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Abstract

Cataplexy is the abrupt loss of muscle tone experienced by narcoleptics. It is usually precipitated
by strong emotions or athletic activity. It has been hypothesized that cardiovascular variables
have a role in the triggering of cataplexy. In the present study, we have utilized the narcoleptic
canine model to directly investigate changes in heart rate and blood pressure in relation to
cataplectic episodes. We found that heart rate increased 18% on average in the 20 s preceding
cataplexy onset and then fell during cataplexy. Thus, from a cardiovascular standpoint, cataplexy
can be subdivided into two very different periods, the cataplexy onset period with very high and
declining heart rate, and the period =10 s after onset, with greatly reduced heart rate. Heart rate
at cataplexy onset was significantly higher than heart rate in rapid-eye-movement (REM) sleep,
non-REM sleep, and quiet waking. Blood pressure did not markedly change before the onset of
spontaneous cataplexies but decreased significantly during cataplexy. Although blood pressure
increases did not precede spontaneous cataplexies, sudden increases in blood pressure, induced
pharmacologically or by obstruction of the descending aorta, triggered cataplexy in the most
severely affected subjects. A hypothesized role for cataplexy as a homeostatic reflex, triggered by
interactions between blood flow, central chemoreceptors, and atonia control mechanisms in the
medial medulla, is discussed.
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CATAPLEXY is the pathological loss of muscle tone experienced periodically by
narcoleptics. During cataplectic episodes, consciousness is preserved, while voluntary
movement is blocked and tone in the skeletal muscles is greatly reduced or absent.
Cataplectic episodes may last for a few seconds or as long as several minutes. They
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can terminate abruptly with arousal into the waking state or may progress into rapid-eye-
movement (REM) sleep. Episodes are typically triggered by situations in which strong
emotions are aroused, including anger, embarrassment, and sexual activity, and may also
result from athletic exertion (10). The physiological changes responsible for the triggering of
cataplexy are unknown.

The decerebrate animal can serve as a model for certain aspects of cataplexy. In this
preparation, electrical stimulation of the medial medulla can precipitate a complete loss of
muscle tone (17). Similar stimulation in the intact animal is ineffective. Furthermore, many
decerebrate preparations do not show this loss of tone after stimulation (31). In our initial
studies of the source of this variability, we identified transection level as one determinant
of the probability of loss of muscle tone after medullary stimulation (29). In a subsequent
study, we found that small reductions in blood pressure could prevent atonia after medullary
stimulation (15). Conversely, increases in blood pressure facilitated the atonia response to
medullary stimulation. We hypothesized that since blood pressure increases facilitate the
atonia response in the decerebrate cataplexy model, they might have a role in triggering
cataplexy in narcoleptics.

The narcolepsy-cataplexy syndrome has been shown to occur in several breeds of dog and
in other animals (2, 8, 14, 19, 20, 32, 33). We have used the narcoleptic dog to test the
hypothesis derived from our decerebrate work and to examine changes in heart rate and
blood pressure linked to spontaneous cataplectic attacks. Some of these results have been
reported in preliminary form (28).

METHODS

Five narcoleptic doberman-labrador crossbred dogs, born at the Stanford Narcoleptic Dog
Colony, served as subjects. Dog 142 was male, and dogs 139, 141, 146, and 148 were
female. The ages of the dogs at the time of the studies were 3—4 mo (dogs 139, 141, and
142) or 5 mo (dogs 146 and 148). The dogs were transported from Stanford to Los Angeles,
where the studies were conducted. After being anesthetized with halothane dogs 139-146
were implanted with screw electrodes over sensorimotor and posterior lateral cortex for
recording the electroencephalogram (EEG). Screw electrodes were also placed in the orbit
or frontal bone for recording the electrooculogram (EOG). Stranded stainless steel wires
were inserted into the dorsal neck musculature for recording the electromyogram (EMG). A
catheter was inserted through the femoral artery and guided into the descending aorta. It was
led subcutaneously to terminate on the headplug. The catheter was flushed with heparinized
saline every 12 h, and a continuous flow of 4 ml/h of heparinized saline was maintained
during recording sessions using a Sorenson valve and pressure-infusion bag. Blood pressure
and heart rate data were obtained during spontaneously occurring sleep and waking states
from dogs 139, 141, and 142. Dogs 146 and 148 were used only for studies of the effect

