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Abstract—Cataplexy in the narcoleptic canine has been shown to increase after systemic administration of 
cholinergic agonists. Furthermore, the number of cholinergic receptors in the pontine reticular formation of 
narcoleptic canines is significantly elevated. In the present study we have investigated the effects of 
cholinergic drugs administered directly into the pontine reticular formation on cataplexy, as defined by brief 
episodes of hypotonia induced by emotions, in narcoleptic canines. Carbachol and atropine were perfused 
through microdialysis probes implanted bilaterally in the pontine reticular formation of freely moving, 
narcoleptic and control Doberman pinschers. Cataplexy was quantified using the Food-Elicited Cataplexy 
Test, and analysed using recordings of electroencephalogram, electrooculogram and electromyogram. 
Cataplexy was characterized by a desynchronized electroencephalogram and a drop in electromyogram and 
electrooculogram activity. In narcoleptic canines, both unilateral and bilateral carbachol (10-5 to 10-3 M) 
produced a dose-dependent increase in cataplexy, which resulted in complete muscle tone suppression at the 
highest concentration. In control canines, neither bilateral nor unilateral carbachol (10-5 to 10-3 M) 
produced cataplexy, although bilateral carbachol, did produce muscle atonia at the highest dose (10-3). The 
increase in cataplexy after bilateral carbachol (10-4 M) was rapidly reversed when the perfusion medium was 
switched to one containing atropine (10-4 M). Bilateral atropine (10-3 to 10-2 M) alone did not produce any 
significant effects on cataplexy in narcoleptic canines; however, bilateral atropine (10-2 M) did reduce the 
increase in cataplexy produced by systemic administration of physostigmine (0.05 mg/kg, i.v.). 

These findings demonstrate that cataplexy in narcoleptic canines can be stimulated by applying cholinergic 
agonists directly into the pontine reticular formation. The ability of atropine to inhibit locally and 
systemically stimulated cataplexy indicates that the pontine reticular formation is a critical component in 
cholinergic stimulation of cataplexy. Therefore, it is suggested that the pontine reticular formation plays a 
significant role in the cholinergic regulation of narcolepsy. 

Narcolepsy is an incurable sleep disorder characterized 
by excessive daytime sleepiness, fragmented night-
time sleep and pathological manifestations of rapid 
eye movement (REM) sleep such as sudden 
episodes of muscle atonia called cataplexy, sleep 
paralysis and hypnagogic hallucinations (see Ref. 17). 
Canine narcolepsy is an autosomal recessive, geneti-
cally transmitted model of the human disease with 
many symptoms paralleling those found in humans. 
Similar to the human condition, narcoleptic canines 
exhibit excessive daytime sleepiness, fragmented night-
time sleep and cataplexy.5,37 Cataplexy, a particularly 
debilitating symptom of narcolepsy, is elicited by 
emotional stimulation such as laughter, 
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excitement and anger.19 In canine narcolepsy, cata-
plexy is often induced by the excitation produced by 
the presentation of food, and consequently cataplexy 
may be measured using a Food-Elicited Cataplexy 
Test (FECT).5 This test is a useful tool for investi-
gating the severity of the disease and has been 
established as a standardized method for testing the 
efficacy of various pharmacological compounds on 
cataplexy.36 Previous studies have identified two 
classes of drugs which modify cataplexy after sys-
temic administration, monoaminergic and cholin-
ergic, and have shown that indirect agonists such as 
amphetamine and physostigmine reduce and exacer-
bate cataplexy, respectively.36,37 These findings are 
consistent with clinical studies on the therapeutic 
value of monoaminergic drugs on narcoleptic 
patients,18,20 while the effects of cholinergic drugs on 
narcoleptic patients remains unclear.14,19 

The cholinergic effects on cataplexy appear to be 
central in nature, since the anticholinesterase 
physostigmine enhances cataplexy, whereas neostig- 
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mine, which does not penetrate the blood-brain 
barrier, has no effect on cataplexy.11 It is likely that 
this effect is mediated via muscarinic receptors since 
the muscarinic agonist arecoline and the muscarinic 
antagonists atropine and scopolamine increase and 
decrease cataplexy, respectively," whereas nicotine 
and nicotinic antagonists have no effect on cata-
plexy." In binding studies it has been shown that 
muscarinic receptor levels are increased in the pontine 
reticular formation (PRF) of narcoleptic canines.9,31 

Thus, these studies suggest that muscarinic receptors 
in the PRF may be involved in the cholinergic 
regulation of cataplexy in the narcoleptic canine. 
Therefore, in the present study we have investigated 
the effects of cholinergic drugs infused directly into 
the PRF on cataplexy in narcoleptic canines. This 
was achieved using in vivo microdialysis probes im-
planted bilaterally into the PRF of freely moving, 
narcoleptic Doberman pinschers and measuring cata-
plexy with the FECT test. The effects of carbachol 
and atropine applied locally through the microdialysis 
probes, as well as the ability of local atropine to 
modulate the effects of systemically applied 
physostigmine were tested. 

