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Abstract 

To investigate the roles of the cholinergic system and 5-HT 2 receptors in the modulation of thalamocortical oscillations, we studied 
the effects of systemic (s.c.) administration of anticholinesterases (physostigmine, tetrahydroaminoacridine) and muscarinic acetylcholine 
receptor agonists (pilocarpine, oxotremorine) on spontaneous thalamically generated rhythmic neocortical high-voltage spindles in adult 
rats pretreated with either saline or ketanserin, a 5-HT 2 receptor antagonist. Ketanserin at 20.0 m g / k g  increased the number of 
high-voltage spindles. In saline-treated rats, tetrahydroaminoacridine 3.0 and 9.0 m g / k g  was able to decrease high-voltage spindles, 
whereas in ketanserin 20.0 mg/kg-treated rats only the highest dose of tetrahydroaminoacridine (9.0 mg /kg )  decreased high-voltage 
spindles. Both doses of physostigmine, 0.12 and 0.36 mg/kg ,  decreased high-voltage spindles in both saline and ketanserin 20.0 
mg/kg-treated rats. Lower doses of tetrahydroaminoacridine (1.0 m g / k g )  and physostigmine (0.06 m g / k g )  were ineffective in both 
saline- and ketanserin 20.0 mg/kg-treated rats. Pilocarpine 3.0 m g / k g  and oxotremorine 0.1 and 0.9 m g / k g  decreased high-voltage 
spindles in saline-treated rats. However, in rats treated with ketanserin 20.0 mg/kg ,  only the lower doses of pilocarpine (0.3 and 1.0 
mg /kg )  and oxotremorine (0.03 mg /kg )  were able to decrease the high-voltage spindles. The results suggest that activation of the 
cholinergic system and activation of 5-HT 2 receptors have additive effects in the suppression of thalamocortical oscillations and related 
neocortical high-voltage spindles in rats, thus maintaining effective information processing in thalamocortical networks. 
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1. Introduct ion 

The brain cholinergtc and serotonergic systems have 
been shown to interact in the modulation of a number of 
physiological functions, such as learning and memory, and 
are thought to be involved in the activation of the cerebral 
cortex (see, e.g., Sirvi~5 et al., 1994). This can be seen in 
the appearance of low-voltage fast activity in the neocortex 
and rhythmical slow activity in the hippocampus 
(Vanderwolf and Baker, 1986; Vanderwolf et al., 1989), 
and suppression of neocortical high-voltage spindles gener- 
ated in thalamocortical networks (Riekkinen et al., 1990; 
J~ik~il~i et al., 1995, 1996). 

These neocortical high-voltage spindles seem to be 
attributable to the rhythmic activity of y-aminobutyric acid 
(GABA)-containing neurons in the nucleus reticularis of 
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the thalamus which phasically hyperpolarize their thalamo- 
cortical target neurons. In the absence of other depolariz- 
ing inputs, voltage- and time-dependent rebound Ca 2+ 
spikes occur in a phase-locked manner in thalamocortical 
relay neurons (Steriade and Llinfis, 1988; Buzs~ki et al., 
1990; McCormick, 1992; Steriade et al., 1993). The rhyth- 
mical bursts of thalamocortical neurons are transferred also 
to the cortex, where they induce excitatory post-synaptic 
potentials in cortical pyramidal neurons, generating the 
neocortical high-voltage spindles which can be recorded in 
the cortical electroencephalogram (EEG) (Steriade et al., 
1993). Typically, neocortical high-voltage spindles occur 
only during states of low arousal and low vigilance 
(drowsiness), being virtually absent during high vigilance 
states, when the increased activity of the ascending sys- 
tems (cholinergic, serotonergic, noradrenergic, dopaminer- 
gic and histaminergic systems) is thought to suppress 
rhythmic burst firing in nucleus reticularis neurons by 
producing depolarization or by blocking hyperpolarization 
in thalamocortical relay neurons (McCormick, 1992; Steri- 
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ade et al., 1993). The number and duration of high-voltage 
spindles increases with age in those rat strains in which 
they have been observed (Buzsfiki et al., 1990; SirvRi et 
al., 1989), and importantly, the transfer of information 
through the thalamus to the cortex and to other structures 
may be disrupted during thalamic oscillatory activity (Mc- 
Cormick, 1992). 

Basal forebrain and brainstem cholinergic neurons have 
an important role in the desynchronization of neocortical 
electrical activity (Buzsfiki et al., 1988; Steriade and 
Buzsfi.ki, 1990). The cholinergic projection cells of the 
basal forebrain and brainstem innervate different thalamic 
nuclei and cortical areas (Steriade and Buzsfiki, 1990; 
Wainer and Mesulam, 1990). Activation of the cholinergic 
neurons of the brainstem and basal forebrain inhibits thala- 
mocortically generated high-voltage spindles and neocorti- 
cal slow waves (Steriade and Buzsfiki, 1990). For example, 
lesions in the cholinergic nucleus basalis induced by infu- 
sions with ibotenic or quisqualic acid increase neocortical 
high-voltage spindles and slow waves (Buzsfiki et al., 
1988; Riekkinen et al., 1990, 1991, 1992). The importance 
of the loss of cholinergic neurons to the EEG defect is also 
supported by recent studies showing that an anti- 
cholinesterase drug, tetrahydroaminoacridine, which pre- 
vents the breakdown of acetylcholine, alleviates the corti- 
cal EEG defect seen after cholinergic lesion (Riekkinen et 
al., 1991). Furthermore, in aged rats, the increase in high- 
voltage spindles correlates with the decreased number of 
cells in the nucleus basalis that are choline acetyltrans- 
ferase-positive, and a muscarinic acetylcholine receptor 
agonist, pilocarpine, suppresses high-voltage spindles 
(Riekkinen et al., 1992). Nucleus basalis projections may 
suppress rhythmic thalamocortical oscillations in the pace- 
maker zone, reticular nucleus (Levey et al., 1987; Steriade 
and Buzsfiki, 1990) and suppress neocortical slow waves 
(Steriade and Buzsfiki, 1990). The brainstem projections to 
the thalamic relay nuclei may regulate the depolarization 
of glutaminergic thalamocortical projection cells and main- 
tain the thalamus in a transfer mode of action (Mc- 
Cormick, 1989, 1990, 1992; Steriade and Buzsfiki, 1990; 
Steriade et al., 1993). Furthermore, acetylcholine released 
from ascending brainstem cholinergic neurons may prevent 
the generation of spindle activity by the GABAergic retic- 
ular nucleus (Steriade and BuzsSki, 1990; Steriade et al., 
1993). 

The loss of cholinergic markers in patients with 
Alzheimer's disease has also been related to EEG alter- 
ations (i.e., slowing of the EEG) which occur during the 
course of the disease (Soininen et al., 1989; Soininen et al., 
1992). It should also be noted that other subcortical modu- 
latory systems, such as the serotonergic system, are ad- 
versely affected by aging and Alzheimer's disease (Allen 
et al., 1983; Mann and Yates, 1983; Yamato and Hirano, 
1985: Reinikainen et al., 1990). In the light of the sug- 
gested involvement of the brainstem serotonergic projec- 
tions in neocortical activation (Vanderwolf and Baker, 

1986; Vanderwolf et al., 1989:Sirvii5 et al., 1994), there is 
the possibility that a senescence-associated serotonergic 
deficit is an additional factor in the EEG pathology charac- 
teristic of aging and Alzheimer's disease (Baskys et al.. 
1987; Soininen et al., 1989, 1992). Indeed, anatomical 
studies have shown that the thalamic nuclei are also inner- 
vated by serotonergic fibers (Steinbusch, 1981; Jacobs and 
Azmitia, 1992) that can regulate thalamic functioning, and 
both in vitro (Pape and McCormick, 1989; McCormick 
and Wang, 1991; McCormick, 1992) and in vivo (Jfik~l?.i et 
al., 1995, 1996) electrophysiological studies have shown 
that activation of 5-H% receptors may suppress thalamo- 
cortical oscillations. 

The present study was designed to further characterize 
the roles of the cholinergic system and 5-HT~ receptors in 
the modulation of rat thalamocortical oscillations, and to 
study whether 5-HT 2 receptor blockade modulates the 
facilitation of thalamocortical arousal (as measured by 
suppression of neocortical high-voltage spindles) produced 
by cholinergic stimulation. Therefore, we studied the ef- 
fects of systemic injections of two anticholinesterase 
agents, tetrahydroaminoacridine and physostigmine, and 
two muscarinic acetylcholine receptor agonists, pilocarpine 
(a mixed muscarinic M I / M  2 receptor agonist) and ox- 
otremorine (predominantly a muscarinic M~ receptor ago- 
nist), on their own and combined with a 5-HT 2 receptor 
antagonist, ketanserin, on neocortical high-voltage spindle 
activity in adult rats. 

2. Materials and methods 

2.1. A n i m a l s  

Male Han:Wistar rats (6 months of age at the beginning 
of electrophysiological recordings; n = 12 in the first group 
and n = 14 in the second group) were used in the present 
study. The rats were singly housed in a controlled environ- 
ment (National Animal Center, Kuopio, Finland) (tempera- 
ture 20°C, lights on 07.00-19.00) with water and food 
available ad libitum. The study design was approved by 
the Local Ethics Committee. 

2.2. Drugs  

The selection of drug doses was based on previous 
electrophysiological tests (Riekkinen et al., 1993b; Jiik~lii 
et al., 1995). Ketanserin tartrate (a 5-HT 2 receptor antago- 
nist; 20.0 mg/kg ,  s.c., 5.0 ml/kg) ,  tetrahydroaminoacri- 
dine (a cholinesterase inhibitor; 1.0, 3.0 and 9.0 mg/kg ,  
i.p., 2.0 m l / k g ) ,  ( - ) - p h y s o s t i g m i n e  sulfate (a 
cholinesterase inhibitor; 0.06, 0.12 and 0.36 mg/kg ,  i.p., 
2.0 ml/kg) ,  pilocarpine hydrochloride (a mixed mus- 
carinic M~/M e receptor agonist; 0.3, 1.0 and 3.0 mg/kg ,  
i.p., 2.0 ml /kg)  and oxotremorine sesquifumarate (pre- 
dominantly a muscarinic M: receptor agonist; 0.03, 0.1 
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and 0.9 m g / k g ,  i.p., 2.0 ml /kg) ,  all from Research Bio- 
chemicals (Natick, MA, USA), were dissolved in saline 
and injected 30 min before (except tetrahydroaminoacri- 
dine 90 min before) recording neocortical high-voltage 
spindles. Before being diluted with saline, ketanserin had 
to be dissolved with a few drops of  glacial acetic acid 
(final pH 6-7) .  