of blood pressure manipulation on the triggering of cataplexy. Norepinephrine (NE) and
sodium nitroprusside (SNP) were administered through the catheter followed by a flush of
12 ml of saline. NE doses ranged from 0.9 to 20 wg/kg. SNP doses ranged from 0.04 to 0.15
mg/kg. Blood pressure was recorded with a Statham pressure transducer and displayed on a
polygraph along with EEG, EOG, and EMG. In dogs 141, 142, and 146, a Swan-Ganz 5-F

Am J Physiol. Author manuscript; available in PMC 2022 April 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

SIEGEL et al.

RESULTS

Page 3

balloon-tipped catheter was employed. Inflation of the balloon obstructed the descending
aorta, causing a rapid rise in blood pressure. A cardiotachometer displayed heart interbeat
intervals that were derived from the blood pressure pulse wave. Dog 148 did not receive a
chronic implant. Instead, two pairs of stranded stainless steel suture wires (Ethicon) were
inserted into the left and right dorsal neck musculature through 21-gauge syringe needles,
EKG was recorded using transcutaneous needle electrodes, and drugs were administered
through a butterfly needle implanted in the cephalic vein. In this dog, heart rate slowing was
used to indicate the time course of cardiovascular changes after NE administration.

To prevent artifactual changes in blood pressure readings caused by movement of the dog
relative to the transducer, studies were conducted while the animals were supported by a
sling (Chatham Medical Arts). Recordings were performed in a quiet room with a low level
of natural light. The dogs could see only the wall of the laboratory, ~3 ft away. No attempt
was made to trigger cataplexy by presenting food, water, or other stimuli. Spontaneous
episodes of sleep and cataplexy occurred while the dogs were in the sling.

State data were based on five episodes of each state in each dog. Each episode score for
heart rate and blood pressure was based on a mean of three values of each parameter.
“Active waking” values were taken from those periods of vigorous motor activity with
maximal heart rate values in which cataplectic attacks did not occur. “Quiet waking,”
non-REM and REM sleep values were taken at the midpoint of episodes, although heart rate
and blood pressure parameters did not differ substantially between the beginning, middle,
and end of these states. “Cataplexy onset” values were taken from the first 1-s interval
after the complete loss of muscle tone. “Cataplexy” values were taken at the midpoint

of cataplexy episodes. Time-course plots were made from data normalized for varying
cataplexy durations, with samples at intervals equal to 10% of the episode duration starting
10% before onset and ending 10% after offset. Time-course data were averaged from 7 to
10 cataplexy episodes in each dog. Episodes that terminated in awakening were chosen,
whereas those leading to extended sleep periods were excluded from this analysis, to have
a homogeneous sample including both onset and offset values. Values at and shortly after
onset were similar in both kinds of episodes.

Heart rate as a function of state.

Figure 1 presents the changes in heart rate across states in the three dogs examined. Heart
rate varied significantly as a function of state (P < 0.01, Ftest with repeated measures).

Post hoc comparisons with correction for multiple tests [~ < 0.05, Scheffe’s test (12)]
showed that heart rates in active waking were significantly greater than rates in either

quiet waking, cataplexy, REM sleep, or non-REM sleep (Table 1). Heart rate at cataplexy
onset was significantly greater than heart rates in quiet waking, REM sleep, and non-REM
sleep and was also significantly greater than heart rate during cataplexy. Mean heart rate at
cataplexy onset was greater than heart rate in active waking, although this difference was not
significant (Table 1). As explained below, cataplexy onset was consistently preceded by an
increase in heart rate.
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Blood pressure as a function of state.