EXPERIMENTAL PROCEDURES 

All studies were performed on adult Doberman pinschers, 
which included five narcoleptic (three male and two female) 
two control (both male) and one heterozygous narcoleptic 
(female) canine. All animals were bred at the Stanford 
University narcoleptic dog colony. Heterozygous narcolep 
tic canines contain one copy of the narcolepsy transmitting 
gene locus, canarc-1, but do not express the symptoms of 
narcolepsy.37,38 Because the heterozygous canine showed no 
differences from the control canines in the present study, it 
was included in the control group. The animals were kept 
under a 12/12-h light-dark schedule with food and water 
available ad libitum. 

Surgery 
All canines were anaesthetized with a mixture of air and 

isofluorane (2%) and placed on a Kopf stereotaxic frame. 
For sleep/cataplexy recording, they were implanted with 
screw electrodes in the skull over the mid frontal and lateral 
parietal cortex for recording of electroencephalogram (EEG) 
and in the orbit of the frontal bone for the recording of 
electroculogram (EOG). Stranded stainless steel wires 
were inserted into the dorsal neck musculature for recording 
the electromyogram (EMG). The electrodes were soldered to 
a 14-pin electrical plug. Custom made guide cannula 
bundles, consisting of two 20-mm cannulae soldered to a nut 
stack, were lowered into position over the cortical dura. 
Four guides, each separated by 2 mm along the rostrocaudal 
axis, were positioned over the PRF bilaterally [lateral (L): 
3.2 and anterior (A): 1.0-7.0 from stereotaxic zero, according 
to Lim el al.33], such that a row of four guide cannulae was 
positioned over the rostrocaudal extent of the PRF, all at the 
same laterality. In some animals it was necessary to place 
the cannulae slightly more lateral (up to 0.7 mm) in order to 
avoid placing the cannulae over the mid-saggital sinus. In 
the present study only the guide cannulae over A 3.0 and A 
5.0 were used. Guide cannulae were also placed over other 
structures though these were not used in this study. The 
recording electrodes, electrical plug and guide cannulae 
were cemented to the skull using dental acrylic. 

The animals were allowed at least three weeks to recover 
from surgery. 

One day prior to experimentation the animals were 
anaesthetized with a mixture of air and isofluorane (2%), 
and microdialysis probes (70 mm shaft with 5 mm mem-
brane, CM A/10, CMA/Microdialysis, Stockholm, Sweden) 
were lowered bilaterally into the PRF [L: 3.2, A: 3.0 or 5.0, 
ventral (V): 39.0 from stereotaxic zero, according to Lim el 
al.33] (Fig. la, b) and anchored in place using a microdrive 
device which screwed into the nut stack. The left and right 
probes were always implanted at the same coordinate on the 
anterior-posterior axis. Each probe was tested for in vitro 
recovery of 10-7 M acetylcholine before implantation and the 
relative recovery found was: 25 + 2%, n = 10. After 

 
Fig. 1. Schematic diagrams illustrating the positions of the 
microdialysis probes in the pontine reticular formation. In a 
and b the locations of the probes when implanted bilaterally 
through the guide cannulae positioned at A 5.0 and A 3.0, 
respectively, are schematically represented, the dialysis 
membrane at the tip of each probe is indicated by the dotted 
area. Schematic figures are based on anatomical data pre-
sented in the dog atlas33 and by Isaacson and Tanaka.24 BC, 
brachium conjunctivum; DR, dorsal raphe nucleus; GDT, 
dorsal nucleus of Gudden; LC, locus coeruleus; LDT, 
laterodorsal tegmental nucleus; PN, pontine nulcei; PPTd, 
pedunculopontine tegmental nucleus dorsalis; PPTv, pedun-
culopontine tegmental nucleus ventralis; PR, pontine raphe 
nucleus; RPC, nucleus reticularis pontis caudalis; RPO, 
nucleus reticularis pontis oralis. 

M. S. REID el al. 



Cholinergic mechanisms in cataplexy 513 

completing the experiment the probes were removed and the 
animals returned to their cages. Histological verification of 
the probe placements was performed on seven of the eight 
animals in this study, using 2% Neutral Red (four narcolep-
tic, one control) or FluoroGold (one heterozygous and one 
control), which was injected (1.0 /ul) through the same guide 
cannulae and at the same depth coordinate as the dialysis 
probes. 

Testing procedure 
All canines were given at least five days of habituation to 

the experimental chamber before testing. The chamber is a 
small room of approximately 3 x 3 m separated from the 
recording room by a door with one-way mirror glass. The 
recording cable and the dialysis lines were insulated and 
wrapped around a 3-m tether which was attached to a 
shoulder harness. The probes were perfused at 2.0 /ul/min 
with artificial cerebrospinal fluid (CSF) (125mM NaCl, 0.5 
mM NaH2P04, 2.5 mM Na2HPO4, 2 mM CaCl2, 1 mM MgCl2, 
pH 7.4) using a Harvard Pump. The perfusion medium 
contained 1 /uM of the acetylcholine esterase inhibitor 
neostigmine in order to obtain measurable amounts of 
acetylcholine (see Ref. 46). Cataplexy was measured using 
the FECT,5 combined with recordings of EEG, EOG and 
EMG. In each FECT, the subject ate ten small bites of wet 
dog food which were lined up on the floor in a semi circle 
over a distance of approximately 3 m and cataplectic attacks 
were scored when the animal stopped forward motion and 
the hind quarters were lowered towards the floor, thus 
initiating either a partial or complete attack. Time required 
to eat all ten bites of food and successfully move away was 
also recorded. 

