












































































































































































behaviour in prospective timing schedules. Wogar et al. (1993) and Mobini et 

al. (2000) found that 5-HT depleted rats were less tolerant of delay of 

reinforcement than sham-Iesioned control rats in an adjusting delay schedule 

(see above, 1.3.4.1.). Similar results were obtained by AI-Ruwaitea et al 

(1999a) using the 'time-left' procedure (see above, 1.3.4.2). 

The experiments reviewed above have shown that total ablation of the 

5-HTergic pathways can alter performance on different timing schedules in 

different ways. However, in no case does 5-HT depletion prevent animals from 

displaying relatively accurate timing behaviour. More detailed information 

about the possible role of 5-HTergic neurotransmission in interval timing can 

be provided by studies of the effects of acute treatment with drugs that interact 

with specific 5-HT receptors. 

Chiang et al. (2000b) examined the effect of acute treatment with the 5-

HTIA receptor agonist 8-0H-DPAT on performance on the free-operant 

psychophysical procedure. The drug produced a dose-dependent leftward shift 

of the psychometric function, reflected in a reduction of T50. Chiang et al. 

(2000b) suggested that this effect of 8-0H-DPAT might have been due to 

stimulation of the somatodendritic autoreceptor population of 5-HT1A 

receptors. However, Body et al. (2001) found that this was not the case, 

because the effect of 8-0H-DPAT was not altered by destruction of the 5-

HTergic pathways by 5,7-DHT. The effect of 8-0H-DPAT on performance on 

the free-operant psychophysical procedure could be blocked by the selective 5-

HTIA receptor antagonist WA Y-I00635, indicating that the effect was 

mediated by 5-HTIA receptors, rather than by 5-HT7 receptors, for which 8-

OH-DPAT also has some affinity (Body et al., 2002b). 
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Chiang et al. (2000b) found that 8-0H-DPAT also affected 

perfonnance on the interval bisection task. However, unlike its effect on 

perfonnance in the free-operant psychophysical procedure, 8-0H-DPAT did 

not affect Tso, but did increase the Weber fraction in this schedule. Body et al. 

(2002a) obtained similar findings with another retrospective timing schedule, 

the discrete-trials psychophysical procedure (see above, 1.3.2.3). These 

findings emphasize the importance of examining the effects of drugs on more 

than one type of timing schedule. Moreover, according to Chiang et al. 

(2000a,b), the finding of qualitatively different effects of the same intervention 

on different timing tasks argues against the possibility that the effects are 

mediated by an interaction with a 'unitary' internal clock (see also Ho et al. 

2002). 

Body et al. (2003), examined the effect of the mixed 5-HT2A12C receptor 

agonist, 2,5-dimethoxy-4-iodoamphetamine (001), and antagonist, ketanserin, 

on temporal differentiation in the free-operant psychophysical procedure. Body 

et al. (2003) speculated that 5-HT IA receptors might be subordinate to a 

prepotent, and functionally opposite, population of 5-HT 2 receptors. This 

speculation, however, was not confinned by their finding that DOl had a 

qualitatively similar effect on temporal differentiation to that produced by 8-

OH-DPAT (i.e. DOl dose-dependently reduced Tso). The reduction of Tso by 

DOl was reversed by ketanserin; since ketanserin has an approximately 80-fold 

higher affinity for 5-HT2A receptors than for 5-HT2c receptors (Barnes and 

Sharp 1999; Hoyer et al. 2002), this finding implicates 5-HT2A receptors in 

DOl's effect. It is not known whether 5-HT2A receptor stimulation affects 
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temporal discrimination performance in the same way that it alters temporal 

differentiation. 

The results discussed above indicate that temporal differentiation in the 

free-operant psychophysical procedure is sensitive to stimulation of both 5-

HTIA and 5-HT2A receptors; in both cases, the receptor population appears to 

be postsynaptic. Body et al. (2004) investigated whether either or both these 

receptor populations can be stimulated by endogenously released 5-HT. These 

authors found that the 5-HT releasing agent fenfluramine, like 8-0H-DPAT 

and DOl, displaced the psychometric curve to the left, reducing T50. This effect 

offenfluramine was absent in rats whose 5-HTergic pathways had been ablated 

by intra-raphe injection of 5,7-DHT, confirming that the effect depended on the 

existence of intact 5-HTergic neurones, and suggesting that it was mediated by 

the release of endogenous 5-HT. The effects of both 8-0H-DPAT and DOl 

were unaffected by the lesion, confirming that these agonists' effects· were 

mediated by post-synaptic receptor populations. Interestingly, fenfluramine's 

effect could be antagonized by ketanserin but not by WAY -100635, suggesting 

that endogenous 5-HT influenced temporal differentiation principally via an 

interaction with 5-HT 2A rather than 5-HT lA receptors. 

In conclusion, the experiments reviewed in this section indicate that, 

while the integrity of the 5-HTergic pathways is not essential for the accurate 

performance of timing tasks, acute stimulation of at least two subtypes of 5-HT 

receptor, 5-HTIA and 5-HT2A receptors, can have marked effects on timing 

behaviour. In the case of 5-HT1A receptor stimulation, there is an interesting 

disjunction between the effects on temporal differentiation and temporal 

discrimination: in the former case, the psychometric function is displaced to the 
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left (i.e. Tso is reduced), whereas in the latter case the main effect is a flattening 

of the function (i.e. the Weber fraction is increased). The implications of these 

findings for the neural mechanisms underlying interval timing behaviour have 

not yet been fully worked out. However, Ho et al. (2002) have argued that the 

qualitatively different effects of the same drug treatment on different timing 

tasks are difficult to reconcile with the notion of a unitary internal clock, such 

as that proposed by SET and BET, which is assumed to subserve timing 

behaviour in all types of timing schedule. 
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CHAPTER 2 

Experiment 1: 

EFFECTS OF QUIPAZINE AND 

m-CHLOROPHENYLBIGUANIDE (m-CPBG) 

ON TEMPORAL DISCRIMINATION 
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2.1. INTRODUCTION 

Two major classes of timing schedule are immediate and retrospective timing 

schedules (Killeen and Fetterman 1988; Killeen et al. 1997; see above, section 

1.3). Immediate timing schedules require the organism to regulate its own 

behaviour in time (temporal differentiation), whereas retrospective timing tasks 

entail discrimination of the durations of exteroceptive stimuli (temporal 

discrimination). Examples of immediate timing schedule are the free-operant 

psychophysical procedure and fixed-interval peak procedure (see section 

1.3.3). An example of a retrospective timing schedule is the discrete-trials 

psychophysical procedure (Body et al. 2002a; see section 1.2.3.3). In this 

schedule, a light is presented for a variable time, t < 50 s, following which two 

levers are offered; a response on A is reinforced if t < 25 s, whereas a response 

on B is reinforced if t > 25 s. Temporal discrimination is measured 

quantitatively from a sigmoid psychometric curve derived from the 

proportional choice of B as a function of t. In both types of schedule, the 

psychometric curve conforms to a two-parameter logistic function from which 

indices of timing are derived which reflect its central tendency (the 

indifference point, T50, or 'point of subjective equality', PSE: see Killeen et al. 

1997) and its variability (the Weber fraction) (see Killeen et al. 1997; Ho et al. 

2002). 

Despite the superficial similarity of the timing indices derived from 

immediate and retrospective timing tasks, they differ in their sensitivities to 

pharmacological challenge (see section 1.5.3.). For example, the 5-HT 1A 

receptor agonist 8-hydroxy-2-( di-n-propylamino )tetralin (8-0H -DP AT) has 
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been found to reduce T50 without altering the Weber fraction in an immediate 

timing schedule, but to increase the Weber fraction without altering T50 in 

retrospective timing schedules (Chiang et al. 2000, Body et al. 2001, 2002a, 

2002b, 2004). Both these effects are apparently mediated by postsynaptic 

receptor populations, since they are impervious to destruction of the ascending 

5-HTergic pathways (Body et al. 2001, 2002a, 2002b, 2004). 

It is not known whether 5-HT3 receptor stimulation has any systematic 

effect on temporal discrimination. The present experiment examined the effects 

of m-chlorophenylbiguanide (m-CPBG) and quipazine on performance in the 

discrete-trials psychophysical procedure. m-CPBG is a selective 5-HT3 

receptor agonist (Kilpatrick et al. 1990); quipazine has nanomolar affinity for 

5-HT3 receptors and micromolar affinity for 5-HT2A receptors (Hoyer 1988; 

Glennon et al. 1989; Sharif et al. 1991). The sensitivity of quipazine' s effects 

to antagonism by the 5-HT3 receptor antagonist MDL-72222 (Fozard 1984) 

and the 5-HT2A receptor antagonist ketanserin (Barnes and Sharp 1999; Hoyer 

et al. 2002) was also examined. 

2.2. METHODS 

2.2.1. Subjects 

Twenty-four female Wistar rats, aged approximately 4 months and weighing 

250-290 g at the start of the experiment, where housed individually under a 

constant cycle of 12 h light and 12 h darkness (lights on 07.00-19.00 hours), 

and were maintained at 80% of their initial free-feeding body weights by 
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providing a limited amount of standard rodent diet after each experimental 

session. Tap water was freely available in the home cages. 

2.2.2. Apparatus 

The rats were trained in operant conditioning chambers (Campden Instrument 

Limited, Sileby, UK) of internal dimensions 20 cm x 23 cm x 22.5 cm. One 

wall of the chamber contained a recess into which a motor-operated dipper 

could deliver 50 I.d of a liquid reinforcer. Apertures were situated 5 cm above 

and 2.5 cm on either side of the recess; a motor-driven retractable lever could 

be inserted into the chamber through each aperture. Each lever could be 

depressed by a force of approximately 0.2 N. The chamber was enclosed in a 

sound-attenuating chest; masking noise was provided by a rotary fan. Twelve 

chambers were used; each rat was always tested in the same chamber. An 

Acorn microcomputer programmed in Arachnid BASIC (CeNeS I,teL 

Cambridge, UK), located in an adjoining room controlled the schedules and 

recorded the behavioural data. 

2.2.3. Behavioural training 

At the start of the experiment, the food-deprivation regimen was started and the 

rats were gradually reduced to 80% of their free-feeding body weights. They 

were then trained to press the levers, and were exposed to a discrete-trials 

continuous reinforcement schedule, in which the two levers were presented in 

random sequence, for three sessions. Thereafter, the rats underwent 50-minute 
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training sessions under the discrete-trials psychophysical procedure, 7 days a 

week, at the same time each day during the light phase of the daily cycle 

(between 8.00 and 13.00 hours). The reinforcer, a 0.6 M solution of sucrose in 

distilled water, was prepared daily before each session. 

The discrete-trials psychophysical procedure was identical to that 

described by Body et al. (2002). Each session consisted of fifty trials, 

successive trials being initiated at 60-s intervals. Each trial started with the 

illumination of a lamp above the central reinforcer recess. After a 

predetermined interval had elapsed (see below), the levers were inserted into 

the chamber. A single response on either lever resulted in withdrawal of both 

levers and extinguishing of the light; the chamber remained in darkness until 

the start of the next trial. Lever insertion took place once in each trial, at one of 

the following "entry points" following the start of the trial: 2.5, 7.5,12.5,17.5, 

22.5, 27.5, 32.5, 37.5, 42.5, 47.5 s. If lever insertion took place at any of the 

first five entry points (i.e., less than 25 s after trial onset), a response on lever A 

resulted in reinforcer delivery, whereas a response on lever B did not; 

conversely, iflever insertion took place at any of the last five entry points (i.e., 

more than 25 s after trial onset), a response on lever B resulted in reinforcer 

delivery, whereas a response on lever A did not. If no response occurred within 

5 s of lever insertion, the levers were withdrawn and the light was extinguished 

(this seldom occurred after the first few sessions of training). The positions of 

levers A and B (left versus right) were counterbalanced across subjects. In each 

session, there were 40 trials in which both levers were presented (four trials 

with each entry point, in pseudo-random sequence). The remaining trials were 

forced-choice trials in which only one lever was presented (lever A in five 
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trials and lever B in the other five), the entry points occurring in a pseudo­

random sequence. 

2.2.4. Drug treatment 

The drug treatment regimen started after 90 sessions of preliminary trai ning 

under the discrete-trials psychophysical procedure. Injections of drugs were 

given on Tuesdays and Fridays, and injections of the vehicle alone (O.9(Yo 

sodium chloride solution) on Mondays and Thursdays; no injections were 

given on Wednesdays, Saturdays or Sundays. Each dose of each drug was 

administered five times, in order to accrue a sufficient number of trials for 

function fitting (see below). The order of treatments within each series was 

balanced within and between animals according to a Latin square. 

Subcutaneous injections were given using a 26-gauge needle at a volume of 1.0 

ml kg-I; intraperitoneal injections were given using a 25-gauge needle at a 

volume of 2.5 ml kg-I. The doses of the drugs tested were as follows (doses 

were selected on the basis of previous behavioural studies with rats: see 

Discussion for references). 

Agonists: quipazine dimaleate, 0.5, 1, 2 mg kg-I; m-chlorophenyl­

biguanide hydrochloride (m-CPBG), 2.5, 5, 10 mg kg-I. Both drugs were 

dissolved in 0.9% sodium chloride solution; quipazine was administered 

subcutaneously 15 min before the start of the experimental session. and m­

CPBG intraperitoneally 30 min before the start of the session. 

Antagonists: topanyl 3,5-dichlorobenzoate (MDL-72222), 0.25, 0.5, I 

mg kg-I was dissolved in glacial acetic acid, buffered to pH 5.5, and diluted 
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with 0.9% sodium chloride to give the desired concentration; it was i~ected 

intraperitoneally 30 min before the start of the session. Ketanserin tartrate, 0.5, 

1, 2 mg kg- I was dissolved in 0.9% sodium chloride; it was injected 

subcutaneously 15 min before the start of the session. 

Agonist/antagonist interaction: Quipazine 2 mg kg- I was administered 

alone and in combination with either MDL-72222 1 mg kg-lor ketanserin 2 mg 

k -I g . 

2.2.5. Data analysis 

Separate analyses were carried out on the effects of quipazine, m-CPBG, 

MDL-72222 and ketanserin, and the interaction between quipazine, MDL-

72222 and ketanserin. 

For each treatment condition, the percentages of responses emitted on 

lever B (%B) at each time-point were analysed by two-factor analyses of 

variance (treatment x time) with repeated measures on both factors. In the 

event of a significant main effect of treatment or a significant treatment x time 

interaction, analyses of the simple main effect at each time-point were carried 

out, followed by comparisons between each active treatment with the vehicle-

alone condition using Dunnett's test. 

