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NODA, Y., Y OCHI, E SHIMADA AND M OKA Invoh'ernent of central chohnergw mechanism in RU-24969-mduced behav- 
ioral deficits PHARMACOL BIOCHEM BEHAV 38(2) 441--446, 1991 --The present study was undertaken to investigate the role 
of cholmerglc mechanisms m the behavioral effects of RU-24969, a compound with serotonlnta (5-HTIa) receptor agomst proper- 
ties RU-24969 caused an increase in locomotion (2-5 mg/kg IP) and an impairment of spontaneous alternation (SA) behavior in a 
T-maze (0 5-2 0 mg/kg IP) m mice, effects that were also reduced by the chohnerg~c hypofunctlon with scopolamine treatment 
(0 5-5 0 mg/kg IP), an acetylchohne (ACh) receptor antagomst The tmpan-ment of the SA behavior by RU-24969 was enhanced 
by scopolamine Both the hyperlocomonon and the SA ~mpaffment by RU-24969 were markedly reduced by propranolol (20 mg/kg 
IP) which has 5-HT~A/5-HT m receptor antagonist properties, as well as by physostlgmlne (0 05-0 2 mg/kg IP), an ACh esterase 
Inhibitor. and oxotremonne (0.005-0 01 rng/kg IP), an ACh receptor agonlst Moreover, these behavioral deficits of RU-24969 were 
&rmnlshed m mice pretreated lntracerebroventncularly with AF64A (30 nmol/body), a presynaptlc chohnerglc neurotoxln, whereas 
scopolarmne induced the deficits even m animals wuh the same treatment These results suggest that the serotonerg~c behavioral 
deficits obse~,ed after RU-24969 treatment may be caused by an inhibition of ACh release through ~ts action on the presynaptlc 
receptor (particularly RU-24969-sensltlve sites) locahzed on the chohnerg~c terrmnals 

5-HT~ receptor agomst Spontaneous alternation Locomotion 
ACh release 

Behavioral deficit Presynaptlc receptor 

RECENT advances m the study of serotonin (5-HT) binding sites 
have yielded various new agonlsts and antagonists for these re- 
ceptors. Some of them have proved valuable for investigating 
roles of serotonergtc neurons in the modulation of animal behav- 
iors. 5-HT or 5-methoxy-3-(1,2,3,6-tetrahydropyndine-4-yl)- 1H 
mdole (RU-24969), a compound with serotonin m (5-HTla) re- 
ceptor agonlst properties, are known to induce prominent hyper- 
locomotion in rodents (5, 10, 12, 17, 20). The hyperlocomotlon 
ts antagomzed by propranolol and pmdolol, [3-blockers with a 
substantml affimty for 5-HTIA/5-HTIB receptors (4, 6, 14-16, 
24, 25, 35, 37), but not by metoprolol (131-blocker) and butoxam- 
me (I32-blocker) with no affinity for the 5-HT l receptors (4). Fur- 
ther, it is not influenced by clenbuterol, a [3-agonlst (17). Thus 
5-HT~ receptors have been considered to be involved m the RU- 
24969-induced locomotor response (12,14). During the behav- 
ioral study of some 5-HT agomsts, we found that RU-24969, in 
ad&tlon to the increase m locomotor activity, disrupted spontane- 
ous alternation (SA) behavior, a learning task with no strong 
source of motivation in mice. Such behavioral changes have also 
been reported to be induced commonly by antlchohnerglc drugs. 
and suggested as a result of hypofunctlon of the chohnerglc neu- 
ronal system (2, 7, 9, 21, 23, 30, 32). 

Some biochemical studies have ln&cated an influence of se- 
rotonerglc afferents from the raphe nuclei on the activity of 
chohnergic neurons. Butcher et al. (3) reported that acetylchohne 

(ACh) synthes~s m the rat stnatum increased after electrolytic le- 
sions of the raphe B7 area, and decreased after lesions of the B 8 
area. On the other hand, ACh turnover in the rat hippocampus 
and cortex was shown to increase after destroying the raphe sero- 
tonerglc neurons with 5,7-dihydroxytryptamine m rats (29). More- 
over, Gillet et al. (13) demonstrated that 5-HT inhibited the K + 
evoked release of ACh from rat strlatal slices. 