Experiments were performed on days 1-5, beginning 
approximately 18 h after microdialysis probe implantation, 
between the hours of circadian time 3 and 8. Initially, the 
animals were tested for baseline cataplexy using two con-
secutive FECT trials, and then were attached to the micro-
dialysis and recording lines for a control CSF perfusion 
period of 60 min (bilateral perfusion). At the end of the 60-
min control perfusion period baseline cataplexy levels were 
measured again using four consecutive FECT trials 
performed over a period of 20 min. After completion of the 
four FECT trials, the perfusion medium was switched from 
CSF to CSF plus drug using a manual liquid switch 
(CMA/110, CMA Microdialysis). Carbachol was tested at 
three concentrations (10-5 to 10-3 M, pH 7), both bilaterally 
and unilaterally, by increasing the concentration of 
carbachol over the course of an experiment: 10-5 M was 
perfused for the first hour, 10-4 M for the second hour and 10-
3 M for the third hour. Cataplexy was measured by two 
consecutive FECT trials during min 20-30 and min 50-60 of 
each carbachol concentration period. Control levels of 
cataplexy were tested under the same schedule in narcoleptic 
canines receiving no drug infusion. The animals were awake by 
both behavioral and EEG criteria at the start of all FECT trials. 
The carbachol experiments were performed during the first two 
days after implantation, bilateral carbachol on day one and 
unilateral carbachol (left or right side chosen randomly) on 
day two. Animals with a positive response to carbachol 
treatment were used for further investigation. Atropine was 
tested bilaterally at two concentrations (10-3 to 10-2 M, pH 7) 
in a manner similar to the carbachol testing during day three 
after implantation. The ability of atropine to reverse the 
cataplexy enhancing effects of carbachol was tested by 
switching from bilateral carbachol to bilateral atropine: 
carbachol (10-4 M) was perfused for 1 h, followed by a 20 
min CSF washout period, and then atropine (10-4M) was 
perfused for 1 h. Basal cataplexy was measured as described 
above and drug induced cataplexy was measured during min 
20-30 and min 50-60 of each drug perfusion period. The 
ability of atropine to reverse the cataplexy enhancing effects 
of systemically applied physostigmine was tested by injecting 
physostigmine 

(0.05 mg/kg, i.v.) into an animal which was receiving bilateral 
atropine (10-2 M) perfusion simultaneously. The atropine 
perfusion started 1 h before the physostigmine injection. 
Basal cataplexy was measured as described above and drug 
induced cataplexy was measured during min 20-30 and min 
50-60 of each drug treatment period. 

Drugs 
Carbamylcholine chloride (carbachol), neostigmine 

(Sigma, St Louis, MO) and atropine sulfate (Calbiochem, 
San Diego, CA) were dissolved directly into CSF and tested 
for pH before local administration. Physostigmine (Cal-
biochem) was dissolved in 0.9% NaCl and administered 
intravenously in a 1 mg/ml volume. 

Statistics 
All results are presented as mean + S.E.M. Control and 

drug induced levels of cataplexy were analysed with one-way 
ANOVA, followed by post hoc Fisher PLSD tests. Comparison 
between drug treatment groups as well as between 
narcoleptic and control groups was tested across the time 
variable using two-way ANOVA. 

RESULTS 
Basal FECT-induced cataplectic attacks in the 

narcoleptic canines ranged from partial, in which the 
animal could remain partially upright though a clear 
loss of muscle tone was indicated by the EMG, to 
complete, in which the animal would go down on all 
four limbs and remain atonic for up to one minute. 
During cataplexy the EEG signal remained desyn-
chronized and the EOG was mostly quiet. No rapid 
eye movement was observed. A typical baseline cata-
plectic attack, consisting of a short, complete attack, is 
shown in Fig. 2a. Baseline levels of FECT induced 
cataplexy were tested on all five narcoleptic dogs over a 
3.5-h control period with no drug treatment (Table 1). 
While a good deal of individual variability existed, the 
FECT scores were relatively stable over this control 
period averaging between 2.4 and 3.0 cataplectic 
attacks per. FECT (F = 0.126, d.f. = 5, P = 0.986) 
and elapsing over a time of 47-63 s per FECT (F = 
0.315, d.f. = 5, P = 0.902). The possibility that 
neostigmine (10-6M) in the perfusion medium 
could modify the level of cataplexy was tested by 
comparing the average preFECT scores with the 
ensuing baseline FECT scores. No significant 
difference was found in number of attacks (F = 
0.045, d.f. = 1, P = 833) nor elapsed time (F = 0.174, 
d.f. = 1, P = 0.678). The control canines and the 
heterozygous canine did not exhibit cataplexy under 
baseline conditions and normally completed the 
FECT within 30-40 s. 