For the quantitative analysis of the psychometric functions (%B plotted 

against stimulus duration, t), two-parameter logistic functions were fitted to the 

data obtained under each treatment condition: %B = 1001(1 +[tIT5or'), where T)() 

(indifference point) is the stimulus duration corresponding to %B = 50%, and £ 

is the slope of the function (AI-Zahrani et aI. 1996). The curve-fitting 
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procedure yields estimates (± SE est.) of the values of T50 and s, from which 

the Weber fraction was determined as follows. The limen was defined as half 

the difference between T75 and T 25 (T75 and T 25 being the values of t 

corresponding to %B=75% and %B=25%), and the Weber fraction was 

calculated as the ratio of the limen to T50. Goodness of fit of the logistic 

functions was expressed as the index of determination, /. The values of T50, s, 

and the Weber fraction were analysed by one-factor analyses of variance 

(treatments) with repeated measures. In the case of a significant effect of 

treatment, comparisons were made between each active treatment and the 

control (vehicle alone) condition using Dunnett's test (significance criterion, 

P<0.05). In the case of data from the quipazine-ketanserinlMDL-72222 

interaction, multiple comparisons were made between treatment with quipazine 

alone and the combined quipazine + antagonist treatments, using Neuman­

Keul's test (significance criterion, P<0.05). 

2.3. RESULTS 

Under each treatment condition, the proportion of responding allocated to lever 

B (%B) increased progressively as a function of stimulus duration, t. Under the 

vehicle-alone condition and all active treatment conditions, the number of 

'missed' trials (i.e. trials in which no response was emitted on either lever A or 

lever B) was <0.5%. 

2.3 .1. Effects of the agonists 

Quipazine. The effect of quipazine on proportional choice of lever B 
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(%B) is shown in Fig. 2.l.A. Analysis of variance of these data revealed 

significant main effects of treatment [F(3,69) = 12.0, P<O.OOI] and time 

[F(9,207) = 556.6, P<O.OOl], and a significant treatment x time interaction 

[F(27,621) = 8.2, P<O.OOl]. Analysis of the simple main effects revealed 

significant treatment effects 7.5 s after trial onset, and at all time points >25 s 

after trial onset. Multiple comparisons with the vehicle-alone condition showed 

that quipazine 2 mg kg-1 produced a significant increase in %B 7.5 s after trial 

onset and significant decreases in %B at all time points> 25 s after trial onset. 

Quipazine 1 mg kg-1 produced decreases in %B 27.5,32.5,37.5 and 47.5 s after 

trial onset. 

Logistic functions were fitted to the data from each rat under each 

treatment condition; the group mean values of parameters of these functions (± 

SEM) are shown in Table 2.1. Quipazine flattened the psychometric function 

and displaced it rightwards; these effects are reflected in the parameter values. 

There was a dose-dependent increase in the value of T50; analysis of variance 

showed a significant effect of treatment [F(3,69) = 10.9, P<O.OOI], and 

multiple comparisons with the vehicle-alone condition indicated that quipazine 

1 and 2 mg kg-1 significantly increased T50. There was also a significant effect 

on the slope of the function, E [F(3,69) = 16.5, P<O.OOI], the effects of 1 and 2 

mg kg-1 being statistically significant. The Weber fraction was increased by 

quipazine [F(3,69) = 4.1, P<O.Ol], the effect of2 mg kg-I being significant. 

m-CPBG. The %B data are shown in Fig. 2.1.B. Analysis of variance of 

these data revealed a significant main effect of time [F(9,207) = 1085.3, 

P<O.OOI], but no significant main effect of treatment [F(3,69) = 1.1, P>O.1] 

and no significant treatment x time interaction [F(27,621) = 1.5, P>O.l]. 
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Figure 2.1. A. Effect of quipazine on relationship between proportional choice 
of lever B (%B) and stimulus duration (t, seconds) in the discrete-trials 
psychophysical procedure. Points indicate group mean data under each 
treatment condition (see inset). Significance of difference from vehicle-alone 
treatment: * P < 0.05. B Effect of m-CPBG on relationship between 
proportional choice of lever B and stimulus duration; conventions as in A. 
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Table 2.1. Effects of the agonists on measures of performance on the discrete-trials 
psychophysical procedure: group mean values (± SEM) 

Parameters of logistic psychometric function 

Treatment T50, s slope, 8 i Weber fraction 

Vehicle 24.0 ± 0.7 -3.8 ± 0.2 0.94 ± 0.04 0.31 ± 0.02 

quipazine 0.5 mg kg-I 24.4 ± 0.7 -3.6 ± 0.3 0.95 ± 0.01 0.37 ± 0.04 

quipazine 1 mg ki l 26.1 ± 0.7 * -3.1 ± 0.2 * 0.93 ± 0.02 0.43 ± 0.02 * 

00 quipazine 2 mg kg-I 30.2 ± 1.5* -2.3 ± 0.2 * 0.89 ± 0.02 0.84 ± 0.25 * 
0\ 

Vehicle 24.1 ± 0.4 -5.7 ± 0.4 0.99 ± 0.00 0.21 ± 0.01 

m-CPBG 2.5 mg kg-I 24.4 ± 0.5 -6.8 ± 0.7 0.97 ± 0.00 0.20 ± 0.02 

m-CPBG 5 mg ki1 23.6 ± 0.5 -5.5 ± 0.4 0.98 ± 0.00 0.22 ± 0.01 

m-CPBG 10 mg kil 24.0 ± 0.6 -5.4 ± 0.5 0.97 ± 0.01 0.24 ± 0.02 

Significance of difference from vehicle condition, * P < 0.05 



The parameters of the logistic functions are shown in Table 2.1. m-CPBG had 

no significant effect on the values of Tso [F(3,69) = l.5, P>0.05], I:: [F(3.69) = 

2.4, P>0.05] or the Weber fraction [F(3,69) = 2.4, P>0.05]. 

2.3.2. Effects of the antagonists 

MDL-72222. The %B data are shown in Fig. 2.2.A. Analysis of 

variance of these data revealed a significant main effect of time [F(9,207) "'-= 

967.0, P<O.OOl], but no significant main effect of treatment [F(3,69) = 1.7, 

P>O.I] and no significant treatment x time interaction [F<l]. 

The parameters of the logistic functions are shown in Table 2.2. MDL-

72222 had no significant effect on the values of Tso [F(3,69) = 2.3, P>0.05] or 

E [F(3,69) = 2.2, P>0.05]. There was a significant treatment effect in the case 

of the Weber fraction [F(3,69) = 4.3, P<O.Ol]; however this did not appear to 

be dose-related, and none of the individual doses of m-CPBG differed 

significantly from the vehicle-alone condition. 

Ketanserin. The %B data are shown in Fig. 2.2.A. Analysis of variance 

of these data revealed a significant main effect of time [F(9,207) = 1050.3, 

P<O.OOI], but no significant main effect of treatment [F(3,69) = 1.6, P>O.I] 

and no significant treatment x time interaction [F<I]. 

The parameters of the logistic functions are shown in Table 2.2. 

Ketanserin had no significant effect on the values of T50 [F(3,69) = 2.1, 

P>0.05] or E [F(3,69) = 1.5, P>0.05] or the Weber fraction [F(3,69) = 0.6, 

P>0.05]. 
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Figure 2.2. A. Effect of ketanserin on relationship between proportional choice 
of lever B and stimulus duration. Conventions as in Fig. 2.1. B. Effect of 
MDL-72222 on relationship between proportional choice of lever Band 
stimulus duration 
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Table 2.2. Effects of the antagonists on measures of performance in the discrete-trials psychophysical procedure: 
group mean values (± SEM) 

Parameters of logistic psychometric function 

Treatment T50, s slope, c p"2 Weber fraction 

Vehicle 23.9 ± 0.4 -5.0 ± 0.3 0.98 ± 0.00 0.24 ± 0.02 

MDL-72222 0.25 mg kg'l 24.7 ± 0.5 -5.8 ± 0.4 0.97 ± 0.01 0.21 ± 0.02 

MDL-72222 0.5 mg kg'l 23.7 ± 0.4 -6.2 ± 0.8 0.97 ± 0.00 0.23 ± 0.02 

MDL-72222 1 mg kg'! 23.8 ± 0.6 -4.7 ± 0.4 0.97 ± 0.01 0.27 ± 0.02 
00 
1..0 

Vehicle 23.6 ± 0.5 -5.4 ± 0.4 0.99 ± 0.00 0.22 ± 0.01 

ketanserin 0.5 mg kg"! 24.5 ± 0.5 -5.5 ± 0.4 0.97 ± 0.00 0.22 ± 0.02 

ketanserin 1 mg kg"! 24.1 ± 0.5 -6.3 ± 0.7 0.97 ± 0.00 0.20 ± 0.02 

ketanserin 2 mg kg"l 23.6 ± 0.6 -5.9 ± 0.4 0.97 ± 0.00 0.21 ± 0.01 



2.3.3. Agonist-antagonist interaction 

The %Bdata are shown in Fig. 2.3. Analysis of variance of these data revealed 

significant main effects of treatment [F(3,69) = 16.9, P<O.OOI] and time 

[F(9,207) = 585.5, P<O.OOI], and a significant treatment x time interaction 

[F(27,621) = 16.8, P<O.OOI]. Analysis of the simple main effects revealed 

significant treatment effects 7.5 and 12.5 s after trial onset, and at all time 

points >25 s after trial onset. Multiple comparisons with the vehicle-alone 

condition showed that quipazine and quipazine + MDL-72222 produced 

significant increases in %B 7.5 and 12.5 s after trial onset and significant 

decreases in %B at all time points >25 s after trial onset. In no case did 

quipazine + ketanserin differ significantly from vehicle-alone treatment, and 

there were no significant differences between the quipazine and quipazine + 

MDL-72222 treatment conditions. 

The parameters of the logistic functions are shown in Table 2.3. There 

was a significant effect of treatment on T50 [F(3,69) = 7.9, P<O.OOI]. Multiple 

comparisons with the vehicle condition (Dunnett's test) showed that T50 was 

significantly increased by quipazine and by quipazine + MDL-72222, but not 

significantly changed by quipazine + ketanserin. Multiple comparisons with the 

quipazine condition (Newman-Keul's test) showed that the increase in T50 

produced by quipazine was significantly reversed by combined treatment with 

ketanserin but not by combined treatment with MDL-72222. 

There was a significant effect of treatment on £ [F(3,69) = 42.7, 

P<O.OOI]. Multiple comparisons with the vehicle alone condition showed that 
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Figure 2.3. Interaction between quipazine (QUIP), MDL-72222 (MDL) and 
ketanserin (KET) on relationship between proportional choice of lever Band 
stimulus duration in the discrete-trials psychophysical procedure. Conventions 
as in Fig.2.1. The psychometric function was flattened and displaced to the 
right by quipazine; this effect was reversed by co-administration of ketanserin, 
but not by co-administration of MDL-72222. Significance of difference from 
vehicle-alone treatment: * P < 0.05; note that asterisks refer to both the 
quipazine and quipazine + MDL-72222 treatments. 
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Table 2.3. Interaction between quipazine and the antagonists on measures of performance in the discrete-trials 
psychophysical procedure: group mean values (± SEM) 

Treatment 

Vehicle 

quipazine 2 mg kg-! 

quipazine 2 mg kg-! + 

MDL-72222 1 mg kg-! 

quipazine 2 mg kg"! + 

ketanserin 2 mg kg-! 

T50, S 

23.4 ± 0.4 

25.9 ± 0.8 * 

28.1 ± 1.5 * 

23.9 ± 0.6 # 

Parameters of logistic psychometric function 

slope, I> p2 Weber fraction 

-5.1 ± 0.3 0.94 ± 0.04 0.21 ± 0.01 

-2.8 ± 0.2 * 0.90 ± 0.02 0.60 ± 0.13 * 

-2.6 ± 0.3 * 0.97 ± 0.01 0.70 ± 0.18 * 

-5.3 ± 0.3 # 0.89 ± 0.03 0.22 ± 0.01 # 

Significance of difference from vehicle condition, * P < 0.05; significance of difference from quipazine 2 mg kg- l 

condition, # P < 0.05 



the value of £ was increased both by quipazine and by quipazine + MDL-

72222, but not by quipazine + ketanserin. Multiple comparisons with the 

quipazine condition showed that quipazine's effect on the parameter was 

reversed by ketanserin but not by MDL-72222. 

There was a significant effect of treatment on the Weber fraction 

[F(3,69) = 7.1, P<O.OOl]. Multiple comparisons with the vehicle alone 

condition showed that quipazine and quipazine + MDL-72222 increased the 

Weber fraction. Multiple comparisons with the quipazine condition showed 

that the increase in the Weber fraction produced by quipazine was significantly 

reversed by ketanserin but not by MDL-72222. 

2.4. DISCUSSION 

Temporal discrimination in the discrete-trials psychophysical procedure seen in 

these experiments was similar to that reported previously: proportional choice 

of lever B increased as a sigmoid function of stimulus duration, this being well 

described by a two-parameter logistic equation (Body et al. 2002). 

Quipazine (0.5-2.0 mg kg-I) produced a dose-dependent disruption of 

temporal discrimination, which was most readily apparent in the case of longer 

stimulus durations. This resulted in rightward displacement and flattening of 

the fitted psychometric function, reflected in a significant increase in the value 

of T50, combined with significant increases in £ and the Weber fraction. The 

increase in the Weber fraction produced by quipazine indicates an impairment 

of the precision with which the rats discriminated the durations of the light 

stimulus (see Killeen et al. 1997). The origin of the increase in Tso induced by 

quipazine remains unclear. Acute changes in T50 are often ascribed to changes 
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in the period of the hypothetical internal pacemaker, the putative substrate of 

interval timing behaviour (see Gibbon et al. 1997a; see below). However, other 

explanations for quipazine's effect on T50 may be possible. For example, the 

increases in T50 and the Weber fraction may both be explained in terms of a 

general breakdown of stimulus control induced by the drug, if it is assumed 

that stimulus control is weaker, and therefore more vulnerable to disruption, 

during the longer stimulus durations. Further experiments will be needed to 

address this issue; one obvious question to ask is whether quipazine's effects 

on discrimination performance are specific to the temporal dimension, or 

whether discriminative control exerted by other stimulus dimensions may be 

equally sensitive to this drug. 

The effect of quipazine on temporal discrimination performance was 

not shared by the selective 5-HT3 receptor agonist m-CPBG (Kilpatrick et al. 

1990). It is unlikely that the lack of effect of m-CPBG reflects the use of an 

inadequate dose of this drug, since the dose range used in this experiment has 

been found to be active in other behavioural paradigms (Higgins et al. 1993). 