2.3. Surgery 

A ~  

Fig. 1. Example of non-spindling EEG (A) and a typical neocortical 
high-voltage spindle episode (B) recorded from the right active recording 
electrode above the frontal cortex (A = 1.0 mm and L= 2.0 mm relative 
to the bregma) during a period of relaxed behavioral waking-immobility 
(eyes open. head held up). The amplitude scale (vertical bar) indicates 
300 /xV. The time scale (horizontal bar) indicates 1.0 s. 

The animals were anesthetized with Equithesin (3.0 
ml /kg ,  i.p.) and placed in a stereotaxic frame with the 
incisor bar set at - 3.3 mm and the bregma and iambda in 
the horizontal plane. Active recording electrodes (stainless 
steel screws 0.5 mm in diameter) were placed symmetri- 
cally on both sides above the frontal cortex (A = 1.0 mm 
and L = _+ 2.0 mm relative to the bregma). Ground and 
indifferent electrodes were placed in the midline above the 
cerebellum and nasal bone, respectively. The screw elec- 
trodes and connecting female pins were embedded in 
dental acrylic. A two week recovery period after implanta- 
tion of  the recording electrodes was allowed before record- 
ings were started. 

2.4. High-voltage spindle recordings 

Before recordings were made, rats were twice placed in 
the recording cages for 10 min to habituate them to the 
recording environment. To ascertain that the high-voltage 
spindle levels would be as constant as possible, five 20-min 
cumulative waking-immobil i ty (eyes open, head held up) 
baseline recordings without any drug injections and one 
baseline recording with saline injections were made before 
the experiments. No differences in high-voltage spindle 
total duration were observed between the fourth and the 
fifth baseline recording sessions (data not shown). To 
control for circadian variations or arousal level, recordings 
after the test drug injections were made at the same time of 
day for individual animals. Recordings were made between 
09.00-15.00 h. During the recordings, the rats were al- 
lowed to move freely in the recording cages. The alertness 
and wakefulness of  the rats were constantly monitored by 
the experimenter during the recordings, and if necessary 
the rats were aroused by gently touching the vibrissae. 
High-voltage spindle activity of  four rats was recorded 
simultaneously and analyzed automatically. The IBM-com- 
patible software separated high-voltage spindles from 
background EEG and calculated the number (incidence), 
mean duration and total duration (incidence × mean dura- 
tion) of high-voltage spindles from the right active record- 
ing electrode during a 20-min cumulative waking-immobil- 
ity period. The EEG epoch was considered as a high-volt- 
age spindle if it met the following criteria: (1) the ampli- 
tude of  EEG was more than twice that of  the background 
EEG (threshold), (2) the duration of each epoch which 
exceeded the threshold was more than 0.5 s, (3) the 

frequency of the EEG exceeding the threshold was 6 -12  
Hz (in previous studies in our laboratory high-voltage 
spindle activity has been observed within these frequency 
limits in male Han:Wistar rats: Riekkinen et al., 1990, 
1991, 1992, 1993a,b,1995; Jfikiil~i et al., 1995, 1996), (4) 
the time between two separate spindles had to be at least 
0.5 s (if the time between two spindles was less than 0.5 s, 
it was considered as one high-voltage spindle) and (5) no 
movement registered by the magnetic coil binding on the 
head except vibrissal or head tremor was allowed 1 s 
before or during each high-voltage spindle epoch. A typi- 
cal neocortical high-voltage spindle is shown in Fig. 1. 

After the baseline recordings were made, the drug 
effects were tested. The experimental groups and recording 
schedule are shown in Table I. In the first group of  adult 
rats the effects of saline (i.p.) + saline (s.c.) and different 
doses of tetrahydroaminoacridine (1.0, 3.0 and 9.0 m g / k g )  
(i.p.) + saline (s.c.) were tested in a counterbalanced order 
every third day. Alter a one-week wash-out period, the 
effects of  saline (i.p.) + saline (s.c.) and different doses of  
physostigmine (0.06, 0.12 and 0.36 m g / k g )  (i.p.) + saline 
(s.c.) were tested in a counterbalanced order every third 
day. Then, after a ten-day wash-out period, the effects of 
saline (s .c . )+  saline (i.p.) and ketanserin 20.0 m g / k g  
(s.c.) combined with saline (i.p.) or different doses of  
tetrahydroaminoacridine (1.0, 3.0 and 9.0 m g / k g )  (i.p.) 
were tested in a counterbalanced order every third day. 
There was then a further two-week wash-out period. Dur- 
ing this period, one rat lost its EEG electrode-dental 
acrylic connection, and so this rat was excluded from 
further recordings. The effects of saline (s .c . )+  saline 
(i.p.) and ketanserin 20.0 m g / k g  (s.c.) combined with 
saline (i.p.) or different doses of  physostigime (0.06, 0.12 
or 0.36 m g / k g )  (i.p.) were subsequently tested in a coun- 
terbalanced order every third day. 

In the second group of  adult rats, at first the effects of  
saline ( i .p . )+ saline (s.c.) and different doses of pilo- 
carpine (0.3, 1.0 and 3.0 m g / k g )  (i.p.) + saline (s.c.) were 
tested in a counterbalanced order every third day. After a 
one-week wash-out period, the effects of saline ( i .p . )+ 
saline (s.c.) and different doses of  oxotremorine (0.03, 0.1 
and 0.9 m g / k g )  ( i .p . )+ saline (s.c.) were tested in a 
counterbalanced order every third day, During these 
recordings, two rats lost their EEG electrode-dental acrylic 
connections, and these rats were excluded from further 



184 P. Jiikiil2i et al. / European Journal of' Pharmacolog 3 316 (I 996) 181 193 

Table 1 
Experimental groups and drug treatments used in the present study. There 
was a 2-day recovery period between the drug recordings, which were 
made m a counterbalanced order in bolh groups 

Treatment group 1 (n - 12) Treatment group 11 (n = 14) 

Sal (i.p.)+ sal (s.c.) 
THA 1.0 (i,p.) + sal (s.c.) 
THA 3.0 (i.p.) + sal (s.c.) 
THA 9.0 (i.p.)+ sal (s.c.) 
Sal (i.p.)+ sal (s.c.) 

A one-week wash-out period 

Sal (i.p.)+ sal (s.c.) 
Physo 0.06 (i.p.)+ sal (s.c.) 
Physo 0.12 (i.p.) + sal (s.c.) 
Physo 0.36 (i.p.) + sal (s.c.) 
Sal (i.p.) + sal (s.c.) 

A ten-day wash-out period 

Sal (i.p.)+ sal (s.c.) 
Sal (i.p.)+ ket 20.0 (s.c.) 
THA 1.0 (i.p.)+ket 20.0 (s.c.) 
THA 3.0 (i.p.)+ket 20.0 (s.c.) 
THA 9.0 (i.p.) + kel 20.0 (s.c.) 
Sal (i.p.)+ sal (s.c.) 

A two-week wash-out period 

Sal (i.p.)+ sal (s.c.) 
Sal (i.p.)+ ket 20.0 (s.c.) 
Physo 0.06 (i.p.)+ ket 20.0 (s.c.) 
Physo 0.12 (i.p.) + ket 20.0 (s.c.) 
Physo 0.36 (i.p.)+ ket 20.0 (s.c.) 
Sal (i.p.)+ sal (s.c.) 

sal (i.p.)+ sal (s.c.) 
pilo 0.3 (i.p.)+ sal (s.c.) 
pilo 1.0 (i.p.)+ sal (s.c.) 
pilo 3.0 (i.p.)+ sal (s.c.) 
sal (i.p.)+ sal (s.c.) 

A one-week wash-out period 

sal (i.p.)+ sal (s.c.) 
oxo 0.03 (i.p.) + sal (s.c.) 
oxo 0.1 (i.p.)-'- sal (s.c.) 
oxo 0.9 (i.p.) + sal (s.c.) 
sal (i.p.)+ sal (s.c.) 

A ten-day wash-out period 

sal (i.p.)+ sal (s.c.) 
sal (i.p.) + ket 20.0 (s.c.) 
pilo 0.3 (i.p.)+ ket 20.0 (s.c.) 
pilo 1.0 (i.p.)+ ket 20.0 (s.c.) 
pilo 3.0 (i.p.)+ ket 20.0 (s.c.) 
sal (i.p.)+ sal (s.c.) 

A two-week wash-out period 

sal (i.p.) + sal (s.c.) 
sal (i.p.) +ket 20.0 (s.c.) 
oxo 0.03 (i.p.)+ket 20.0 (s.c.) 
oxo 0.1 (i.p.)+ket 20.0 (s.c.) 
oxo 0.9 (i.p.)+ ket 20.0 (s.c.) 
sal (i.p.)+ sal (s.c.) 

Numbers in parentheses indicate the size of groups. Doses are expressed 
as mg/kg. Abbreviations: physo = physostigmine; oxo = oxotremorine: 
pilo - pilocarpine: sal = saline: THA - tetrahydroaminoacridine. 

recordings and statistical analyses.  Then,  after a ten-day 
wash-out  period, the effects of saline (s.c.) + saline (i.p.) 
and ketanserin 20.0 m g / k g  (s.c.) combined  with saline 
(i.p.) or different doses of pi locarpine (0.3, 1.0 and 3.0 
m g / k g )  (i.p.) were tested in a counterbalanced order every 
third day. There was then a further two-week wash-out  
period. During this period, one rat lost its EEG electrode- 
dental acrylic connect ion,  and the animal  was excluded 
from further recordings. The effects of  saline (s.c.) + saline 
(i.p.) and ketanserin 20.0 m g / k g  (s.c.) combined  with 
saline (i.p.) or different doses of oxotremorine  (0.03, 0.1 
and 0.9 m g / k g )  (i.p.) were subsequent ly  tested in a coun- 
terbalanced order every third day. 