The effects of carbachol perfusion in the PRF on 
cataplexy in narcoleptic canines are shown in Fig. 3a, 
b. At low concentrations, bilateral carbachol (10-5 to 
10~4 M) produced a dose dependent increase in FECT-
induced cataplexy in the narcoleptic canines, which 
was evident in both the number of attacks (F = 
5.539, d.f. = 5, P = 0.0003) and elapsed time (F = 
7.068, d.f. = 5, P= 0.0001). In general, complete 
cataplectic attacks were more prevalent and would last 
longer during carbachol perfusion, and as 
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Table 1. Cataplexy in five narcoleptic canines peffused bilaterally with cerebrospinal 
fluid in the pontine reticular formation. Cataplexy was measured using the same schedule 
as drug perfused animals. The mean number of cataplectic attacks and elapsed time for 

two FECT per test period is shown   

FECT induced cateplexy: control levels 
-10 20               50               80 

Attacks 2.8 + 0.6 2.9 + 0.4 2.4 + 0.4 2.8 + 0.5 2.6 + 0.4 3.0 + 0.6 
M= 5 
Elapsed 63 + 11 47 + 9 52 ±8 47 + 5 61 + 13 52 + 8 
time (s)       
with basal cataplexy, the cataplectic attacks were 
associated with a desynchronized EEG and a de-
crease in EMG and EOG activity (Fig. 2b). Uni-
lateral carbachol (10-5 to 10-4M) also produced an 
increase in cataplexy in the narcoleptic canines, evi-
dent in the number of attacks (F = 5.384, d.f. = 5, P 
= 0.0007) and elapsed time (F = 5.607, d.f. = 5, P = 
0.0005), but this effect was weaker than bilateral 
carbachol and was not observed at the lowest concen-
tration. There were no significant differences in the 
carbachol effect whether the probes were placed at A 
3.0 or A 5.0 (cataplectic attacks: F = 1.379, d.f. = 5, P 
= 0.246; elapsed time: F = 0.338, d.f. = 5, t = 0.888), 
or perfused unilaterally on either left or right side 
(cataplectic attacks: F = 0.827, d.f. = 5, t= 0.539; 
elapsed time: F= 1.877, d.f. = 5, t = 0.126). 
Furthermore, these concentrations of carbachol (10-5 to 
10 -4M), both unilateral and bilateral, did not 
produce a significant decrease in basal muscle tone 
in the narcoleptic canines as noted by behavioral 
observation and EMG analysis. At the highest 
concentration, both bilateral and unilateral carbachol 
(10-3 M) produced complete muscle atonia in the 
narcoleptic canines, which was defined as status 
cataplecticus. During status cataplecticus there was a 
predominance of desynchronized EEG, a decrease in 
EOG activity, and EMG activity was strongly sup-
pressed, similar to that observed during basal cata-
plexy (Fig. 2c). During status cataplecticus the animals 
were unable to complete a FECT during the 10-min 
testing period; therefore, for the purpose of 
presentation in Figs 3 and 5 status cataplecticus was 
defined as a FECT with 15 cataplectic attacks which 
elapsed over a 600-s (10-min) period. 

The control and the heterozygous canines all re-
sponded similarly to carbachol, and are therefore 
presented together as the control group. The effects 
of carbachol perfusion in the PRF on the control 
group are shown in Fig. 3c, d. At low concentrations, 
bilateral carbachol (10-5 to 10-4M) did not induce 
cataplexy in the control group, though a moderate 
increase in elapsed time occurred after 10-4 M carbachol 
(F = 3.350, d.f. = 5, P = 0.016). No decrease in basal 
muscle tone, as noted by behavioral observation and 
EMG analysis, was noted at these concentrations of 
carbachol. At the highest concentration, bilateral 
carbachol (10-3 M) produced complete muscle tone 
suppression, similar to status cataplecti- 

cus, during which there was a predominance of 
desynchronized EEG, while EOG and EMG activity 
was strongly suppressed. Unilateral carbachol (10~5 to 
10-3 M) did not induce cataplexy and did not effect 
elapsed time (F = 0.198, d.f. = 7, P = 0.975) in the 
control group. In addition, EMG activity was not 
significantly reduced at any concentration of unilateral 
carbachol. 

The effects of bilateral atropine perfusion in the 
PRF of narcoleptic canines are shown in Fig. 4. High 
concentrations of atropine (10-3 to 10-2 M) produced 
a slight reduction in FECT-induced cataplexy in some 
animals; however, statistical analysis revealed that this 
effect was not significant based on the number of 
attacks (F = 0.820, d.f. = 7, P  = 0.447) nor elapsed 
time (F = 0.422, d.f. = 7. P = 0.657). 

The increase in cataplexy after bilateral carbachol 
perfusion in the narcoleptic canines was rapidly re-
versed when followed by bilateral atropine perfusion 
(Fig. 5). Bilateral carbachol (10-4M) perfusion pro-
duced a strong increase in cataplexy that reached 
status cataplecticus in two of four animals. This high 
level of cataplexy was maintained for over 1 h after 
switching the perfusion medium to one containing 
CSF only, but rapidly returned to basal levels when 
the perfusion medium was switched to bilateral at-
ropine (10-4M). This reversal to basal levels was 
evident both in number of cataplectic attacks (F = 
0.108, d.f. = 3, P= 0.743) and elapsed time (F = 
0.809, d.f. = 3,P=  0.376). Two-way analysis of 
variance revealed that both treatment groups, carba-
chol followed by CSF and carbachol followed by 
atropine, were significantly different from one 
another in number of attacks (F = 7.798, d.f. = 3, P 
= 0.0001) and elapsed time (F = 8.450, d.f. = 3, P = 
0.0001). 

