TITLE: Muscarinic Cholinergic Receptors in Human Narco lepsy: A Positron Emission
Tomography Study

-'¥fiX 6 iF 4 JLA.:'f:
Jii<Ui'J::k:'f:::k:'f:flli:~:'f:ikliJf~f~·
i\!Cilll;.*~:'f::WJ5< (fflt'P~:'f:)

Page2

Abstract
Objective: To investigate the ftmction of the muscarinic cholinergic receptor (mAchR) in
narcolepsy and the effects of pharmacotherapy on mAchR.
Background: Muscarinic neural transmission serves as the main executive system in rapid eye
movement (REM) sleep. Studies in canine narcolepsy reported an increase io mAchR in the
pons.
Methods: mAchR of 11 dntg na'ive/free patients with narcolepsy and 21 normal contro ls were
investigated using positron emission tomography (PET) with ["C]N-methyl-4piperidylbenziJate (NMPB). Measurements were done in U1e pons, thalamus, striatum and
cerebral cortex. Seven of the 11 patients also underwent an addit ional PET scan after the
alleviation of symptoms by pharmacoU1erapy.
Results: There were no differences in [ 11 C]NMPB binding between the contro l and drug
na'ive/ free patients in all areas anal yzed. At the time of on-medication PET scan, C'CJNMPB
binding tended to be inhibited only in the thalamus (p<O.l), but to a small degree.
Conclusions: We did not confm11 the occurrence of increased mAchR density in human
narcolepsy. The present results do not support the notion that mAchR is the main site of action
ofpham1acotherapy in the marked clinical improvement of human catap lexy.
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Introduction
Narcolepsy is a rather rare sleep disorder characterized by recurrent daytime sleep
episodes and symptoms of dissociated REM (rapid eye movement) s.l eep such as catap lexy,
sleep paralysis, and hypnagogic hallucinations. Although its pathophysio logy is largely
unknown, the discovery of the canine model of narco lepsy and th e subsequent establ ishment
of a multi-litter colony has provided invaluable information abo ut this disorder. Currentl y, it
appears that severa.l neural transmitter systems are involved in canin e narco lepsy (for review,
see ref 1). Among these, the pontine muscarinic cholinergic system has been one of the most
thoroughl y investigated.
Nonn ally in the regulation of awake-s leep cycles, pontine cholinergic cell s constitute
part of the so-called "b rainstem reticular fonnation" and serve as cortical activation systems.
ln additi on, considerable attention has centered on the role of pontine cholinergic systems in

the regulation of REM sleep. Large amounts of cells in this region behave as REM-on cells,
which are specific ally active during REM s.leep. Cholinergic stimu lation in this region induces
the signs of REM sleep (for review, see ref2). In canine narcolepsy, the microinj ection of
muscarinic antagonist into tllis area an1eliorates, and agon ist aggravates cataplexy?• 4 and the
amount of endogenous acetylcholiJJe released is particularl y high during cataplectic attacks 5
With regard to receptor binding si tes, an increase in the number ofbrainstem M2 muscalitlic
cholinergic receptors (mAchR) was also reported in canine narco lepsy. 6• 7 In addition, Nitz et
8
al. recently reported that the number of cholinergic ce!Js increased in the brai.nstem, although
9
Taf\i et aJ were unable to confim1 this observation.
In contrast, little is known about human narcolepsy. To our knowledge, onl y one post
mortem autoradiograp hic study has reported a non-significant increase of mAchR in the
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striatum and amygdala.

10

Post mo1tem studies, however, are susceptibl e to a variety of

confounding factors, such as previous medication

11

and storage conditions after autopsy, 12

and the number of subjects (n=2) 10 was certain ly too few to draw any conclusions. So, U1e
hypothes is that the elevation ofmAchR is a fundamental abnormality in narcolepsy remains
unproven.
Current pharmacological treatment of narcolepsy includes the use of central nervous
system stimulants and antidepressants.