2.5. Statistics 

The mult ivar iable  analysis  of variance ( M A N O V A )  was 
used to analyse the overall drug treatment  effects on 
neocortical  high-voltage spindles. Post-hoe Wilcoxon 
signed rank test was used to analyse the differences be- 
tween various drug doses. High-vol tage spindle incidence,  
mean durat ion and total durat ion ( =  incidence  × mean du- 

ration), as well as total recording time (i.e., the total 
recording time needed to achieve a 20-min period of 
behavioral  waking- immobi l i ty  related EEG; movemen t  pe- 
riods were automatical ly excluded by the magnet  coil 
movemen t  sensor b inding on the rat 's  head) were analyzed 
separately for each of the drugs. The changes seen in rat 
neocortical high-voltage spindle activity were mainly  due 
to changes in high-voltage spindle incidence and total 
duration, so that when high-voltage spindle incidence was 
decreased by the drug treatment,  the high-voltage spindle 
total durat ion was correspondingly decreased; i.e. when a 
neocortical high-voltage spindle appeared, its mean dura- 
tion was rather constant.  Therefore, only the results of  the 
drug effects on high-voltage spindle total duration are 
shown. Furthermore,  the total recording times, which pro- 
vide indirect information about  the b e h a v i o r a l / m o t o r  ac- 
tivity of the rats after drug treatments,  are reported. P < 
0.05 was accepted as significant.  

3. Results 

3.1. EEG measurements (high-t~oltage spindle total dura- 
tion and total recording time) 

3.1.1. Group I 

3.1.1.1. Tetrahydroaminoacridine (i.p.) in saline (s.c.)- 
treated rats (Fig. 2, high-t~oltage spindle total duration; 
Fig. 6a, total recording time). There was a signif icant  drug 
treatment  effect of  te t rahydroaminoacr idine  on high-volt-  
age spindle total durat ion (F (3 ,33 )  = 3.46, P < 0.05). Te- 
t rahydroaminoacr id ine  1.0 m g / k g  had no effect (Z(4,  
7) - - 1.29, P > 0.1), whereas 3.0 m g / k g  slightly (Z(6,2)  
- 1.96, P = 0.05) and 9.0 m g / k g  significantly (Z(10,0)  
= - 2 . 8 0 ,  P < 0.01) decreased high-voltage spindles ver- 
sus saline. Tet rahydroaminoacr id ine  3.0 m g / k g  was more 
effective in decreasing h igh-vohage spindles than 1.0 
m g / k g  (Z(7,3)  = - 1.99, P < 0.05), and tetrahydro- 
aminoacr id ine  9.0 m g / k g  was more effective than 1.0 
m g / k g  ( Z ( 1 0 , 0 ) = - 2 . 8 0 ,  P < 0 . 0 1 )  or 3.0 m g / k g  
(Z(10,0)  = - 2 . 8 0 ,  P < 0.01). 

Tet rahydroaminoacr id ine  t reatment  did not significantly 
affect the total recording time ( F ( 3 , 3 3 ) =  1.42, P > 0.1). 

3.1.1.2. Tetrahydroaminoacridine (i.p.) in ketanserin 
(s.c.)-treated rats (Fig. 2, high-z'oltage spindle total dura- 
tion; Fig. 6a, total recording time). A signif icant  drug 
t reatment  effect on high-voltage spindle total durat ion was 
observed (F (4 ,44 )  = 5.34, P = 0.001). Ketanserin 20.0 
m g / k g  + saline significantly increased high-voltage spin- 
dle total durat ion versus saline + saline (Z(3,9)  - 2 . 2 0 ,  
P < 0 . 0 5 ) .  K e t a n s e r i n  2 0 . 0  m g / k g  + 
te t rahydroaminoacr idine  1.0 m g / k g  or ketanserin 20.0 
m g / k g  + te t rahydroaminoacr idine  3.0 m g / k g  had no ef- 
fect versus saline + saline (Z(5,7)  = - 1.10, P > 0.1 and 



P. Jiiki)l~i et al. / European Journal of Pharmacology 316 (1996) 181 193 185 

Z 
UJ 
o 
rr 
LU 
D. 

400 

300 

2 0 0  

100 

H I G H - V O L T A G E  SPINDLES 
THA 

[ 

SAL T t.O T 3.0 T 9.0 

There  was no s ignif icant  drug t rea tment  e f fec t  on total 

record ing  t ime ( F ( 4 , 4 4 )  = 1.78, P > 0.1). 

3.1.1.3. Physostigmine (i.p.) in saline (s.c.)-treated rats 
(Fig. 3, high-uoltage spindle total duration; Fig. 6b. total 
recording time). There was a s ignif icant  drug t rea tment  

e f fec t  o f  physos t i gmine  on h igh-vo l tage  spindle total dura- 

tion ( F ( 3 , 3 3 )  = 7.03, P = 0.001). Physos t ig ime  0.06 

m g / k g  had no ef fec t  (Z(4 ,6)  = - 1.38, P > 0.1), whereas  

0.12 m g / k g  (Z(2 ,8)  = - 2 . 5 0 ,  P < 0.02) and 0.36 m g / k g  

(Z(0 ,10)  = - 2 . 8 0 ,  P < 0.01) s ignif icant ly  decreased  

h igh-vol tage  sp indles  versus saline. Physos t igmine  0.12 

m g / k g  was more  ef fec t ive  in decreas ing  h igh-vol tage  

spindles  than 0.06 m g / k g  ( Z ( 8 , 2 ) = - 2 . 4 5 ,  P < 0.02), 

and physos t i gmine  0.36 m g / k g  was  more  ef fec t ive  than 

0.06 m g / k g  (Z(10,0)  = - 2 • 8 0 ,  P < 0.01) or 0.12 m g / k g  

(Z(6,0)  = - 2 . 2 0 ,  P < 0.05). 

SAL i : ~ - ~  KET 

Fig. 2. Effects of systemic administration of an anti-cholinesterase agent, 
tetrahydroaminoacridine (i.p. 2.0 ml/kg, 90 rain pretest), when combined 
with saline or a 5-HT 2 receptor antagonist, ketanserin (s.c. 5.0 ml/kg. 30 
min pretest), on the total duration (incidence X mean duration) of neocor- 
tical high-voltage spindles in adult (6-10 months of age, n = 12) rats 
recorded during a 20-rain period of cumulative behavioral waking-immo- 
bility. The high-voltage spindle recordings were made every third day in 
a counterbalanced order. Values represent % group means_+S.E.M, of 
control (saline-treated) values (100c~). Abbreviations: SAL = saline; T = 
tetrahydroaminoacridine (doses mg/kg); KET = ketanserin 20.0 mg/kg. 
The two highest doses of tetrahydroaminoacridine (3.0 and 9.0 mg/kg) 
decreased high-voltage spindle total duration in saline-treated rats ((B) 
P = 0.05 and (O) P < 0.01 versus saline). Tetrahydroaminoacridine 9.0 
mg/kg was more effective in suppressing high-voltage spindles than 
tetrahydroaminoacridine 1.0 mg/kg or 3.0 mg/kg, and 3.0 mg was more 
effective than 1.0 mg/kg. Ketanserin 20.0 mg/kg alone increased high- 
voltage spindles (([]) P < 0.05 versus saline) and blocked the decrease 
in high-voltage spindles produced by a moderate dose of tetrahydro- 
arninoacridine (3.0 mg/kg), but not that produced by a high dose of 
tetrahydroaminoacridine (9.0 mg/kg) ((O) P < 0.01 versus ketanserin 
20.0 mg/kg + saline). 
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Z(6,6) = - 0.47, P > 0.1, respec t ive ly)  or ketanser in  20.0 

m g / k g  + saline (Z(8 ,4)  = - 0.78, P > 0.1 and Z(8,4)  = 

- 0 . 7 0 ,  P > 0.1, respect ively)•  Fur thermore ,  there was  no 

d i f f e r e n c e  b e t w e e n  k e t a n s e r i n  2 0 . 0  m g / k g  + 

t e t r ahydroaminoac r id ine  1.0 m g / k g  and ketanser in  20.0 

m g / k g  + t e t r ahydroaminoac r id ine  3.0 m g / k g  ( Z ( 6 , 6 ) =  

- 0 . 2 0 ,  P > 0.1). Howeve r ,  t e t r ahydroaminoacr id ine  9.0 

m g / k g  was  still capable  of  e f fec t ive ly  suppress ing  high - 

vol tage sp indles  when  c o m b i n e d  with ke tanser in  20.0 

m g / k g  (Z(I  1,0) = - 2.93, P < 0.01 versus saline + saline; 

Z(12,0) = - 3 . 0 6 ,  P < 0.005 versus  ketanser in  20.0 

m g / k g  + saline; Z(11,0)  = - 2.93, P < 0.005 versus  ke- 

tanser in  20.0 m g / k g  + t e t r a h y d r o a m i n o a c r i d i n e  1.0 

m g / k g ;  Z(10,1) = - 2 • 7 6 ,  P < 0.01 versus  ke tanser in  20.0 

m g / k g  + t e t r ahydroaminoac r id ine  3.0 m g / k g ) .  

SAL . . . . .  KET 

Fig. 3. Effects of systemic administration of an anti-cholinesterase agent, 
physostigmine (i.p. 2.0 ml/kg, 30 min pretest), when combined with 
saline or a 5-HT 2 receptor antagonist, ketanserin (s.c. 5.0 ml/kg, 30 min 
pretest), on the total duration (incidence × mean duration) of neocortical 
high-voltage spindles in adult (6-10 months of age, n = 12) rats recorded 
during a 20-min period of cumulative behavioral waking-immobility. The 
high-voltage spindle recordings were made every third day in a counter- 
balanced order. Values represent % group means_+S.E.M, of control 
(saline-treated) values (100%). Abbreviations: SAL = saline; P =  
physostigmine (doses mg/kg); KET = ketanserin 20.0 mg/kg. 
Physostigmine at the two highest doses (0.12 and 0.36 mg/kg) sup- 
pressed high-voltage spindles in saline-treated rats (([]) P < 0.05 and 
(O) P < 0.01 versus saline), and at the highest dose (0.36 mg/kg) was 
more effective than at the other doses. Ketanserin 20.0 mg/kg alone 
increased higMvoltage spindles ((m) P<0.05 versus saline), and in 
ketanserin 20.0 mg/kg-treated rats the two highest doses of physostig- 
mine (0.12 and 0.36 mg/kg) were still capable of decreasing high-volt- 
age spindles ((O) P < 0.02 versus ketanserin 20.0 mg/kg + saline). 
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ketanserin 20.0 m g / k g  + physostigmine 0.06 m g / k g  sig- 
nificantly increased high-voltage spindle total duration ver- 
sus saline + saline (Z(7,3) = - 1.99, P < 0.05 and Z(2,8) 
= - 2 . 5 0 ,  P < 0.02, respectively), and these two drug 
combinations did not differ from each other (Z(5 ,4 )=  