The lack of effect of m-CPBG stands in contrast to the robust effect of 

quipazine. Quipazine has a very high affinity for 5-HT3 receptors (Kd = 2 nM: 

Glennon et al. 1989; Sharif et al. 1991), and somewhat lower affinity 

(micromolar range) for several other subtypes of 5-HT receptor, including 5-

HTIB, 5-HT2A and 5-HT2C receptors (Hoyer 1988). Quipazine's effect on 

temporal discrimination was not altered by co-administration of MDL-72222, 

but was completely abolished by co-administration of ketanserin. MDL-72222 

is a selective 5-HT3 receptor antagonist (Fozard 1984); the doses used in this 

experiment have been shown to be behaviourally active in a variety of tests that 
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are thought to reflect 5-HT3 receptor function (Costall and Naylor 1992; 

Higgins et al. 1992; Mazzola-Pomietto et aL 1995). Taken together, these 

findings suggest that central 5-HT3 receptor stimulation does not influence 

temporal discrimination. Furthermore, the complete reversal of quipazine's 

effect by ketanserin strongly implicates 5-HT2 receptors in this effect. A 

contribution of 5-HT IB receptors is rendered unlikely by the fact that ketanserin 

has a rather low affinity for 5-HTI receptors compared to its very high affinity 

for 5-HT2 receptors (Leysen et al. 1981; Zgombick et al. 1995). No firm 

statement can be made about the nature of ketanserin's interaction with 

quipazine in the present experiments, since only a single dose of the agonist 

and antagonist were tested. However, there is good evidence that ketanserin is 

a competitive antagonist at 5-HT2 receptors both in the periphery (van Nueten 

et al. 1981) and in the central nervous system (Branchek et al. 1990). Since 

ketanserin has an 80-100 times higher affinity for the 5-HT 2A receptor than for 

the 5-HT2c receptor (Baxter et al. 1995; Barnes and Sharp 1999), it is likely 

that the effect of quipazine is mediated by 5-HT2A receptors (see Body et al. 

2003). Confirmation of this suggestion will require further experiments using 

more selective 5-HT2A and 5-HT2C receptor antagonists. 

In a previous experiment, Body et al. (2002) found that the 5-HT1A 

receptor agonist 8-0H-DPAT also impaired temporal discrimination in the 

discrete-trials psychophysical procedure (Body et al. 2002a). This effect of 8-

OH-DPAT was evidently mediated by a postsynaptic receptor population, since 

the effect survived destruction of the ascending 5-HTergic pathways by intra­

raphe injection of the selective neurotoxin 5,7-dihydroxytryptamine. The 

present findings suggest that 5-HT2A and 5-HTIA receptors mediate 
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qualitatively similar effects on temporal discrimination. Whether or not the two 

receptor subtypes reside on the same population of neurones is a question for 

future research. 

The present results implicate 5-HT2A receptors in quipazine's effect on 

temporal discrimination. 5-HT2A receptors are widely distributed in the brain 

(see Hoyer et al. 2002), including areas, such as the basal ganglia, that are 

thought to playa significant role in the control of timing behaviour (Gibbon et 

al. 1997a; MateH and Meck 2000, 2004). Future experiments employing 

intracerebral injection of agonists may help to elucidate the location of the 

receptor population underlying quipazine's effects on temporal discrimination. 

The increase in T50 produced by quipazine was somewhat greater in the 

first phase of the experiment (from 24.0 to 30.2) than in the tinal phase (from 

23.4 to 25.9). The reason for this difference is not clear. However, the fact that 

significant increases were seen in both phases suggests that it is a qualitatively 

reliable effect. The rightward displacement of the psychometric function seen 

in this experiment stands in contrast to the leftward displacement of the curve 

(reduction of T50) produced by the 5-HT2A12c receptor agonist 001 in a 

previous experiment using the free-operant psychophysical procedure (Body et 

al. 2003). Assuming that quipazine was acting via 5-HT2 receptors in this 

experiment, as argued above, this is a surprising observation that may have 

implications not only for the role of 5-HT in interval timing behaviour but also 

for theoretical models of interval timing. Most current models of interval 

timing assume, either tacitly or explicitly, that a single central timekeeper or 

internal clock is engaged in all forms of timing performance, including both 

temporal discrimination and temporal differentiation (see Zeiler 1998; 
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Grondin 2001; Ho et al. 2002). The notion of a unitary internal clock has 

recently been questioned on psychophysical grounds, in the light of evidence 

for systematic quantitative differences in the precision of timing revealed by 

different types of timing task (Grondin 2001), and some authors have doubted 

the necessity for positing any kind of clock-like mechanism underlying 

animals' timing performance (e.g. Zeiler 1998). Pharmacological evidence may 

also be pertinent to this debate (Ho et al. 2002). The finding of systematic 

qualitative differences between the effects of some psychoactive drugs on 

temporal discrimination and temporal differentiation suggests either that these 

drugs interact with distinct timekeepers that may underlie the two types of 

interval timing behaviour, or that the drugs influence some "non-timing" 

processes that are invoked to differing degrees by the different types of timing 

task. For example, one obvious difference between the free-operant and 

discrete-trials psychophysical procedures is the occurrence of repetitive 

responding in the former schedule but not in the latter. Other differences 

include the possibility of switching from one operandum to the other in the 

free-operant, but not the discrete-trials schedule, and possible differences 

between the rates or probabilities of reinforcement provided by the two types 

of schedules (see Ho et al. 2002). Whatever factors are ultimately found to be 

responsible for the diverse effects of drugs on temporal discrimination and 

temporal differentiation, it is apparent that general conclusions about the 

neurobiological substrate of interval timing cannot be derived from 

examination of the effects of drugs on anyone timing task (see Ho et al. 2002). 
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CHAPTER 3 

Experiment 2: 

EFFECTS OF QUIP AZINE AND 

m-CHLOROPHENYLBIGUANIDE (m-CPBG) 

ON TEMPORAL DIFFERENTIATION 
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3.1. INTRODUCTION 

Experiment 1, described in Chapter 2, examined the effects of quipazine and m­

CPBG on temporal discrimination in the discrete-trials psychophysical procedure 

(Body et al. 2002a). The experiment described in this chapter examined the effects 

of the same drugs on temporal differentiation in the free-operant psychophysical 

procedure (Stubbs 1976; Chiang et al. 1998). 

Temporal differentiation, one of the principal classes of interval timing 

behaviour (see section 1.3), entails the temporal regulation of behaviour during an 

ongoing time interval. It is revealed by immediate timing schedules (Killeen and 

Fetterman 1988; Killeen et al. 1997), such as the free-operant psychophysical 

procedure (Stubbs 1976). In this schedule the subject is presented with two levers, 

one of which (A) provides reinforcement during the first half of a trial, while the 

other (B) provides reinforcement during the second half of a trial. Typical 

performance on this schedule consists of a declining response rate on lever A and 

a concomitantly increasing response rate on lever B as the trial progresses. 

Temporal differentiation is measured quantitatively from the sigmoid 

psychometric curve, which is derived from the proportion of responding directed 

towards lever B (%B) over the course of the trial. This curve is well described by 

the same two parameter logistic function that is used to describe temporal 

discrimination performance (Killeen et al. 1997; Ho et aI2002). 

As reviewed in section 1.5, temporal differentiation in the free-operant 

psychophysical procedure is sensitive to 5-HT1A and 5-HT2Areceptor stimulation. 

The 5-HT lA receptor agonist 8-hydroxy-2-( di-n-propylamino )tetralin (8-0H­

DPAT) disrupts performance on this schedule, displacing the psychometric curve 

to the left and reducing T50, an effect that can be blocked by the selective 5-HTIA 
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receptor antagonist N-[2-( 4-[2-methoxyphenyl]-I-piperazinyl)ethyl]-N-2-

pyridinyl-cyclohexanecarboxamide (WAY-I 00635) (Chiang et al. 2000b; Body et 

al. 2002a, 2004). 

Recently Body et al. (2003, 2004) found that the 5-HT2A12C receptor 

agonist, 2,5-dimethoxy-4-iodoamphetamine (DOl), and the 5-HT releasing agent, 

fenfluramine, also reduced T50, effects that could be blocked by the selective 5-

HT 2A receptor antagonist ketanserin but not by WAY -100635 (Body et al. 2003, 

2004). These findings indicate that stimulation of either 5-HT1A or 5-HT2A 

receptors can influence temporal differentiation. 

The aim of the present experiments was to examine whether temporal 

differentiation is sensitive to stimulation of 5-HT 3 receptors. The effects oftwo 5-

HT 3 receptor agonists were examined on temporal differentiation performance; it 

was also examined whether the effects ofthese agonists could be reversed by a 5-

HT3 and/or a 5-HT2A receptor antagonist. The agonists and antagonists used in this 

experiment were the same as those used in Experiment 1. 

3.2. METHOD 

3.2.1. Subjects 

Twenty-four female Wistar rats aged approximately 4 months and weighing 250-

290 g at the start of the experiment, were housed under the same conditions as 

those used in Experiment 1. 

3.2.2. Apparatus 

The rats were trained in standard operant conditioning chambers (Campden 
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Instruments Limited, Sileby, UK) (see Section 2.2.2, for description). 

3.2.3. Behavioural training 

Two weeks before starting the experiment, the food deprivation regimen was 

introduced and the rats were gradually reduced to 80% of their free-feeding body 

weights. Then they were trained to press the lever for the sucrose reinforcer, and 

were exposed a discrete-trials continuous reinforcement schedule, in which the 

two levers were presented in random sequence, for three sessions. The rats then 

underwent 50-minute training sessions in the free-operant psychophysical 

procedure, 7 days a week, at the same time each day during the light phase of the 

daily cycle (between 0800 and 1300 hours), for the remainder of the experiment. 

The reinforcer, a 0.6 M solution of sucrose in distilled water, was prepared daily 

before each session. 

The free-operant psychophysical procedure used was identical to that llsed 

by Chiang et al. (1998, 2000a, 2000b). Each session consisted of fifty 50-s trials, 

successive trials being separated by lO-s intertrial intervals. In 40 ofthe 50 trials, 

reinforcement was provided on a constant-probability variable-interval 30-s 

schedule (Catania and Reynolds 1968). The levers were inserted into the chamber 

at the start of each trial, and were withdrawn during the intertrial interval. During 

the first 25 s of the trial, reinforcers were delivered only for responses on lever A, 

whereas during the last 25 s, reinforcers were delivered only for responses on 

lever B. The positions of lever A and lever B (left versus right) were 

counterbalanced across subjects. Four of the 50 trials in each session were probe 

trials, in which no reinforcers were delivered. The remaining six trials were 

forced-choice trials, in which only one lever was present in the chamber (lever A, 
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three trials; lever B, three trials). The probe and forced-choice trials were 

interspersed randomly among the standard trials, with the constraint that at least 

one standard trial occurred between successive probe or forced-choice trials. In 

the standard and probe trials, switching between the two levers was restricted to 

one switch per trial: in each trial, the first response on lever B resulted 111 

withdrawal of lever A until the start of the next trial (Chiang et al. 1998). 

3.2.4. Drug treatment 

The drug treatment regimen started after 90 sessions of preliminary training under 

the free-operant psychophysical procedure. The drug treatment regimens were the 

same as in Experiment 1 (see Chapter 2). 

Agonists: quipazine dimaleate, 0.5, 1,2 mg kg"; m-chlorophenylbiguanide 

hydrochloride (m-CPBG), 2.5,5, 10 mg kg-I. Both drugs were dissolved in 0.9% 

sodium chloride solution; quipazine was administered subcutaneously 15 min 

before the start of the experimental session, and m-CPBG intraperitoneally 30 min 

before the start of the session. 

Antagonists: topanyI3,5-dichlorobenzoate (MDL-72222), 0.25, 0.5, 1 mg 

kg-' was dissolved in glacial acetic acid, buffered to pH 5.5, and diluted with 0.9% 

sodium chloride to give the desired concentration; it was injected intraperitoneally 

30 min before the start ofthe session. Ketanserin tartrate, 0.5, 1,2 mg kg-' was 

dissolved in 0.9% sodium chloride; it was injected subcutaneously 15 min before 

the start of the session. 

Agonist/antagonist interaction. Quipazine 2 mg kg-' was administered 

alone and in combination with either MDL-72222 1 mg kg-' or ketanserin 2 mg 

kg-I. The same vehicles and times of administration were used as in the agonist-
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alone and antagonist-alone series (see above). 

3.2.5. Data analysis 

Only the data collected from the probe trials were used in the analysis. Separate 

analyses were carried out on the effects of quipazine, m-CPBG, MDL-72222 and 

ketanserin, and the interaction between quipazine, MDL-72222 and ketanserin. 

Relative response rates. The mean response rate on each lever in 

successive time-bins was calculated for each rat under each treatment condition. 

Relative response rate on lever B (%B), defined as the response rate on lever B 

divided by the combined response rate on both levers, was analyzed by a two­

factor analysis of variance (treatment x time-bin) with repeated measures on both 

factors. 

Psychometric/unctions. A two-parameter logistic function was fitted to the 

relative response rate data: %B = 1001(1 +[tIT5o]"), where t is time from trial onset, 

T50 (the indifference point) is a parameter expressing the time at which %B = 

50%, and E is the slope of the function (AI-Zahrani et al. 1996; £ has a negative 

value in the case of ascending sigmoid functions). The curve-fitting procedure 

yields estimates (± SE est) of the values of T50 and the slope, from which the 

Weber fraction was determined as follows. The limen was defined as half the 

difference between T75 and T 25 (T75 and T 25 are the values of t corresponding to 

%B = 75% and %B = 25%), and the Weber fraction was calculated as the ratio of 

the limen to T50. Goodness of fit of the logistic functions was expressed as the 

index of determination, p2. The values of T50, E, and the Weber fraction were 

analyzed by one-factor analyses of variance (treatments) with repeated measures. 

In the case of a significant effect of treatment, comparisons were made between 
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each active treatment and the control (vehicle alone) condition using Dunnett's 

test (significance criterion, P<0.05). In the case of data from the quipazine­

ketanserinlMDL-72222 interaction, multiple comparisons were made between 

treatment with quipazine alone and the combined quipazine + antagonist 

treatments, using Neuman-Keul's test (significance criterion, P<0.05). 

Overall response rates. Overall response rate was calculated for each rat 

under each treatment condition. For each series of treatments, the data were 

analyzed using a one-factor analysis of variance (treatment), with repeated 

measures, followed by post-hoc analyses as described above. 