Bilateral perfusion with atropine significantly re-
duced the cataplexy enhancing effects of systemically 
applied physostigmine in narcoleptic canines (Fig. 6a, 
b). In animals with no pretreatment, physostigmine 
(0.05 mg/kg, i.v.) produced a robust increase in 
cataplexy, evident in number of cataplectic attacks (F = 
7.918, d.f. = 3, P = 0.0003) and elapsed time (F = 
3.738, d.f. = 3, P= 0.0195) (Fig. 6a). In animals 
receiving 1 h of bilateral atropine (10-2) perfusion as 
pretreatment, physostigmine (0.05 mg/ kg, i.v.) did 
not produce a significant increase in cataplexy over 
baseline levels, as seen in the number 
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of cataplectic attacks (F = 0.218, d.f. = 3, P = 0.644) 
and elapsed time (F = 0.476, d.f. = 3, P = 0.496). 
Both non-pretreated and atropine pre-treated ani-
mals showed ataxia and muscular discoordination for 
up to 40min after physostigmine administration. 
Two-way analysis of variance revealed that atropine 
pretreated animals responded to physostigmine 
differently than non-pretreated animals in number of 
cataplectic attacks (F = 2.935, d.f. = 3, P = 0.040). 
However, these groups did not differ in regards to 
elapsed FECT time (F = 0.275, d.f. = 3, P = 0.843). 
Histological analysis revealed that the microdialy-sis 
probes were located within the PRF. When implanted 
at A 5.0 the ventral and central portions of the 
dialysis membrane were located in the nucleus 
reticularis pontis oralis (RPO), close to its border 
with the nucleus reticularis pontis caudalis (RPC) 
(Fig. la). When implanted at A 3.0 the ventral and 
central portions of the dialysis membrane were lo-
cated in the RPC (Figs 1b, 7a-c). The most dorsal 

portions of membrane had contact with the dorsal 
pontine tegmentum. Some variability was noted in 
the rostrality of the probe tracts when implanted at 
either A 5.0 or A 3.0, varying no more than 1.5 mm 
from the correct positioning as judged according to 
the canine brain atlas.33 However, more variability 
was noted in the laterality of the probe tracts, which 
ranged between 2.0 and 5.0 mm lateral from midline, 
and the left and right sides were not always posi-
tioned asymmetrically. This may have been due to the 
considerable variability in brain size in the animals 
that were studied and/or the need to place some guide 
cannulae slightly more lateral because of the mid-
saggital sinus (see above). In general, all probe tracts 
were found in the PRF but ranged from the middle 
to the lateral parts of the structure. In Fig. 7a-c 
cannula tracts in the left and right PRF after implan-
tation in an animal at A 3.0 are shown. Figure 7a and b 
are from the same animal. In Fig. 7a the ventral-
most 5 mm of the tract on the left side and a dorsal 

 
Fig. 2. Polygraph recording of cataplexy in a narcoleptic canine during (a) baseline, (b) bilateral 10-4 M 
carbachol and (c) bilateral 10-3 M carbachol conditions. All recordings were taken from the same animal 

on the same day. EEG, frontal cortex electroencephalogram. 



  

Fig. 3. Effect of carbachol (10-s to 10-3 M) perfusion in the pontine reticular formation on cataplexy in (a, b) 
narcoleptic and (c, d) control canines. Carbachol was mixed into artificial cerebrospinal fluid and perfused 
through microdialysis probes at the indicated concentrations over the course of a four hour experiment: 
none during the first hour, 10-5 M during the second hour, 10-4 M during the third hour and 10-3 M during the 
fourth hour. Five narcoleptic canines were tested bilaterally, and four narcoleptic canines were tested 
unilaterally. Two control and one heterozygous canine (control group) were tested both bilaterally and 
unilaterally. The mean number of cataplectic attacks (a, c) and elapsed time (b, d) for two FECTs per test 
period is shown. For the purpose of figure presentation, status cataplecticus (carbachol atonia) was 
arbitrarily designated as 15 attacks elapsed over 600 s. Because of the arbitrary, non-variable score for 
status cataplecticus, statistical analysis was performed on the scores prior to this state. Each carbachol 
time-point prior to status cataplecticus was compared with the basal time-points using a Fisher PLSD 
post hoc test; *P < 0.05 satisfactory for comparison with either basal time-point. 

portion of the tract on the right side can be seen. In 
Fig. 7b ventral portions, approximately 6 mm, of the 
tract on the right side are apparent. The tract in 
Fig. 7b, 0.45 mm caudal from the tract in Fig. 7a, was 
the most lateral tract observed in all animals exam-
ined. A moderate level of heavy staining seen at the 
tip of the tract on the right side is probably due to 
non-specific staining of damaged tissue which oc-
curred when implanting the injection cannula. In 
Fig. 7c tracts in both the left and right side of the 
PRF of another animal are shown in a section under 
higher magnification. The tract on the left side is at 
the ventralmost level that was seen for both left and 
right tracts in all sections examined. The tracts in 

Fig. 7c were the most medial observed in all animals 
examined. 