- 1.48, P > 0.1). Ketanserin 20.0 m g / k g  + physostigmine 
0.12 m g / k g  had no effect versus saline + saline (Z(7,4) = 
- 0 . 0 9 ,  P > 0.1), decreased high-voltage spindles versus 
ketanserin 20.0 m g / k g  + saline (Z(8,1) = 2.42, P < 
0.02), and did not differ from ketanserin 20.0 m g / k g  + 
physostigmine 0.06 m g / k g  ( Z ( 7 , 3 ) = -  1.27, P > 0.1). 
However, physostigmine 0.36 m g / k g  was still capable of 
virtually completely suppressing h i g h -  voltage spindles 
when combined with ketanserin 20.0 m g / k g  (2,(10,1)= 
- 2 . 8 5 ,  P < 0.01 versus saline + saline; Z(8,1) = - 2 . 5 7 ,  
P < 0.02 versus ketanserin 20.0 m g / k g  + saline; Z(10,0) 

; ~ 2 ~  S A L  : : -  : K E T  

Fig. 4. Effects o f  systemic administration of a ,nixed M 1 / M  2 muscarinic 
receptor agonist, pilocarpine (i.p. 2.0 m l / k g  30 rain pretest), when 
combined with saline or a 5-HT, receptor antagonist, ketanserin (s.c. 5.0 
ml /kg ,  30 min pretest), on the total duration (incidence × mean duration) 
of neocortical high-voltage spindles in adult (6-10 months of age, 
n = 14) rats recorded during a 20-rain period of cumulative behavioral 
waking-immobility. The high-voltage spindle recordings were made every 
third day in a counterbalanced order. Values represent cA group means + 
S.E.M. of control (saline-treated) values (100c~). Abbreviations: SAL = 
saline; P = pilocarpine (doses mg/kg) :  KET = ketanserin 20.0 mg/kg .  
Only the highest dose of pilocarpine (3.0 m g / k g )  suppressed high-volt- 
age spindles in saline-treated rats ( ( 0 )  P < 0.01 versus saline). Ke- 
tanseriu 20.0 m g / k g  alone increased high-voltage spindles (( [] ) P < 0.05 
versus saline). However. in ketanserin 20.0 mg/kg-treated rats lower 
doses of pilocarpine (0.3 and 1.0 m g / k g )  were able to decrease high- 
voltage spindles ( (O) P < 0.02 and ( • ) P < 0.01 versus ketanserin 20.0 
m g / k g  + saline). 

P h y s o s t i g m i n e  t r e a t m e n t  a l so  s i g n i f i c a n t l y  a f f e c t e d  t h e  

to ta l  r e c o r d i n g  t i m e  ( F ( 3 , 3 3 ) =  5 .10 ,  P < 0 . 0 1 ) .  Al l  t h e  

d o s e s  o f  p h y s o s t i g m i n e  i n c r e a s e d  t h e  to ta l  r e c o r d i n g  t i m e  

( p h y s o s t i g m i n e  0 . 0 6  m g / k g :  Z ( 0 , 8 ) = -  2 . 52 ,  P < 0 .02 ;  

p h y s o s t i g m i n e  0 . 1 2  m g / k g :  Z ( 1 , 8 )  = - 2 . 4 9 ,  P < 0 .02 ;  

p h y s o s t i g m i n e  0 . 3 6  m g / k g :  Z ( 2 , 8 )  = - 1 .99,  P < 0 .05  

v e r s u s  s a l i ne ,  r e s p e c t i v e l y ) .  T h e r e  w a s  n o  d i f f e r e n c e  be -  

t w e e n  p h y s o s t i g m i n e  0 . 0 6  a n d  0 . 1 2  m g / k g  d o s e s  ( Z ( 3 , 7 )  

= - 1.94,  P > 0 .05 ) ,  p h y s o s t i g m i n e  0 . 0 6  a n d  0 . 3 6  m g / k g  

d o s e s  ( Z ( 2 , 7 ) =  - 1 . 4 2 ,  P > 0 . 1 )  o r  p h y s o s t i g m i n e  0 .12  

a n d  0 . 3 6  m g / k g  d o s e s  ( Z ( 2 , 8 )  = - 1.22,  P > 0 .1) .  

3.1.1.4. Physostigmine (i.p.) in ketanserin (s.c.)-treated 
rats (Fig. 3, high-uoltage spindle total duration; Fig. 6b, 
total recording time). T h e r e  w a s  a s i g n i f i c a n t  d r u g  t r ea t -  

m e n t  e f f e c t  on  h i g h - v o l t a g e  s p i n d l e  total  d u r a t i o n  ( F ( 4 , 4 0 )  

= 5 .80 ,  P = 0 . 0 0 1 ) .  K e t a n s e r i n  2 0 . 0  m g / k g  + s a l i n e  a n d  
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Fig. 5. Effects of systemic administration of a predominantly Mr mus- 
carinic receptor agonist, oxotremorine (i.p. 2.0 m l /kg  30 min pretest), 
when combined with saline or a 5-HT 2 receptor antagonist, ketanserin 
(s.c. 5.0 ml /kg ,  30 rain pretest), on the total duration (incidence x mean 
duration) of neocortical high-voltage spindles in adult (6-10 months of 
age, n = 14) rats recorded during a 20-rain period of cumulative behav- 
ioral waking-immobility. The high voltage spindle recordings were made 
every third day in a counterbalanced order. Values represent c} group 
means +_ S.E.M. of control (saline-treated) values (100c~). Abbreviations: 
SAL = saline; O - oxotremorine (doses mg/kg) ;  KET - ketanserin 20.0 
mg/kg .  Oxotremorine at the two highest doses (0.1 and 0.9 m g /k g )  
suppressed high-voltage spindles in saline-treated rats ( (O) P < 0.01 
versus saline), and at the highest dose (0.9 mg /kg )  was more effective 
than at the other doses. Ketanserin 20.0 m g / k g  alone increased high-volt- 
age spindles (([])  P < 0.01 versus saline). In ketanserin 20.0 m g / k g -  
treated rats oxotremorine at a lower dose (0.03 mg /kg )  decreased 
high-voltage spindles ( ( I )  P < 0.01 and (O)  P < 0.005 versus ke- 
tanserin 20.0 m g / k g  + saline). 



P. JZikLil2i et al. / European Journal qf Pharmacology 316 (1996) 181-193 ] 87 

(a) 

I - '  
Z 
I,LI 
o n,,.. 
w 

200 

150 

100 

50  

R E C O R D I N G  TIME ( b )  
T H A  

S A L  T 1 .0  T 3 .0  T 9 .0  

~.:.~>:;~ S A L  - - ~ - -  K E T  

I - -  
Z 
LU 
o 
n.- 
uJ 
o. 

200 

150 

100  

50 

R E C O R D I N G  TIME 
P H Y S O S T I G M I N E  

S A L  P 0.06 

"-'/", ", .... SAL 

V~2] 

P 0.12 0 0.36 

F . . . . . . . .  
KET 

(c) 

200 

150 

100 

5 0  

R E C O R D I N G  TIME 
P I L O C A R P I N E  

[ ]  

[ ]  

2':4-/,~ - " 

(d) 

I - -  
Z 
U,.I 
o 
n- 
u.i 
0. 

R E C O R D I N G  TIME 
O X O T R E M O R I N E  

200 

150 

100 

50  

S A L  P 0 .3  P 1.0 P 3 .0  S A L  0 0 . 0 3  O 0 .9  

O 

+y:- f-i- 

t ( " l ' r  

O 0 . 1  

~:~;,~; . . . . . .  ~- ~ ::i K E T  ~S~+~ S A L  ~ 4 K E T  ~ Z ~ , :  S A L  ~ __ 

Fig. 6. The effects of the drugs used in the present study on the total recording times (the total time needed to achieve a cumulative 20-rain period of 
relaxed quiet behavioral waking-immobility = immobility + movement periods). Movement periods were automatically registered and excluded from the 
high-voltage spindle data analysis by a magnet-coil movement-sensor detector of the EEG cables which was bound to the rat's head. Recordings were 
made every third day in 6-10 month-old male Han:Wistar rats. Values (rain) represent group means 4- S.E.M. For abbreviations see Fig. 2Fig. 3Fig. 4Fig. 
5. (a) Tetrahydroaminoacridine and ketanserin had no effect on total recording times. (b) All the doses of physostigmine increased total recording times in 
saline-treated rats, and there was no difference between the doses ( ( S )  P < 0.02 versus saline). Ketanserin 20.0 mg/kg  alone had no effect, but 
antagonized the increase in total recording times produced by physostigmine. (c) Pilocarpine at all doses increased total recording time in saline-treated rats 
(([])  P < 0.005 versus saline). However, ketanserin 20.0 mg/kg,  although alone having no effect, blocked the increase in total recording time produced 
by pilocarpine. (d): Oxotremorine at 0.1 mg/kg  slightly and at 0.9 mg/kg  significantly increased total recording time in saline-treated rats ((©) P = 0.05 
and (IB) P < 0.02 versus saline). Ketanserin 20.0 mg/kg,  although alone having no effect, blocked the increase in total recording time produced by 
oxotremorine. 
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= - 2 . 8 0 ,  P < 0 . 0 1  versus ketanserin 20.0 m g / k g +  
physostigmine 0.06 m g / k g ;  Z(8,1) = - 2.43, P < 0.02 
versus ketanserin 20.0 m g / k g - ~  physostigmine 0.12 
mg/kg) .  

In the total recording time analyses, no significant drug 
treatment effects were observed (F(4,40) = 1.95, P > 0.1 ). 

3.1.2. Group H 

combined with ketanserin 20.0 m g / k g  (Z( 11,1 ) = - 2.90, 
P < 0.005 versus saline + saline; Z(12,0) = 3.06, P < 
0.005 versus ketanserin 20.0 rng /kg  + saline; Z(12 ,0)=  
- 3 . 0 6 ,  P < 0 . 0 0 5  versus ketanserin 20.0 m g / k g +  
pilocarpine 0.3 m g / k g ;  Z(I 1,1) = 2.98, P < 0.005 ver- 
sus ketanserin 20.0 m g / k g  + pilocarpine 1.0 mg/kg) .  

In the total recording time analyses, no significant drug 
treatment effect was observed (F(4,44) = 1.73, P > 0.1 ). 