Figures 2 and 3 present the changes in blood pressure across states. Both systolic and
diastolic blood pressure varied significantly with state (< 0.01, Ftest with repeated
measures). Paired comparisons (£ < 0.05, Scheffe’s test) showed that systolic blood
pressure, like heart rate, was significantly greater in active waking than in either quiet
waking, cataplexy, REM sleep, or non-REM sleep (Table 1). Systolic blood pressure was
not significantly greater in active waking than at cataplexy onset. Systolic and mean blood
pressure values decreased as the dogs shifted from cataplexy onset, to cataplexy, to REM
sleep, the three conditions in which muscle atonia is present (£ < 0.03, Friedman one-way
analysis of variance by ranks). Paired comparisons of diastolic blood pressure across states
were not significant. There was no significant correlation between base-line blood pressures
and the frequency of cataplectic attacks between dogs.

Time course of heart rate changes.

Figure 4 displays the time course of changes in recorded variables as a function of the
percent of the cataplexy interval that has elapsed. In this figure, one can see a consistent
increase in heart rate just before cataplexy onset followed by a rapid drop in heart rate,
which stabilized ~10 s after onset. Heart rate remained at this lower level throughout

the episode. After termination of the cataplexy episode, heart rate increased. Diastolic
blood pressure did not markedly increase at cataplexy onset but showed a small decrease
during the initial portion of the cataplexy episode. Systolic blood pressure did not change
consistently before cataplexy onset. Respiration was polygraphically recorded via a thoracic
strain gauge in dog 142 and was found to increase in parallel with heart rate preceding
cataplexy onset. Respiration dropped dramatically at cataplexy onset, with cataplexy onset
linked to a short apnea (28), followed by respiratory rates averaging less than half of those in
the precataplexy period.

To better examine the time course of events at cataplexy onset, we plotted out recorded
variables for the 10 s preceding and following onset (Fig. 5). The change in heart rate at
onset was quite marked and of enormous magnitude. On average, heart rate increased 18%
in the 10 s preceding cataplexy onset. The increase in heart rate was highly consistent,
occurring in 27 out of 30 monitored attacks (£ < 0.01 sign test). In contrast, as shown in
Figs. 4 and 5 and in the analysis of variance, blood pressure did not change consistently
during this period.

Triggering of cataplexy by elevation of blood pressure.

Figure 6 shows the effect of norepinephrine injection on the occurrence of cataplexy in
narcoleptic dogs 141, 142, and 148 Norepinephrine was injected at #me 0(fy) in dogs 141,
142 and 148. These three dogs had >l 60-s epoch with cataplexy during the 10-min active
waking base-line period. Blood pressure elevation after NE administration was accompanied
by an increase in cataplectic attacks, reflected in an increase in the percentage of “wake with
cataplexy” episodes [sign test (30) < 0.01, two tailed]. To observe the effect of decreased
blood pressure on cataplexy, we administered SNP to two dogs (Fig. 7). This produced an
abrupt blood pressure drop, accompanied by a marked increase in active waking. However,
despite the increase in the active waking state out of which cataplexy normally arises, there
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was no increase in the occurrence of episodes of cataplexy. NE was also administered to two
narcoleptic dogs that had infrequent spontaneous attacks (no cataplexy during the 10-min
active waking base-line period) but in which cataplexy could be evoked by physostigmine
administration (dogs 139and 146). NE was without effect on cataplexy in these animals.

To raise blood pressure nonpharmacologically, a balloon-tipped catheter was implanted in
the descending aorta in three dogs (dogs 141, 142, and 146). The occurrence of cataplexy
increased significantly in this group during the period of inflation (sign test, £< 0.025, two
tailed). Balloon inflation produced an increase in blood pressure. The maximal effect on
cataplexy occurred 36-48 s after inflation. Figure 8 shows the increased blood pressure and
subsequent cataplectic attack after balloon inflation. Figure 9 presents averaged time course
data after inflation of the aortic balloon.

DISCUSSION

We find that blood pressure increase, triggered pharmacologically or by obstruction of the
descending aorta, can trigger cataplexy in narcoleptic dogs. Blood pressure decrease of
corresponding magnitude does not increase and may decrease cataplexy. We also find that
an extremely large and consistent increase in heart rate precedes spontaneous cataplexies.
Results of an initial study of heart rate changes in human cataplexy were “inconclusive.”
However, 8 of 14 attacks observed were preceded by a heart rate increase of >8 beats/min
and three of these by an increase of =15 beats/min (11).