13

Stimulants are used to treat the excessive daytime

sleepi ness but have no effect on cataplexy. 14 Although antidep ressants, especially
clom ipram ine, can alleviate REM-related symptoms in narcolepsy, they are potent serotonin
(5HT) or noradrenaline (NA) uptake inhibitors and have many binding sites other than
mAchR.lS, 16 Previous studi es on canine and human narcolepsy showed that SHT or NA
transmission was also involved in cataplexy! and it is uncertain where the therapeutic prope1ty
of antidepressants is derived from . Verifying mAchR abnormaLities is of crucial importance in
understanding the pathogenesi s of narco lepsy and developing more effective anti-narcolepsy
drugs.
The ai m of thi s study was to explore the fi.mction of mAchR in narcolepsy. We
in vest igated the mAchR of drug nai've/free pati ents with narco lepsy and UJ.e effects of drug
therapy on mAchR using positron emiss ion tomography (PET) and [''C]N-metbyl-4piperidylbenzilate ([''C]NMPB), a non-selective muscarinic cholinergic li gand. 17 •18
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Methods

Pa!ients and control. Eleven patients with narcolepsy, meeting the minimum
diagnostic criteria for narcolepsy (recurrent daytime sleep ep isodes and cataplexy) of the
International Classification of Sleep Disorders, 19 and 2 1 healthy people participated in this
study. All were men, and the mean age was 42.6 years for the patients and 32.7 years for the
contro l. All patients were HLA-DR2 positive. 20 Eight of the 11 patients bad no previous
antipsychotic drug exposLrre and were termed the drug nai've subgroup. The remaining three
were free from antipsychotic medication for more than one year and termed the drug free
subgroup. Data of the patients are shown in Table l. Written infom1ed consent was obtained.
This study was approved by the Ethical Committee and the Radiation Safety Committee of the
Nationallnstitute of Radiological Sciences, Chiba, and the Ethica l Committee of the
University of Tokyo, Japan.

PET scan. PET scans were perfom1ed using a Siemens ECAT47 system (Siemens,
Knoxville TN, USA), which images 47 contiguous sli ces 3.375nllll (center-to-center) apart
with an in-plane resolution of6 nun.
The participants took a supine position on the scanner bed with eyes closed and ears
Lmoccluded. To minimize head movements dwing each scan, head fixation devices (Fixster
Instruments, Stockholm, Sweden) and thennoplastic attachments made to fit the individuals
were used. During PET scaJllling of patients, scalp electrodes were placed on Cz and bilateral
Os using the international 10-20 system. During the procedrrre, patients were monitored by
electroencepha logram (EEG) and encouraged to keep awake for at least the first 20 minutes of
the dynamic scan.
After 10 minutes of transmission scan with a 3 mCi 68 Ge- 68 Ga rod source, data
acquisitioD conunenced with a bolus injection of 15-20mCi [''C) NMPB, a radiolabelled
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than 95 %, and the speci tic radioactivities ranged from 0.7 to 8.5 Ci/J.imol. Dynamic imaging
was perfom1ed for 60 minutes -- 2 minutes x 30 scans.
After the first PET scan, the pb am1aco logicaltreatment was initiated, and seven of the
1 I patients continued their regular visits to the outpatient clini c. They additionally underwent

on-medication PET scans. For U1ese scans, blood samples were co llected on injection of the
tracer. Samples were centrifuged and plasma was frozen at - 20°C until analyzed. Plasma
concentrations of each drug were determined by high performance liquid chromatography.
Data Ana(ysis. In each PET study, circu lar regions of interest (ROis) were manually

delineated on reconstructed images with reference to the brain atlas. All samples taken were
averaged to provide the mean count density for a given region. The location and vol um e of
ROls to be analyzed are shown in Figure l and Table 2. To exami ne the effects of
pharmacotherapy, bilateral ROis in the striatum were combined, and all the ROJs in the cottex
were also combined to increase the signal-to-noise ratio. Then, these two ROls were used as tile
representative measure for each region.
1

To quantify [' C]NMPB binding in the brain, a compartment model for irreversible
22 23
binding was applied. • As tile cerebellum contains negligible mAchR, 24 the nonnalized
graphical method using the cerebellum as a reference region was used 25 The ratio of the
radioactivity in the specific binding region (CR01 (t)) to that in the cerebellum (C" ,(t)) can be
expressed by the fo llowing equation:

k,k,
k , +k,

Ecm (r)d-r ( k , ) '
k,
----+ - - - +--C"' (t)
k, +k,
k, +k ,
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where the constant

ko is the efflux rate constant from

tissue to blood, and k3 is the associat-ion

rate constant of ligand to receptor. The magnitude ofk, is an index of the density ofmAchR
availab le for the binding of[ 11 C)NMPB (B ',aJ,
[