3.1.2.1. Pilocarpine (i.p.) in saline (s.c.)-treated rats (Fig. 
4, higIN'oltage spindle total duration; Fig. 6e, total 
recording time). There was a significant drug treatment 
effect of  pilocarpine on high-voltage spindle total duration 
(F(3,39) = 5.46, P < 0.005). Pilocarpine 0.3 m g / k g  or 
1.0 m g / k g  had no effect (Z (4 ,7 )=  - 0 . 0 9 ,  P > 0.1 and 
Z ( 6 , 4 ) = -  1.38, P > 0 . 1 ,  respectively), whereas pilo- 
carpine 3.0 m g / k g  suppressed h i g h -  voltage spindles 
( Z ( 1 0 , 0 ) = - 2 . 8 0 ,  P < 0 . 0 1 )  versus saline. Pilocarpine 
3.0 m g / k g  was more effective in decreasing high-voltage 
spindles than 0.3 m g / k g  (Z(12,0) = - 3 . 0 6 ,  P < 0.005), 
or 1.0 m g / k g  ( Z ( 1 2 , 0 ) = - 3 . 0 6 ,  P <0.005) ,  and pilo- 
carpine 1.0 m g / k g  decreased high-voltage spindles more 
than pilocarpine 0.3 m g / k g  did (Z(9 ,2 )=  --2.22, P < 
0.05). 

There was also a significant drug treatment effect of  
pilocarpine on the total recording time ( F ( 3 , 3 9 ) -  20.28, 
P < 0.001). All the doses of pilocarpine increased the total 
recording time versus saline (0.3 m g / k g :  Z(0 ,14)=  
- 3 . 3 0 ,  P = 0 . 0 0 1 ;  1.0 m g / k g :  Z ( 0 , 1 4 ) = - 3 . 3 0 ,  P =  
0 .001 :3 .0  m g / k g :  Z ( 0 , 1 4 ) = - 3 . 3 0 ,  P - 0 . 0 0 1 ,  respec- 
tively). Pilocarpine 1.0 m g / k g  slightly increased total 
recording times versus 0.3 m g / k g  (Z(3,10) = - 1.96, P - 
0.05), and 3.0 m g / k g  increased the total recording time 
versus 0.3 m g / k g  ( Z ( 5 , 8 ) = - 2 . 1 3 ,  P < 0 . 0 5 ) ,  but not 
versus 1.0 m g / k g  (Z(6,6) = - 0 . 7 8 ,  P >  0.1). 

3.1.2.2. Pilocappine (i.p.) in ketanserin (s.c.)-treated rats 
(Fig. 4, high-coltage spindle total duration; Fig. 6c, total 
recording time). A significant drug treatment effect on 
high - voltage spindle total duration was observed 
(F(4,44) - 8.32, P < 0.001). Ketanserin 20.0 m g / k g  + 
saline and ketanserin 20.0 m g / k g  + pilocarpine 0.3 m g / k g  
significantly increased high-voltage spindle total duration 
versus saline + saline (Z(1 ,11)=  - 2 . 7 5 ,  P < 0.01 and 
Z(3,9) = - 2 . 1 1 ,  P < 0.05, respectively). However, when 
combined with ketanserin 20.0 m g / k g ,  pilocarpine 0.3 
m g / k g  was able to decrease high-voltage spindle total 
duration when compared to ketanserin 20.0 m g / k g  + saline 
(Z(10,2) = - 2 . 4 3 ,  P < 0.02). Ketanserin 20.0 m g / k g  + 
pilocarpine 1.0 m g / k g  had no effect versus saline + saline 
( Z ( 6 , 6 ) = - 0 . 1 6 ,  P > 0 . 1 ) ,  but decreased high-voltage 
spindles when compared to ketanserin 20.0 m g / k g  + saline 
(Z(10 ,2 )=  2.35, P < 0 . 0 2 ) ,  or to ketanserin 20.0 
m g / k g  + pilocarpine 0.3 rng /kg  (Z(10,2) = - 2 . 1 2 ,  P < 
0.05). Pilocarpine 3.0 m g / k g  was still capable of effec- 
tively suppressing high-voltage spindle total duration when 

3.1.2.3. Oxotremorine (i.p.) ilt saline (s.c.)-treated rat 
(Fig. 5, high-coltage spindle total duration; Fig. 6d, total 
recording time). There was a significant drug treatment 
effect of oxotremorine on high-voltage spindle total dura- 
tion (F(3,33) = 7.40, P = 0.001). Oxotremorine 0.03 
m g / k g  had no effect ( Z ( 7 , 5 ) -  - 0 . 6 7 ,  P > 0.1), whereas 
0.1 m g / k g  (Z(12,0) = - 3 . 0 6 ,  P < 0.005) and 0.9 m g / k g  
(Z(12,0) -- - 3 . 0 6 ,  P < 0.005) significantly decreased 
high-voltage spindles versus saline. Oxotremorine 0.1 
m g / k g  was more effective in decreasing high-voltage 
spindles than 0.03 m g / k g  was ( Z ( l l , I ) -  - 2 . 8 2 ,  P < 
0.005), and oxotremorine 0.9 m g / k g  was more effective 
than 0.03 m g / k g  ( Z ( 1 2 , 9 ) = - 3 . 0 6 ,  P < 0 . 0 0 5 )  or 0.1 
m g / k g  (Z(10,0) = - 2 . 8 0 ,  P < 0.01). 

Oxotremorine treatment also affected the total recording 
time (F(3,33) = 8.65, P < 0.001). Oxotremorine 0.1 
m g / k g  slightly ( Z ( 3 , 8 ) - - 1 . 9 6 ,  P = 0 . 0 5 )  and ox- 
otremorine 0.9 m g / k g  significantly (Z(3 ,9 )=  2.39, P 
< 0.02) increased the total recording time versus saline, 

whereas 0.03 m g / k g  had no effect (Z(5,6) = - 0 . 2 2 ,  P > 
0.1). Oxotremorine 0.1 m g / k g  increased the total record- 
ing time versus 0.03 m g / k g  (Z(3,9) = - 2.20, P < 0.05), 
and 0.9 m g / k g  increased the total recording time versus 
0.03 m g / k g  (Z(1,11) = - 2 . 9 0 .  P < 0.005) or 0.1 m g / k g  
(Z(2,10) ~ - 2 . 0 4 ,  P <  0.05). 

3.1.2.4. Oxotremorine (i.p.) in ketanserin (s.c.)-treated rats 
(Fig. 5, high-z,oltage spindle total duration; Fig. 6d, total 
recording time). There was a significant drug treatment 
effect on high-voltage spindle total duration ( F ( 4 , 4 0 ) =  
6.465.80, P < 0.001). Ketanserin 20.0 m g / k g  + saline 
significantly increased high-voltage spindle total duration 
versus saline + saline (Z(I ,10) = - 2 . 5 8 ,  P < 0.01). Ke- 
tanserin 20.0 m g / k g  + oxotremorine 0.03 m g / k g  or ke- 
tanserin 20.0 m g / k g  + oxotremorine 0.1 m g / k g  had no 
effect versus saline + saline (Z(6,5) = - 0.31, P >  0.1 
and Z(7 ,3 )=  0.66, P > 0.1, respectively), but were ca- 
pable of decreasing high-voltage spindles when compared 
to ketanserin 20.0 m g / k g  + saline (Z(10 ,1)=  -2 .58 ,  P 
< 0.01 and Z(10,1) - 2 . 5 8 ,  P < 0.01, respectively). 

There was no difference between ketanserin 20.0 m g / k g  
+ oxotremorine 0.03 m g / k g  and ketanserin 20.0 m g / k g  
+oxotremorine  0.1 mg,/kg ( Z ( 6 , 4 ) - - 0 . 1 0 ,  P > 0 . 1 ) .  
Oxotremorine 0.9 m g / k g  still effectively suppressed high 

w)ltage spindles when combined with ketanserin 20.0 
m g / k g  (Z(I 1,0) = - 2 . 9 3 ,  P < 0.005 versus saline + 
saline; Z(11,0) - - 2 . 9 3 .  P < 0.005 versus ketanserin 20.0 
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mg/kg  + saline; Z(10,0) = -2 .80,  P < 0.01 versus ke- 
tanserin 20.0 mg/kg  + oxotremorine 0.03 mg/kg;  Z(9,0) 
= -2 .67,  P <  0.01 versus ketanserin 20.0 mg/kg  + 
oxotremorine 0.1 mg/kg).  

There were no significant drug treatment effects on total 
recording times (F(4,40) = 2.32, P > 0.05). 

4. Discussion 

In line with previous studies (Riekkinen et al., 1991, 
1993b; Danober et al., 1993: J~ik~il~i et al., 1995), the 
ant icholinesterases,  t e t rahydroaminoacr id ine  and 
physostigmine, and the muscarinic acetylcholine receptor 
agonists, pilocarpine (a mixed muscarinic M~/M 2 recep- 
tor agonist) and oxotremorine (predominantly a muscarinic 
M~ receptor agonist), effectively decreased neocortical 
high-voltage spindles in adult rats, and the 5-HT 2 receptor 
antagonist, ketanserin, significantly increased the number 
of high-voltage spindles. The main results of the present 
study were, however, that (A) ketanserin blocked the 
decrease in high-voltage spindles produced by a moderate 
dose of tetrahydroaminoacridine, but did not modulate the 
high-voltage spindle activity suppressing effects of 
physostigmine, and that (B) both muscarinic acetylcholine 
receptor agonists, pilocarpine and oxotremorine, decreased 
high-voltage spindles induced by ketanserin at even lower 
doses than were required to decrease high-voltage spindles 
in saline-treated rats. 

Tetrahydroaminoacridine and physostigmine are 
cholinesterase inhibitors which act by preventing the 
breakdown of acetylcholine, and thus increase the amount 
of acetylcholine present in synapses. Furthermore, tetrahy- 
droaminoacridine also possesses muscarinic M~, M, 
(Pearce and Potter, 1988; Flynn and Mash, 1989) and 
nicotinic (Perry et al., 1988) agonistic activities, and also 
modulates K+/Na  + channels (Scauf and Sattin, 1988). 
Therefore, the site of action of systemically administered 
tetrahydroaminoacridine (and physostigmine) in modulat- 
ing thalamically generated high-voltage spindles may in- 
volve both pre- and postsynaptic nicotinic and muscarinic 
acetylcholine receptors. It is thought that the choli- 
nomimetic effects of tetrahydroaminoacridine are responsi- 
ble for the suppression of thalamocortical oscillations. This 
is supported by previous data showing that tetrahydro- 
aminoacridine to some extent cou!d alleviate the increase 
in high-voltage spindle activity induced by partial lesions 
of the cholinergic nucleus basalis (Riekkinen et al., 1991) 
or by aging-associated atrophy and loss of cholineacetyl- 
transferase-positive cells in the nucleus basalis (Riekkinen 
et al., 1992). However, it is also possible that the increase 
in the activity of biogenic amines induced by tetrahydro- 
aminoacridine (Tachiki et al., 1988) may contribute to its 
ability to suppress high-voltage spindle activity. Indeed, 
the dose of tetrahydroaminoacridine required to decrease 

high-voltage spindles is 9-fold higher than that required to 
inhibit scopolamine-induced slow waves, whereas 
physostigmine, 'a pure cholinesterase inhibitor', decreases 
high-voltage spindles and scopolamine-induced slow waves 
at similar doses (Riekkinen et al., 1993b). 