Switching. The probability of a switch occurring in each S-s epoch of the 

probe trials was calculated for each rat. Logistic functions (see above) were fitted 

to the cumulative probability distributions, and the inflection point, S50, was used 

as a measure of mean switching time (Body et al. 2003). The values of S50 were 

subjected to one-factor analyses of variance, as described above. 

3.3. RESULTS 

Under each treatment condition, response rate on lever A declined and response 

rate on lever B increased as a function of time from trial onset, the proportion of 

responding allocated to lever B (%B) increasing progressively as a function of 

time from trial onset. 

3.3.1. Effects of the agonists 

Quipazine. The effect of quipazine on relative response rate is shown in 

Fig. 3 .1.A. Analysis of variance of these data revealed significant main effects of 
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Figure 3.1 A. Effect of quipazine on relative response rate on lever B in the free­
operant psychophysical procedure. Ordinate: percent responding on lever B (%8); 
abscissa: time from trial onset (s). Points indicate group mean data under each 
treatment condition (see inset). B. Effect of quipazine on probability of switching 
from lever A to lever B. Ordinate: cumulative probability of switching; abscissa: 
time from trial onset (s). 
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treatment [F(3,69) = 7.4, P<O.OOI] and time-bin [F(9,207) = 727.5, P<O.OO 1], and 

a significant treatment x time-bin interaction [F(27,62 I) = 6.8, P<O.OOI]. 

Logistic functions were fitted to the data from each rat under each 

treatment condition; the group mean values of parameters of these functions (± 

SEM) are shown in Table 3.1. Quipazine dose-dependently displaced the 

psychometric function to the left, reducing the value of T50; analysis of variance 

showed a significant effect of treatment [F(3,69) = 9.9, P<O.OOI], and multiple 

comparisons with the vehicle-alone condition indicated that quipazine 1 and 2 mg 

kg-1 significantly reduced T50. Quipazine also produced some flattening of the 

psychometric function, this being reflected in a significant effect on the slope of 

the function, E [F(3,69) = 5.0, P<O.OI], the effect of2 mg kg-I being statistically 

significant. The Weber fraction was increased by quipazine [F(3,69) = 6.9, 

P<O.OOI], the effect of2 mg kg-1 being significant. 

The effect of quipazine on the cumulative probability of switching is 

shown in Fig.3.1 B. Logistic functions were fitted to the data from each rat; group 

mean values of the inflection point, S50 (± SEM) are shown in Table 3.1. 

Quipazine reduced S50 [F(3,69) = 7.7, P<O.OOI], indicating a reduction of the 

mean time of switching from lever A to lever B; the effects of 1 and 2 mg kg-1 

were statistically significant. 

Quipazine significantly reduced overall response rate (see Table 3.1) 

[F(3,69) = 50.0, P<O.OOI], the effects of all three doses being statistically 

significant. 

m-CPBG. The relative response rate data are shown in Fig. 3.2A. Analysis 

of variance showed a significant main effect of time-bin F(9,207) = 670.8, 

P<O.OOI], but no significant main effect of treatment [F(3,69) = 2.6, P>0.05] and 
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Table 3.1. Effects ofthe agonists on measures of performance on the free-operant psychophysical procedure: group mean values (± SEM) 

Relative response rate function Cumulative switching function Overall response 

p2 p2 
rate, 

Treatment T50, s slope, c Weber fraction S50, s 
responses min"! 

Vehicle 17.8 ±0.8 -4.7 ±OJ 0.99 ±O.OO 0.26 ±0.01 14.9 ±0.6 0.98 ±O.OO 69.8 ± 9.0 

quipazine 0.5 mg kg"! 17.6±0.7 -4.8 ±0.3 0.99 ±O.OO 0.25 ±0.01 14.7 ±0.7 0.98 ±O.OO 61.3 ± 9.7 * 

quipazine 1 mg kg"! 15.8 ± 0.7 * -4.3 ±0.3 0.99 ±O.OO 0.29 ±0.02 12.7 ±0.8 * 0.97 ±0.01 49.8 ± 10.2 * 
....... 
0 

quipazine 2 mg kg"! 14.8 ± 0.8 * -3.7 ±0.3 * 0.98 ±O.OO 0.35 ±0.03 * 12.1 ±0.6* 0.97 ±O.OO 41.0 ± 8.2 * 0\ 

Vehicle 21.3 ±0.7 -5.5 ±0.3 0.99 ±O.OO 0.22 ±0.02 17.9 ±0.8 0.98 ±0.01 61.5 ±2.1 

m-CPBG 2.5 mg kg"' 21.4 ±0.8 -6.6 ±0.5 0.99 ±O.OO 0.19 ±0.01 18J ±0.9 0.98 ±O.OO 62.5 ± 1.8 

m-CPBG 5 mg kg"! 22.6 ± 0.8 -6.2 ±0.4 0.98 ±O.OO 0.20 ±0.01 19.5 ±0.8 0.98 ±O.OO 63.1 ±2.7 

m-CPBG 10 mg kg"' 21.8±1.0 -6.4 ±0.6 0.98 ±0.01 0.21 ±0.02 18.2 ±0.9 0.96 ±O.Ol 59.4 ± 2.1 * 

Significant difference from vehicle condition, * P < 0.05 (see text for details) 
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Figure 3.2 A. Effect ofm-CPBG on relative response rate on lever B. B. E1fect of 
m-CPBG on probability of switching. Conventions as in Fig. 3.1. 
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no significant interaction [F(27,621) = 1.2, P>O.OS]. 

Parameters ofthe logistic functions are shown in Table 3.1. m-CPBC; lJad 

no significant effect on the values ofT50 [F(3,69) = 2.2, P>O.OS], £ [F(3,69) = 2.5, 

P>O.OS] or the Weber fraction [F(3,69) = 2.2, P>O.OS]. 

Cumulative probability of switching is shown in Fig. 3.2B. The value of 

S50 was not significantly affected by m-CPBG [F(3,69) = 2.1, P>O.OS] Cfable 1). 

Overall response rate was reduced by m-CPBG [F(3,69) = 3.0, P (J.051. 

the effect of 10 mg kg-1 being statistically significant (Table 3.1). 

3.3.2. Effects of the antagonists 

MDL-72222. The relative response rate data are shown in Fig.3.3!\. 

Analysis of variance showed a significant main effect of time-bin [F(9,207) ."-

678.1, P<O.OO 1], but no significant main effect of treatment [F< 1], and no 

significant interaction [F(27,621) =1.0, P>O.OS]. 

Parameters of the logistic functions are shown in Table 3.2. MDL-72222 

had no significant effect on the values of T50 [F<I], £ [F(3,69) = 1.4, P>O.OS] or 

the Weber fraction [F(3,69) = 1.3, P>O.OS]. 

Cumulative probability of switching is shown in Fig. 3.3B. The value of 

S50 was not significantly affected by MDL-72222 [F<I] (Table 3.2). 

Overall response rate was increased by MDL-72222 [F(3,69) = 6.5, 

P<O.OS], the effect of 0.5 mg kg-1 being statistically significant (see Table 3.2). 

Ketanserin. The relative response rate data are shown in Fig. 3.4A. 

Analysis of variance showed a significant main effect of time-bin [F(9,207) = 

524.5, P<O.OOI]. The main effect of treatment was significant [F(3,69) = 6.S, 
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Table 3.2. Effects of the antagonists on measures of performance on free-operant psychophysical procedure: group means (± SEM) 

Relative response rate function Cumulative switching function 

Treatment T50, s slope, I:: p2 Weber S50, s p2 Overall response 
fraction rate, reseonses min-I 

Vehicle 20.8 ±0.8 -5.5 ±0.3 0.99 ±O.OO 0.22 ± 0.01 18.0 ± 0.7 0.99 ± 0.00 66.2 ± 3.1 

MDL-72222 0.25 mg kg-I 21.0 ±0.8 -6.3 ±0.6 0.99 ±O.OO 0.20 ± 0.02 18.1 ± 0.6 0.98 ± 0.00 68.1 ± 2.9 

MDL-72222 0.5 mg ki l 20.6 ±0.7 -6.0 ±OA 0.99 ±O.OO 0.20 ± 0.01 17.8 ± 0.7 0.98 ± 0.01 72.8 ± 3.3 * 
...... ...... ...... 

MDL-72222 1 mgkg-I 20.7 ±0.8 -6.3 ±0.4 0.99 ± 0.00 0.20 ± 0.01 17.9 ± 0.9 0.98 ± 0.00 67.1 ± 3.0 

Vehicle 21.5 ±0.9 -5.3 ±0.3 0.99 ±O.OO 0.23 ± 0.02 18.1 ± 0.9 0.98 ± 0.00 57.9 ± 1.8 

ketanserin 0.5 mg kg-I 22.1 ± 1.0 -5.4 ±0.5 0.97 ± 0.00 0.24 ± 0.02 18.6 ±0.9 0.97 ± 0.00 60.0 ± 1.5 

ketanserin 1 mg kg-I 23.6 ± 1.0 * -5.5 ±0.6 0.98 ± 0.00 0.26 ± 0.03 19.5 ± 0.9 0.97 ± 0.00 62.4 ± 1.9 

ketanserin 2 mg kg-I 21.9 ±0.9 -5.1 ±0.4 0.98 ± 0.01 0.26 ± 0.02 19.0 ± 0.7 0.97 ± 0.01 65.7 ± 1.7 * 

Significant difference from vehicle condition, * P < 0.05 (see text for details) 



P<O.OI], but not the interaction [F(27,62 I) =1.4, P>0.05]. 

Parameters of the logistic functions are shown in Table 3.2. Ketanserin 

produced a small rightward displacement of the psychometric function, reflected in 

an increase in T5o. Analysis of variance showed a significant effect of treatment on 

T50 [F(3,69) = 4.8, P<O.Ol], the 1 mg kg-! dose producing a significant increase. 

Ketanserin did not significantly affect the value of £ [F(3,69) = 1.4, P>0.05] or the 

Weber fraction [F<l]. 

Cumulative probability of switching is shown in Fig. 3.4B. The value of S50 

was not significantly affected by ketanserin [F(3,69) = 1.7, P>0.05] (Table 3.2). 

Overall response rate was increased by ketanserin [F(3,69) = 3.3, P<0.05], the effect 

of2 mg kg-! being statistically significant (see Table 3.2). 

3.3.3. Agonist antagonist interaction 

The relative response rate data are shown in Fig. 3 .5A. Analysis of variance revealed 

significant main effects of time-bin [F(9 ,207) = 765.1, P<O. 00 I] and treatment 

[F(3,69) = 32.2, P<O.OOI], and a significant treatment x time-bin interaction 

[F(27,621) = 18.9, P<O.OOI]. Quipazine displaced the psychometric function to the 

left compared to the function derived for the vehicle treatment. MDL-72222 did not 

appear to reverse this effect of quipazine, as the locus of the curve derived for the 

quipazine + MDL-72222 treatment was clo.se to the curve derived for quipazine 

alone. However, ketanserin reversed the effect of quipazine, the curve derived for 

quipazine + ketanserin resulted lying to the right of that derived for the vehicle alone 

condition. 

The parameters of the logistic functions are shown in Table 3.3. There was a 

significant effect of treatment on T50 [F(3,69) = 43.3, P<O.OOI]. Multiple 
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Figure 3.5. Interaction between quipazine (QUIP), MDL-7222 (MDL) and 
ketanserin (KET) on performance on the free-operant psychophysical procedure. A. 
Relative response rate; B. Probability of switching. Conventions as in Fig. 1. In hoth 
graphs, the psychometric function is displaced to the left by quipazine; this efkct is 
reversed by co-administration ofketanserin, but not by co-administration or MDL-
72222. 
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Table 3.3 Interaction between quipazine and the antagonists on performance on free-operant psychophysical procedure: group mean values (± SEM) 

Treatment 

Vehicle 

quipazine 2 mg kg-I 

quipazine 2 mg kg- l + 

MDL-72222 1 mg kg- l 

quipazine 2 mg kg-I + 

ketanserin 2 mg kg- l 

T50, s 

20.8 ±0.7 

17.0 ±0.8 * 

15.6 ±0.8 * 

24.2 ±1.1 *# 

Relative response rate function 

slope, € p2 

-5.7 ± 0.3 0.99 ± 0.00 

-4.3 ± 0.3 * 0.98 ± 0.01 

-4.0 ± 0.3 * 0.98 ± 0.00 

-6.4 ± 0.3 # 0.99 ± 0.00 

Cumulative switching function 
Overall response rate, 

Weber fraction S50, s p2 (responses min-I) 

0.21 ± 0.01 17.6 ± 0.6 0.98 ± 0.00 62.9 ± 2.6 

0.29 ± 0.02 * 13.4 ± 0.8 * 0.98 ± 0.00 40.1 ± 3.4 * 

0.33 ± 0.03 * 13.1 ± 0.8 * 0.97 ± 0.01 37.8 ± 3.1 * 

0.19 ± 0.01 # 20.7 ± 0.9 # 0.98 ± 0.01 68.6 ± 3.0 # 

Significant difference from vehicle condition, * P < 0.05; significant difference from quipazine 2 mg kg-! condition, # P < 0.05 (see text for details) 



comparisons with the vehicle condition (Dunnett's test) showed that T50 was 

significantly reduced by quipazine and by quipazine + MDL-72222 (reflecting 

leftward displacement of the curve), and significantly increased by quipazine + 

ketanserin (reflecting rightward displacement of the curve). Multiple comparisons 

with the quipazine condition (Newman-Keuls test) showed that the reduction in 

T50 produced by quipazine was significantly reversed by combined treatment with 

ketanserin but not by combined treatment with MDL-72222. 

There was a significant effect oftreatment on £ [F(3,69) = 17.7, P<O.OOlj. 

Multiple comparisons with the vehicle alone condition showed that the value ort 

was increased both by quipazine and by quipazine + MDL-72222 (reflecting 

flattening of the psychometric curve). 

There was a significant effect of treatment on the Weber fraction [F(3,69) 

= 16.2, P<O.OO I]. Multiple comparisons with the vehicle alone condition showed 

that quipazine and quipazine + MDL-72222 increased the Weber fraction. 

Multiple comparisons with the quipazine condition showed that the increase in the 

Weber fraction produced by quipazine was significantly reversed by ketanserin 

but not by MDL-72222. 

There was a significant effect of treatment on overall response rate 

[F(3,69) = 46.3, P<O.OOI]. Quipazine and quipazine + MDL-72222 significantly 

reduced overall response rate compared to the vehicle alone condition. Ketanserin, 

but not MDL-72222, significantly attenuated the reduction in response rate 

produced by quipazine. 