DISCUSSION 

The present study on the effects of cholinergic 
drugs infused locally within the PRF on cataplexy in 
narcoleptic, control and heterozygous Doberman 
pinschers confirms and extends previous findings on 
the effects of microinjections of cholinergic com-
pounds into the PRF of cats,3,13,29,40,50 showing that high 
doses of carbachol produce complete muscle tone 
suppression and an increase in desynchronized EEG 
activity. The ability of low concentrations of 
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Fig. 4. Effect of bilateral atropine (10-3 to 10-2 M) per-
fusion in the pontine reticular formation on cataplexy in five 
narcoleptic canines. In two canines, atropine was tested 
twice, each time at different anterior-posterior coordinates. 
The mean number of cataplectic attacks and elapsed time 
for two FECTs per test-period is shown. 

carbachol to enhance cataplexy in the narcoleptic 
canines, without producing significant, tonic motor 
inhibition, suggests that cholinergic mechanisms in 
the PRF may also be involved in the regulation of 
cataplexy in the narcoleptic canine. 

Microdialysis as a method for drug infusion 
The use of microdialysis probes to deliver cholin-

ergic drugs directly into the PRF via the perfusion 
medium is a relatively novel method for local drug 
administration. While this method has been used 
previously to investigate the neuropharmacology of 
specific brain nuclei,22,44,45,55 there are few studies 
reporting the modulation of behavioral states from drug 
infusion via a microdialysis probe.55,58 In the present 
studies microdialysis probes were used to 

study the PRF for two major reasons, to deliver drugs 
directly into the PRF and to assay acetylcholine levels in 
the PRF during pharmacological and behavioral 
treatment, as described in the accompanying paper.46 

Furthermore, as a drug infusion method microdialysis 
enables one to continuously administer any com-
bination of drugs to a specific location without 
introducing an exogenous volume of fluid, thus re-
ducing tissue trauma at the site of interest. 

The delivery of a drug via a microdialysis probe is 
mediated by its passive diffusion across the dialysis 
membrane. Since this process is equal in either direc-
tion,2 the concentration of a drug passing outwards 
across the membrane may be estimated using the 
calculated recovery rate of that drug passing inwards 
across the membrane. In the present study the tech-
nology necessary for the measurement of carbachol 
or atropine was not available; therefore, we chose to 
measure the recovery rate of acetylcholine, which is 
nearly identical to carbachol in structure and molecular 
weight. Atropine, though a larger and more 
complex structure than carbachol, should cross the 
membrane at nearly the same rate because of the wide 
dynamic range of the dialysis membranes used in this 
study.30 The in vitro recovery rate for acetylcholine 
was 25%. Since in vivo recovery rates are suggested 
to be approximately 50% lower than in vitro recovery 
rates,1,7,34,56 it may be suggested that the concen-
trations of carbachol and atropine passing across the 
brain into the PRF were 12% of their perfusate 
concentrations. Based on this conversion factor it was 
estimated that the concentration of carbachol and 
atropine (10-5 to 10-2M in the perfusion medium) 
immediately outside the dialysis membrane in the 
PRF was 1.2-120, and 12-1200 /uM, respectively. 
These concentrations of carbachol and atropine are 

 
Fig. 5. Effect of perfusion in the pontine reticular formation of four narcoleptic canines with bilateral 
carbachol (10-4M) for 60min, followed by bilateral cerebrospinal fluid for 20min and then bilateral 
atropine (10-4M) for 60min on cataplexy. The mean number of cataplectic attacks and elapsed time for two 
FECTs per test period is shown. For the purpose of figure presentation, status cataplecticus (carbachol atonia) 
was arbitrarily designated as 15 attacks elapsed over 600 s. This level of cataplexy was obtained in two of 
the four canines tested. Each drug time-point was compared with the basal time-points using a Fisher 
PLSD post hoc test; *P < 0.05 satisfactory for comparison with either basal time-point. 
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Fig. 6. Effect of an intravenous injection of physostigmine 
(0.05 mg/kg) on cataplexy in narcoleptic canines. In a, five 
animals were tested without any perfusion in the PRF. In b, 
four of these animals received 60 min of bilateral atropine (10-2 
M) perfusion in the PRF prior to physostigmine injection 
and continued to receive atropine perfusion for the next 60 
min. The mean number of cataplectic attacks and elapsed 
time for two FECTs per test period is shown. Each drug 
time-point was compared with the basal time points using a 
Fisher PLSD post hoc test; *P < 0.05 satisfactory for 
comparison with either basal time-point. 

well beyond their reported binding affinities for 
muscarinic receptors in the CNS.8'23 Considering that 
carbachol concentrations were applied continuously at 
2 /ul/min for up to 180 min, it is possible to estimate a 
total dose of carbachol applied in the PRF during a 
dose-response study. These calculated values were: 
0.14 nmol, 1.54 nmol and 15.9 nmol after 60, 120 and 
180 min, respectively. The lower two doses, which 
produced a significant increase in cataplexy, are also 
well below those shown to produce an increase in 
REM sleep in cats (5-42 nmol).3,29,50 Thus, in the 
present study relatively low doses of carbachol were 
administered into the PRF. 

