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Heterozygosity at the canarc-1 Locus Can Confer Susceptibility for
Narcolepsy: Induction of Cataplexy in Heterozygous Asymptomatic
Dogs after Administration of a Combination of Drugs Acting on
Monoaminergic and Cholinergic Systems
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Narcolepsy is a genetically determined disorder of sleep
characterized by excessive daytime sleepiness and abnor-
mal manifestations of REM sleep that affects both humans
and animals. Although its exact pathophysiologic mecha-
nisms remain undetermined, recent experiments have dem-
onstrated that in both humans and canines, susceptibility
genes are linked with immune-related genes. A striking dif-
ference, however, is that the genes thought to be involved
in the human pathology are autosomal dominant, whereas
canine narcolepsy in Dobermans is transmitted as a single
autosomal recessive gene with full penetrance (canarc-1).
In this study, we have examined the development of nar-
coleptic symptoms in homozygous narcoleptic, heterozy-
gous, and control Dobermans. Animals were behaviorally
observed until 5 months of age and then treated at weekly
intervals with cataplexy-inducing compounds that act on
cholinergic or monoaminergic systems (alone and in com-
bination). Our data indicate that cataplexy can be induced
in 6-month-old asymptomatic heterozygous animals, but not
in control canines, with a combination of drugs that act on
the monoaminergic and cholinergic systems. This demon-
strates that disease susceptibility may be carried by het-
erozygosity at the canarc-1 locus. Our data further suggest
that cataplexy, a model of REM sleep atonia, is centrally
regulated by a balance of activity between cholinergic and
monoaminergic neurons.

[Key words: narcolepsy, cataplexy, REM sleep, cholinergic
system, adrenergic system, genetics]

Narcolepsy is a genetically determined disorder characterized
by a life-long dysfunction of wake and REM sleep mechanisms
(Rechtschaffen and Dement, 1967; Guilleminault et al., 1976;
Aldrich, 1992). The main symptoms are constant sleepiness and
REM-related attacks of loss of motor tone (cataplexy, sleep
paralysis) or dreamlike experiences (hypnagogic hallucinations).
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The pathophysiologic mechanisms underlying narcolepsy are
still unknown.

The human disorder is a multifactorial and heterogeneous
disorder of which at least 2 etiological forms have been iden-
tified. Human leucocyte antigen (HLA) DRw15, Dw2, DQw6
(DQw1) (DQB1-0602)—positive narcolepsy is the most frequent
form of the syndrome (Honda et al., 1983; Matsuki et al., 1992),
in which patients require one or several environmental factors
and other genes in addition to DQw6 to express symptoms of
the disease (Guilleminaultet al., 1989; Singh et al., 1990; Mignot
et al., 1992). DQB1-0602-negative patients represent only 2—
5% of Caucasian patients, and some DQBI1-0602-negative pa-
tients transmit the disease as a single and possibly fully penetrant
dominant gene unlinked to the HLA locus (Guilleminault et al.,
1989; Singh et al., 1990; Mignot et al., 1992b). In both DQBI-
0602-positive and —negative narcolepsy, a careful analysis of
multiplex family trees suggests that the non-HLA susceptibility
genes involved are more likely to be autosomal dominant than
recessive (Guilleminault et al., 1989; Singh et al., 1990; Mignot
et al., 1992b).

Canine cataplexy is an animal model that presents clinical
and electrophysiological similarities to human narcolepsy (Lu-
cas et al., 1979; Baker and Dement, 1985; Kushida et al., 1985;
Mignot et al., 1992a). Like human narcolepsy, canine narcolepsy
is not a simple genetic disease in most breeds in which it has
been identified (Baker and Dement, 1985; Mignot et al., 1992a);
however, in Dobermans and Labradors, the disease is trans-
mitted as a single autosomal recessive trait with full penetrance
(canarc-1) (Baker and Dement, 1985; Mignot et al., 1992a). Like
human narcolepsy, the pathophysiology of canine narcolepsy
likely involves the immune system. We have recently demon-
strated that canarc- I is a non-HLA-related gene genetically linked
with a gene with high homology to the human immunoglobulin
u-switch gene (Mignot et al., 1991). To date, however, in both
human and canine narcolepsy, there is no clear evidence in favor
of autoimmune mediation of the disease (Matsuki et al., 1988;
Rubin et al., 1988; Fredrikson et al., 1990). It is hypothesized
that canarc-1 corresponds to one of the non-HLA genes in-
volved in some or all cases of human narcolepsy (Mignot et al.,
1991).