11

26

and was used for the quantification of

C]NMPB binding in this study.
lfk 2>>k,, then this equation can be written as follows:2 1, 27

c

ROI

(t)

C cer (t)

= kJ

r' c cer

Jo

(r )dr

+

j

C cer (t)

The plot of the c.0 / C"" rat-io against the nom1ali zed integral of the cerebellum (the ratio of
integrated cerebellar radioactivity by actual cerebell ar rad ioactivity for each point) yields a
straight line with the slope ofk,. The validarion of test-retest data with ["C]NMPB have been
described elsewhere.21
Data from the control group (n=2!) were used to correct the k, value of both contro l
and narcoleptic patients for the significant effects of age on k, .28 , 29 Firstly, linear regressions
of the control group were calculated to assess the age dependent decline ofk3 . The regressions
were used to calculate the k3 values of each group at the age of twenty. Student's t test was used
to measure the sign ificance between the age-cmTected k, va lue of each group.
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Results
Although the overall mean ("C]NMPB binding Lll narcoleptic patients was lower in all
areas analyzed, this discrepancy was considered to be due to the differences in age between the
two groups. In agreement with the earlier PET smdies28,29, a decrease inmAch.R binding with
age was observed in this study. The relationship between age and k,, and the Pearson
coefficients and P values for each region are given Ln Table 3. And Figure 2 shows the results
11

of ( C]NMPB bindmg in representative regions. After age-correction, we did not detect any
differences between dmg na"ive/free narcoleptic patients and normal controls (Table 4;
unpaired /-test: a =0.05).
Seven of the 11 patients W1derwent both pre- and on-medication PET scans. At the time
of the on-medication PET scans, all participants were relieved from cataplexy and showed
detectable levels ofclomipramme in plasma. The mean duration of medication at the time of
the second PET scans was 35 ± 23 weeks. The plasma concentration of clomipramine was 733ng/ml for the patients taking 25mg daily and 20-37ng/ml for those taking 50mg daily. The
medication and plasma concentration of drugs at the time of on-medication PET scans are
shown in Table 5. Table 6 shows the effects of medication on ["C)NMPB binding. Only in the
thalan1us was there a tendency of a decrease in ["C)NMPB binding (p<O.l.), but this reduction
did not correlate with the plasma. concentration of clornipran1ine (Figure 3). No measurable
effects were observed in other regions.
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Discussion

In this study, we did not detect any change in ["C]NMPB binding in human
narcolepsy. We carried out dynamic scan for 60 min utes. Special attention was paid to the
control of the scaru1ing conditions, and in the case of the patients, EEG monitoring was used to
assess the level of alertness. Patients were encouraged to remain awake.
mAchRl; are pharmacologically classified into Ml/M2 s ubtypes according to their
affinity for pirenzepine

30

We used ["C]NMPB , whi ch is a non-selecti ve mAcllR antagonist,

and could not rigorously differentiate M 1/M2 subtypes. However, several in vitro studies bave
shown that each subtype exhibi ts characteri st ic panems of distribution in the human brain; in
the cerebral cortex and the striatum, approximately 80% of mAcbRs are the Ml subtype, and
in the thalamus and the pons, approximately 80% are M2 3 1 Therefore, ["C]NMPB binding
mi ght indicate mainly Ml mAcllR binding in the cerebral cortex and striatum, and M2 mAchR
bind ing in the thalamus and pons.
There is considerable evidence that M2 mAcllR in the upper brainstem is essential for
the REM sleep elicited by cho linomim etic stimul ation 32 - 34 Studies of cani ne narcolepsy
demonstrated that catapl exy is also mediated through M2 mAchR, 4 and putative M2 mAchR
increased in the nucleus reticularis gigant celluraris of the brainstem, 6 ' 7 which is one of the
sites for catapl exy induced by cholinom imetric stimulation 3 ' 4
The present results were not i.n agreement with prev ious stud ies of canine narco lepsy.
The cataplexy of human n arcolepsy is less severe than that of canine narcolepsy. Fu rther, the
spati al resolution of current PET systems (6 mm) does not allow for the quantification of each
nucleus i.n the pons separately. The measurements in this study were inevitably limited to the
gross mAchRs in the pons. Even if such symptomato logical differences or technical limitations
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did affect the current results, the result of the medi cation sti ll casts doubt on the mAchR
hypothesis.
In this study, clomipramiue was used in the treatment of catapl exy. Other drugs
including stimul ants or hypnotic have no effects on cataplexy. Although there was a tendency
of a decrease of["C]NMPB binding in the thalamus, the magnitude remained small (8%; Table
6). Us ing the same methods, ["C]NMPB binding was reported to be inhibited by about 30% in
both M 1- and M2- rich regi ons on oral administration of 4mg of trihexyphenidyl. 35 However,
all clinical trials of anticholinergic compounds to date, includi11g trilJexypbenidyl, have proven

