a
recent study including 74 patients of various HLA and
family history status, only one mutation was observed
in the signal peptide of the Hcrt locus in a child with
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early onset and severe narcolepsy-cataplexy (Peyron et
al. 2000). Mutations in the two Hypocretin receptor
genes, Hcrtrl and Hcrtr2, were not observed. In this
study, we characterized the dog Hcrt locus and se-
quenced the Hert and Hertr2 loci in sporadic and famil-
ial cases of dog narcolepsy to identify potential muta-
tions.

RESULTS

Isolation and Characterization of the Canine Hcrt

and Hcrtr2 Loci

A total of 16 bacterial artificial chromosome (BAC)
clones covering the Hcrtr2 locus and its immediate vi-
cinity were isolated (Fig. 1A). Seven canine Hcrt-
positive BAC clones covering ~200 kb (Fig. 1B) were
isolated by library screening as described in the Meth-
ods section. The canine Hcrtr2 locus has been previ-
ously described (Lin et al. 1999), but approximate exon
locations are now reported (Fig. 1A). A sequence of
1961 bp encompassing the newly isolated canine Hcrt
gene including exon 1, exon 2, intron, and flanking
sequences has been submitted to GenBank (accession
no. AF285110). The locus is organized similarly to the
human locus (Sakurai et al. 1998). Exon 2 encompasses
the full sequence of both the Hcrt-1 and Hcrt-2 pep-
tides. The predicted mature amino acid sequence of
canine Hcrt-1 is identical to human, rat, pig ,and
mouse sequences, while canine Hcrt-2 differs from the
human sequence by one amino acid (S71P; Fig. 2). We
also isolated and mapped three novel microsatellite
polymorphic markers in the vicinity of Hert.

Mutation Screening of Hcrt and Hecrtr2

in Canine Narcolepsy

The seven exons of Hcrtr2 and two exons of Hcrt were
screened by sequencing PCR products encompassing
the exons and a minimum of 50 bp of flanking se-
quence on both sides. Seven Hcrtr2 and three Hcrt poly-
morphisms were observed in 17 narcoleptic dogs, 28
unrelated controls, and 15 related asymptomatic dogs.
All polymorphisms but one were benign, being ob-
served in both asymptomatic and narcoleptic animals.
Most of these polymorphisms were common in con-
trols and unrelated narcoleptic animals across several
breeds. Allele frequencies in unrelated control Poodles
(10 animals, P), Dachshunds (9, Da), Dobermans (7,
Do), and Labradors (2, L) were Hcrtr2 Exon 1 26G — C
(P: 0.50, Da: 0.33, Do: 0.78, L: 0.75); Hcrtr2 Exon 1
202TCG — deletion (P: 0.50, Da: 0.17, Do: 0.71, L:
0.00); Hcrtr2 Exon 2 15T — C (P: 0.50, Da: 0.89, Do:
0.36, L: 0.00); Hcrtr2 Exon 2 111A — G (P: 0.50, Da:
0.12, Do: 0.57, L: 1.00); Hcrtr2 Exon 5 +61C —» T (P:
1.00, Da: 0.89, Do: 1.00, L: 0.50); Hcrtr2 Exon 6
—64A —» G (P: 0.55, Da: 0.39, Do: 0.71, L: 0.75); Hcrt
Exon 2 57G — T (P: 0.00, Da: 0.00, Do: 0.00, L: 0.25).
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Figure 1 Canine BAC clone contigs encompassing the Hcrtr2
locus (A) and Hcrt (B). Approximate exon locations are indicated
by dark boxes with associated exon numbers. Sequence tag sites
(STS) for which locations were not strictly constrained were
spaced at roughly equidistant intervals between constrained
markers. Polymorphic microsatellite markers are indicated with
dotted lines. Note the large distance between exons 1 and 2 as
well as between exons 4 and 5. The crossover reported in Figure
3 occurred between 6-28-2 and exon 5.

Two Hcrt polymorphisms were observed only in the
multiplex family of poodles (Hcrt exon 1 —75 C — A;
Hcrt exon 2 +67 G — A; A30T [Alanine — Threonine])
and were found not to segregate with disease suscepti-
bility.