REM sleep is a complex behavior associated with EEG cor-
tical desynchronization, generalized motor paralysis, and var-
ious intermittent phasic events such as rapid eye movements.
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Since Jouvet’s classical transection studies (Jouvet, 1962), REM
sleep has been shown to be generated in the pontine brainstem,
although the many different physical manifestations of REM
sleep no doubt involve many other brain structures (Siegel, 1989).

The neurochemical and neuroanatomical substrates under-
lying REM sleep are still largely unknown. The difficulty resides
in the complexity of REM sleep as a behavior, involving as it
does many different physical characteristics, with a number of
relays and neurochemical regulations at each step. One of the
most successful models for the generation of REM sleep so far
developed is the Hobson and McCarley reciprocal activation
model (Hobson, 1974; Steriade, 1990). In this model, the neu-
ropharmacological control of REM sleep involves two largely
antagonistic systems, the pontine cholinergic (REM “on” cells)
and monoaminergic systems (REM “off” cells). This heuristic
model integrates most of the pharmacological, neurochemical,
and electrophysiological data currently available, although it
remains controversial.

The cholinergic systems suspected to be involved in the reg-
ulation of REM sleep originate in the pedunculopontine nucleus
and laterodorsal tegmentum (cell bodies) and project to the
lateral and/or medial pontine reticular formation (Siegel, 1989;
Steriade, 1990) and medial medula (Lai and Siegel, 1990). These
cells are thought to be the primary initiator of REM sleep gen-
eration since lesions of these cells abolish REM sleep and their
activity is mostly evident during this sleep stage (Siegel, 1989).
In agreement with this model, injection of cholinergic agonists
in the pontine reticular formation induces REM sleep or dis-
sociated features of REM sleep such as muscle atonia (George
et al., 1964; Siegel, 1989; Lydic et al., 1991). Similarly, the
release of ACh in this region has been shown to be enhanced
during REM sleep (Kodama et al., 1990; Lydic et al., 1991).
Taken together, these results strongly support the notion that
pontine cholinergic neurons are involved in most of the features
of REM sleep generation.

The evidence for the involvement of brainstem monoamin-
ergic systems in the generation of REM sleep is more uncertain.
The firing activities of the serotonergic cells of the raphe magnus
and noradrenergic cells of the locus coeruleus are dramatically
reduced during REM sleep (REM “‘off” cells), whereas the ac-
tivity of dopaminergic neurons (substantia nigra and ventral
tegmental area) does not seem to be modified (Miller et al.,

1983; Jacobs, 1985). This has been generally interpreted as sup-
porting the preferential involvement of serotonergic and nor-
adrenergic systems over dopaminergic systems in the generation
of REM sleep. Furthermore, general pharmacological experi-
ments have shown that decreases in monoaminergic tone usually
increase REM sleep, and vice versa (Monti, 1983; Mignot et al.,
1990). This suggests that in REM sleep, central cholinergic sys-
tems are activated whereas monoaminergic systems are de-
pressed. The anatomical correlate of this monoaminergic activ-
ity is much less well established than its cholinergic counterpart.
Neither a specific lesion nor a local injection of a pharmaco-
logically active compound has yet elucidated the precise ana-
tomical pathways involved.