The diffusion of a drug administered via a micro-
dialysis probe into the surrounding tissue is dependent 
on tissue tortuosity and interstitial clearance mechan-
isms such as microvasculature, metabolism and 
intra/extracellular exchange.6,7,10,41 The response time 
necessary for drug concentrations in the surrounding 

tissue to reach equilibrium is hypothesized to be 
relatively short,27,41 and the concentration gradient in the 
surrounding tissue is suggested to decrease expo-
nentially with distance from the membrane surface.41 

These characteristics are consistent with immunohis-
tochemical studies showing the spread of dopamine 
perfused into the striatum58 or Bromophenol Blue 
perfused into the preoptic area,43 via a microdialysis 
probe. Based on these studies it can be suggested that 
the concentrations of carbachol and atropine infused 
via the dialysis probes decreased rapidly within a short 
distance from the membrane, such that at a radial 
distance of 1 mm from the membrane the concen-
tration was probably less than 5% of its original level at 
the surface of the membrane. Though it is possible that 
higher concentrations of carbachol and atropine 
achieved a greater effective spread in the PRF, these 
differences become less of a factor at greater distances 
from the probe.7 Therefore, the effective levels of 
carbachol and atropine infused into the PRF via 
microdialysis probe in this study were probably limited 
to an area of 0.5-1.0 mm from the surface of the 
membrane. Furthermore, since the bilateral probes 
were greater than 6 mm apart, it is unlikely that there 
was any effective bilateral interaction of drugs. 

Neurochemical and functional properties of the per-
fusion site 

Histological analysis revealed that the dialysis 
probes were placed within the PRF, in the RPO when 
implanted at A 5.0 and in the RPC when implanted at A 
3.0. In the cat and the rat, the PRF is heavily 
innervated by cholinergic projections from the lat-
erodorsal tegmental nucleus and the pedunculopon-
tine tegmental nucleus.25,26,39,51 Furthermore, this area is a 
well-established site for cholinergic stimulated REM 
sleep and muscle atonia.3,29,40,50 Histological analysis 
also revealed that dorsal regions of the dialysis probe 
were in contact with the dorsal pontine tegmentum. 
The dorsal pontine tegmentum includes the peri-locus 
coeruleus pars-alpha (subcoeruleus), which has been 
shown to mediate REM sleep muscle atonia,21,47,48,52 and 
parts of the pedunculopontine tegmental nucleus and 
laterodorsal tegmental nucleus, which send 
cholinergic projections to the PRF, medulla, superior 
colliculus and thalamus26,42,49,57 and are involved in the 
generation of REM sleep.53 Thus, in the present study 
carbachol and atropine perfusion into the PRF via 
microdialysis probes effected a relatively broad area 
of the brainstem involved in the regulation of REM 
sleep and muscle atonia. 

Cholinergic stimulation of cataplexy in the pontine 
reticular formation 

The artificial CSF used in this study included a low 
concentration of neostigmine (10-6M) in order to 
obtain measurable amounts of acetylcholine in the 
perfusate (see Ref. 46). Since it has been shown in cats 
that REM sleep may be enhanced by injections 
neostigmine into the PRF4 control tests for the effect 
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of neostigmine on cataplexy in the narcoleptic canines 
were necessary. It was found that neostigmine had no 
effect on cataplexy. Indeed, the levels of 
neostigmine used in this study (approximately 0.12 
nmol/h) were significantly lower than those used by 
Baghdoyan and colleagues in cats (6-60 nmol).4 

Low concentrations of carbachol (10 -5 to 10-4 M) 
produced a significant increase in FECT-induced 
cataplexy in the narcoleptic canines, evident after 
either unilateral or bilateral perfusion in the PRF, 
though the bilateral effect was more robust (Fig. 3a, 
b). Cataplectic attacks increased in frequency and 
severity with increased concentration of carbachol, 
and the time required to complete each FECT was 
more than doubled. Indeed, full attacks lasting up to 
one minute were often observed during 10-4 M 
carbachol perfusion. Nevertheless, a general 
suppression of muscle tone was not observed at these 
levels of carbachol, the animal's behavior was other-
wise completely normal. In the control and het-
erozygous canines, no cataplexy and no decrease in 
muscle tone was observed at these levels of carbachol 
(10-5 to 10-4M). These findings indicate that cataplexy 
in canine narcolepsy may be regulated by cholinergic 
mechanisms in the PRF, and are consistent with 
previous studies reporting enhanced muscarinic 
binding in the nucleus reticularis gigantocellularis and 
the RPC of narcoleptic canines.9,31 Such an 
upregulation of muscarinic receptors in the PRF could 
account for the highly sensitive carbachol response 
seen in our study of narcoleptic canines. In vitro 
and in vivo studies on cellular activity in the PRF of 
rats12,15 and cats16 have shown that carbachol 
administration can cause either depolarization15 or 
hyperpolarization12,15,16 of pontine neurons. 
Furthermore, unit recording studies have found that 
most cells in the PRF reduce activity during 
cataplexy in narcoleptic canines.54 We hypothesize that 
the perfusion of carbachol into the PRF of narcoleptic 
canines produces a decrease in the activity of PRF 
neurons, similar to the reduction in unit activity 
seen during spontaneous cataplexy,54 and thereby 
enhances the incidence of cataplectic behavior. 