A Novel Hcrtr2 Mutation Causing Autosomal
Recessive Narcolepsy in a Dachshund Pedigree

A highly penetrant Hcrtr2 mutation was observed in a
Dachshund family. This mutation of Exon 1
(461G — A) results in a Glutamic acid (E) to Lysine (K)
change at position 54 of the Hertr2 protein (E54K). The
mutation is located at the level of the last amino acid
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Figure 2 Deduced amino acid sequence of the canine preprohypocretin peptide and mature Hert-1 and Hcrt-2 peptides (black boxes).
Sequences for other known species (human, rat, pig, and mouse) are indicated for comparative purposes. Variable residues are marked
in black-underlined letters. Please note that while Hcrt-1 is identical in all species, canine and pig Hcrt-2 are identical but Hcrt-2 differs

in other species.

of the N-terminal region of the receptor, immediately
preceding the first transmembrane domain of the re-
ceptor. All three narcoleptic dogs born in the litter are
homozygous for the substitution. The DNA change was
not found in any other sporadic or familial narcoleptic
canine or in healthy control dogs (144 chromosomes).

Segregation Studies in Familial Narcolepsy

All available Hcrtr2 and Hcrt microsatellite markers and
single-nucleotide polymorphisms were used to exam-
ine cosegregation with narcolepsy in multiplex family
pedigrees. Results for Hertr2 and familial Doberman

and Labrador narcolepsy have been reported previ-
ously (Lin et al. 1999). Of special interest was the ob-
servation of a crossover in the disease locus (Hcrtr2) in
a member of the Dachshund family (Fritz; Fig. 3). The
detailed mapping of the Hcrtr2 gene revealed that this
crossover occurred between 6-28-2 and exon 5 (Fig.
1A). Interestingly, narcolepsy in the Poodle pedigree
did not cosegregate with Hcrtr2 or Hert markers (data
not shown), indicating that another locus is most
likely implicated. The exon 2 A30T amino acid substi-
tution observed only in the Poodle family was a benign
polymorphism located in the signal peptide region of
Hcrt, with the unaffected father being homozygous for
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Figure 3 Mapping of an informative Hcrtr2 gene crossover observed in a litter of Dachshund with a recessive Hcrtr2 mutation causing
narcolepsy. Six microsatellite markers located in the vicinity of Hcrtr2 were used (Lin et al. 1999, and Fig. 1A). Alleles are arbitrarily
numbered by size and displayed in parenthesis. Five sequenced variants (four single nucleotides polymorphisms and a 3-bp deletion in
exon 1) described in the Results section were also used. Note that the informative crossover occurred between marker 6-28-2 and exon
5 (Fig. 1A). The disease-causing mutation is the third polymorphism indicated in bold (exon 1, G/A).
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the substitution and all the offspring, whether affected
or not, being heterozygous for this change. This hy-
drophobic to neutral substitution is located in a vari-
able region of the signal peptide across species (Fig. 2).

Functional Analysis of the Mutated Hcrtr2 Receptors
The functional effects of the two previously described
exon-skipping Hcrtr2 mutations (Labradors and Dober-
mans) and of E54K were examined using Western blot
analysis, expression of GFP tagged receptors, radiore-
ceptor binding, and calcium flux studies in human em-
bryonic kidney (HEK) 293 cells. Western blot analysis
of mutated and wild-type expressed proteins indicated
truncated Hcrtr2 in mutated Dobermans (55 kD) and
Labradors (65 kD) but not in wild-type or E54K mu-
tated proteins (78 kD; data not shown). These results
are in agreement with a predicted frame shift for these
two corresponding exon-skipping mutations (Lin et al.
1999). In-frame GFP tags were added to the cDNA se-
quence of wild-type and mutant alleles to examine cel-
lular localization in HEK-293 (see Methods). Fluores-

A
C

cence microscopy indicated that wild-type and ES4K-
substituted Hcrtr2 receptors were mostly expressed on
the cell membrane, lining the shape of the cells (Fig.
4A,B). In contrast, exon-skipping mutated Hcrtr2 pro-
teins were predominantly located intracytoplasmi-
cally, staining HEK cells (Fig. 4C,D) similar to control
cells in which the GFP constructs were expressed (data
not shown).