Cataplexy, one of the major symptoms of narcolepsy, is usu-
ally considered a pathological equivalent of REM sleep atonia.
In the past few years, we have used the narcoleptic canine as a
pharmacological model to further our understanding of the con-
trol of REM sleep atonia. Our results to date demonstrate that,
like REM sleep, cataplexy is largely the result of a reciprocal in-
teraction of cholinergic and monoaminergic systems (Mignot et
al., 1990). As such, cataplexy can be triggered in affected animals

using cholinomimetic compounds such as cholinesterase inhib-
itors or drugs that depress monoaminergic tone, such as a, an-
tagonists or low doses of «, and/or D2 autoreceptor agonists
(Mignot et al., 1988, 1990; Nishino et al., 1990, 1991). A no-
ticeable difference between cataplexy and REM sleep control
was that the pharmacological control of cataplexy seems to in-
volve more specifically the adrenergic system rather than the
serotonergic system (Mignot et al., 1990; Renaud et al., 1991).
This could corroborate the hypothesis that the serotonergic sys-
tem is more specifically involved in the control of phasic REM
sleep events, such as pontogeniculate-occipital (PGO) spikes
(Simon et al., 1973; Luebke et al., 1992).

In the past few years, we have been systematically examining
the development of spontaneous cataplexy in all the Dobermans
born in our colony. Animals were observed at biweekly intervals
for cataplexy or sleepiness until 5 months of age, and then
treated at weekly intervals with previously identified cataplexy-
inducing compounds acting on the monoaminergic and cholin-
ergic systems. Animals were treated both with single drugs and
with drug combinations. Our results now indicate that although
heterozygous animals never show any spontaneous symptoms,
they do show unambiguous cataplexy after coadministration of
drugs that act on cholinergic and monoaminergic systems. This
result supports the involvement of a canarc-1-like equivalent
in some cases of human narcolepsy where predisposing genes
seem to be autosomal dominant rather than recessive (Guille-
minault et al., 1989; Singh et al., 1990). It also tends to confirm
our hypothesis that cataplexy is the result of a complex inter-
action between cholinergic and noradrenergic systems.

Materials and Methods

Animals. A total of 10 litters, all born in the Stanford University De-
partment of Animal Laboratory Medicine, were included in this study
(Table 1).

Four different types of litters were examined: narcoleptic, where both
parents were homozygous for canarc-1 (two litters, four different par-
ents); heterozygous, where one parent was narcoleptic homozygous for
canarc-1 and the other a control animal (two litters, four different par-
ents); control, where both parents were controls (two litters, three dif-
ferent parents); backcross, where one parent was homozygous and the
other heterozygous, thus resulting in a 50:50 segregation of homozygous
affected and asymptomatic heterozygous offspring (four litters, four dif-
ferent parents). All parents were carefully selected to avoid any litter
effect that could interfere with the results of the study, as shown in
Figure 1. A few adult (>3 years of age) control (n = 3), heterozygous
(n = 2), and narcoleptic (# = 6) animals were also studied.

All dogs were exposed to a 12:12 hr light/dark cycle and had free
access to food between 13:00 and 07:00. Animals were bred naturally
or by artificial insemination when the selected bitch came into estrus,
as recognized clinically and using vaginal swabs. All offspring born were
housed with the mother for the first month after whelping. Litters were
then split up into several cages as puppies grew. Animals were housed
in individual cages after 4 months of age.

Developmental aspects of spontaneously occurring cataplexy. All an-
imals, with the exception of those born in the first backcross litter
(Woody x Dottie, eight puppies), were first tested at 3—4 weeks of age
and thereafter tested every 2 weeks until 5 months of age. In each test,
puppies were moved to an experimental room, observed for 10 min for
spontaneous cataplexy, and then twice administered the Food-elicited
Cataplexy Test (FECT) (Baker and Dement, 1985; Mignot et al., 1988,
1990, 1992a; Nishino et al., 1990, 1991). In narcoleptic dogs, the ex-
citement produced by food often precipitates cataplexy, sometimes fol-
lowed by REM sleep (Mignot et al., 1992a). In the first two sessions (at
3 and 5 weeks of age), animals were trained for FECTs. They were given
12 pieces of wet canned food by hand and then guided to eat pieces that
were arranged in a trail on the floor. After two tests, all pieces of food
were placed 30 cm apart on the floor. All animals were then trained to
eat one piece of food after the other by themselves.