The present study was designed to confirm the functional in- 
teraction between serotonerg~c and chohnerglc neurons m the 
central nervous system using behavioral pharmacology tech- 
niques. 

METHOD 

Animals 

Male mice of Std-ddY strata (Japan SLC Inc., Shtzuoka, Ja- 
pan) weighing 25 -+ 5 g were used as subjects They were housed 
in plastic cages, given food (CE2, Clea Japan Inc.) and tap wa- 
ter ad hb and were kept Ill a regulated environment (24_ ~ l°C, 
60___5% humidity), with a 12/12-h light-dark cycle (6 a m., 6 
p.m.). No mice were ever used more than once. 

Drugs 

The followmg drugs were purchased from the commercial 
sources, scopolamine hydrobromtde (scopolamine, Sigma), phy- 
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FIG 1 Effect of 5-HT-related agents and scopolanune on spontaneous 
alternation behavior in rmce Drugs were adnumstered IP 30 nun before 
testing spontaneous ahematlon, except for 5-MeODMT study (where it 
was admlmstered 15 nun before the test) The SA test was camed out as 
described in the Method section The columns represent mean (± S E ) 
number of SA fadures expressed m percent of control (vehicle-treated 
group) The numbers of mice in each group are indicated reside the col- 
umns and doses below the columns. Significantly different from vehicle- 
treated group *p<0 05, **p<0 01 

sostxgrnme sulphate (physostlgmlne; Nakarai), oxotremorlne 
(Sigma), 5-methoxy-N,N-dimethyltryptarmne (5-MeODMT; Sigma) 
and ( ± )propranolol hydrochloride (propranolol; ICI). 8-Hydroxy- 
2-(dl-n-propylarmno)tetrahn (8-OH-DPAT), 5-methoxy-3(1,2,3,6- 
te t rahydropyndln-4-y l ) - lH indole maleate (RU-24969) and 
ethylchohne mustard azlndlnium ion hydrochloride (AF64A) were 
synthesized and checked for purity by SIMSs (Hitachi M-80B 
mass spectrometer) and IH-NMR spectra (Vanan XL-300 spec- 
trometer) in our laboratories. 

Scopolarmne, physostlgmlne, oxotremonne and propranolol 
were dissolved in 0.9% saline. 8-OH-DPAT and RU-24969 were 
dissolved in a minimal amount of HCI to expedite dissolution and 
diluted with water. 5-MeODMT was dissolved in 0.9% saline 
containing 0.5% ascorbic acid. AF64A solution was freshly pre- 
pared each day by allowing the precursor, acetylchohne mustard 
hydrochloride, to cyclise at pH 11.4-11.6 for 30 mln at room 
temperature. The pH was then returned to 7.4 with concentrated 
HC1, and the solution diluted to 10 nmol/i.d with water 

Drugs were administered IP in a volume of 0. l ml/10 g ex- 
cept for AF64A which was given intracerebroventricularly (ICV) 
m a 10 ~1 volume, All doses were expressed in terms of total 
salts. 

Locomotor Acnvt~ 

Five Anlmex activity meters (Farad Co., Sweden) were used 
to assess locomotor activity. Animals were placed mdlvldually 
into plastic cages (23 × 36 × 30 cm) on the activity meters just 
after drug administration, and then the activity was measured for 
45 mln. AF64A-treated m~ce were used 7 days after treatment 

Spontaneou~ Alternanon 

The apparatus was a T-maze made of black plastic. Both the 
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FIG 2 Effect of 5-HT-related agents and scopolarmne on locomotor ac- 
tivity in nuce Locomotor activity was measured for 45 nun lmmedmtely 
after drug adnumstratlon The columns represent mean (+_ S E ) 45-nun 
cumulated locomotor act~v,ty counts expressed in percent of control (ve- 
hicle-treated group) The numbers of mice m each group are indicated 
reside the columns and doses below the columns Significantly different 
from vehicle-treated group *p<0 05, **p<0 01 

stem and each arm of the maze were 25 cm long, 5 cm wide and 
10 cm high. The first 10 cm of the stem and the last 10 cm of 
each arm were separated by sliding doors into start and goal boxes, 
respectively. 