Radioreceptor binding studies were also performed
in all Hcrtr2-transfected cells (with and without GFP
tags), using ['2°I] Hcrt-1. Saturation studies in wild-
type receptors indicated a Kd of 0.9 nM for Hcrt-1.
Further studies indicated no specific binding for all
mutated receptors, even in ES4K Hcrtr2-transfected
cells known to express the receptor on its surface (Fig.
5). Lack of specific binding was demonstrated for this
mutation even at saturating levels of radiolabeled li-
gand (4 nM). We also evaluated functional effects of
the transfected receptor by measuring Ca®* influx in
response to Hert-1 and Hert-2 application (0.25 nM-1
uM). Calcium response to Hert-1 in wild-type receptors
is shown in Figure 6. As expected, no response was

B
D

Figure 4 Localization of GFP-tagged mutated Hcrtr2 constructs in HEK-293 cells. Wild-type (A) and E54K (B) mutated constructs are
expressed in the membrane, lining the surface of the cells. Truncated Hcrtr2 receptors of Doberman (C) and Labrador (D) mutants are

cytoplasmically located.
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Figure 5 Radioreceptor-binding studies of wild-type (square
symbol) and E54K (round symbol) mutated receptors using ['%°1]
Hcrt-1. HEK-293 cells transfected with wild-type and mutated
Hcrtr2 constructs with and without GFP were used (for technical
details, see text). Note that wild -type receptors express saturable
binding with an approximate Kd of 0.9 nM, while E54K does not
bind the ligand at concentrations up to 4 nM. Data obtained with
other mutated constructs are not shown, but the cells do not
display any specific binding.

observed in cell lines transfected with the truncated
Hcrtr2 mutated proteins of narcoleptic Dobermans and
Labradors, even when up to 1 pM of Hcrt-1 and Hert-2
were added (data not shown). The response of the sub-
stituted E54K Hcrtr2 receptor was more intriguing. A
1000-fold reduced response was observed, with a 1-uM
concentration of Hert-1 weakly activating Calcium in-
flux at levels similar to 0.25 nM in wild-type receptors
(Fig. 6). Results were identical whether or not the con-
structs were associated with a C-terminal GFP tag (data
not shown).

DISCUSSION

In this study, we systematically screened the Hcrt and
Hcrtr2 loci in sporadic and familial cases of canine nar-
colepsy and identified only a single novel point muta-
tion in the Hcrtr2 gene in a narcoleptic Dachshund
multiplex family. The mutation, a 461G — A substitu-
tion in exon 1, causes an amino acid change from Glu-
tamic acid to Lysine (E54K) in the N-terminal part of
the G-protein coupled receptor (GPCR). Functional
analysis studies were performed for E54K and two pre-
viously-identified exon-skipping mutations. Results in-
dicate a loss of function consistent with autosomal re-
cessive transmission in these pedigrees and in vitro
mutation data reported for other GPCR systems (No-
votny et al. 1994; van Eyll et al. 1996; Pearce et al.
1996). Many naturally-occurring activating and deac-
tivating mutations have been identified in various
GPCR in a number of diseases (Spiegel 1998).
Functional studies in two exon-skipping muta-
tions reported previosly in Labradors and Dobermans
indicate a truncated receptor protein that is not even

localized on the cytoplasmic membrane. The location
of the skipping mutation predicts a 247 and a 330
amino acid protein in narcoleptic Dobermans and
Labradors (as opposed to 444 for the wild type protein).
Whereas the Doberman mutation is associated with a
protein carrying only four of seven transmembrane do-
mains and thus was rather unlikely to localize on the
cell surface, the Labrador mutation is only truncated
past the sixth transmembrane domain and could theo-
retically be normally translocated to the cell surface.
Previous studies using other GPCR receptors have
shown that truncated receptors may or may not be
localized to the membrane or even bind their respec-
tive ligand (Schoneberg et al. 1995; Ho and MacKenzie
1999; Ling et al. 1999). The lack of membrane localiza-
tion for the two Hcertr2 mutants suggest that undeter-
mined sequences in the last extracellular loop, the sev-
enth transmembrane domain, and the C-terminal re-
gion of Hcrtr2 are necessary for proper cellular
transport of the receptor.