During the whole test (observation and FECT) the experimenters



(always the same two persons, one handling the animal, the other scoring
cataplexy) recorded the number of complete and partial cataplectic at-
tacks. An attack was considered complete when the dog dropped to the
floor with head resting on the floor in total hypotonia, and partial in
other cases (dropped to the ground on hindquarters, forequarters, or
both, but with head above the floor).

Effects of cataplexy-inducing compounds. In the past few years, we
have identified a few classes of drugs that can precipitate cataplexy in
homozygous narcoleptic animals (Mignot et al., 1988, 1990; Nishino
et al., 1990, 1991). These drugs can induce cataplexy even in old nar-
coleptic animals who usually show cataplexy only rarely (symptom se-
verity decreases with age in narcoleptic Dobermans). Two classes of
cataplexy-inducing drugs have been identified: the cholinergic agonists
that increase motor activity and cataplexy, and a series of drugs acting
on monoaminergic systems that decrease alertness and increase cata-
plexy. These are, namely, «, antagonists and a subset of «, agonists and
D2 autoreceptor agonists (Mignot et al., 1988, 1990; Nishino et al.,
1990, 1991). We believe that these monoaminergic drugs act secondarily
through noradrenergic systems since only the presynaptic activation of
adrenergic systems, and not serotonergic or dopaminergic systems, sup-
presses cataplexy (Renaud et al., 1991). In this study, the following
prototypic drugs were used: physostigmine (acetylcholinesterase inhib-
itor; Antilirium@®, Forest Pharamceuticals; 100 ug/kg, i.v.), prazosin («,
antagonist; Minipress, 1 and 5 mg, Pfizer Pharmaceuticals, 0.6 mg/kg,
p.o.), quinpirole (D2 agonist; Research Biochemical Inc.; 6 ug/kg, i.v.),
BHT920 (D2 autoreceptor agonist with «, activity; Boehringer Ingel-
heim; 3 ug/kg, i.v.).

The effects of the cataplexy-inducing compounds were examined in
sequence, between 5 and 7 months of age, in the 54 animals born in
the nine litters mentioned above (Table 1; all litters but the first back-
cross litter). A few adult animals (>3 years of age) were also studied
using the same protocol, and 16 animals born in two backcross litters
(eight narcoleptics and eight heterozygous born in the first Woody x
Dottie and the first Bob x Molly backcross litters) were examined twice
with the same treatment protocol at 5-7 and 18-20 months of age. All
of the 54 animals were examined with the same drug protocol with the
following exceptions: (1) one litter of narcoleptic animals was not studied
for the drug combination prazosin plus physostigmine, and the second
combination of physostigmine plus BHT920, and (2) one litter of het-
erozygous animals was examined with the usual drug protocol followed
by the drug combination prazosin plus BHT920 in the final week of
testing. Drug challenges were given every week in the following se-
quence: saline (3.0 cc, 5 min before testing), physostigmine (10 min
before testing), prazosin (2 hr before testing), quinpirole (5 min before
testing), BHT920 (5 min before testing), saline (5 min before testing;
data not shown), physostigmine plus prazosin, physostigmine plus quin-
pirole, physostigmine plus BHT920, physostigmine plus BHT920. Each
animal was behaviorally observed for 5 min, and then pieces of wet
food were given by hand to the dogs for 10 min to try to trigger cataplexy
(10-50 pieces). The number and the length of complete and partial
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Table 1. Litters born and studied

No. of pups
born and
studied

No. of affected puppies
Expected Observed

Parents (male x female)

Homozygous narcoleptic litters
Domino (N) x Coco (N) 7 7 7

Spike (N) x Electra (N) 5 5 5
Heterozygous litters

Kyser (C) x Chablis (N) 7 0 0

Woody (N) x Brite (C) 6 0 0
Control litters

Kyser (C) x Brite (C) 6 0 0

Kentucky (C) x Brite (C) 3 0 0
Backcross litters

Woody (N) x Dottie (Hz) 8 4 5

Woody (N) x Dottie (Hz) 9* 4-5 4

Bob (Hz) x Molly (N) 7 34 6

Bob (Hz) x Molly (N) 4 2 3

N, homozygous narcoleptic animal; Hz, heterozygous animal; C, control animal.
* One animal was excluded because of uncertain diagnosis (Mignot et al., 1991).
This animal never showed any spontaneous attacks before the drug sessions but
showed cataplexy after physostigmine and during follow up control sessions.