We do not find a consistent increase in blood pressure before spontaneously occurring
cataplexies. Thus although induced increases in systemic blood pressure are sufficient to
trigger cataplexy in narcoleptic dogs, and stimulation of the vagoaortic nerve triggers atonia
in encéphale isolé cats (22, 23, 24, 27), blood pressure increases are not necessary for
cataplexy, as had been hypothesized (27). Furthermore, blood pressure elevation produced
increases in cataplexy occurrence only in our most severely affected subjects. These results
suggest that baroreceptor activation is not the underlying mechanism triggering cataplexy.
Our findings, however, do not exclude a role for baroreceptor activation as one route for

the elicitation of cataplexy. Because blood pressure increase elicited by NE and aortic
balloon inflation was accompanied by heart rate slowing, heart rate increase, while strongly
correlated with onset of spontaneous cataplexy, does not appear to be critical. What then is
the underlying variable?

Our work in acute decerebrate cats suggests one hypothesis; cerebral vasoconstriction
leading to activation of central chemoreceptors may be responsible for the triggering

of atonia (15). The evidence is as follows: Magoun and Rhines (17) first reported that
stimulation of the medial medulla led to a complete loss of muscle tone. The only behavioral
states in which a similar loss occurs are REM sleep and cataplexy. We found that blood
pressure reduction rapidly blocked the loss of tone triggered by medullary stimulation (15).
Preparations with low blood pressure had no change or an increase in tone in antigravity
muscles after stimulation, whereas preparations with high pressure consistently had atonia
after stimulation. In an attempt to discover the mechanism controlling the loss of muscle
tone, we removed baroreceptor input and severed the spinal cord. This did not diminish the
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effect of blood pressure manipulations on atonia susceptibility, i.e., medullary stimulation
continued to produce atonia and blood pressure reduction continued to rapidly block atonia.
Thus, this work is consistent with our findings in the narcoleptic dogs, in that baroreceptor
activation does not seem to be required for the triggering of cataplexy. Furthermore, the
effects of blood pressure on atonia, in both decerebrate cats and narcoleptic dogs, is maximal
several seconds after the peak blood pressure change, a delay well beyond that attributable
to baroreceptor activation. A change in central chemoreceptor activity would be consistent
with such a delay. pH changes at the level of the ventral medullary chemoreceptor have
been shown to occur 5-7 s after changes in end tidal PCO5 (1). Blood pressure changes
would affect central PCO5 by changing brain stem blood flow and respiratory rate (16,

34, 35). Pharmacologically induced changes in blood pressure have been shown to change
brain stem blood flow and central CO, levels with the direction of effects varying as

a function of species and level of anesthesia (5, 6, 21, 26). Narcoleptics have reduced

levels of brain stem blood flow in waking and increased blood flow at sleep onset (18).
This change contrasts with the reduction in brain stem blood flow seen at sleep onset in
normals. We hypothesize that both the heart rate changes reported here and the blood flow
changes reported by Meyer et al. (18) represent a reflex response to increased central CO».
Hypercapnia is known to produce a centrally mediated heart rate increase (7). According

to our hypothesis, an increased brain stem blood flow at cataplexy onset, similar to that
known to occur at REM sleep onset (4, 13, 18), would serve to reverse the elevated central
CO,, precipitating cataplexy. To test this hypothesis, direct measurements of central CO,
levels before and during cataplexy are necessary. An alternate hypothesis is that cataplexy
occurs in response to a centrally elicited shift in the balance between sympathetic and
parasympathetic activity, producing a relative sympathetic activation. This shift results in
tachycardia, unaccompanied by blood pressure change. Cataplexy onset represents a neural
reflex, mediated by intrinsic brain stem circuits, which reverses this imbalance. This reversal
can be achieved by triggering REM sleep, since parasympathetic activity predominates in
this state (3, 9, 25). We would hypothesize that a similar parasympathetic predominance
characterizes cataplexy.