Functional analysis of the E54K N-terminal substi-
tution was more intriguing. The mutated receptor lo-
calizes to the membrane but does not bind Hypocretin
at physiological concentrations (up to 4 nM). Interest-
ingly, however, Ca** mobilization studies indicate that
the receptor may still be activated by abnormally high
ligand concentrations (>1 uM) suggesting a very re-
duced but not absent affinity for Hcrt-1. This result
parallels in vitro functional studies reported for similar
mutations in other GPCR receptors. The N-terminal
extracellular domain of GPCRs is critically important
for agonist binding and resulting receptor activation
(Couvineau et al. 1995; van Eyll et al. 1996; de Lucca et
al. 1997). Single amino acid substitutions in the N-
terminal region of the Glucagon-like peptide 1 receptor
and/or human vasoactive intestinal peptide 1 receptors
impair ligand binding and cAMP intracellular activa-
tion (van Eyll et al. 1996; Gaudin et al. 1998). Other
N-terminal substitutions can produce constitutive re-
ceptor activation, dominant diseases, and gain of func-
tion, for example, in sporadic hypoparathyroidism (de
Lucca et al. 1997). Of importance is the fact that our
substitution replaces a negatively charged Glutamic
acid with a positively charged Lysine. The E54 residue
is present for both Hertrl and Hertr2 receptors in dogs,
humans, pigs, and rats, suggesting a functionally im-
portant residue for Hypocretin binding (Sakurai et al.
1998; Lin et al. 1999). Changes in the charge distribu-
tion of the ligand-binding site of the N-terminal extra-
cellular domain of GPCR often reduce or increase af-
finity of GPCRs for their ligand (Pearce et al. 1996; van
Eyll et al. 1996).

The E54K mutation is the first example of a single
amino acid substitution in the Hcrtr2 gene causing au-
tosomal recessive canine narcolepsy. We conclude that
the E54K and the two exon-skipping mutated Hcrtr2
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large number of familial and sporadic cases
of human narcolepsy were screened for the
Hcrt, Hertrl, and Hcrtr2 loci. Only one
single mutation, a signal peptide alteration
in the Hert locus producing dominant, se-
vere, and early onset narcolepsy-cataplexy,
was observed, indicating genetic heteroge-
neity. No Hcrtr2 mutations were reported
in this study.

The lack of reported receptor muta-
tions in familial human cases contrasts
with the three reported Hcrtr2 mutations
observed in canine narcolepsy. This find-
ing could be explained by canine inbreed-
ing in the face of recessive mutations, spe-
cies-specific differences in mutation rates
among loci, and/or differences in pheno-

type expression between animals and hu-
mans. In this vein, Hcrtr2-receptor-
mutated mice have recently been shown to
exhibit cataplexy and to have disturbed
sleep patterns but may have a less severely

affected phenotype than Hcrt knockout
mice (Chemelli et al. 1999, 2000). This ob-
servation parallels data in canines indicat-
ing that Hcrtr2-mutated familial cases are
generally less affected than are sporadic
cases (Baker et al. 1982), now known to
have undetectable Hcrtr-1 CSF levels (Rip-
ley et al. 2001). In contrast, Hcrtr-1-
receptor knockout mice do not display
cataplexy but have a milder degree of sleep
fragmentation, suggesting a more minor
but possibly significant role for Hertr-1 in
the expression of the narcolepsy pheno-
type (Kisanuki et al. 2000). In this context,
the lack of Hypocretin receptor mutations
in human narcolepsy might also be ex-
plained by a milder phenotype for these
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Figure 6 Ca?' influx after application of Hert-1 using wild type (4) and E54K (B)
receptors (for technical details, see Methods). lonomycin induces similar calcium
influx in control and mutated receptors. Control receptors are activated at a higher
level and by significantly lower Hcrt-1 concentrations (A) than the mutated
E54K receptor. Similar results were obtained with Hcrt-2 (data not shown). Trun-
cated mutants (Labrador and Doberman) did not react to Hcrt stimulation (see

text).

lead to a complete loss of function consistent with au-
tosomal recessive transmission. Interestingly, no other
Hypocretin gene mutations were observed in 11 spo-
radic cases of narcolepsy or in one additional multiplex
family of Poodles. This result parallels data observed in
humans that indicate no hypocretin mutations in
most cases (Peyron et al. 2000). In this recent study, a
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alterations in humans versus other mam-
mals.