cataplectic attacks were recorded throughout the procedure by the same
2 experimenters (one scoring, the other handling the animal). Experi-
menters knew the genetic status of the animals. This was related to the
breeding protocols and time of birth of affected litters, a fact difficult
to hide due to the limited research team involved in narcolepsy research
at Stanford. Active pharmacological agents also had very obvious effects
compared to saline (see below) and rendered blinding unoperative.
Electroencephalogram (EEG), electromyogram (EMG), and electro-
oculogram (EOG) recordings during spontaneous and drug-induced cat-
aplexy in homozygous narcoleptic and heterozygous animals. Chronic
implantation of cortical, orbital, and muscle electrodes was performed
in one narcoleptic animal (age 2 years) and one heterozygous animal
(age 1 year). Animals were anesthetized using halothane anesthesia after
an initial dose of short-acting barbiturates (Biotal ®; thioamylal sodium,
i.v.). To obtain neck muscle electromyogram (EMG), two multistranded
stainless steel wires were inserted deep in the posterior neck muscles.
The cortical activity (EEG) was recorded from pairs of small stainless
steel screws threaded into the skull, but not penetrating the dura, over
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Figure 2. Evolution of cataplexy with age. Data represent the mean
+ SEM of 25 narcoleptic animals born in narcoleptic or backcross litters.
Animals were tested using FECT as described in Materials and Methods.

frontal and parietal cortices. Eye movements (EOG) were recorded from
pairs of small stainless steel screws threaded into the skull inside the
frontal sinuses, in the posterior orbit. Electrode leads were soldered to
a Winchester connector and secured to the skull with dental acrylic.
Animals were treated with antibiotics prophylactically after surgery. A
minimum of 3 weeks was allowed to elapse between the surgery and
testing.

The drug studies were always carried out in the afternoon, lights on,
on unanesthetized animals in a room that allowed ample movement (3
m x 3 m), and after previous sessions of adaptation where natural sleep
and wakefulness were recorded (lights on and off). The animal was alone
in the experimental room but was continuously observed through a one-
way mirror window from the adjacent room. The animal was connected
to a shielded cable that was joined through the ceiling to an adjacent
room where polygraphs were installed. The recordings were carried out
by means of an eight-channel EEG/EMG Grass electroencephalograph.

The frontoparietal signals recorded during samples of waking, REM
sleep, and non-REM sleep and during the cataplectic attacks (sponta-
neously occurring or drug induced) were digitized and analyzed using
LASSIE® on an IBM PC, either on line or from tape recordings (Edgar
et al., 1991). Ten-second epochs corresponding to specific stages were

Table 2. Effects of cataplexy-inducing compounds in pure litters

Con-
Narcoleptics Heterozygous trols
Treatment (n=12) (n=13) n=9)

Saline 11/12 (97 £+ 31) 0/13 0/9
Physostigmine 12/12 (285 + 451  0/13 0/9
Prazosin 12/12 (377 £ 37Y)  0/13 0/9
Quinpirole 12/12 (327 £ 38Y)  0/13 0/9
BHT920 12/12 (288 + 33y  0/13 0/9
Total 12/12 0/13 0/9
Physo + prazosin 5/5 (475 £ 28?) 6/13 (15 + 132 0/9
Physo + quinpirole 12/12 (482+ 29') 8/13 (34 £ 162 0/9
Physo + BHT920 12/12 (486 + 24y  9/13(9 £ 69 0/9
Physo + BHT920 5/5 (552 £ 993 9/13 (11 £ 8) 0/9
Total 12/12 11/13 0/9

Data represent number of animals showing cataplexy-like symptoms in each group.
If applicable, the mean time + SEM spent in cataplexy (sec) during 10 min of
testing with food is indicated in parentheses.