The effect of quipazine on the cumulative probability of switching is 

shown in Fig. 3 .5B. Logistic functions were fitted to the data from each rat; group 

mean values of S 50 (± SEM) are shown in Table 3.3. There was a significant effect 

of treatment on S50 [F(3,69) = 47.7, P<O.OOI]. Both quipazine and quipazine + 
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MDL-72222 significantly reduced S50, indicating a reduction of the mean time of 

switching from lever A to lever B, whereas quipazine + ketanserin increased S 50, 

compared to the vehicle alone condition. The effect of quipazine was significantly 

reversed by ketanserin but not by MDL-72222. 

3.4. DISCUSSION 

In accordance with previous findings with the free-operant psychophysical 

procedure (Stubbs 1976; Bizo and White 1994, Chiang et al. 1998, 2000a, 2000b; 

Machado and Guilhardi 2000, Body et aI, 2002, 2003, 2004), response rate on 

lever A declined, and response rate on lever B increased, during the course of the 

trial, this being reflected in an increasing percentage of total responding devoted 

to lever B (%B) as the trial progressed. The values of T50 and the Weber fraction 

derived from the relative response rate function (%B vs t), and the mean switching 

time, S50, estimated using the cumulative probability of switching in successive 

epochs of the probe trials, were similar to those reported previously for rats 

responding under this schedule (Chiang et al. 1999, 2000a, 2000b; Body et al. 

2002,2003,2004). Comparison of the control (vehicle-alone treatment) values of 

T50 obtained in the different phases of the experiment indicates that the value 

obtained during the initial assessment of quipazine was somewhat lower than the 

values seen in subsequent phases. This suggests that performance may not have 

fully stabilized when the first treatment series was initiated, despite the extensive 

preliminary training that the rats had received (90 daily training sessions). This 

does not seem to have had a major impact on the results of the experiment, as 

indicated by the comparable effects of quipazine in the first and last phase of the 

experiment (see below). Nevertheless, a longer period of preliminary training 
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would be desirable in future experiments. 

Quipazine (0.5-2.0 mg kg-I) produced a dose-dependent leftward 

displacement of the psychometric functions, reflected in significant reductions of 

the values of T50 and S50. This effect indicates a facilitation of 'premature' 

switching from the lever associated with reinforcement during the first half ofthe 

trial to the lever associated with reinforcement during the latter half of the trial. 

The behavioural processes underlying this effect remain uncertain. One possible 

theoretical interpretation is that quipazine may have altered the functioning ofthe 

hypothetical internal clock that is purported to underlie interval timing behaviour 

(Gibbon et al. 1997; Hinton and Meck 1997). However it is important to note that 

this effect was not seen in the case of another timing schedule, the discrete-trials 

psychophysical procedure (Experiment 1: see Chapter 2). Therefore the results are 

not consistent with an interaction with a 'unitary' internal clock that, according to 

SET, underlies all types of interval timing performance (see Section 1.4). 

Although the most conspicuous effect of quipazine was on the locus of the 

psychometric function, the highest dose of quipazine used in these experiments 

also produced some flattening of the function, and a consequent increase of the 

Weber fraction, suggesting that this dose of quipazine had a deleterious effect on 

the precision of temporal differentiation (see Gibbon et al. 1997; Killeen et al. 

1997). 

The selective 5-HT3 receptor agonist m-CPBG (Kilpatrick et al. 1990; 

Dukat et al. 1996) had no significant effect on temporal differentiation. As 

discussed in Chapter 2 (section 2.4), it is unlikely that this reflects the use of an 

inadequate dose of m-CPBG, since the dose range used in this experiment has 

been found to be active in other behavioural paradigms. In doses similar to those 

used here, m-CPBG has been found to be active in behavioural tests of anxiety, 
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showing an 'anxiogenic' profile in the elevated plus maze test (Andrews and File 

1992), and reversing the effect of the 5-HT3 receptor antagonists ICS 205-930 

(Nakagawa et al. 1998) and ondansetron (Eguchi et al. 2001) in other anxiety 

models. In the same dose range, m-CPBG fully substitutes for other 5-HT3 

receptor agonists in drug discrimination tests (Dukat et al. 2000). m-CPBG (1 and 

10 mg kg-I) has been found to disrupt the acquisition of conditioned responses in 

an autoshaping paradigm, an effect that was completely reversed by co­

administration of the 5-HT3 receptor antagonists ondansetron and tropisetron 

(Hong and Meneses 1996). Finally, m-CPBG also produces conditioned place and 

taste aversion; however, this effect may be mediated, at least in part, by peripheral 

(gastrointestinal) effects of the drug (Higgins et al. 1993). 

The lack of effect of m-CPBG stands in contrast to the robust effect or 

quipazine. Quipazine has a very high affinity for 5-HT3 receptors (Kd = 2 nM: 

Glennon et al. 1989; Sharif et al. 1991), and somewhat lower affinity (micromolar 

range) for several other subtypes of 5-HT receptor, including 5-HT 1B, 5-HTzA and 

5-HTzc receptors (Hoyer 1988). The effect of quipazine on temporal 

differentiation was not altered by co-administration of MDL-72222, but was 

completely abolished by co-administration of ketanserin. MDL-72222 is a 

selective 5-HT3 receptor antagonist (Fozard 1984); the doses used in this 

experiment have been shown to be behaviourally active in a variety of tests that 

are thought to reflect 5-HT3 receptor function (Costall and Naylor 1992; Higgins 

et al. 1992; Mazzola-Pomietto et al. 1995). Taken together, these findings suggest 

that central5-HT 3 receptor stimulation does not influence temporal differentiation 

in the rat. Furthermore, the complete reversal of quipazine's effect on T50 and S50 

by ketanserin strongly implicates 5-HTz receptors in this effect. Since ketanserin 

has an 80-100 times higher affinity for the 5-HTzA receptor than for the 5-HT2C 
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receptor (Baxter et al. 1995; Barnes and Sharp 1999), it is likely that this effects of 

quipazine is mediated by 5-HT2A receptors (see Body et al. 2003). In this context 

it may be noted that the dose ofketanserin that antagonized quipazine's effect in 

this experiment has previously been shown to antagonize the reduction of T50 and 

S50 induced by the 5-HT2N2C receptor agonist DOl (Body et al. 2003, 2004) and 

the 5-HT releasing agent fenfluramine (Body et al. 2004). 

The effect of quipazine on temporal differentiation thus appears to be 

mediated not by 5-HT3 receptors but by 5-HT2A receptors. In this respect, the 

P!esent results (like the results of Experiment 1) are consistent with findings with 

other behavioural paradigms. Although quipazine has been found to behave like 

other 5-HT3 receptor agonists, including m-CPBG, in some tests (Dukat et al. 

2000), many of its behavioural effects, including the induction of head twitching 

(Sanchez and Amt 2000) and lordosis (Wolf et al. 1998), and the enhancement of 

progressive ratio schedule performance (Wolff and Leander 2000), are believed to 

be mediated by 5-HT 2 receptors. In drug discrimination studies, quipazine can 

substitute for both 5-HT3 (Dukat et al. 2000) and 5-HT2A (Wolff and Leander 

2000; Smith et al. 2002) receptor agonists. 

Quipazine produced a significant reduction of the overall rate of 

responding, which was reversed by co-administration of ketanserin, suggesting 

that this effect, like the reduction of T50, was mediated by 5-HT 2A receptors. It is 

very unlikely, however, that the change in T50 was a direct consequence of the 

change in response rate. Since T50 is derived from relative response rate data (the 

percentage of overall responding devoted to lever B), it should be impervious to 

changes in absolute response rate (Chiang et aI, 2000a; Odum et aI, 2002). 

Moreover, the other index ofthe indifference point, the mean switching time S5(), 

which is not calculated from response rates, was affected by quipazine in the same 
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manner as T5o. It may also be noted that previous experiments have riiled to 

identify consistent correlations between changes in T50 and changcs'l; '0rall 

response rate, either within or between drug conditions (Body et ql\W4). 

Whether the effects ofDOr and quipazine on temporal differentiation and ',,, erall 

response rate are mediated by different populations of 5-HT2A recepiJ: r ; is a 

question for future experiments. 

Taken together, the present findings that a selective 5-HC " '~ptor 

agonist, m-CPBG, was without effect, and that the effect of a mix(:(' ' IT 2IJ 

receptor agonist, quipazine, was fully attributable to its action at 5-HT 21\ n' lors, 

suggest that while 5-HT 2A receptor stimulation has a robust influence OIJ :, oral 

differentiation, 5-HT3 receptor stimulation does not. This conclusion m. 'ave 

implications for current conceptions ofthe role of5-HT/dopamine inter:):; ill 

interval timing behaviour. It is widely believed that dopaminergic transm; " 1 ill 

the basal ganglia plays a pivotal role in the regulation of interval timit! ,'ck 

1986, 1996; Gibbon et al. 1997; Matell and Meck 2000; see Section 1.5.1 're 

is good evidence that 5-HT3 receptors contribute to the regulation of ,\tr, :lC 

release (Blandina et al. 1989; Carboni et al. 1989; Zazpe et al. 1994; Cel d. 

1996). It might therefore be expected that 5-HT 3 receptor stimulation W'" ,-T 

timing performance, an expectation that found no support in the 'It 

experiments. The explanation for the apparent discrepancy may lie in l d 

differences in the nature of 5-HT/dopamine interactions. There is evidence .1, 

influence of 5-HT 3 receptors on dopamine release is mainly confined to sin .i 

innervated by the mesolimbic/mesocorticaI dopaminergic projection (incl Ut l; I '. 

ventral striatum/nucleus accumbens), rather than the dorsal striatum 

receives its input from the nigrostriatal pathway (Wang et al. 

DeDeurwaerdere et al. 1998; Porras et aI. 2003). The failure of 5-HT3 · 
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stimulation to affect temporal differentiation may therefore reflect a primary 

involvement of the dorsal rather than the ventral striatal dopaminergic 

mechanisms in this behaviour (Hinton and Meck 1997; Matell and Meck 2000). 

The location of the 5-HT2 receptors that apparently mediate not only 

quipazine's effects on temporal differentiation, but also those of DOl (Body et al. 

2003, 2004) and fenfluramine (Body et al. 2004) remains uncertain. There is 

evidence for a facilitatory role of striatal 5-HT2A and 5-HT2C receptors on 

dopamine release in this structure (DiGiovanni et al. 1999; Lucas and Spampinato 

2000). Further experiments using intra-striatal injection of selective 5-HT 2A and 5-

HT2c receptor agonists may help to establish whether these receptor populations 

are responsible for the disruption of temporal differentiation induced by 5- HT2 

receptor agonists. 

Finally, it should be noted that, while pharmacological stimulation of 5-

HT 2A receptors has been found to exert consistent effects on temporal 

differentiation (Body et al. 2003, 2004; present results), it is unlikely that 

endogenous stimulation of this receptor population makes a major contribution to 

temporal differentiation under normal conditions. If this were the case, blockade 

of 5-HT2A receptors would be expected to produce a rightward displacement of 

the psychometric function (i.e. the opposite effect to that produced by 5-HT2A 

receptor agonists: Body et al. 2003, 2004). Although there is some indication that 

this occurred in the present experiment (see, especially, Figure 3.5), the results of 

previous experiments indicate that this is not a reliable effect of ketanserin (see 

Body et al. 2003, 2004). It should also be emphasized that even after complete 

destruction of the ascending 5-HTergic pathways, rats are still able to execute 

accurate temporal differentiation performance on the free-operant psychophysical 

procedure (Chiang et al. 1999; Body et al. 2002, 2004). 
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CHAPTER 4 

Experiment 3: 

EFFECTS OF 2,5-DIMETHOXY-4-

IODOAMPHETAMINE (DOl) ON TEMPORAL 

DISCRIMINATION 
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4.1. INTRODUCTION 

As reviewed in Chapter 2, two major types oftiming schedule are immediate and 

retrospective timing schedules (Killeen and Fetterman, 1988; Killeen et al. 1997). 

Immediate timing schedules require the organism to regulate its own behaviour in 

time (temporal differentiation), whereas retrospective timing tasks entail 

discrimination of the durations of exteroceptive stimuli (temporal discrimination). 

Examples of the two types of timing are free-operant and discrete-trials 

psychophysical procedures (Stubbs 1976; Body et al. 2002) (for a full description 

see Section 1.2.1.). 

In a recent series of experiments, Body et al. (3003, 2004) obtained 

evidence that 5-HT2 receptor stimulation disrupts temporal differentiation in the 

free-operant psychophysical procedure. The 5-HT2N2C receptor agonist 2,5-

dimethoxy-4-iodoamphetamine (DOl) dose-dependently reduced T50 in this 

schedule (Body et al. 2003,2004). This effect of DOl was mimicked by the 5-HT 

releasing agent fenfluramine, the effects of both drugs being abolished by the 5-

HT2A receptor antagonist ketanserin (Body et al. 2004). 

The experiment described in Chapter 3 of this thesis (Experiment 2) 

extended these observations. It was found that quipazine, a non-selective 5-HT 

receptor agonist with high affinity for both 5-HT3 and 5-HT2A receptors, also 

reduced T50 in the free-operant psychophysical procedure, an effect that was 

antagonized by ketanserin, but not by the selective 5-HT3 receptor antagonist 

topanyl 3,5-dichlorobenzoate (MDL-72222), implicating 5-HT2A rather than 5-

HT 3 receptors in this effect. 

Experiment 1, described in Chapter 2, showed that quipazine also affected 

temporal discrimination in the discrete-trial psychophysical procedure. However, 
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instead of reducing T50, as it did in the free-operant psychophysical procedure, 

quipazine flattened the psychometric function in the discrete-trials psychophysical 

schedule, increasing the Weber fraction; it also displaced the function to the right, 

increasing T5o. These effects of quipazine were reversed by ketanserin, suggest 

that they were mediated by 5-HT2A receptors. The experiment described in this 

chapter was carried out in order to obtain further information on the effect of 5-

HT2A receptor stimulation on temporal discrimination. The aims of the experiment 

were firstly to examine the effect of DOl on performance on the discrete-trials 

psychophysical procedure, and secondly to examine the sensitivity of DOl' s effect 

to ketanserin and the highly selective 5-HT2A receptor antagonist (±)2J­

dimethoxyphenyl-l-(2-( 4-piperidine )-methanol) (MDL-l 00907) (see Barnes and 

Sharp 1999; Hoyer et al. 2002; Leysen 2004). 

4.2. METHODS 

4.2.1. Subjects 

Twenty female Wistar rats, aged approximately 4 months and weighing 250-290 g 

at the start of the experiment, where housed under the same conditions as those 

used in Experiment 1. 