The task was started by placing a mouse in the start box of the 
maze. After 10 s, three sliding doors were raised, allowing the 
animals to explore the maze. When a mouse entered the goal box 
m either of the arms, the sliding door was closed behind it. The 
animal was kept there for 10 s and then manually returned to the 
start box. Commonly, naive mice alternate between goal boxes 
(nght and left), but scopolamine-treated ammals tend to enter the 
same goal box repeatedly. The same trial was repeated 8 consec- 
utive times and a choice of the same goal in any 2 consecutive 
trials was counted as a SA failure (0-7). 

All drugs were adrmnlstered IP 30 mm before the test, except 
for 5-MeODMT which was administered 15 mm before the test. 
AF64A-treated mice were used 7 days after treatment. 

Statistics 

Stausttcal differences among the values for individual groups 
were deternuned usmg Duncan's (locomotor activity counts) or 
Williams Wilcoxon's (number of SA failures) multiple-range tests. 

RESULTS 

Effect of  5-HT-Related Agents and Scopolamine on Spontaneous 
Alternanon Behavior in Mice 

Under the present experimental conditions, the mean number 
of SA failures was 1.2-1.8 in vehicle-treated mice. In the mice 
treated with RU-24969 (0.5 and 2 mg/kg IP) or scopolamine 
(0.5-2 mg/kg IP) the number of SA failures mcreased signtfi- 
cantly, indicating that RU-24969, hke scopolamine, induced an 
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FIG 3 Effect of 5-HT-related agents on scopolamine-reduced deficit of 
spontaneous alternation behavior m mice Scopolamine (1 mg/kg, IP) was 
admlmstered simultaneously with 8-OH-DPAT or RU-24969, and 15 nun 
before 5-MeODMT administration The columns represent mean ( -*- S E ) 
number of SA failures expressed m percent of control (vehicle-treated 
group) The numbers of nuce m each group are ln&cated ms,de the col- 
umns and doses below the columns S~gmficantly different from 
scopolamine-treated group *p<0 05 

tmpairment of SA behavior. 5-MeODMT caused a sltght increase 
m the SA failures at a large dose of 2 mg/kg IP, but 8-OH-DPAT 
(2-10 mg/kg IP) was without effect (Fig. 1). 

Effect of 5-HT-Related Agents and Scopolamine on Locomotor 
Acttvi~ in Mwe 

The mean locomotor activity count for 45 mm ranged from 
775.0-1414.2 for the vehicle-treated groups. Treatment of the 
mice with RU-24969 (2-5 mg/kg IP) or scopolamine (2-5 mg/kg 
IP) produced a marked increase m the locomotor activtty counts, 
in a dose-related manner. Such an effect was not caused by 5- 
MeODMT or 8-OH-DPAT (Ftg 2). 

Effect of 5-HT-Related Agents on Scopolamme-lnduced 
Spontaneous Alternatton Impatrment m Mice 

In the scopolamme (1 mg/kg IP)-treated mice, the mean num- 
ber of SA fatlures was 3.2-4.0 and was slgntficantly larger than 
that of the vehtcle-treated mice (1.3-1 8). RU-24969, when m- 
jected simultaneously with scopolamine, caused a further increase 
m the number of SA failures. On the other hand, 5-MeODMT or 
8-OH-DPAT did not alter the effect of scopolamine (Fig. 3). 

Effect of Chohnomtmetws and 5-HT 1 Receptor Antagomst on 
RU-24969-lnduced Behavioral Deficits in Mice 

The RU-24969 (2 mg/kg IP)-mduced behavtoral deficits were 
attenuated by propranolol and methysergide that have substantial 
5-HT~ receptor antagonist properttes, as well as by physostig- 
mine, an ACh esterase tnhibitor, and oxotremorine, an ACh re- 
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FIG. 4 Effect of physost~gmme, oxotremonne and propranolol on RU- 
24969-reduced deficit of spontaneous alternauon in nuce Drugs were 
admlmstered IP s~multaneously w]th RU-24969 (2 mg/kg, IP) 30 nun be- 
fore the testing spontaneous ahernatlon The columns represent mean 
( +- S E ) number of SA failures expressed m percent of control (vehtcle- 
treated group) The numbers of nuce m each group are indicated reside 
the columns and doses below the columns S~gmficantly different from 
RU-24969-treated group *p<0 05, **p<0 01 