1
unsuccessfu l for narco lepsy. In contrast, all the patients in this study were relieved from
cataplexy and other REM-related symptoms wi thout a major decrease of ["C]NMPB binding.
These resu lts stro r1 gly suggest that the anti-cataplectic effects of clomipramine are derived
from transmitter systems other than mAcbR.
Since the proposal of the reciprocal model by Hobson,36 many studies have supported
the idea that ponti ne cholinergic neurons interact with other transmitter systems, especially
with 5HT and NA systems. Recent in vivo studies have demonstrated that both 5HT37• 38 and
NA

37 38
• systems exert inhibitory effects on pontine cho linergic systems. As shown in the

present results, the effects of clomipramine on [' 'C]NMPB binding are minimal.
Clomipramine is, however, potent at blocking ['H]serotonin uptake and relativel y potent at
blocking [' H) noradrenaline uptake in the rat cerebral cortex 15 A recent PET study has
confirmed the hi gh affinity of clomipramine for 5HT transporter in the li vin g human brain as
well.

41

Antagonistic effects of clomipramine 15 against these transporters increase their neural

transmission and likely inhibit the pontine cholinergic neurons. Consistent with this view, a
microinjection of5HT into the brainstem suppresses REM sleep in rats ,42 and several types of
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selective serotonin reuptake inhibitors such as tluvoxamine43 and .fluoxetine44 have shown
modest effects on catapl exy in human narcolepsy. In add iti on, prazosin, an u l NA antagonist,
aggravates catap lexy 4 5
Clomiprami ne has proven be the most effective drug to date in the treatment of
catap lexy, but its therapeutic efficacy is not through tlle direct inhibition ofrnAchR. It is likely
that the presynaptic modulation of5HT or NA transmi ssion is the substantial phann aco logical
property of clomi pramine. To develop a drug with more spec ifi c action for catap lexy, further
studi es on 5HT or NA wi ll be needed.
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Figure Legends

Figure I.
Circular regions of interest (ROis) were drawn on PET slices. For each region, four to six
slices were selected fmrn a total of47 axial slices. The left image shows ROis .in the cerebellum
(black) and pons (red), the right linage shows ROis in tbe frontal cortex (blue), temporal cortex
(black), occipital cortex (green), striatum (yellow) and thalamus (red).

Figure2.
Scatter plots of age against the [''C]NMPB k, value, and the regression lines fo r nom1al
contro l in the pons (2-1), thalamus (2-2), left temporal cortex (2-3) and left frontal. cortex (2-4).
( • : normal control, 6 : narcolepsy)

Figure 3.
Scatter pLots of the plasma concentration of clomipramine against the inhibition of the
["C]NMPB k, value.
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Table 1. Demographic data of patients

Patient number

Age

46

Drug naive
Dmg Free

2

21

(18 monU1s)
3

54

Drug free

(40 months)
Drug Free

4

57

5

49

Drug naive

6

21

Drug nai"ve

7

47

Drug nai"ve

8

52

Drug naYve

9

51

Dmg naive

10

33

Drug naYve

11

38

Drug naive

(18 months)
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Table 2. Definition ofROl and mean volume

ROI
Cerebellum

Vo lume (cc)
19.75

Pons

4.41

Thalamus

7.62

Left Striatum

7.63

Right Striatum

7.62

Left Frontal Cortex

24.05

Right Frontal Cortex

24.56

Left Temporal Cortex

20.73

Right Temporal Cortex

21.01

Occipital Cortex

25.43
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Table 3. Aging effects on k3 in the control group