Our findings indicate that, from a cardiovascular standpoint, cataplexy can be subdivided
into two very different states, the cataplexy onset period and the cataplexy period existing
10 or more seconds after onset. At and shortly after onset of the atonia of cataplexy, heart
rates are higher than those seen in any sleep state and are equal to the maximum seen during
waking. Heart rate and blood pressure decrease rapidly after cataplexy onset. No other
“sleep” or transitional state is accompanied by a similar change in heart rate. In particular,
REM sleep, the state in which muscle atonia normally arises, does not have any substantial
heart rate change at or after onset (28).

Finally, our findings are consistent with behavioral data and the subjective reports of
narcoleptics. In both narcoleptic dogs and humans, cataplexy is elicited by vigorous exercise
and strong emotions. Common triggers of cataplexy are sudden anger, surprise, sexual
activity, and embarrassment (10). All of these behaviors are associated with changes in
cardiovascular function. Narcoleptics can often prevent cataplexy by anticipating strong
emotions and the stimuli provoking these emotions. This successful coping strategy can be
hypothesized to act by preventing the large cardiovascular changes and resulting changes
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in brain stem blood flow. which would otherwise be triggered. Studies of chemoreceptor
activity and hemodynamics at cataplexy onset should provide further insights into the
mechanisms controlling this state.
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FIG. 1.
Heart rate as a function of state + SE in dogs 139,141,and 142. W, waking; CAT, cataplexy;
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Diastolic blood pressure (BP) as a function of state. See Fig. 1 for abbreviations.
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Time course of changes in heart rate, blood pressure (BP), and nuchal muscle tone as a
function of percentage of cataplexy interval completed in dogs 139, 141, and 142. Mean
duration of entire cataplexy interval is indicated for each dog. EMG, electromyogram.
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Time course of changes in heart rate and blood pressure (BP) during 10 s before and after

cataplexy onset.
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FIG. 6.

Effect of norepinephrine administration on frequency of cataplexy attacks. Blood pressure
(BP) in mmHg. “Wake with cataplexy,” percentage of waking episodes in which one

or more cataplectic attacks occurred; EMG, voltage of nuchal electromyogram. EMG
reflects average muscle activity across each interval. Because intervals with short periods
of cataplexy have considerable tone before and after attacks, average EMG activity does not
mirror “wake with cataplexy” values.
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Effect of sodium nitroprusside administration on frequency of cataplexy attacks. % Wake
with cataplexy, percentage of waking episodes in which one or more cataplectic attacks
occurred; % Cataplexy, percentage of episodes in which cataplexy, defined as complete loss
of nuchal muscle tone, occupied >50% of the 1-min epoch; % Wake, percentage of episodes
with waking, uninterrupted by cataplexy.
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FIG. 8.
Triggering of cataplexy by obstruction of descending aorta. Top electromyogram (EMG)

tracing is from right, and bottom trace is from left neck muscles. Respiration is from
thoracic strain gauge (inspiration up). EEG, electroencephalogram; EOG, electrooculogram;
BP, blood pressure; HR, heart rate. First arrow, time of inflation of aortic balloon; 2nd arrow,
time of deflation of balloon.
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shown in Fig. 8.
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TABLE 1.

Heart rate and blood pressure differences between states

QW CAT-ON CAT REM Sleep NREM Sleep
AW HS -- HS HS HS
Qw L- -- - --
CAT-ON H-  H- HS
CAT -- --
REM Sleep --

H, Heart rate of state listed in left column was significantly greater than heart rate of state listed above top line; L, heart rate of state listed
in left column was significantly less than heart rate of state listed above top line; S, systolic blood pressure of state listed in left column was

Page 18

significantly greater than systolic blood pressure of state listed above top line; Ftest was used to verify the overall significance of changes in heart
rate and blood pressure as a function of state (£< 0.01). Scheffe’s method for post hoc comparisons was employed to determine the probability

of differences between groups (P < 0.05). AW, active waking; QW, quiet waking; CAT-ON, cataplexy onset; CAT, cataplexy midpoint; REM,
rapid-eye movement, NREM, non-REM. -, no significant difference.
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