ceptor agomst (Figs. 4 and 5). 
A significant attenuation of the SA tmpairment was obtained 

with 20 mg/kg IP of propranolol, 0.05-0 2 mg/kg IP of physo- 
stigmine or 0.005-0 01 mg/kg IP of oxotremorine (Fig. 4). These 
same drugs signtficantly attenuated the hyperlocomotton (20 mg/ 
kg IP of propranolol, 0.05-0.1 mg/kg IP of physosttgmine or 
0.005-0.01 mg/kg IP of oxotremorine. Fig. 5). Methysergtde at 
5 mg/kg IP also reduced both behavioral defictts (data not shown). 
Netther spontaneous alternation nor locomotor actwity was influ- 
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FIG 5 Effect of physosngnune, oxotremonne and propranolol on RU- 
24969-reduced hyperlocomot~on in nuce Open bars vehicle-treated group, 
hatched bars RU-24969-treated group, doued bars RU-24969 + Drug- 
treated group Drugs were adrmmstered IP s~multaneously w~th RU-24969 
(2 mg/kg, IP) Locomotor actwlty was measured for 45 nun imme&ately 
after drugs admnustratlon The columns represent mean ( __+ S E ) 45-nun 
cumulated locomotor actwlty counts expressed in percent of control (ve- 
hicle-treated group) The numbers of mice in each group are m&cated 
mstde the columns and doses below the columns. S~gmficantly different 
from RU-24969-treated group *p<0 05, **p<0.01 
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TABLE 1 

EFFECT OF SCOPOLAMINE AND RU-24969 ON SPONTANEOUS 
ALTERNATION IN THE AF64A-PRETREATED MICE 

Dose % of Sham Control 
Treatment (mg/kg, 1P) (No of mice) 

Sham control 100 0 ± 17 6 (18) 
AF64A control 144 0 ± 15 9 (20) 
AF64A + scopolamine 0 5 198 0 ___ 13 1 (20)* 
Sham control 100 0 ___ 20 0 (15) 
AF64A control 166 7 ± 13 3 (19) 
AF64A + scopolamine 1 0 266 7 ± 20 0 (20)t 
Sham control 100 0 +_ 13 3 (20) 
AF64A control 140 0 ± 20 0 (20) 
AF64A + RU-24969 2 0 155 3 ___ 13 3 (20) 
Sham control 100 0 ~- 20 0 (19) 
AF64A control 166 7 ± 20 0 (19) 
AF64A + RU-24969 5 0 193 3 +- 20 0 (19) 

AF64A (30 nmol/body, ICV) was admlnmtered to nuce 7 days prior to 
scopolamine or RU-24969 administration The SA test was carried out 30 
rain after the m.lectmn of scopolamine or RU-24969 The data represent 
mean (± S E ) number of SA fadures expressed in percent of control 
(sham control group) Significantly different from AF64A control group 
'kp<0 05, +p<0 O1 

enced by these drugs alone at the doses used for the antagomsm 
study 

Effect of Scopolamme and RU-24969 m AF64A-Pretreated Mice 

Seven days after a single injectton of 30 nmol/body AF64A 
ICV, a presynaptlc cholmergtc neurotoxm (11,28), the ACh con- 
tent decreased by about 26% m the hippocampus, without any 
decrease m the striatum and frontal cortex (data not shown). Be- 
haviorally, shght increases in the locomotor activity count (53- 
73%) and the number of SA failures (40--67%) were observed, 
although these effects were not statistically significant compared 
to untreated mice (Tables 1 and 2). The htgber dose of AF64A 
(50 nmol/body ICV) markedly produced these behavioral deficits 
and reduced the ACh content (data not shown). In this experi- 
ment, the low dose of 30 nmol/body was employed to avoid the 
d~rect effects of AF64A on locomotor actwtty and SA behavior. 