The agonists evaluated in the present study (pilocarpine 
and oxotremorine) may differ in their muscarinic M l ver- 
sus m 2 receptor selectivity. Both pilocarpine and ox- 
otremorine contract guinea pig bladder, a tissue which 
contains almost exclusively muscarinic M 2 receptors 
(Noronha-Blob et al., 1989). Furthermore, both of these 
compounds decrease the release of acetylcholine in vitro 
from brain slices and elevate brain acetylcholine levels in 
vivo (Hadhazy and Szerb, 1977; Szerb et al., 1977; Sethy 
and Francis, 1988). It has also been shown that these drugs 
possess low binding affinity for muscarinic M~ receptors 
(Potter and Ferrendelli, 1989). Oxotremorine has been 
proposed to act mainly on muscarinic M 2 receptors, 
whereas pilocarpine may be a mixed muscarinic Mj and 
M 2 receptor agonist (Br~iuner-Osborne and Brann, 1996). 

Previous electrophysiological studies have shown that 
the basal forebrain and brainstem cholinergic afferents 
may regulate neocortical electrical activity via muscarinic 
acetylcholine receptors (Buzsfiki et al., 1988; Riekkinen et 
al., 1991, 1993b). For example, in rats, systemic adminis- 
tration of low to moderate doses of the muscarinic acetyl- 
choline receptor antagonist, scopolamine, increases the 
incidence of high-voltage spindles (Riekkinen et al., 1991, 
1993b), and spike-and-wave discharges (Danober et al., 
1993), which are also thought to reflect the same phe- 
nomenon, i.e., thalamocortical oscillations (Micheletti et 
al., 1987; Danober et al., 1993). Systemic administration 
of the muscarinic acetylcholine receptor agonists, ox- 
otremorine, pilocarpine and AF-102B (predominantly a 
muscarinic M~ receptor agonist), suppresses rat high-volt- 
age spindles in a dose-dependent manner and induces an 
arousal-like pattern on the cortical EEG (Riekkinen et al., 
1993b). Activation of nicotinic acetylcholine receptors may 
also effectively suppress thalamocortical oscillations, since 
it has been shown that systemic treatment with nicotine 
can decrease neocortical high-voltage spindles in adult 
(Radek, 1993; Riekkinen et al., 1993a; J~ik~ilfi et al., 1996) 
and aged (Jfik~il~i et al., 1996) rats, spike-and-wave dis- 
charges in adult rats (Danober et al., 1993), and brief 
spindle episodes in mice (Ryan, 1985). Indeed, activation 
of presynaptic nicotinic acetylcholine receptors may in- 
crease the release of acetylcholine (Beani et al., 1989) in 
areas important for the modulation of high-voltage spindle 
activity (Buzsfiki et al., 1988, 1990; McCormick, 1990, 
1992; Steriade and Buzsfiki, 1990). In a previous study, 
pilocarpine was more potent in suppressing high-voltage 
spindles in adult rats than was AFI02B or oxotremorine 
(Riekkinen et al., 1993b). However, it is pertinent to note 
that there are more muscarinic M 2 receptors than mus- 
carinic M~ receptors in many of the thalamic nuclei which 
are considered to participate in the generation and modula- 
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tion of thalamocortical oscillations (Wang et al., 1989; 
Flynn and Mash, 1993: Wei et al., 1994). Therefore, it 
may be that both M~ and M e receptors play a role in the 
modulation of thalamocortical oscillations and related neo- 
cortical high-voltage spindles. 

The 5-HT 2 receptor antagonist, ketanserin (Leysen et 
al., 1981), on its own at a relatively high dose (20.0 
mg/kg) ,  increased neocortical high-voltage spindle activ- 
ity, confirming our previous observations (J~ikiilfi et al.. 
1995). Previously, lower doses of ketanserin (1.0 and 5.0 
mg /kg )  had no effect on high-voltage spindle activity in 
adult rats (J~ikfilfi et al., 1995) and, therefore, a high dose 
of ketanserin was chosen for the present study. However, 
at the dose of ketanserin that was required to increase 
high-voltage spindles in the present study (20.0 mg/kg) ,  
ketanserin may also have non-specific effects, especially 
binding to C~l-adrenoceptors and histamine (H ~) receptors 
(Leysen et al., 1981). It cannot be excluded that this 
partially accounts for the observed increase in high-voltage 
spindle activity induced by ketanserin, since C~l-adrenoce p- 
tors have been shown to play an important role in the 
modulation of thalamic oscillations and related neocortical 
high-voltage spindles and spike-and-wave discharges 
(Micheletti et al., 1987; Buzs~ki et al., 1990). In our 
previous study, ketanserin already at low doses (1.0 or 5.0 
mg/kg) ,  doses which on their own had no effect, blocked 
the decrease in high-voltage spindle activity seen after 
either systemic (0.5, 1.0 or 2.0 mg/kg)  or intrathalamic 
(ventroposteromedial thalamic area, dose 10 or 50 /,g) 
administration of a specific 5-HT 2 receptor agonist, l- 
(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI), 
suggesting that 5-HT 2 receptor antagonism may nonethe- 
less be the mechanism of action of ketanserin in the 
modulation of thalamocortical oscillations and neocortical 
high-voltage spindles (J~k~il~i et al., 1995). Ketanserin dis- 
plays some selectivity for 5-HT2a receptors, but also has 
weak affinity for 5-HT?c receptors (30-50-times lower 
than its affinity for 5-HT2A receptors) and 5-HT2B recep- 
tors (Martin and Humphrey, 1994). DO1 is often regarded 
as a subtype selective 5-HT~A receptor agonist, but it has 
affinity for 5-HT2B and 5-HT2c receptors as well (Boess 
and Martin, 1994; Martin and Humphrey, 1994). 

In the present study, interesting interactions between the 
cholinergic system and 5-HT 2 receptors in the modulation 
of rat thalomocortical oscillations were observed. Firstly, 
in ketanserin 20 mg/kg-treated rats both muscarinic 
acetylcholine receptor agonists, pilocarpine and ox- 
otremorine, at low doses (pilocarpine 0.3 mg/kg ,  ox- 
otremorine 0.03 mg/kg)  decreased high-voltage spindles, 
these doses being lower than those required to decrease 
'spontaneous' high-voltage spindles in saline-treated rats 
(pilocarpine 3.0 mg/kg ,  oxotremorine 0.1 mg/kg) .  Sec- 
ondly, ketanserin prevented the decrease in high-voltage 
spindle activity produced by a moderate dose of tetrahy- 
droaminoacridine (3.0 mg/kg) ,  but not that produced by 
physostigmine (0.12 and 0.36 mg/kg)  or a high dose of 

tetrahydroaminoacridine (9.0 mg/kg) .  According to the 
results of studies using slicing techniques, both nicotinic 
and muscarinic acetylcholine receptors as well as 5-HT~ 
receptors are involved in the modulation of thalamocortical 
neurotransmission. In thalamic slice preparations, the fast 
excitatory response of thalamocortical relay neurons in 
guinea-pig and cat lateral geniculate nuclei seen after the 
application of acetylcholine is associated with substantial 
increases in membrane cationic conductance, and this is 
mimicked by the application of nicotinic acetylcholine 
receptor agonists (McCormick, 1990, 1992). This rapid 
depolarization seen after acetylcholine application is then 
followed by a slow muscarinic depolarization resulting 
from the suppression of a resting potassium conductance. 
Furthermore, application of acetylcholine to GABAergic 
interneurons in the lateral geniculate nucleus or reticular 
nucleus results in their inhibition through an increase in 
membrane potassium conductance, this being mediated by 
the M2 subclass of acetylcholine receptors (McCormick, 
1990. 1992). In slice preparations from guinea-pig nucleus 
reticularis neurons and cat perigeniculate nucleus, applica- 
tion of serotonin results in pronounced and prolonged 
excitation associated with the appearance of single spike 
activity, this excitatory response to serotonin application 
being specifically mimicked by 5-HT 2 receptor agonists 
and blocked by 5-HT, receptor antagonists (McCormick 
and Wang, 1991). Thus. the present results showing that 
muscarinic acetylcholine receptor agonists, pilocarpine and 
oxotremorine, effectively decrease high-voltage spindles 
induced by the 5-HT 2 receptor antagonist, ketanserin, are 
in line with in vitro results and suggest a common mecha- 
nism of action at the thalamic level, i.e., ketanserin may 
have increased the level of hyperpolarization of thalamo- 
cortical relay neurons, and thus the effects of muscarinic 
acetylcholine receptor agonists (i.e., a decrease in the 
membrane potential of thalamocortical relay neurons) were 
seen already at lower doses in ketanserin-treated rats than 
in saline-treated rats. The finding that ketanserin blocked 
the decrease in high-voltage spindles elicited by a moder- 
ate (but not high) dose of tetrahydroaminoacridine may be 
related to the aminergic effects of tetrahydroaminoacridine. 
i.e., the above mentioned aminergic effects of tetrahydro- 
aminoacridine (Tachiki et al., 1988) may, indeed, at least 
partially account for the ability of this agent to suppress 
high-voltage spindle activity. 