' p < 0.01 versus saline.
2 p < 0.05 versus saline.

Table 3. Effects of cataplexy-inducing drugs in backcross pure litters

Presumed Presumed

Treatment narcoleptics (n = 13) heterozygous (n = 7)
Saline 12/13 (160 + 43) 0/7
Physostigmine 13/13 (340 + 59) o/7
Prazosin 13/13 (454 = 26?) 0/7
Quinpirole 13/13 (471 £ 21?) 0/7
BHT920 13/13 (437 + 34%) 0/7

Total 13/13 0/7

Physo + prazosin

Physo + quinpirole

Physo + BHT920

Physo + BHT920
Total

13/13 (500 =+ 322)
13/13 (545 £ 179
13/13 (551 + 9%) 4/7 (6.0 % 6.0)
13/13 (547 £ 321%) 5/7 (3.4 £ 3.4)
13/13 5/7

2/7(0.3 £0.3)
4/7(5.1 £5.1)

Data represent number of animals showing cataplexy-like symptoms in each group.
One backcross dog is not included because of uncertain diagnosis (see Table 1
notes). If applicable, the mean time + SEM spent in cataplexy (sec) during 10
min of testing with food is indicated in parentheses.

' p < 0.02 versus saline.
2 p < 0.01 versus saline.

pooled for the study. Spectral analysis was performed on 10 epochs of
each stage. Data were obtained from one narcoleptic and one hetero-
Zygous animal.

Statistics. All comparisons were done using nonparametric paired
Wilcoxon tests.

Results

Developmental aspects of spontaneously occurring cataplexy
Spontaneous cataplexy was observed in all “true” narcoleptic
animals (born from two homozygous narcoleptic parents) using
the protocol described (n = 12, two litters), thus confirming that
penetrance is very high, ifnot 100%. Furthermore, unambiguous
partial and complete cataplectic attacks could be observed as
early as 4 weeks of age in 36% of the narcoleptic animals born
in either narcoleptic or backcross litters (# = 25; only unam-
biguous attacks can be diagnosed with certainty at this early
age). Cataplexy then increased in severity until 20 weeks (Fig.
2). The mean age of onset where an unambiguous cataplectic
attack was first observed was 7.20 + 0.73 weeks (n = 25; range,
4-20 weeks). Cataplexy severity was also observed to be inde-
pendent of sex (data not shown).

The same protocol of observation was carried out in control
and heterozygous animals. No cataplexy-like symptoms or ab-
normal sleepiness was found during behavioral observation of
these animals. It was not possible to distinguish heterozygous
and control animals on the basis of simple observation.

Effects of cataplexy-inducing compounds

As expected from our results previously reported from adult
homozygous animals (Baker and Dement, 1985; Mignot et al.,
1988, 1990; Nishino et al., 1990, 1991), the administration of
physostigmine, prazosin, quinpirole, or BHT920 alone en-
hanced cataplexy in all 5-6-month-old narcoleptic animals born
from narcoleptic parents or in backcrosses (Tables 2, 3). Animals
showed significantly more frequent and longer cataplectic at-
tacks than after saline administration. Cataplexy occasionally
occurred spontaneously, but was more often observed when the
animal was stimulated by food, as in the control saline session.
In these same animals, administration of a drug combination
produces status cataplecticus, most often independent of the
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Table 4. Evolution of the susceptibility of heterozygous animals to the drug combination with age

Genetically pure litter
(older than 3 years)

18-month-old backcross

Treatment N((n=2¢6) Hz(n=2)C(n=3) N(n=28) Hz (n = 8)

Saline 3/6 (85 + 49) 0/2 0/3 6/8 (5 £3) 0/8

Physo + prazosin 5/5 (337 + 98") 0/2 0/3 8/8(322+73) 0/8

Physo + quinpirole 6/6 (335 + 85') 0/2 0/3 4/4 (500 + 55) 0/5

Physo + BHT920  5/6 (225 = 112)  0/2 0/3 8/8 (444 + 34%)  2/8 (49 £ 31?)