% decrease 1l

r-value 2>

Pons

3.53

-0.38

Thalamus

3.63

-0.42

Left Striatum

2.71

-0.34

Right Striatum

4.69

-0.55**

Region ofinterest

Left Frontal Cortex

5.11

-0.63**

Right Frontal Cortex

4.79

-0.59**

Left Temporal Cortex

4.10

-0.54*

Right Temporal Cortex

4.32

-0.59**

Occipital Cortex

3.37

-0.49*

1) % decrease per decade relative to the k3 value at tbe age of zero
2) the Pearson correlation coefficients for the effects of k3 value and
age(*: p<0.05, **: p<0.01)

~

""'

Table 4.

I

Before correction for a e
Normal Control
Narcolepsy
(n=21)
(n= ll)

I

After correction for age
Norma l Contro l
Narcolepsy
(n=21)
(n= ll)

k3 values (/min) of narcolepsy and control subjects before and after corTection for age.
Data are presented as mean ± SD.

Region of Interest

0.0236 ± 0.0023

0.0219 ± 0.0020

0.0246 ± 0.0036

0.0237 ± 0.0023

0.0130 ± 0.0013

0.0239 ± 0.0036

0.0168 ± 0.0024
0.0222 ± 0.0025

0.02 19 ± 0.0020

0.0210 ± 0.0020

0.0217 ± 0.0025

0.0136 ± 0.0013

0.0218 ± 0.0036

0.0220 ± 0.0025

0.0175 ± 0.0024

0.0190 ± 0.0020

0.0212 ± 0.0020

0.0152 ± 0.0027

0.0223 ± 0.0030

0.0 19 1 ± 0.0023

0.0212 ± 0.0025

0.0118 ± 0.0012

0.0203 ± 0.0027

0.0189 ± 0.0021

0.0243 ± 0.0026

0.0166 ± 0.002 1

Right Striattun

0.0206 ± 0.0027

0.0243 ± 0.0026

0.0213 ± 0.0025

0.0130 ± 0.0018

Left Frontal Cortex

0.0200 ± 0.0024

0.0189 ± 0.0024

Pons

Right Frontal Cortex

0.0223 ± 0.0025

Thalamus

Left Temporal Cortex

0.0232 ± 0.0024

0.0200 ± 0.0023

0.0227 ± 0.0026

Right Temporal Cortex

Left Striatum

Occipital Cortex

I
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Table 5. Dose of medication and plasma concentration of each drug at the time of on-medication PET scans.
The patient number is the same as shown in Table I. (- : not measured)

Patient nwnber

2

7

9

II

Medications
Pemoline 25mg
C lomipramine 25mg
Zopiclone I Omg
Brotizolam 0.25 mg
Pemoline 75mg
Clomipramine 50mg
Nitrazepam 5mg
Estazolam 2mg
Chlorpromazine 12.5mg
Pemoline 50mg
Clomipramine 25mg
Nitraze am 5m
Pemoline 75mg
Clomipramine 25mg
Triazolam 0.25mg
Pemoline 75mg
Clomiprami ne 25mg
Nitrazepam 5mg
Pemoline 50mg
Clomipramine 50mg
Nitrazepam IOmg
Pemoline IOOmg
Methylphenidate 20mg
Clomipramine 50mg
Estazolam 2mg

Plasma
Concentration
20ng/ml

Duration of
Treatment(Weeks)
22

37ng/ml
13

1.7 J.l g/ml
33og/ml
1.9}.1 g/ml
20ng/ml
< lng/ml
1.6tL g/ml
6.8nglml
40ng/ml
1.5J,I g/m1
32ng/ml
170ng/m1
2.7J.I glml
<2ng/ml
20ng/ml
l44ng/ml

15

59

71

22

40
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Table 6. k 3 values (/min) of patients before and after dntg therapy.
Data are presented as mean± SD.
(*: p<0.1 , paired t-test (two-tailed))

Regio11 of Interest
Pons
Thalamus
Cortex
Striauun

Pre-medication
0.0119 ± 0.0013
0.0159 ± 0.0019
0.0196 ± 0.0025
0.0222 ± 0.0036

On-medication
0.0126 ± 0.0014
0.0147 ± 0.0017
0.0203 ± 0.0017
0.0232 ± 0.0025

*
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