However. the cholinergic drugs and ketanserin may also 
have acted via an independent site of action to modulate 
neurophysiological phenomena that regulate high-voltage 
spindle activity. Anatomical studies have shown that nico- 
tinic and muscarinic acetylcholine and 5-HT 2 receptors are 
widely distributed in different forebrain structures, such as 
cortex, basal ganglia and thalamus (Molineaux et al., 1989: 
Wada et al., 1989: Wainer and Mesulam, 1990: Jacobs and 
Azmitia, 1992: McCormick, 1992), suggesting that system- 
ically administered cholinergic and 5-HT~ receptor sub- 
type-specific drugs may act via several brain areas that 
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regulate thalamocortical oscillations. Therefore, it is possi- 
ble that the drugs used in the present study acted at 
different anatomical levels of the thalamocortical circuitry 
to inhibit high-voltage spindles. However, an equally plau- 
sible theory is that the drugs also act at some common 
brain nuclei, such as reticular or relay nuclei of the thala- 
mus. that could mediate their ability to suppress high-volt- 
age spindle activity. Indeed. as mentioned above, in vitro 
electrophysiological evidence suggests that activation of 
nicotinic and muscarinic acetylcholine and 5-HT e recep- 
tors may decrease hyperpolarization of thalamocortical 
relay neurons and prevent the activation of Ca:--mediated 
spiking and the generation of oscillatory firing (Mc- 
Cormick and Wang, 1991; McCormick, 1992). Further, we 
have shown that infusion of a 5-H% receptor agonist, 
DOI, (Jfikfil~i et al., 1995) or nicotine (Riekkinen et al., 
1995) into the ventroposteromedial thalamic area sensory 
relay nuclei can suppress high-voltage spindles, indicating 
that activation of nicotinic acetylcholine and 5-HT 2 recep- 
tors located in this thalamic area reduces thalamic oscilla- 
tions, and that peripherally injected cholinergic and 5-HT~ 
receptor subtype specific drugs may act via the thalamus to 
modulate spindle activity. 

Partial raphe dorsalis lesions alone do not affect neocor- 
tical high-voltage spindle activity, but the lesion aggra- 
vates the increase of high-voltage spindle activity induced 
by partial lesions of the cholinergic nucleus basalis magno- 
cellularis (Riekkinen et al., 1990). Anatomical studies 
provide further evidence for the sites of interaction be- 
tween the cholinergic and serotonergic systems in the 
modulation of thalamocortical oscillations and their related 
neocortical high-voltage spindles: the basal forebrain area 
containing cortically and thalamically projecting choliner- 
gic neurons is innervated by the raphe dorsalis, and the 
brainstem serotonergic cell groups receive cholinergic in- 
puts from the basal forebrain (Zaborsky et al., 1991; 
Jacobs and Azmitia, 1992). Moreover, the cortical areas 
and the thalamic reticular nucleus, as well as thalamocorti- 
cal relay nuclei, receive inputs from basal forebrain and 
brainstem cholinergic neurons as well from the raphe 
dorsalis (Steinbusch, 1981: Wainer and Mesulam, 1990; 
Jacobs and Azmitia, 1992). Therefore, the cholinergic and 
serotonergic systems could interact at the cell body level, 
thalamus or cortex. Future studies with local microinfusion 
of cholinergic and serotonergic drugs should elucidate the 
sites of these possible interactions. 

The recording time data (i.e., the total time needed to 
achieve a 20-rain period of behavioral waking-immobility 
after drug treatment) indicated that systemic treatment with 
physostigmine, pilocarpine and oxotremorine increased the 
motor/behavioral activity of the rats. Furthermore, there 
was also a trend for tetrahydroaminoacridine to increase 
recording times, although this did not reach statistical 
significance. However, in the present study, the effects of 
these drugs on high-voltage spindles reflect a behavioral 
waking-immobility state in the animals since a magnetic 

coil movement-sensor in the EEG cable automatically 
excluded all the movement-related EEG epochs from the 
high-voltage spindle recordings. Therefore, recordings are 
likely to reflect the effects of the drug treatments on 
neocortical high-voltage spindle activity during quiet wak- 
ing-immobility behavior itself, and not on behavioral/mo- 
tor activity as an intermediate variable. Interestingly, ke- 
tanserin prevented the increase in behavioral/motor activ- 
ity produced by the cholinomimetic drugs, as indicated by 
the decrease in total recording time to control (saline- 
treated) values. The discharge activity of the raphe sero- 
tonergic neurons is closely related to the activity of central 
motor systems, and it has been suggested that the primary 
role of serotonergic neurons is to send information to their 
target neurons with respect to the level of motor 
activity/behavioral state of the organism (Jacobs and 
Azmitia, 1992). Furthermore, it has been speculated that 
serotonergic neurons may act to facilitate motor systems 
while suppressing sensory systems (Aghajanian and Van- 
dermaelen. 1986). Thus, it could be speculated that in the 
present study ketanserin blocked the increase in behav- 
ioral/motor activity (i.e., the increase in total recording 
times) induced by cholinomimetic drugs through disfacili- 
tation of motor output systems. In line with this, in rats, 
5-HT 2 receptors are found in the basal ganglia and fron- 
toparietal motor cortex with lower numbers being present 
in the frontoparietal or occipital sensory, striate and audi- 
tory cortex (Jacobs and Azmitia, 1992). However, it is also 
important to note that in ketanserin-treated rats all the 
cholinomimetic drugs that were used in the present study 
decreased high-voltage spindles without actually affecting 
the total recording time, demonstrating that the effects of 
these drugs on behavioral/motor activity can be differenti- 
ated from their effects on thalamocortical oscillations and 
high-voltage spindles. Note also that in our previous study, 
a 5-HT 2 receptor agonist, DOI, decreased neocortical 
high-voltage spindle activity in adult rats not only after 
systemic injections but also when administered unilaterally 
directly into the ventroposteromedial thalamic area without 
affecting the total recording time, and this effect could be 
blocked by systemic administration of ketanserin (Jfikfil~i et 
al., 1995). 

In conclusion, the present results showing that both the 
cholinergic system and 5-HT 2 receptors modulate rat neo- 
cortical high-voltage spindles are in good agreement with 
the results of previous in vitro studies (Pape and Mc- 
Cormick, 1989; McCormick, 1990, 1992: Steriade and 
Buzs~ki, 1990; McCormick and Wang, 1991" Steriade et 
al., 1993), and suggest that activation of the cholinergic 
system and activation of 5-HT 2 receptors have at least 
additive effects in the suppression of rat thalamocortical 
oscillations, and thus in the maintenance of effective pro- 
cessing of information in thalamocortical systems (Mc- 
Cormick, 1992: Steriade et al., 1993). These data may also 
be of some clinical relevance, as combination drug thera- 
pies, aimed at stimulating the cholinergic and serotonergic 
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systems, could offer an approach for normalization of the 
deterioration in arousal functions related to Alzheimer's 
disease, as well as in a variety of other clinical disorders. 

Acknowledgements 

This study was financially supported by the Finnish 
Academy of Sciences. The authors wish to thank Ewen 
MacDonald, Ph.D., for checking the language of the 
manuscript. 

References 

Aghajanian, G.K. and C.P. Vandermaelen, 1986, Specific systems of the 
reticular core: Serotonin, in: Handbook of Physiology. The Nervous 
System. Intrinsic Regulatory Systems of the Brain (American Physio 
logical Society, Bethesda, MD), Vol. IV, p. 237. 

Allen, S.S.. J.S. Benton, M.J. Goodhardt, E.A. Hann, N.R. Sims. C.C.T. 
Smith, J,A. Spillane, D.M. Bowen and A.N. Davison, 1983, Biochem- 
ical evidence of selective nerve cell changes in the normal ageing 
human and rat brain, J. Neurochem. 41, 256. 

Baskys, A., C.E. Niesen and P.C. Carlen, P.C., 1987, Altered modulatory 
actions of serotonin on dentate granule cells of aged rats, Brain Res. 
419, 112. 

Beani, L., C. Bianchi, L. Ferraro, L. Nilsson, A. Nordberg, L. Romanelli, 
P. Spalluto. A. Sundwall and E. Tanganelli, 1989, Effects of nicotine 
on the release of acetylcholine and amino acids in the brain, in: 
Nicotine receptors in the CNS: Their role in synaptic transmission, 
eds. A. Nordberg, K. Fuxe, B. Holmstedt and A. Sundwall (Elsevier 
Science Publishers, Amsterdam) p. 149. 

Boess. F.G. and I.L. Martin, 1994, Molecular biology of 5-HT receplors, 
Neuropharmacology 33. 275. 

Br:,iuner-Osborne, H. and M.R. Branm 1996, Pharmacology of muscarinic 
acetylcholine receptor subtypes (ml-m5):  High throughput assays in 
mammalian cells, Eur. J. Pharmacol. 295, 93. 

Buzsfiki, G., R.G. Bicklk~rd, G. Ponomaref. L.J. Thal, R. Mandel and F.H. 
Gage, 1988, Nucleus basalis and thalamic control of neocortical 
activity in the freely moving rat, J. Neurosci. 8, 4007. 

Buzsfiki, G,, I. Laszlovsky, A. Lajtha and C. Vadasz, 1990, Spike-and- 
wave neocortical patterns in rats: Genetic and ammergic control, 
Neuroscience 38, 323. 

Danober, L., A. Depaulis. C. Marescaux and M. Vergnes, 1993. Effects 
of cholinergic drugs on genetic absence seizures in rats, Eur. J. 
Pharrnacol. 234, 263. 

Flynn. D.D. and D.C. Mash, 1989, Multiple in vitro interactions with and 
differential in vivo regulation of nmscarinic receptor subtypes by 
THA, J. Pharmacol. Exp. Ther. 250. 573. 

Flynn, D.D. and D.C. Mash. 1993. Distinct kinetic binding properties of 
N-[ H]-methylscopolamme afford differential labeling and localization 
of M1, M2, and M3 muscarinic receptor subtypes in primate brain, 
Synapse 14, 283. 

Hadhazy, P. and Szerb, 1977, The effects of cholinergic drugs on 
[~H]acetylcholine release from slices of rat hippocampus, striatum and 
cortex, Brain Res. 123. 311. 

Jacobs. B.L. and E.C. Azmitia. 1992, Structure and function of the brain 
serotonin system, Physiol. Rev. 72, 165. 

Jfikfil~i. P., M. BjiSrklund and P. Riekkinen Jr., 1996, Suppression of 
neocortical high-voltage spindles by nicotinic acetylcholine and 5-HT~ 
receptor stimulation. Eur. J. Pharmacol. 299, 47. 

J:,ikfilii, P.. J. Sirvi/5, E., Koivisto, M. Bj~Srklund, J. Kaukua and P. 
Riekkinen Jr., 1995, Modulation of rat ncocortical high voltage spin- 
dle activity by 5-HT i /5-HT 2 receptor subtype specific drugs. Eur. J. 
Pharmacol. 282, 39. 

Lcvey, A., A.E. Hallanger and B.H. Wainer, 1987, Cholinergic nucleus 
basalis may influence the cortex via the thalamus. Neurosci. Lett. 74, 
7. 

Leysen, J.E., C.J.E. Nicmegeers, J.M. Nueten and P.M. Laduron, 1981, 
[3H] ketanserin (R 41 468), a selective 3H-ligand for serotonin, 
receptor binding sites. Binding properties, brain distribution, and 
functional role, Mol. Pharmacol. 21, 301. 