The lack of mutations observed in
most human and canine cases does not
necessarily mean that Hypocretin system
plays an insignificant role in most cases of
narcolepsy. Deficient Hcrt neurotransmis-
sion is involved in most sporadic cases,
with undetectable Hcrt-1 CSF levels and a
dramatic loss of Hypocretin mRNA and
peptides reported in human brains and in two sporadic
cases of canine narcolepsy (Nishino et al. 2000; Peyron
et al. 2000; Thannickal et al. 2000; Ripley et al. 2001).
In human narcolepsy, the disorder is HLA-DQ associ-
ated (Mignot et al. 2001), and an autoimmune destruc-
tion of Hypocretin-containing cells has been postu-
lated but not established for these cases. The absence of
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Hcrt mutations in sporadic cases of canine narcolepsy,
together with undetectable CSF levels, may suggest
similar pathophysiological mechanisms in sporadic ca-
nine narcolepsy cases. In contrast to human narco-
lepsy, however, canine narcolepsy is not associated
with DLA-DQ (Wagner et al. 2000). This result could be
explained by a different role of various MHC het-
erodimers in disease susceptibility across animal spe-
cies. Additional neuropathological and genetic screen-
ing studies in human, mouse, and canine narcolepsy
will in time answer these important questions.

METHODS

Canine Patients and Controls

A total of 78 dogs (17 with narcolepsy) were investigated in
this study. All affected dogs had cataplexy (the pathogno-
monic feature of narcolepsy) when emotionally excited with
food or playing. Most cases were initially diagnosed by vet-
erinarians familiar with narcolepsy, and the diagnosis was
confirmed with clinical interviews by one of the authors (E.
M.). Three sporadic cases and most Doberman and Labrador
familial cases were donated to the Center for Narcolepsy and
had their diagnoses verified. Sporadic cases were typically
more severely affected when compared to familial cases, had
undetectable CSF Hypocretin-1 levels when tested (1 = 2; Rip-
ley et al. 2001), and had a later and more variable age of onset,
as previously described (Baker et al. 1982). Familial cases in-
cluded three affected Dachshunds in a multiplex family of six
and three affected Poodles in a family of 13 Poodles. Ten
affected Dobermans and 10 affected Labradors with previ-
ously-reported Hcrtr2 mutations were also investigated. These
dogs have been shown to have normal CSF Hypocretin-1 lev-
els (Nishino et al. 2000). Eleven sporadic cases (seven Poodles,
three Dachshunds, and one Labrador) and 28 healthy dogs
(10 Poodles, nine Dachshunds, seven Labradors, and two Do-
bermans) were also included.

Canine BAC Library Screening

The isolation of the Hcrtr2 loci was previously described in Lin
et al. (1999). Attempts to screen the canine BAC library with
human and rodent Hcrt probes were unsuccessful. Partial ca-
nine cDNA sequences were obtained using degenerate
consensus PCR primers derived from rodent and human
sequences. Total RNA was extracted from the cortex of two
canines, one wild-type and one sporadic narcoleptic Dachs-
hund, using RNeasy Maxi (QIAGEN). mRNA was purified
from total RNA using Oligotex mRNA Midi Kits
(QIAGEN). ¢cDNA was synthesized using SuperScript II RT
Kit (GIBCO BRL) and amplified using preproF:23 (5'CCCT
GAGCKCCAGRCACCATGAA3') and preproR(Sall):18
(5'CGCGTCGACGAGAMWCGTCTTTATTGCC3'). These
primers were designed in the Hcrt gene according to known
human, mouse, and rat cDNA sequences. PCR conditions
were 95°C for 2 min and 35 cycles of 94°C for 1 min, 56°C for
1 min, and 72°C for 1 min and a final extension of 72°C for 5
min. cDNA sequences were analyzed on an ABI PRISM 377
DNA sequencer (Perkin Elmer). Probes designed using canine
cDNA exon 1 and exon 2 sequences were found to be inap-
propriate for library screening. Exon 1 and exon 2 primers
were thus designed to amplify and sequence intronic re-
gions of the Hcrt locus using canine genomic DNA. F1