In the AF64A-pretreated mice, RU-24969 (2 and 5 mg/kg IP) 
did not further mcrease the number of SA failures. The higher 
dose (5 mg/kg IP) of RU-24969 was required to cause hyperlo- 
comotion in AF64A-treated mtce. By contrast, scopolarmne m- 
creased the behavioral changes (0.5 and 1 mg/kg IP for SA 
impairment and 2 mg/kg IP for hyperlocomotlon) to the same ex- 
tent m the AF64A-treated mice as m the untreated mice (Tables 
1 and 2) 

DISCUSSION 

The avatlabdity of RU-24969, a compound with 5-HT m re- 
ceptor agomst properties, enabled us to study behavtoral changes 
after activation of brain serotonergtc systems. In earher studtes 
(12, 14, 17), RU-24969, like scopolamine (2,32), was shown to 
cause a marked increase m locomotor activity m animals. The 
present study showed that, besides the mcrease in locomotor ac- 
tivity, RU-24969 and scopolamine caused a significant tmpalr- 
ment of SA behawor in mxce. The impaired SA behavior was not 
hkely to result from the hyperlocomotion, because the increase in 
SA failures by both drugs appeared at low doses that did not af- 

TABLE 2 

EFFECT OF SCOPOLAMINE AND RU-24969 ON LOCOMOTOR ACTIVITY 
IN THE AF64A-PRETREATED MICE 

Dose % of Sham Control 
Treatment (mg/kg, IP) (No of truce) 

Sham control 100 0 - 14 3 (10) 
AF64A control 172 9 --- 28 4 (10) 
AF64A + scopolamine 2 0 321 2 + 35 7 (10)* 
Sham control 100 0 ± 24 1 (10) 
AF64A control 176 3 ± 34 3 (10) 
AF64A + RU-24969 2 0 209 5 ± 35 5 (10) 
Sham control 100 0 --+ 14 7 (10) 
AF64A control 153 0 ± 32 4 (10~ 
AF64A + RU-24969 5 0 224 7 ± 50 7 (10)* 

AF64A (30 nmol/body, ICV) was admlmstered to mice 7 days prior to 
scopolamine or RU-24969 admlmstratlon. Locomotor actw~ty was re- 
corded for 45 nun after the mject~on of scopolamine or RU-24969 The 
data represent mean (+-S E ) 45-nun cumulated locomotor act~wty ex- 
pressed m percent of control (sham control group). Slgmficantly different 
from AF64A control group *p<0 05 

fect locomotor activity, and also because methamphetanune, which 
potently increases locomotor activity, did not deteriorate the SA 
behavior (data not shown). It is generally accepted that the sco- 
polamine-mduced hyperlocomotton and SA impairment result from 
a chohnergic hypofunction in the bram. Thts prompted us to in- 
vestigate how the 5-HT~ agonlst, RU-24969, produced the behav- 
ioral deficits hke those of scopolamine. 

Neither the hyperlocomotlon nor the SA impairment appears 
to be common to all kinds of 5-HT I receptor agonists, because 
httle or no deficits m either behavior were observed in ammals 
treated w~th the 5-HT~ receptor agonists, 5-MeODMT and 8-OH- 
DPAT (1, 8, 18, 36). Nevertheless, the RU-24969-induced hy- 
perlocomouon has been considered to be mediated via 5-HT~ 
receptors (12,14). Although no evidence ts available at present to 
explain the difference in the effects of  RU-24969 and 5-MeODMT 
or 8-OH-DPAT, tt is temptmg to speculate that the difference re- 
suits from the different affinities for 5-HT~ receptor subtypes (14, 
19, 27, 33, 34). RU-24969 has been shown to have a higher af- 
finity for the 5-HT~B subtype than 5-MeODMT (nonselectwe 5- 
HT~ receptor agonlst) and 8-OH-DPAT (5-HT~A receptor agontst). 
In the present study, the RU-24969-mduced impairment of SA 
behavior as well as the hyperlocomotton was antagonized by pro- 
pranolol and methyserg~de that have 5-HT~ receptor antagomst 
properties. Further, it ~s suggested that propranolol has a high af- 
fimty for 5-HT~A/5-HTm receptors, but not for 5-HT~c/5-HT~D 
receptors (19). Thus RU-24969-induced impairment of SA be- 
havior, as well as the hyperlocomotton, may also be mediated via 
5-HT l (particularly 5-HT m subtype, but not 5-HTtA/5-HTtc/5- 
HT~D subtypes) receptors. 