4.2.2. Apparatus 

The rats were trained in operant conditioning chambers (Campden Instruments 

Limited, Sileby, UK), similar to those used in Experiment 1 (see Section 2.2.2., 

for description). The only difference between the chambers used in Experiment 1 
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and those used in the present experiment was that in the present ex periment the 

reinforcer delivering device consisted of a motor-operated pellet dispenser which 

delivered 4S-mg food pellets. 

4.2.3. Behavioural training 

At the start of the experiment, the food-deprivation regimen was started and the 

rats were gradually reduced to 80% of their free-feeding body weights. They were 

then trained to press the levers, and were exposed to a discrete-trials continuous 

reinforcement schedule, in which the two levers were presented in random 

sequence, for three sessions. Thereafter, the rats underwent SO-minute training 

sessions under the discrete-trials psychophysical procedure identical to that 

described earlier (see Section 2.2.3.). 

4.2.4. Drug treatment 

The drug treatment regimen started after 90 sessions of preliminary training under 

the discrete-trials psychophysical procedure. Injections of drugs were given on 

Tuesdays and Fridays, and injections of the vehicle alone (0.9% sodium chloride 

solution) on Mondays and Thursdays; no injections were given on Wednesdays, 

Saturdays or Sundays. Each dose of each drug was administered five times, in 

order to accrue a sufficient number of trials for function fitting (see below). The 

order of treatments within each series was balanced within and between animals 

according to a Latin square. Subcutaneous injections were given using a 26-gauge 

needle at a volume of 1.0 ml kg-I; intraperitoneal injections were given using a 2S­

gauge needle at a volume of 2.S ml kg-I. The doses of the drugs tested were as 
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follows: 2,5,-dimethoxy-4-iodoamphetamine (DOl), 0.0625, 0.125, 0.25 mg kg-1 

(s.c.); ketanserin 2 mg kg-1 (s.c.); (±)2,3-dimethoxyphenyl-l-(2-(4-piperidine)­

methanol) (MDL-100907), 0.5, 1 mg kg-1 (i.p.). 001 and ketanserin were 

dissolved in 0.9% sodium chloride solution. MDL 100907 was dissolved in glacial 

acetic acid and sterile water, buffered to pH 5.5 and diluted to volume with 0.9% 

sodium chloride solution. DO I and ketanserin were administered 15 minutes, and 

MDL-I00907 25 minutes before the experimental session. 

4.2.5. Data analysis 

Separate analyses were carried out on the each treatment series (see below). 

For each treatment, the percentages of responses emitted on lever B (%B) 

at each time-point were analysed by two-factor analyses of variance (treatment x 

time) with repeated measures on both factors. In the event of a significant main 

effect of treatment or a significant treatment x time interaction, analyses of the 

simple main effect at each time-point were carried out, followed by comparisons 

between each active treatment with the control (vehicle-alone) condition using 

Dunnett's test. In the case of data from the drug interaction studies, mUltiple 

comparisons were made between treatment with DOl alone and the combined 001 

+ antagonist treatments, using Neuman-Keul's test. 

Quantitative analysis of the psychometric functions was identical to that 

carried out in Experiment 1 (see Section 2.2.5.) 

4.3. RESULTS 

Under each treatment condition, the proportion of responding allocated to lever B 
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(%B) increased progressively as a function of stimulus duration, t. Under the 

vehicle-alone condition and all active treatment conditions, the number of 

'missed' trials (i.e. trials in which no response was emitted on either lever A or 

lever B) was <0.5%. 

4.3.1. Effect of DOl 

The effect of DOl (0.0625,0.125,0.25 mg kg-I) on proportional choice oflever B 

(%B) is shown in Figure 4.1. Analysis of variance revealed that the main effect of 

treatment was not statistically significant [F(3,57) = 2.6, P=0.06]. The main effect 

of time was significant [F(9,171) = 551.0, P<O.OOI], and there was a significant 

treatment x time interaction [F(27,513) = 2.9, P<O.OOI]. Analysis of the simple 

main effects revealed significant treatment effects 12.5 s after trial onset, and at all 

time points >25 s after trial onset. Multiple comparisons with vehicle showed that 

DOl 0.25 mg kg-1 produced a significant increase in %B 12.5 s after trial onset and 

significant decreases 32.5, 37.5,42.5 and 47.5 s after trial onset. 

Logistic functions were fitted to the data from each rat under each 

treatment condition; the group mean values of parameters of these functions (1-

SEM) are shown in Table 4.1. DOl flattened the psychometric function and tended 

to displace it rightwards; these effects are reflected in the parameter values. There 

was an apparent dose-dependent increase in the value of T50; however, analysis of 

variance did not reveal a significant effect of treatment [F(3,57) = 1.7, N.S.]. 

There was a significant effect on the slope, E [F(3,57) = 12.4, P<O.OOI], the 

increase in E produced by DOl 0.125 and 0.25 mg kg-1 being statistically 

significant. The Weber fraction was increased by DOl [F(3,57) = 10.4, P<O.OOI], 

the effect of 0.25 mg kg-
1 

being significant. 
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Figure 4.1. Effect of DOl (0.0625, 0.125, 0.25 mg kg-I) on relationship between 
proportional choice of lever B (%B) and stimulus duration (t, seconds) in the 
discrete-trials psychophysical procedure. Points indicate group mean data under 
each treatment condition (see inset). Significance of difference from vehicle-alone 
treatment: * P < 0.05. 
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Table 4.1. Effects of the DOl on measures of performance on the discrete-trials psychophysical 
procedure: group mean values (± SEM) 

Parameters of logistic psychometric function 

Treatment Tso, s slope, c p2 Weber fraction 

Vehicle 25.2 ± 0.6 -3.4 ± 0.1 0.98 ± 0.01 0.34 ± 0.02 

DOl 0.0625 mg kg- l 25.4 ± 0.7 -3.3 ± 0.2 0.93 ± 0.01 0.37 ± 0.03 

DOl 0.125 mgkt l 27.0 ± 1.3 -3.0 ± 0.2 * 0.93 ± 0.02 0.40 ± 0.02 

DOl 0.25 mg kg- l 28.1 ± 2.0 -2.5 ± 0.2 * 0.89 ± 0.02 0.53 ± 0.05 * 

* Significantly different from vehicle condition, P < 0.05 (see text for details) 



4.3.2. Interaction between DOl and ketanserin 

The %B data are shown in Figure 4.2. Analysis of variance revealed significant 

main effects of treatment [F(3,57) = 5.1, P<O.OI] and time [F(9,171) = 579.8, 

P<O.OOI], and a significant treatment x time interaction [F(27,513) = 4.03, 

P<O.OOI]. Analysis of the simple main effects revealed significant treatment 

effects 7.5 s after trial onset, and at all time points 2:32.5 s after trial onset. 

Multiple comparisons with the vehicle-alone condition showed that DOl produced 

a significant increase in %B 7.5 s after trial onset and significant decreases in %B 

32.5,37.5,42.5 and 47.5 s after trial onset. In no case did 001 + ketanserin differ 

significantly from vehicle-alone treatment, and in every case 001 + ketanserin 

differed significantly from the DOl-alone treatment conditions. 

The parameters ofthe logistic functions are shown in Table 4.2. There was 

a significant effect of treatment on T50 [F(3,57) = 3.8, P<0.02]. Multiple 

comparisons with the vehicle condition showed that T50 was significantly 

increased by DOl, but not significantly changed by ketanserin or 001 + 

ketanserin. Multiple comparisons with the DOl condition showed that the increase 

in T50 produced by DOl was significantly reversed by combined treatment with 

ketanserin. 

There was a significant effect of treatment on £ [F(3,57) = 11.5,P<0.001]. 

Multiple comparisons with the vehicle alone condition showed that the value of t: 

was increased by DOl, but not by ketanserin or by DOl + ketanserin. Multiple 

comparisons with the DOl condition showed that DOl's effect on the parameter 

was reversed by ketanserin. 

There was a significant effect of treatment on the Weber fraction [F(3,57) 

= 9.6, P<O.OOI]. Multiple comparisons with the vehicle alone condition showed 
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Figure 4.2. Interaction between ketanserin (2 mg kg-I) and DOl (0.25 mg kg-I) on 
relationship between proportional choice of lever B and stimulus duration in the 
discrete-trials psychophysical procedure. Conventions as in Fig. 4.1. 
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Table 4.2. Interaction between DOl and ketanserin on measures of performance on the discrete-trials 
psychophysical procedure: group mean values (± SEM) 

Parameters of logistic psychometric function 

Treatment T50, s slope, c p2 Weber fraction 

Vehicle 24.5 ± 0.6 -3.7 ± 0.3 0.98 ± 0.00 0.34 ± 0.03 

DOl 0.25 mg kg-1 28.2 ± 1.5* -2.5 ± 0.2* 0.89 ± 0.02 0.53 ± 0.05* 

ketanserin 2 mg kg-1 24.6 ± 0.7 -3.7 ± 0.2 0.95 ± 0.01 0.33 ± 0.03 

DOl 0.25 mg kg-1 + 25.0 ± 0.8# -3.6 ± 0.3# 0.94 ± 0.01 0.36 ± 0.04# 
ketanserin 2 mg kg-1 



that the Weber fraction was increased by DOl, but not by ketanserin or by DOl + 

ketanserin. Multiple comparisons with the DOl condition showed that the increase 

in the Weber fraction produced by DOl was significantly reversed by ketanserin. 

4.3.3. Interaction between DOl and MDL-I00907 

Two treatment series were carried out, examining the effects ofMDL-l 009070.5 

and 1.0 mg kg-I, respectively. The %B data from the two series are shown in Figs. 

4.3A and 4.3B. Analysis of variance of these data showed that in the first series 

(MDL-100907 0.5 mg kg-I), there were significant main effects of treatment 

[F(3,57) = 4.8, P<O.Ol] and time [F(9,171) = 500.6, P<O.OOI], and a significant 

treatment x time interaction [F(27,621) = 4.4, P<O.OOI]. Analysis of the simple 

main effects revealed significant treatment effects 27.5, 37.5,42.5 and 47.5 s after 

trial onset. Multiple comparisons with the vehicle-alone condition showed that 

DOl produced significant decreases in %B at all these time points. Multiple 

comparisons between the DOl and DOl + MDL-1 00907 (0.5 mg kg-I) conditions 

indicated that MDL-1 00907 significantly attenuated the effect of DOl only at the 

47.5-s time point. In the second series (MDL-I00907 1.0 mg kg-I), there were 

significant main effects oftreatment [F(3,57) = 10.9, P<O.OOI] and time [F(9, 171) 

= 553.2, P<O.OOl], and a significant treatment x time interaction [F(27,62 1) = 5.1, 

P<O.OOl]. Analysis of the simple main effects revealed significant treatment 

effects at all time points ~22.5 s after trial onset. Multiple comparisons with the 

vehicle-alone condition showed that DOl produced significant decreases in %B at 

all these time points. Multiple comparisons between the DOl and DOl + MDL-

100907 (1.0 mg kg-i) conditions indicated that MDL-100907 significantly 

attenuated the effect of DOl at all these time points except 37.5 s after trial onset. 
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Figure 4.3. Interaction between MDL-I00907 (0.5 mg kg-I: A; 1.0 mg kg-I: B) 
and DOl (0.25 mg kg-I) on relationship between proportional choice of lever B 
and stimulus duration in the discrete.;..trials psychophysical procedure_ Conventions 
as in Fig. 4.1. 
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The parameters of the logistic functions are shown in Table 3. In the first series, 

there was a significant effect of treatment on Tso [F(3,57) = 3.5, P<0.02]. Multiple 

comparisons with the vehicle condition (Dunnett's test) showed that Tso was 

significantly increased by DOl, but not significantly changed by the other 

treatments. Multiple comparisons with the DOl condition showed that the increase 

in Tso produced by DOl was significantly reversed by combined treatment with 

MDL-100907 0.5 mg kg-I. In the second series, there was also a significant effect 

of treatment on Tso [F(3,57) = 10.8, P<O.OOl]. Again, DOl significantly increased 

Tso, compared to the vehicle condition, the other treatment conditions having no 

significant effect. There was a significant difference between the DOl and DOl + 

MDL-I00907 1.0 mg kg- I conditions, indicating that MDL-1 00907 significantly 

reversed the effect of DOl on Tso. 

There were significant effects of treatment on € in both treatment series 

[first series: F(3,57) = 11.1; second series: F(3,57) = 13.1; P<O.OOl in both cases]. 

Multiple comparisons indicated that, in both cases, DOl significantly increased 

this parameter, compared to the vehicle alone condition, whereas neither dose of 

MDL-100907 had a significant effect. The effect of DOl on € was reversed by 

MDL-100907 1.0 mg kil but not by MDL-100907 0.5 mg kg-I. 

There were significant effects of treatment on the Weber fraction [first 

series: F(3,57) = 5.9; second series: F(3,57) = 10.8; P<0.05 in both cases]. 

Multiple comparisons indicated that, in both cases, DOl significantly increased the 

Weber fraction, compared to the vehicle alone condition, whereas neither dose of 

MDL-100907 had a significant effect. The effect of DOl on the Weber fraction 

was reversed by MDL-100907 1.0 mg kg-I but not by MDL-100907 0.5 mg kg-I. 
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Table 4.3. Interaction between DOl and MDL-I00907 on measures of performance on the discrete-trials 
psychophysical procedure: group mean values (± SEM) 

Treatment 

Vehicle 

DOl 0.25 mg ki! 

MDL-100907 0.5 mg kg-! 

DOl 0.25 mg kg-! + 

MDL-100907 0.5 mg kg-! 

Vehicle 

DOl 0.25 mg kg-! 

MDL-I00907 J.O mg kg-! 

DOl 0.25 mg kg-' + 

MDL-I00907 J.O mg kg-! 

Tso, s 

24.1 ± 0.7 

28.8 ± 1.7* 

24.8 ± 1.3 

25.3 ± 1.1# 

24.3 ± 0.6 

31.7 ± 2.0* 

24.0 ± 0.9 

25.0 ± 0.9# 

Parameters of logistic psychometric function 

slope, c p2 Weber fraction 

-4.1 ± 0.3 0.97 ± 0.01 0.31 ± 0.03 

-2.5 ± 0.2* 0.86 ± 0.05 0.63 ± 0.11* 

-4.1 ± 0.4 0.95 ± 0.01 0.33 ± 0.03 

-2.8 ± 0.2* 0.93 ± 0.01 0.47 ± 0.05 

-3.9 ± 0.3 0.95 ± 0.01 0.32 ± 0.03 

-2.6 ± 0.2* 0.85 ± 0.05 0.63 ± 0.16* 

-3.8 ± 0.3 0.94 ± 0.02 0.37 ± 0.06 

-3.2 ± 0.2# 0.94 ± 0.01 0.40 ± 0.04# 

* Significanly different from vehicle condition, P < 0.05; # significantly different from DOl 0.25 mg kg-I, P < 0.05 



4.4. DISCUSSION 

Temporal discrimination performance in the discrete-trials psychophysical 

procedure used in this experiment was similar to that reported previously: 

proportional choice of lever B increased as a sigmoid function of stimulus 

duration, this being well described by a two-parameter logistic equation (Body et 

a1. 2002; Also see chapter2). 