(S’AGAGCACTATAAACCCCAGACC3'; 5" end of exon 1 Hcrt)
and dppR4 (5’AGTCTTYTGRCGACAGCAGTCG3'; first part
of exon 2 Hcrt) were used to generate a 1079-bp PCR product,
containing exon 1, the intron region between exon 1 and 2
and the first part of exon 2. PCR conditions were one cycle of
95°C (2 min); 10 cycles of 94°C (1 min), 57°C (1 min), 72°C (1
min); followed by 30 cycles of 94°C (1 min), 55°C (1 min),
72°C (1 min); and ending with one cycle of 72°C (5 min). This
fragment was sequenced and used as a probe to screen our
previously described Canine Genomic BAC Library (Li et al.
1999).

Isolation and Testing of Polymorphic Markers

Six previously described polymorphic markers (13-14-2, 5-19-
6, 6-28-6, 6-28-2, 530-5, and 530-3) located in the vicinity of
the canine Hcrtr2 gene were used in this study (Lin et al.
1999). Hcrt dinucleotide microsatellite markers were gener-
ated using Hcrt-positive BAC clones as described in Lin et al.
(1999). Briefly, BAC clones were triple-digested with Dral,
Sspl, and EcoRV, and the fragments were ligated to pBluescript
vector (Stratagene). The resulting transformation was plated
on LB/Agar plates covered with a Duralose-UV membrane
(Stratagene). The membrane was duplicated and hybridized
with [y-*2P] dATP radiolabeled (CA)15, (GAAA)8, (GAAT)S,
and/or (GATA)8 oligonucleotides. Positives clones were cul-
tured, extracted, and sequenced with T3 and T7 primers on an
ABI 377 DNA sequencer. The program Primers (http://www-
genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi) was
used to design flanking primers on all sequence traces con-
taining a repeat sequence >10 compound repeats. Amplifica-
tion and detection of the fragment length polymorphism was
performed as described in Lin et al. (1997).

Hertr2 and Hert Contig Building and Sequencing

Characterization of the canine Hcrtr2 locus was partially de-
scribed in Lin et al. (1999). A similar approach was used to
characterize the canine Hcrt locus. Direct BAC sequencing of
the positive clones was performed to determine end se-
quences and to complete the characterization of exons, in-
tron, and of at least 275-bp flanking boundaries. Sequence tag
sequences (STS) primers were designed to amplify ~200 bp in
the end of each BAC clone. Insert size was determined using
Notl digestion followed by pulsed field gel electrophoresis in
1% agarose with CHEF-DR-II system (Bio-Rad), as described
previously (Li et al. 1999). STS primer amplification, typing of
polymorphic markers, sizing, and hybridization with selected
Hcrt and Hcrtr2 probes were used to organize the contigs for
each respective loci.