Physo + BHT920  6/6 (275 = 96) 0/2 0/3 8/8 (362 + 76%)  3/8 (32 + 20%)
Total 6/6 0/2 0/3 8/8 3/8

Data represent number of animals showing cataplexy-like symptoms. If applicable, the mean time + SEM spent in
cataplexy (sec) during 10 min of testing with food is indicated in parentheses. N, narcoleptic animal; Hz = heterozygous

animal; C, control animal.
! p < 0.05 versus saline.
2 p < 0.02 versus saline.

presentation of food. Animals were in almost continuous cat-
aplexy during the entire test and only occasionally raised their
heads. In these cases, time spent in cataplexy approached 70-
95% of the 10 min (600 sec) of testing, often with only one
continuous attack observed (Tables 2, 3). Animals still reacted
to noise, and cataplexy could be interrupted for brief periods of
time with strong stimulation.

In 5-6-month-old heterozygous animals, either born from
narcoleptic and control parents or in backcrosses (Tables 2, 3),
the administration of only one drug (physostigmine, prazosin,
quinpirole, BHT920) had no effect. No cataplexy or significant
sleepiness was observed in any dogs tested, even during the
presentation of food. However, the administration of drug com-
binations (physostigmine plus prazosin, quinpirole, or BHT920)
produced occasional cataplectic attacks, most often after pre-
sentation of food. Both complete and partial attacks were ob-
served, and the animal could usually be awakened by a loud
noise.

In 5-6-month-old control animals, the administration of nei-
ther a single drug nor a drug combination ever produced cata-
plexy (Tables 2, 3). Animals were behaviorally stimulated by
physostigmine, as was the case with heterozygous or narcoleptic
animals, and classical side effects such as tremors, diarrhea, and
excessive salivation were observed. Similarly, BHT920 and
quinpirole produced emesis in control dogs just as it did with
narcoleptic or heterozygous animals, but cataplexy was never
observed.

The effects of drug combinations were also examined in 16
backcross animals at 18-19 months of age and in a few adult
animals (Table 4). It was found that in adult (older than 3 years)
heterozygous animals, the drug combination cannot elicit cat-
aplexy. Similarly, in 18-month-old heterozygous animals, only
three of eight animals (37.5%) reacted to the compound com-
bination, compared to five of seven (71.5%) when the same
animals were 5-6 months old.

EEG, EMG, and EOG recordings during spontaneous and
drug-induced cataplexy in homozygous narcoleptic and
heterozygous animals

EEG recordings during spontaneous and drug-induced cata-
plectic episodes were performed to compare cataplectic episodes
occurring spontaneously in narcoleptic canines with those oc-
curring after drug combinations in heterozygous dogs. As shown
in Figure 3, cataplexy induced by a drug combination in het-
erozygous animals was similar to that observed spontaneously

in narcoleptic animals. Both forms of cataplexy were associated
with a sudden drop in EMG with a low-voltage, fast EEG of
mixed amplitude. Spectral analysis was also performed, and no
differences were observed (data not shown).

Discussion

In previous studies, we have demonstrated that canine narco-
lepsy in Dobermans is transmitted as a single autosomal reces-
sive gene with full penetrance (canarc-1). Animals born from
narcoleptic parents always develop narcolepsy—cataplexy before
the age of 5 months, whereas genetically heterozygous animals
born from narcoleptic dogs mated with unrelated controls never
show spontaneous attacks of cataplexy (Baker and Dement, 1985;
Mignot et al., 1992a). Our results obtained with two more crosses
of narcoleptic, control, and heterozygous animals confirm these
results. All homozygous animals born from narcoleptic parents
showed spontaneous, complete cataplectic attacks before 4
months of age. Heterozygous animals were also observed and
seemed to behave in all respects identically to normal dogs.
These results confirm that the transmission of canine narcolep-
sy, as defined by the appearance of cataplexy after stimulation
by food, is autosomal recessive.