DOl produced a dose-dependent disruption of temporal discrimination, 

which was most readily apparent in the case of longer stimulus durations. This 

resulted in rightward displacement and flattening of the psychometric function, 

reflected in a trend for the value of T50 to be increased (statistically significant in 

three of the four treatment series), combined with increases in the slope parameter, 

c, and the Weber fraction. 

The increase in £ and the Weber fraction are indicative of an impairment 

of the precision with which the rats discriminated the durations of the light 

stimulus (see Killeen et a1. 1997). It is not possible to say with certainty, on the 

basis of these results, whether the deleterious effect of DOL on discriminative 

accuracy is specific for the temporal dimension, or whether it may reflect a more 

general breakdown of stimulus control. Further experiments, examining the effect 

of DOl on discrimination along other stimulus dimensions will be needed to 

address this question. 

The increase III T50 induced by DOl is open to more than one 

interpretation. One possibility is that DOl may have had a direct effect on the 

neural mechanisms of timing. For example, according to pacemaker-based models 

of timing, an acute rightward shift of the psychometric function may reflect an 

increase in the period of the hypothetical pacemaker (see Gibbon 1991; Gibbon et 

a1. 1997a; Hinton and Meck 1997). However, another possibility, discussed in 
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Chapter 2, in the contextofquipazine's effect on T50, is that the rightward shit! oj' 

the psychometric function, like the increase in the Weber fraction, may renect a 

breakdown of stimulus control. Inspection ofthe psychometric functions shown in 

Figures 4.1-4.3 indicates that DOl had relatively little effect on discriminative 

accuracy in the case of shorter stimulus durations, but markedly reduced the 

accuracy of discrimination of longer intervals. It is possible that stimulus control 

is relatively weak, and therefore more vulnerable to disruption, in the case of 

longer durations (see Section 2.4.). 

The pattern of effect of DOl seen in this experiment is quite unlike that 

seen in experiments that have employed other types of timing schedule. In contrast 

to increase of T50 seen in the retrospective timing schedule used in this 

experiment, DOl has been found to produce leftward displacement of the timing 

function in immediate timing tasks. Thus, Body et al. (2003, 2004a) found that 

DOl dose-dependently reduced T50 in the free-operant psychophysical procedure 

(Stubbs 1976), and as will be discussed in another chapter of this thesis, it was 

found that DOl displaced the response rate function to the left, reducing the peak 

time, in the fixed-interval peak procedure (Catania 1970; Roberts 1981). It is 

difficult to see how these very different effects of DOl on temporal discrimination 

and temporal differentiation can both be accounted for in terms of an interaction 

with a unitary pacemaker that is purported to underlie both types of timing 

behaviour (Gibbon 1977, 1991), since the increase and decrease of T50 would 

seem to imply both a lengthening and a shortening of the period of the pacemaker. 

A possible solution to this problem is suggested by recent interpretations of the 

effects of amphetamine-like drugs on interval timing. Meck and Benson (2002) 

and Buhusi (2003) have proposed that these drugs may alter timing performance 

by two separate mechanisms: a direct interaction with the hypothetical pacemaker, 
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and disruption of 'attention-sharing'. It remains to be seen whether the effects of 

001 on timing are amenable to a similar interpretation. However it may be noted 

that any such attempt to account for DOl's effects on timing on the basis of two 

distinct processes must be predicated on an explanation of why these processes 

make different relative contributions to temporal discrimination and temporal 

differentiation performance. 

The effect of 001 on temporal discrimination seen in this experiment is 

similar to the effect of quipazine seen in Experiment 1 (see Sction 2.3). 

Quipazine has nanomolar affinity for 5-HT3 receptors, and somewhat lower 

affinity for 5-HT2 receptors (Hoyer 1988; Glennon et aI., 1989; Sharif et aI., 

1991). 5-HT3 receptors appeared not to be involved in quipazine's effect on 

temporal discrimination, since the effect could not be reversed by the selective 5-

HT3 receptor antagonist MDL-72222 (see Section 2.3). However, quipazine's 

effect was completely reversed by the 5-HT2 receptor antagonist ketanserin. Since 

ketanserin has approximately 80-100-fold higher affinity for 5-HT2A than for 5-

HT 2C receptors (Baxter et al. 1995; Barnes and Sharp 1999), it was suggested that 

quipazine's effect on temporal discrimination was probably mediated by 5-HT2A 

receptors (see Section 2.4). 

001 is a full agonist at both 5-HT2A and 5-HT2C receptors (see Hoyer et al. 

2002). In view ofketanserin's preference for 5-HT2A receptor over the 5-HT2C 

receptor, the ability of this antagonist to reverse DOl's effect on temporal 

discrimination in the present experiment suggests a predominant involvement of 

5-HT2A receptors. However, more persuasive evidence for this suggestion is 

provided by the ability ofMDL-100907 to reverse DOl's effect, because MOL-

100907 is a highly selective 5-HT 2A receptor antagonist with minimal affinity for 

5-HT2C receptors (see Barnes and Sharp 1999; Hoyer et al. 2002; Leysen 2004). 
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In conclusion, the present results, taken together with those of experiment 

1, indicate that 5-HT2A receptor stimulation disrupts temporal discrimination in 

the rat. However, the behavioural mechanisms that underlie this effect remain to 

be clarified. 
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CHAPTER 5 

Experiment 4: 

EFFECTS OF STIMULATION OF 5-HT2 

RECEPTORS IN THE DORSAL STRIATUM ON 
TEMPORAL DISCRIMINATION 
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5.1 INTRODUCTION 

The experiments presented in Chapters 2 and 4 (Experiments 1 and 3) provide 

evidence for a disruptive effect of 5-HT2A receptor stimulation on temporal 

discrimination. Experiment 1 showed that quipazine, a non-selective 5-HT 

receptor agonist with high affinity for 5-HT3 receptors and somewhat lower 

affinity for 5-HT2A receptors, flattened the psychometric timing function in the 

discrete-trials psychophysical procedure, increasing the Weber fraction. This 

effect was evidently not mediated by 5-HT3 receptors, because it was resistant to 

the selective 5-HT 3 receptor anatagonist MDL-72222. The ability ofketanserin, a 

5-HT2 receptor antagonist with higher affinity for 5-HT 2A receptors than for other 

subtypes of 5-HT 2 receptor, to reverse this effect of quipazine, strongly implicated 

5-HT2A receptors in the effect. Experiment 3 extended these observations by 

showing that the 5-HT 2A12C receptor agonist DOl had a similar disruptive effect on 

temporal discrimination to quipazine, and that DOl's effect was reversed both by 

ketanserin and by the highly selective 5-HT2A receptor antagonist MDL-l 00907. 

The anatomical location ofthe 5-HT2A receptors that mediate these effects 

on temporal discrimination remains unknown. 5-HT2A receptors are widely 

distributed in the brain, the densest populations being found in the basal ganglia 

and cerebral cortex (Barnes and Sharp 1999; Hoyer et al. 2002; Leysen 2004). The 

experiments described in this chapter examined the possibility that the 5-HT 2A 

receptor population relevant to temporal discrimination may be located in the 

dorsal striatum. There is a great deal of evidence that the dorsal striatum plays a 

major role in voluntary timing behaviour (Gibbon et al. 1997; Hinton and Meek 

1997,2004; Harrington et al. 1998; Meck and Benson 2001; Ferrandez et al. 2003; 

Matell et al. 2003; Nenadie et al. 2003; Pastor et al. 2004; Meck 2005; see also 
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Section 1.4.5), and the presence of a dense population of5-HT2A receptors in this 

structure suggests that this may be an appropriate starting point for a search for the 

location ofthe 5-HT2A receptors that mediate effects on temporal discrimination. 

The main objectives of the present experiments were firstly to examine the 

effect of intra-striatal injection of DOl and MDLl 00907 on temporal 

discrimination, and secondly to examine whether the effect of systemically 

administered DOl on temporal discrimination would be blocked either by the 

highly selective 5-HT 2A receptor antagonist MDL-l 00907 (see Barnes and Sharp 

1999; Hoyer et al. 2002), or by the highly selective 5-HT2c receptor antagonist 

RS-I02221 (Bonhaus et al. 1997), administered directly into the dorsal striatum. 

5.2. METHODS 

5.2.1. SUbjects 

Twenty nine female Wi star rats aged approximately 4 months and weighing 250-

290 g at the start of the experiment were housed under the same condition as in 

Experiment 1 (see Section 2.2.1) 

5.2.2. Apparatus 

The rats were trained in operant conditioning chambers (CeNeS Ltd, Cambridge, 

UK) of internal dimensions 25 cm x 25 cm x 22 cm. One wall of chamber 

contained a recess fitted with a hinged Perspex flap, into which a peristaltic pump 

could dispense the liquid reinforcer (0.6 M sucrose solution). In other respects, the 

chambers were similar to those used in the previous experiments (see Section 
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2.2.2.). 

5.2.3. Behavioural training 

At the start of the experiment, the food deprivation regimen commenced and the 

rats were gradually reduced to 80% oftheir free-feeding body weights. They were 

then trained to press the levers, and were exposed to a discrete-trials continuous 

reinforcement schedule, in which the two levers were presented in a random 

sequence, for three sessions. Thereafter, the rats underwent 50-minute training 

sessions under the discrete-trials psychophysical procedure, as described in 

Experiment 1 (see Section 2.2.3). 

5.2.4. Surgery 

Surgical preparation took place after >90 sessions of preliminary training under 

the discrete-trials psychophysical procedure. The rats were anaesthetized with 4% 

halothane in oxygen, and placed in a stereotaxic apparatus, with the incisor bar 

fixed 3.3 mm below the inter-aural line; anaesthesia was maintained with 2% 

halothane in oxygen during the surgery. Bilateral 22-gauge guide cannulae 

(Plastics One Inc., Roanoke, VA, USA) were introduced into the brain via l-mm 

holes drilled in the skull, and their tips were positioned at the dorsal margin of the 

corpus striatum, according to the following stereotaxic coordinates: AP + 1.0 mm, 

L ±2.5 mm, DV -4.0 mm, measured from bregma (Paxinos and Watson 1998). 

Three stainless steel anchor screws were placed in the skull, the cannula assembly 

was fixed to the skull with dental cement, and the wound was closed around the 

cannula assembly. Stylets were introduced into the guide cannulae, and the 

144 



assembly was covered by a plastic screw cap. The rats were returned to the daily 

training routine on the day following surgery. 

5.2.5. Drug treatment 

Two weeks after surgery, the rats were acclimatized to manual restraint and the 

intracerebral injection procedure over a number of sessions before starting the 

drug treatment regimen. Intracerebral injections were given via bilateral 28-gauge 

injection canulae which protruded 1 mm below the tips of the guide cannulae. 

Sterile drugs solutions or vehicle (see below) were infused at a rate of 0.2 III min-I 

via polythene tubes connected to 100-111 Hamilton syringes driven by a dual 

syringe pump (Linton Instrumentation, Diss, UK). The volume injected was 

always 0.5 III (total injection time, 2.5 minutes). The injection cannulae remained 

in place for one minute after the completion of the injection to allow for diffusion 

within the tissue. The cannulae were then removed and the stylets replaced, and 

the rats were returned to their home cages for 2-3 minutes before being placed in 

the operant conditioning chambers. The experimental session began six minutes 

after completion ofthe injection. Intracerebral injections were given twice a week, 

with at least 72 hours between successive injections. A maximum of 12 injections 

were given to each rat. 

The rats were divided into three groups. Group I (n=IO) received the 

following three treatments, each treatment being given four times: (i) vehicle 

(intracerebral [i.c.]), (ii) DOl (lllg, i.c.), (iii) DOl (3 Ilg, i.c.). Group 2 (n=10) 

received the following three treatments, each treatment being given four times: (i) 

vehicle (i.c.), (ii) MDL-100907 (0.1 Ilg, i.c.), (iii) MDL-100907 (0.3 Ilg, i.c.). 

Group 3 (n=9) received the following four treatments, each treatment being given 
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three times: (i) vehicle (s.c.) + vehicle (i.c.), (ii) 001 (0.25 mg kg-', s.c.) + vehicle 

(i.c.), (iii) 001 (0.25 mg kg-I, s.c.) + MDL-100907 (0.3 /-lg, i.c.), (iv) DOl (0.25 

mg kg-I, s.c.) + RS-I02221 (0.15 /-lg, i.c.). 

The doses for intracerebral injection were chosen on the basis of previous 

studies in which these compounds were injected intracerebrally (for references, 

see Discussion). The protocol for subcutaneous injections was the same as in 

Experiment I, (see Section 2.2.4.). 

DOl was dissolved in sterile water, MDL-I 00907 was dissolved in glacial 

acetic acid, and RS-102221 [8-(5-(2,4-dimethoxy-5-(trifluoromethylphenyl­

sulphonamido )phenyl-5-oxopentyl) 1 ,3,8-triazaspiro( 4.5)decane-2,4-dione HCI] 

was dissolved in 0.9% sodium chloride solution. Each drug solution was diluted to 

volume with phosphate buffered saline (pH 7.0). Doses of the drug refer to the 

weights of the salts. 

5.2.6. Histology 

At the end of the experiment, the rats were killed by CO2 and their brains were 

removed and fixed in 10% formol saline for one week. The brains were sectioned 

using a freezing microtome. Coronal sections (60 /-lm) taken through the striatum 

were mounted on gelatine-coated slides. The selected sections were dried in 

formaldehyde vapour and placed through the following series of solutions: 95% 

ethanol (15 min), 70% ethanol (I min), 50% ethanol (1 min), distilled water (2 

min), 0.25% cresyl violet (2 min), distilled water (1 min), 50% ethanol (1 min), 

70% ethanol (2 min), 95% ethanol (2 min), 100% ethanol (1 min), xylene (5 min). 

Slides were mounted with DPX and coverslipped. An investigator who was blind 

to the behavioural results performed the microscopic examination. Drawings of 
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the locations of the cannula tips were superimposed on the appropriate pages of 

the stereotaxic atlas of Paxinos and Watson (1998). 