Mutation Screening of the Hertr2 and Hert Loci
in Narcoleptic Canines

Primers designed in the flanking 5’ and 3’ intron regions of
Hcrtr2 (seven exons; Lin et al. 1999) and Hcrt (two exons) were
used to amplify and sequence these loci. PCR primers and
conditions are Hcrtr2, exon 1: EXONIF (5’ACCTCTTTGTTT
GCCTCCCAG3’) and EXONIR (5'GTGGGCTTCTGCTCTC
CCTCT3’): 95°C (2 min); 30 cycles of 94°C (1 min), 55°C (1
min), 72°C (1 min); and 72°C (5 min). Hcrtr2 Exon 2: 2INF
(5’AGGGTCCCTTTTATAAAGGCAC3’) and 2INR (5'GT
GATCCTGGAGGCTCAAG ATC3'): 95°C (2 min); 30 cycles of
94°C (1 min), 56°C (1 min), 72°C (1 min); and 72°C (5 min).
Hcrtr2 Exon 3: 3INF (5'GAATCCAATTATCTGTGCAACC3')
and 3INR (5'GCAGAGCTATTCAGTGAAATGG3'): 95°C (2
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min), 30 cycles of 94°C (1 min), 56°C (1 min), 72°C (1 min);
and 72°C (5 min). Hertr2 Exon 4: 4INF (5'ATATTGGGGGAG
GAACAGAAGG3') and 4INR (5'GAAGGCTTGACTGTG
GATAGCC 3'): 95°C (2 min); 30 cycles of 94°C (1 min), 56°C
(1 min), 72°C (1 min); and 72°C (5 min). Hcrtr2 Exon 5: SINF
(5'AAGTATCCAGAACACTGTCCTTCC3’) and EXSHCR-2R
(5'GAAGGCTTGACTGTGGATAGCC3'): 95°C (2 min); 10
cycles of 94°C (1 min), 57°C (1 min), 72°C (1 min); 30 cycles
of 94°C (1 min), 55°C (1 min), 72°C (1 min); and 72°C (5
min). Hertr2 Exon 6: 6INF (5'GACTTCATTTGGCCTTTGATT
TAC3’) and 6INR (5'ACATTTGAAAACTCACCACTG AGA3'):
95°C (2 min); 10 cycles of 94°C (1 min), 57°C (1 min), 72°C (1
min); 30 cycles of 94°C (1 min), 55°C (1 min), 72°C (1 min);
and 72°C (5 min). Hertr2 Exon 6/intron between Exon 6 and
Exon 7/5' end of exon 7: 6EXF (5'GAGACCGTATATGCCTG
GTTTACAT3') and 7EXR (S'TTTTGATACGTTGTCGAA ATT
GCT3'): 95°C for 2 min; S cycles of 94°C (1 min), 58°C (1
min), 72°C (1 min); 30 cycles of 94°C (1 min), 55°C (1 min),
72°C (1 min); and 72°C (5 min). Hcrtr2 Exon 7: 7INF
(5"AAGAGTCTAGCAAGCTTCCCGTAA3') and 7INR
(5'GCAAACAATCTGCAGGTAAGAGAT3'): 95°C (2 min); 30
cycles of 94°C (1 min), 57°C (1 min), 72°C (1 min); and 72°C
(5 min). Hcert Exon 1: Ex1pp01 (S'CTTGGCGGCCAT
TCTTTG3') and EMR2 (5'GGCAGAGACACCTCAGCTT
TCT3’): 95°C (2 min); 30 cycles of 94°C (1 min), 55°C (1 min),
72°C (1 min); and 72°C (5 min). Hert Exon 2:ppdogintronF1
(5'CCAGAAAAGAGGAGTTCACTGC3') and 3'013 (5'GTCTC
CGTACCACGGGGCCTC3'): 95°C (2 min); 10 cycles of 94°C
(1 min), 68.9°C (1 min), 72°C (1 min); 25 cycles of 94°C (1
min), 55°C (1 min), 72°C (1 min); and 72°C (5 min).

PCR products were purified using the Qiaquick Kit
(QIAGEN), amplified using the BigDye sequencing mix (PE
Biosystems), column purified (Edge Biosystems), and se-
quenced in both directions on an ABI PRISM 377 DNA Se-
quencer (Perkin Elmer). Sequence alignments and trace com-
parisons were performed using Sequencher 3.11 (Gene
Codes). cDNA-genomic DNA comparisons were performed us-
ing BLAST (http://www.ncbi.nlm.nih.gov/BLAST/). Polymor-
phism and mutation positions are reported with respect to the
first base pair of each screened exon. Allele frequencies are
reported for each sample of unrelated control animals of each
breed when appropriate.

Control and Mutated Hcrtr2 Constructs

Total RNA was isolated from cerebral cortex of a narcoleptic
Doberman, Doberman wild type, narcoleptic Labrador, and
Labrador wild type, using the RNeasy Mini Kit (QIAGEN).
First-strand cDNA was made with a cDNA synthesis kit (Life
Technologies). To clone the Hypocretin receptors from wild-
type dogs and dogs with narcolepsy, PCR primers were gen-
erated corresponding to the 5’ end of the coding sequence
(5'-aaggttaggatccgagecgga ctcgageccgtgatgtee-3') and the 3’
end of the coding sequence (5'-aaccttaag ctttccctgtcatatgaat
gaatgttcta-3’) of the Hypocretin 2 receptor. PCR amplification
was performed using the following conditions: 95°C (2 min);
35 cycles of 95°C (40 sec), 63°C (40 sec), 72°C (2 min); and
72°C (5 min). The PCR-amplified material was fractionated by
agarose gel electrophoresis, and a fragment of ~1.3 kb was
isolated, amplified, and cloned into the expression vector
PCDNA3.1(—) (Invitrogen). The Hypocretin 2 receptor from a
Dachshund that has narcolepsy was generated by mutating
the wild-type receptor based on the genomic sequence of the
Hypocretin 2 receptor found in Dachshunds with narcolepsy.
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All of the above constructions were confirmed by sequencing
using an Applied Biosystems 377 automated sequencer (Per-
kin Elmer). The three mutated and the wild-type Hcrtr2 con-
structs without a stop codon were also subcloned into pEGFP-
N3 (Clontech), which contains the gene for GFP, and the
subsequent translated protein, which contains a GFP tag at
the C terminus.