During episodes of carbachol enhanced cataplexy 
in the narcoleptic canines, the EEG was desynchro-
nized and EMG activity was greatly suppressed, 
similar to that seen during basal cataplexy. This is 
similar to EEG and EMG recordings associated with 
REM sleep in narcoleptic canines.30,35 However, unlike 
REM sleep, there were no eye movements observed 
during cataplexy, in either basal or carbachol-
stimulated conditions, in our sample of narcoleptic 
canines. A similar lack of eye movement during 
cataplexy has been reported more recently.54 These 
electrographic characteristics are similar to the first 
stage of cataplexy in narcoleptic canines as 
described by Kushida and colleagues, with the one 
difference being their observation of continued visual 
tracking during the onset of cataplexy.32 Thus, in the 

present study cataplexy simply appeared as strong 
muscle tone inhibition. 

The highest concentration of carbachol (10-3 M) 
tested in this study produced a complete suppression 
of muscle tone, defined as status cataplecticus. This 
was seen with both bilateral and unilateral perfusion 
of carbachol in the narcoleptic canines, but only after 
bilateral perfusion of carbachol in the control group. 
During this condition desynchronized EEG activity 
was predominant, which is consistent with previous 
studies on the effects of carbachol adminstration in 
the cat PRF.3,50 This carbachol-induced atonia possibly 
represents cholinergic stimulation of the dorso-lateral 
pons, an area which has been shown to be a low 
threshold site for cholinergic-mediated muscle atonia 
in cats.3,29,40 It is also possible that this carbachol-
induced atonia was mediated by cholinergic 
stimulation of the subcoereleus, although it is not 
clear whether muscle atonia regulation in this region 
is stimulated by cholinergic mechanisms. 

Atropine modulation of cataplexy in the pontine retic-
ular formation 

Bilateral perfusion with high concentrations of 
atropine (10 -3 to 10 -2 M) in the PRF did not produce a 
significant decrease in cataplexy in the narcoleptic 
canines, though a slight reduction in some animals 
was observed. This suggests that cholinergic regu-
lation of cataplexy could also be mediated by areas 
outside the PRF. However, it is also likely that this 
reflects the limited diffusion of atropine in the PRF 
when administered via a microdialysis probe, which 
would suggest that a cholinergic blockade needs to 
cover a broader area in order to be effective. Never-
theless, atropine perfusion rapidly reversed the cata-
plexy enhancing effects of locally perfused carbachol 
and partially suppressed the cataplexy enhancing 
effects of intravenously applied physostigmine. The 
ability of atropine to reverse the effects of carbachol 
indicates that the carbachol effect is mediated via 
muscarinic receptors. The ability of atropine to in-
hibit the effects of physostigmine suggests that the 
PRF has a central role in the cholinergic regulation 
of cataplexy, perhaps as a point of convergence for 
cholinergic pathways regulating cataplexy in nar-
coleptic canines. It should be noted that atropine 
selectively reduced the incidence of cataplectic attacks 
induced by physostigmine but not the time required to 
complete a FECT test. Indeed, the tremors, muscular 
discoordination and ataxia which normally ac-
company the physostigmine effect was still observed. 
Thus, this test revealed a distinction between the 
inhibition of muscle coordination and the occurrence 
of cataplectic attacks. 

CONCLUSION 

The present study demonstrates that cataplexy in 
the narcoleptic canine can be stimulated by local 
administration of carbachol into the PRF. This 



 
Fig. 7. Photomicrographs showing the positions of the microdialysis probes in the pontine reticular formation. The pontine sections were stained with thionin after bilateral 
cannulation through the guide cannula positioned at A 3.0 with injection cannulae for the injection of FluoroGold (immunocytochemistry not shown) at coordinates: A 3.0, L + 3.2 
and -3.2, V 39.0. Panels a and b were from the same animal and c was from a second animal. Black arrows indicate the injection cannula tracts on the right and left sides in the 
RPC. The scale bars in a and b indicate 2 mm and the bar in c indicates 1 mm. In a the ventral most aspects of the implantation tract on the left, extending approximately 5 mm along the 
dorsoventral axis, and part of the tract on the right are shown. In b the ventral portions of the implantation tract on the right, extending approximately 6 mm along the 
dorsoventral axis, are shown. The sections in a and b are 450 /um apart. In c portions of both tracts in the left and right sides are shown under higher magnification. When the 
microdialysis probes were implanted in the RPC of these canines, at the same coordinates as the dye injection cannulae, the 5-mm dialysis membranes were located 

in approximately the same positions as the tracts. 
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response was highly potent and mediated by muscar-
inic receptors. In addition, local administration of 
atropine significantly reduced the increase in cataplexy 
produced by systemically administered physostigmine. 
These findings suggest that cholin-ergic stimulation 
of cataplexy in narcoleptic canines is mediated by, or 
passes through, the PRF. However, when atropine was 
perfused alone in the PRF there was no significant 
reduction in cataplexy, leaving open the possibility that 
other cholinergic path- 

ways may be involved in the regulation of cataplexy. 
Nevertheless, the present findings provide clear evi-
dence that the PRF plays a significant role in the 
cholinergic regulation of cataplexy in canine narcolepsy. 
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