More careful analysis also showed that cataplectic attacks can
be observed as early as 3 weeks of age in homozygous animals
and that symptom severity increases until 5-6 months of age,
at which time it reaches a plateau. We also observed that symp-
tom severity was independent of sex and seems to decrease
slowly with old age, as previously reported (Baker and Dement,
1985; Mignot et al., 1992a). It is therefore apparent that the
natural history of the disorder in dogs roughly parallels the
evolution of the human disorder. Canines reach sexual maturity
around 5-6 months of age; likewise, in humans, the develop-
ment of disease peaks often around puberty (Guilleminault et
al., 1976; Aldrich, 1992). Other similarities between human and
canine narcolepsy suggested by the results of this study are as
follows: (1) human narcolepsy sometimes starts well before the
onset of puberty (as early as 6 years of age) (Guilleminault et
al., 1976; Aldrich, 1992), while cataplexy was observed in some
homozygous animals as early as 3 weeks; (2) symptom severity
does not differ between sexes in either dogs or humans (Guil-
leminault et al., 1976; Aldrich, 1992); and (3) in both humans
and canines, cataplexy often improves with age (Sonka et al.,
1991). One difference between the canine and human cases is
that canines are generally much more affected than human pa-
tients in terms of cataplexy; most homozygous narcoleptic ca-
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Figure 3. Polygraph samples (fronto-
parietal EEG, EOG, and EMG) from
narcoleptic animals entering cataplectic
attacks. a, spontaneous cataplectic at-
tacks in a narcoleptic animal. b, cata-
plectic attack in a narcoleptic animal
after injection of physostigmine and
BHT920. ¢, cataplectic attack in a het-
erozygous animal after injection of phy-
sostigmine and BHT920. Spectral anal-
ysis of EEG was also performed during
spontaneous and drug-induced cata-
plectic attacks and the profiles were
found to be identical.
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nines exhibit numerous bouts of cataplexy very frequently upon
emotional stimulation, whereas most narcoleptic patients rarely
present cataplexy. Though some patients experience numerous
attacks each day, cataplexy is almost impossible to induce on
command in the clinic or in the laboratory.

In this study, we have demonstrated that heterozygosity at
the canarc-1 locus can confer some degree of susceptibility.
Heterozygous animals (but not controls) born with one allele of
canarc-1 coming from a diseased parent and carrying normal
genes from either of two independent controls (Brite and Kyser;
Fig. 1) can present typical cataplectic attacks after injection of
a combination of drugs that exacerbates cataplexy in narcoleptic
animals. These attacks strongly resemble spontaneous cata-
plectic attacks clinically, in terms of EEG activity (Fig. 3), and
in terms of their developmental time of appearance (Table 4).
Interestingly, the active combination of drugs needs to involve
a compound acting on the cholinergic system (physostigmine)
and a compound acting on the monoaminergic systems (pra-
zosin, quinpirole, or BHT920). One drug given alone was in-
active and the combination of two monoaminergic drugs was
also without effect (prazosin plus BHT920; n = 7 heterozygous
animals; data not shown). This result demonstrates that cata-
plexy is under the synergistic control of cholinergic and mono-
aminergic systems and argues in favor of similar pharmacolog-
ical models that have been proposed for the generation of REM
sleep (Karczmar et al., 1970; Hobson, 1974). The sites of action
of these compounds in the brain, however, remain to be deter-
mined and may or may not involve the brainstem monoam-
inergic and cholinergic systems. A number of drug combinations
with strong effects on cataplexy were also identified, and it is
possible that these combinations of drugs might have potent
REM sleep-inducing effects in humans that could be useful for
diagnostic or therapeutic purposes in neuropsychiatry and sleep
medicine.

Finally, a genetic predisposition for human narcolepsy has
been reported for many years, and the identification of the sus-
ceptibility genes involved could open new avenues in the un-
derstanding of the physiology of normal sleep. Recent studies
have also suggested that the human disorder is a multigenic
illness that involves autosomal dominant predisposing genes
(Baker and Dement, 1985; Guilleminault et al., 1989). The dis-
covery that heterozygocity at the canarc-1 locus might predis-
pose to narcolepsy supports the involvement of a canarc-1
equivalent in some cases of the human disorder.
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