Expression of Control and Mutated Alleles
in HEK-293

Stable cell lines expressing dog Hcrtr2 were created by trans-
fecting the constructions into HEK-293 cells using Effectene
(QIAGEN). Cells were cultured in Dulbecco’s modified Eagle’s
medium (GIBCO BRL) supplemented with 10% fetal bovine
serum, 2 mM glutamine, 1 mM pyruvate, 10 mM Hepes, 50 U
penicillin, and 50 pg/mL streptomycin. G418 (200 pg/mL)
was added after 2 d to the media as a selection agent and
cultures grown for 4 wk. GFP-tagged receptor-expressing cell
lines were observed under inverted fluorescence microscopy
(Nikon Eclipse TE300). Fluorescence images were captured
with a Spot Digital Camera (Diagnostic Instruments) with
standard FITC filter sets, using a 20X objective lens and ana-
lyzed by Image Pro Analysis Software (Media Cybernetics).

Radioreceptor-Binding Studies and Measurements
of intracellular Ca?* in Transfected Cell Lines

Receptor binding assays were performed using ['*°I] Hypocre-
tin-1 (NEN) in Dulbecco’s modified medium with 0.1% BSA.
Cold Hypocretin-1 and Hypocretin-2 peptide, (human se-
quence) were synthesized at Neurocrine Biosciences. HEK-293
cells were released using 10 mM EDTA (10 mM) and washed
twice with Dulbecco’s modified medium. In each tube, ap-
proximately one million cells were added to 1 mL of Binding
buffer (Dulbecco’s modified medium containing 0.1% BSA)
and 30 pM of [**I] Hert-1. To determine nonspecific binding
in each case, 1 uM of cold Hcrt-1 was added. For the satura-
tion binding experiment, 5-0.01 nM ['2*I] Hert-1 (with two-
fold series dilution) were added to each tube with 1 upM cold
Hecrt-1 (nonspecific) or without cold Hert-1 (total binding) in
triplicate. The binding mixture was incubated for 40 min at
room temperature. Cells were centrifuged at 3000 rpm for 5
min, and cell pellets were counted for bound ['?°I] Hert-1 in a
v counter (Packard). Binding studies were analyzed using
PRIZM (GraphPad Software).

Calcium release on activation of the Hypocretin recep-
tors expressed in HEK-293 was examined. HEK-293 cells ex-
pressing either the wild-type or mutant Hcrtr2 receptors were
plated onto 60-mm dishes. After the cells grew to confluency,
the cells were washed with Dulbecco’s modified medium con-
taining 10% fetal bovine serum and 3 pM Indo-1 (Molecular
probe) and pluronic acid (0.01%) and incubated at 37°C for 40
min. The cells were then released from the dish by the addi-
tion of 10 mM EDTA, washed twice with PBS, and then sus-
pended in Hanks buffer containing 1 mM MgCl,, S mM Glu-
cose, 20 mM Hepes. The PTI Fluorescence System hardware
and Felix software (PTI) were used to analyze intracellular
Ca”* mobilization in response to various concentrations of
human Hcrt-1 and Hert-2.

Western Blot Analysis of Translated Products

SDS loading buffer containing 100 mM DTT was added to
whole-cell lysis or membranes, and the samples were run on
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an 8%-16% SDS-polyacrylamide gel. Proteins were transferred
onto a PDV membrane, blocked with 5% nonfat milk in TBST,
incubated with anti-GFP anti body (Zymed) and then horse-
radish peroxidase conjugated goat anti-mouse IgG (Fc spe-
cific; Sigma), and detected with ECL system (Amersham Life
Sciences).
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