Mann. D.M.A. and P.D. Yates, 1983, Serotonergic nerve cells in 
Alzheimcr's disease, J. Neurol. Neurosurg. Psychiatry 46, 96. 

Martin, G.R. and P.P.A. Humphrey, 1994, Receptors [or 5-hydroxytryp- 
tamine: Current perspectives on classification and nomenclature, Neu- 
ropharmacology 33, 261. 

McCormick, D.A.. 1989, Cholinergic and noradrcnergic modulation of 
thalamocortical processing, Trends Neurosci. 12, 215. 

McCormick, D.A., 1990. Cellular mechanisms of cholincrgic control of 
neocortical and thalmnic neuronal excitability, m: Brain Cholinergic 
Systcms. eds. M. Stcriadc and D. Biesold (Oxford University Press, 
Oxford) p. 236. 

McCormick, D.A., 1992. Neurotransmitter actions in the thalamus and 
cerebral cortex, J. Clin. Neurophysiol. 9. 212. 

McCormick, D.A. and Z. Wang, 1991, Scrotonin and noradrenaline excite 
GABAcrgic neurons of the guinea pig and cat nuclcus reticularis 
thalami. J. Physiol. 442. 235. 

Michelcui, G., J.-M. Warter, C. Marescaux, A. Depaulis, 1. Tranchant. L. 
Rumbach and M. Vergnes, 1987. Effects of drugs affecting noradren- 
crgic transmission in rats with spontaneous petit real seizures, Eur. J. 
Pharmacol. 135, 397. 

Molineaux, S., T. Jessell, R. Axel and D. Julius, 1989, 5-HTIc receptor is 
a prominent serotonin receptor subtype in the central nervous system. 
Prec. Natl. Acad. Sci. 86, 6793. 

Noronha Blob, L., V. Lowe. A, Patton, B. Canning, D. Costcllo and W.J. 
Kinnier, 1989, Muscarinic receptors: Relationship among phospho- 
inositidc breakdown, adenylate cyclase inhibition, in vitro detrusor 
muscle contractions and in vivo cystometrogram studies in guinea pig 
bladder. J. Pharmacoh Exp. Ther. 249, 843. 

Pape, H.-C. and D.A, McCormick, 1989, Noradrenaline and semtonin 
selectively modulate thalamic burst firing by enhancing a hyperpolar 
ization-activated cation current, Nature 340, 715. 

Pearce. B.D. and L.T. Potter. 1988, Effects of THA on MI and M2 
muscarine receptors, Neurosci. Lett. 88, 281. 

Perry. E.K.. C.J. Smith. J.A. Court, J.R. Bonham, M. Rodway and J.R. 
Atack, 1988, Interaction of 9 amino-l,2,3,4-THA (THA) with human 
cortical nicotinic amd muscarinic receptor binding in vitro, Neurosci. 
Lea. 91.211. 

Potter, L.T. and C.A. Ferrendelli. 1989, Affinities of different cholinergic 
agonists for the high and low affinity states of hippocampal M I 
muscarine receptors, J. Pharmacol. Exp. Ther. 248. 974. 

Radek, R.J.. 1993, Effects of nicotine on cortical high voltage spindles in 
rats, Brain Res. 625, 23. 

Reinikainen. K.J., H. Soininen and P.J. Riekkinen, 1990. Neurotransmit- 
ter changes in Alzheimer's disease: Implications to diagnostics and 
therapy, J. Neurosci. Res. 27. 576. 

Riekkinen Jr., J. Kuitunen and M. Riekkinen, 1995. Effects of thalamic 
and nucleus basalis infusions of nicotine on cortical EEG, NeuroRe- 
port 6, 1625. 

Riekkmen Jr., P., M. Riekkinen and J, Sirvi(:,, 1993a, Effects of nicotine 
on ncocortical electrical activity in rats, J. Pharmacoh Exp. Ther. 267, 
776. 

Riekkinen Jr., P.. J. Sirvi~i, R. Miettinen and P. Riekkinen, 1990, 
Interaction between raphe dorsalis and nucleus basalis magnocellu- 
laris in the regulation of high-voltage spindle activity in rat neocortex, 
Brain Res. 526, 31. 

Riekkinen Jr.. P.. M. Riekkinen, A. Fisher, T. Ekonsalo and J. Sirvi(L 
1993b, Effects of muscarinic receptor agonists and anticholinesterase 
drugs on high-voltage spindles and slow waves, Eur. J. Pharmacol. 
240. I. 



P. J~ik~il~i et al. / European Journal ~f Pharmacology 316 (1996) 181-193 193 

Riekkinen Jr., P., M. Riekkinen, J. Sirvi~, R. Miettinen and P. Riekkinen, 
1992. Loss of cholinergic neurons in the nucleus basalis induces 
neocortical electroencephalographic and passive avoidance deficits, 
Neuroscience 47, 823. 

Riekkinen Jr., P., J. Sirvi~,, A. Valjakka, M. Riekkinen, R. Lammiutausta 
and P. Riekkinen, 1991, Effects of atipamezole and tetrahydro- 
aminoacridine on nucleus basalis lesion-induced EEG changes, Brain 
Res. Bull. 27, 231. 

Ryan, L.J.. 1985~ Cholinergic regulation of neocortical spindling in 
D B A / 2  mice, Exp. Neurol. 89, 372. 

Scauf. C.L. and A. Sattin, 1988, Tetrahydroaminoacridine blocks potas- 
sium channels and inhibits sodium interaction in Myxicola, J. Phar- 
macol. Exp. Ther. 243, 609. 

Sethy, V.H and J.W. Francis, 1988, Regulation of brain acetylcholine 
concentration by muscarinic receptors, J. Pharmaeoh Exp. Ther. 243, 
609. 

Sirvi~. J., P. Riekkinen Jr., P. Jfikfilfi and P. Riekkinen, 1994, Experimen- 
tal studies on the role of serotonin in cognition, Prog. Neurobiol. 43, 
363. 

Sirvi~k J., A. Pitkfinen, A. P~ifikk6nen, J. Partanen and P. Riekkinen, 
1989, Brain cholinergic enzymes and cortical EEG activity in young 
and adult rats, Comp. Biochem. Physiol. 94C, 277. 

Soininen, H., J. Partanen, V. Laulumaa, E.-L. Helkala, M. Laakso and 
P.J. Riekkinen, 1989, Longitudinal EEG spectral analysis in early 
stage of Alzheimer's disease, Electroencephalogr, Clin. Neurophysiol. 
72. 290. 

Soininen, H, K. Reinikainen, J. Partanen, E.-L. Helkala, L. Paljfirvi and 
P.J. Riekkinen, 1992, Slowing of electroencephalogram and choline 
acetyltransferase activity in post-mortem frontal cortex in definite 
Alzheimer's disease, Neuroscience 49. 529. 

Steinbusch, H.W.M., 1981, Distribution of serotonin-immunoreactivity in 
the central nervous systerrl of the rat - -  cell bodies and terminals, 
Neuroscience 6, 557. 

Steriade, M. and G. Buzsfiki, 1990, Parallel activation of thalamic and 
cortical neurons by brainstem and forebrain cholinergic systems, in: 
Brain Cholinergic Systems, eds. M. Steriade and D. Biesold (Oxford 
University Press) p. 3. 

Steriade, M. and R.R. Llinfis, 1988, The functional stages of the thalamus 
and associated neuronal interplay, Physiol. Rev. 68, 649. 

Steriade, M., D.A. McCormick and T.J. Sejnowski, 1993. Thalamocorti- 
cal oscillations in the sleeping and aroused brain, Science 262, 679. 

Szerb, J.C., P. Hadhazy and J.D. Dudar, 1977, Release of [3H]acetylcho- 
line from rat hippocampal slices: Effects of septal lesion and of 
graded concentration of muscarinic agonists and antagonists, Brain 
Res. 128, 285. 

Tachiki, K.H., K. Spidell, L. Samuels, R. Ritzmann. A. Steinberge, R.L. 
Lloyd, W.K. Summers and A. Kling, 1988, Tacrine: Levels and 
effects on biogenic amines and their metabolites in specific areas of 
the rat brain, in: Current Research in Alzheimer Therapy: 
Cholinesterase Inhibitors, eds. E. Giacobini and R. Becket, (Taylor 
and Francis, New York, NY). 

Vanderwolf, C.H. and G.B. Baker, 1986, Evidence that serotonin medi- 
ates non-cholinergic neocortical low voltage fast activity, non- 
cholinergic hippocampal rhythmical slow activity and contributes to 
intelligent behavior, Brain Res. 374, 342. 

VanderwolL C.H., L.W.S. Leung, G.B. Baker and D.J. Stewart, 1989, 
The role of serotoniu in the control of cerebral activity: Studies with 
intracerebral 5,7-dihydroxytryptamine. Brain Res. 504, 181. 

Wada, E., K. Wada, J. Baulter, E. Deneris, S. Heinemann. J. Patrick and 
L.W. Swanson, 1989, Distribution of alpha2, alpha3, alpha4 and beta2 
neuronal nicotinic receptor subunit mRNA in the central nervous 
system: A hybridization histochemical study in the rat, J. Comp. 
Neurol. 284, 314. 

Wainer, B.H. and M.-M. Mesulam, 1990, Ascending cholinergic path- 
ways in the rat brain, in: Brain Cholinergic Systems, eds, M. Steriade 
and D. Biesold (Oxford University Press, Oxford) p. 65. 

Wang, J.-X., W.R. Roeske, K.N. Hawkins, D.R. Gehlert and H.I. Yama- 
mura, 1989, Quantitative autoradiography of M 2 muscarinic receptors 
in the rat brain identified by using a selective radiolligand [~H]AF- 
DX116, Brain Res. 477, 322. 

Wei, J.. E.A. Walton, A. Milici and J.J. Buccafusco. 1994, M1-M5 
muscarinic receptor distribution in rats CNS by RT-PCR and HPLC, 
J. Neurochem. 63, 815. 

Yamato, T. and A. Hirano, 1985, Nucleus raphe dorsalis in Alzheimer~s 
disease: Neurofibrillary tangles and loss of large neurons, Ann. 
Neurol. 17, 573. 

Zaborsky, L., W.E. Cullinan and A. Braun, 1991, Afferents to basal 
forebrain cholinergic projection neurons: An update, in: Basal Fore- 
brain: Anatomy to Function, eds. C.T. Apier, P.W. Kaliwas and I. 
Hanin (Plenum Press, New York, NY). 