Oberlander (26) suggested that RU-24969-mduced hyperloco- 
motion resulted from a 5-HT stimulus mediated by a dopammer- 
gic system, and thxs assumption was confirmed by the subsequent 
experiments by Green et al (17). The present study has shown 
that cholinerglc mechanisms may also be involved in RU-24969- 
mduced behavioral  changes.  Namely,  physost tgmlne and 
oxotremonne (chohnomimettcs) attenuated the hyperlocomotxon 
and SA ~mpairment, and further, scopolamine added to the SA 
tmpatrment by RU-24969 

There are several lines of biochemtcal evidence suggesting that 
serotonerglc afferents from the raphe nucleus tonically mhibit 
chohnerglc neurons in the rat stnatum, hlppocampus and cerebral 
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cortex (31). For  example ,  GiUet et al. (13) reported that 5 -HT 
and serotonerglc  agonls ts  inhibited K +-evoked  [3H]ACh release 
f rom rat strlatal shces .  If RU-24969  has  a s imilar  ac tmn,  the be- 
havmra l  de f i o t s  would  be lessened in mlce with les ioned A C h  
terminals  than m intact mice.  To de termine  whether  th~s was  the 
case,  we l e smned  A C h  nerve t e rmmals  by ICV m j e c t m n  of  
A F 6 4 A  Pope et al. (28) reported that the same  ICV dose o f  
A F 6 4 A  (30 nmol)  reduced c h o h n e  acetyl t ransferase activity in 
the hzppocampus  and the cerebe l lum m mice  The  h tgher  dose (65 
nmol /body)  o f  A F 6 4 A  was reported to reduce AC h  content  still 
further in var ious  brain regions  and also to mhtbl t  pass ive  avoid-  
ance response  in mice (11). We conf i rmed  that A F 6 4 A  at 30 
nmol /body  reduced A C h  content  m the h l ppocampus  o f  mice by 
about  26% (data not shown) ,  indicating moderate  lesions o f  the 
ACh  terminals  These  mtce showed  only  a sl ight ,  nons lgmf ican t  
increase in locomotor  activity and SA fadures .  In such  mice ,  RU-  
24969 did not cause  SA tmpal rment ,  nor dtd it cause  hyperloco-  
m o t m n  except  at the h igher  dose (5 mg/kg  IP) Bes tdes ,  the 
hype r locomouon  at 5 mg/kg  IP was m u c h  less m AF64A- t rea ted  
m~ce (124% increase) than intact mzce (333% mcrease l .  In con-  
trast, scopo lamine  induced the behavioral  deficits  to the same  
extent  as m d u c m g  the deficits  m intact a m m a l s  Therefore ,  it is 

reasonable  to a s s u m e  that 5 -HT a receptors (5-HTIB subtype)  are 
located on the presynapt lc  te rminals  o f  chol inergic  neurons ,  reg- 
ulat ing the release o f  A C h  and that RU-24969  induces  the behav-  
ioral deficits  by inhibit ing A C h  release vta its possible  mte rac tmn 
with 5 -HT  l receptors.  In fact.  a previous  bmchemlca l  s tudy has  
demons t ra ted  that there are 5 -HT a receptors o f  the 5-HTIB type 
that are inhibitory to the release o f  A C h  in the h ippocampus  (22) 

In s u m m a r y ,  we have  shown  that RU-24969 ,  a c o m p o u n d  with 
5 -HT m receptor agoms t  properties,  induced hype r locomotmn  and 
SA impai rment  in mice ,  behavioral  changes  c o m m o n l y  observed  
In the an imals  treated with an t lchohnerg tc  drugs .  Such behavioral  
deficits are hke ly  due to an mh lb i tmn  of  A C h  release through 5- 
HT~ presynapt lc  receptors (particularly RU-24969-sens l t tve  5- 
HTaa sites) localized on chohnerg lc  terminals .  This  behavioral  
s tudy  supports  the previous  b iochemical  reports  indicating that 
there are func tmnal  relauonsh~ps be tween brain serotonerglc  and 
chohnerg lc  neuronal  sys t ems .  
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