5.2.7. Data analysis 

The data from the three groups (Group 1: intra-striatally administered DOl; 

Group 2: intra-striatally administered MDL-100907; Group 3: systemically 

administered DOl combined with intra-striatally administered MDL-l 00907 and 

RS102221) were analysed separately. The methods of analysis were similar to 

those used in Experiments 1 and 3 (see Section 2.2.5). 

For each treatment, the percentages of responses emitted on lever B (%B) 

at each time-point were analysed by two-factor analyses of variance (treatment x 

time) with repeated measures on both factors. In the event of a significant main 

effect of treatment or a significant treatment x time interaction, analyses of the 

simple main effect at each time-point were carried out, followed by comparisons 

between each active treatment with the control (vehicle-alone) condition using 

Dunnett's test. In the case of data from the drug interaction study (Group 3), 

multiple comparisons were made between treatment with DOl + vehicle and the 

combined DOl + antagonist treatments, using Neuman-Keul's test. Quantitative 

analysis of the psychometric functions was identical to experiment 1 (see Section 

2.2.5.) 

5.3. RESULTS 

Under each treatment condition, proportional choice of lever B (%B) increased 

progressively as a function of stimulus duration, t. Under the vehicle-alone 
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condition and all active treatment conditions, the number of 'missed' trials (i.e. 

trials in which no response was emitted on either lever A or lever B) was <OSlo. 

5.3.1. Intra-striatal administration of DOl (Group 1) 

The effect of DOl (1, 3 Jlg) on proportional choice of lever B (%B) is shown in 

Fig. 5.1. Analysis of variance of these data revealed that the main effect of the 

treatment was not statistically significant [F(2,16) = 1.0, P>O.I]. The main effect 

of time was statistically significant [F(9,n) = 267.7, P<O.OOI]. There was no 

significant treatment x time interaction [F(18,144) = 1.0, P>O.I]. 

Logistic functions were fitted to the data from each rat under each 

treatment condition; the group mean values ofthe parameters of these functions (:1:: 

SEM) are shown in Table 5.1. There was no significant effect of treatment on Ij(), 

E or the Weber fraction [F<I in each case]. 

5.3.2. Intra-striatal administration ofMDL-lO0907 (Group 2) 

The effect ofMDL-100907 (I, 3 Jlg) on proportional choice oflever B (%B) is 

shown in Fig. 5.2. Analysis of variance of these data revealed that the main effect 

of the treatment was not statistically significant [F< 1]. The main effect of time 

was statistically significant [F(9,8I) = 207.6, P <0.001]. There was no significant 

treatment x time interaction [F(I8,I62) = 1.5, P>0.05]. 

Logistic functions were fitted to the data from each rat under each 

treatment condition; the group mean values of the parameters of these functions (± 

SEM) are shown in Table 5.2. There was no significant effect of treatment on T50, 

E [F<I in each case], or the Weber fraction [F(2,28) = 1.7, P>0.05]. 
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Figure 5.1. Effect of intra-striatally administered DOl (1, 3 ~g) on the relationship 
between proportional choice oflever B (%B) and stimulus duration (t, seconds) in 
the discrete-trials psychophysical procedure. Points indicate group mean data 
under each treatment condition (see inset). 
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Table 5.1. Effects of the intra-striatally administered DOl on measures of performance on the 
discrete-trials psychophysical procedure: group mean values (± SEM) 

Parameters of logistic psychometric function 

Treatment T50, s slope, E p2 Weber fraction 

Vehicle 26.1 ± 1.1 -4.6 ± 1.3 0.93 ± 0.01 0.32 ± 0.04 

........ DOl 1~g 24.4 ± 0.9 -4.4 ± 0.6 0.95 ± 0.01 0.29 ± 0.04 
VI 
0 

DOl 3~g 24.5 ± 1.1 -3.6 ± 0.6 0.92 ± 0.02 0.37 ± 0.06 
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Figure 5.2. Effect of intra-stria tally administered MDL-100907 (0.1, OJ /-lg) on 
the relationship between proportional choice of lever B (%B) and stimulus 
duration (t, seconds) in the discrete-trials psychophysical procedure. Points 
indicate group mean data under each treatment condition (see inset). 
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Table 5.2. Effects of intra-stria tally administered MDLI00907 on measures of performance on the 
discrete-trials psychophysical procedure: group mean values (± SEM) 

Parameters of logistic psychometric function 

Treatment T50, s slope, £ p2 Weber fraction 

Vehicle 24.8 ± 0.9 -3.30 ± 0.20 0.74 ± 0.01 0.35 ± 0.02 

MDL 100907 Illg 24.1 ± 1.2 -3.41 ± 0.33 0.92 ± 0.10 0.36 ± 0.40 

MDL 100907 31lg 23.7 ± 1.1 -3.18 ± 0.32 0.92 ± 0.00 0.43 ± 0.04 



5.3.3. Interaction between systemically administered DOl with intra-

striatally administered MDL-I00907 and RS-I02221 (Group J) 

The %B data are shown in Fig. 5.3. Analysis of variance of these data revealed a 

significant main effect of time [F(9,81) = 64.9, P<O.OOI]. There was no 

significant main effect of treatment [F<l]. However, there was a significant 

treatment x time interaction [F(27, 243) = 2.7, P<O.OOI]. Analysis of the simple 

main effects revealed significant treatment effects 37.5 s [F(3,27) = 5.8, p." 

0.005] and 47.5 s [F(3,27) = 4.3, P< 0.05] after trial onset. Multiple comparisons 

showed that DOL produced a significant decrease in %B at both these time points; 

in neither case was this effect significantly reversed by either MDL-I00907 or 

RS-102221. 

Logistic functions were fitted to the data from each rat under each 

treatment condition; the group mean values ofthe parameters ofthese functions (± 

SEM) are shown in Table 5.3. There was no significant effect of treatment on T50 

[F(3,21) = 1.3, P>O.l]. The effect of treatment on c was statistically significant 

[F(3,21) = 5.6, P<0.005]. Post hoc tests showed that the value of this parameter 

was increased by systemically administered DOL; however DOL's effect was not 

significantly reversed by either MDL-100907 or RS-102221. The effect of 

treatment on the Weber fraction fell short of statistical significance [F(3,21) = 2.6, 

0.1>P>0.05]. 

5.3.4. Histology 

Figure 5.4 shows the cannula placements for all the rats. In each rat, the tracks of 

the internal cannulae terminated in the dorsal striatum in both hemispheres. 

-
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Figure 5.3. Interaction between systemically admisistered Doi and intrastriatally 
administered MDL-100907 and RS-102221 on the relationship between 
proportional choice of lever B (%B) and stimulus duration in the discrete-trials 
psychophysical procedure. DOl significantly reduced %B at the 37.5 and 47.5 s 
time points (* P<0.05). In neither case was this effect significantly altered by 
either MDL-100907 or RS-102221 (see text for details). 
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Table 5.3. Interaction between systemically administered DOl and intra-striatally administered 
MDL-100907 and RS 1 02221 on measures of performance on the discrete-trials 
psychophysical procedure: group mean values (± SEM) 

Parameters of logistic psychometric function 

Treatment T50, s slope, c p2 Weber fraction 

Vehicle + Vehicle 23.0 ± 1.7 -3.3 ± 0.5 0.88 ± 0.03 0.42 ± 0.08 

DOl + Vehicle 26.8 ± 2.1 -1.9 ± 0.2* 0.83 ± 0.04 0.69 ± 0.10 

DOl + MDL-l 00907 27.6 ± 4.8 -2.2 ± 0.3* 0.78 ± 0.04 0.59 ± 0.08 

DOl + RS-l 02221 31.0 ± 4.0 -1.6 ± 0.4* 0.64 ± 0.10 0.99 ± 0.33 

* significantly different from control (Vehicle + Vehicle) condition (P<0.05); see text for details 



AP +1.5 

AP +1.0 

AP +0.5 

Figure 5.4. Diagram of cannula placements within the dorsal striatum. Points 
indicate the approximate positions of the tips of the injection cannulae derived 
from the histological slides (see text for details). The three sections are taken from 
Paxinos and Watson's atlas at the AP locations indicated. Circles: brains of rats 
from Group 1; triangles: brains of rats from Group 2; inverted triangles: brains or 
rats from Group 3. 
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5.4. DISCUSSION 

Temporal discrimination performance in the discrete-trials psychophysical 

procedure used in this experiment was similar to that reported previously: 

proportional choice of lever B increased as a sigmoid function of stimulus 

duration, this being well described by a two-parameter logistic equation (Body ct 

al. 2002a; see also Chapters 2 and 4). The fits of the logistic functions were 

somewhat poorer in this experiment than in the previous experiments employing 

the discrete-trials psychophysical procedure (Experiments I and 3). This probably 

reflects the fact that in the present experiment the data were derived from only 

three or four sessions under each treatment condition, as opposed to five sessions 

in the other experiments. The smaller number of treatment sessions in the present 

experiment was due to the limited number of intracerebral injections that it was 

considered appropriate to give to each rat. The giving of twelve injections seems 

to be justified, in that the histological examination of the brains did not indicate 

any significant structural damage to the striatum. Further experiments may be 

needed to ascertain whether this number could be increased without incurring 

unacceptable tissue damage. 

Systemically administered DOl (Group 3) produced some disruption of 

temporal discrimination, although the effect was less marked than in Experiment 

3. In the present experiment, the slope of the psychometric function was 

significantly flattened by DOl; however, in contrast to Experiment 3, T50 and the 

Weber fraction were not significantly altered. It is possible that this reflects the 

smaller number of animals and the smaller number of injections given to each 

animal in the present experiment (see above). 

There is a substantial body of evidence indicating that the dorsal striatum 
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plays a pivotal role in the regulation of interval timing behaviour (Harrington et al. 

1998; Meck and Benson 2001; Matell et al. 2003; Nenadic et al. 2003; Hinton and 

Meck 2004; Matell and Meck 2004; Pastor et al. 2004; Lustig .et al. 2005; Meck 

2005). 5-HT 2A receptors exist in considerable numbers in the striatum (see Barnes 

and Sharp 1999; Hoyer et al. 2002), where they may contribute to the regulation 

of the activity ofthe direct striatal output pathway (Bishop et al. 2004). Therefore 

it was decided, in the present experiment, to examine whether the 5-HT 2A receptor 

popUlation responsible for DOl's effect on temporal discrimination might be 

located in the dorsal striatum. However, DOl had no significant effect on temporal 

discrimination when it was injected directly into the dorsal striatum (Group 1). 

Furthermore, MDL-I00907, administered directly into the dorsal striatum, had 

not effect on temporal discrimination (Group 2), and was not able to attenuate the 

effects of systemically administered DOl on the slope of the psychometric 

function (Group 3). Thus the present results suggest that the population of5-HT2A 

receptors that mediates DOl's effects on temporal discrimination probably does 

not reside in the dorsal striatum. 

The failure of intra-striatally injected RS-I02221 to block the effect of 

DOl argues against a significant role of striatal5-HT2c receptors in DOl's eflect, 

because RS-I02221 has a considerably higher affinity for 5-HT2c receptors than 

for other 5 -HT 2 receptor subtypes (Bonhaus et al. 1997). It has yet to be 

established whether systemic administration of5-HT2c receptor antagonists can 

alter the effect of DOl on timing behaviour. 

The possibility cannot be totally excluded that the lack of effect of the 

intracerebrally administered drugs in these experiments was due to the use of 

inadequate doses. However, intracerebral injection of DOl in doses comparable to 

those used in the present experiments has been found to be effective in other 
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behavioural tests (Sipes and Geyer 1997; Bishop et al. 2004). Moreover, doses of 

MD L-l 00907 and RS-l 02221 similar to those used in the present experiment have 

been found to attenuate cocaine-induced behaviour when injected into the ventral 

tegmental area and nucleus accumbens, respectively (McMahon et al. 2001; Filip 

and Cunningham 2002). Therefore, it seems reasonable to interpret the inability of 

DOl and the two antagonists to affect temporal discrimination following direct 

injection into the dorsal striatum as indicating that the relevant receptor population 

is not located in this structure. 
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CHAPTER 6 

Experiments 5 and 6: 

EFFECTS OF SYSTEMICALLY AND INTRA­
STRIATALLY ADMINISTERED DOl ON 

TEMPORAL DIFFERENTIATION 

Experiment 5: Effects of systemically administered DOl and 
MDL-I00907 

Experiment 6: Effects of intra-striatally administered DOl, 
MDL-I00907 and RS-I02221 
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6.1. INTRODUCTION 

The experiments described in the previous chapter investigated the hypothesis that 

the disruptive effects of 5-HT2 receptor agonists on temporal discrimination might 

be mediated by a 5-HT2A receptor population located in the dorsal striatum, an 

area that has been implicated in the control of interval timing behaviour. The 

results did not support the hypothesis. 

The experiments described in this chapter examined the same hypothesis 

in the case of temporal differentiation. There is good evidence that 5-HT2A 

receptor stimulation can alter temporal differentiation in the free-operant 

psychophysical procedure. The results of Experiment 2 (see Chapter 3) showed 

that the non-selective 5-HT receptor agonist quipazine produced a leftward 

displacement ofthe psychometric function derived from this schedule, reflected in 

a reduction of the indifference point T50 . The reversal ofthis effect by ketanserin 

strongly suggests that the quipazine's effect was mediated by 5-HT2A receptors. 

This result is consistent with previous findings by Body et al. (2003, 2004), 

showing that DOl reduced T50 in the free-operant psychophysical procedure, and 

that this effect could be reduced by ketanserin. 

One aim ofthe experiments described in this chapter was to extend these 

observations with ketanserin to the highly selective 5-HT2A receptor antagonist 

MDL-100907. The other aim was to examine whether the effect of systemically 

administered DOl would be reproduced when the agonist was injected directly 

into the striatum. In addition it was examined whether intra-striatal injection of 

MDL-100907 and the highly selective 5-HT2c receptor antagonist RS-I02221 

(Bonhaus et al. 1997) could block the effect of DOl on temporal differentiation. 
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6.2. Experiment 5: EFFECTS OF SYSTEMICALLY 

ADMINISTERED DOl AND MDL-I00907 

6.2.1. Methods 

6.2.1.1. Subjects 

Twenty female Wistar rats aged approximately 4 months and weighing 250-290 g 

at the start of the experiment were housed individually under the same conditions 

as in Experiment 1. 

6.2.1.2. Apparatus 

The rats were trained in operant conditioning chambers (CeNeS Ltd, Cambridge, 

UK) identical to those used in Experiment 4 (see Section 5.2.1). 

6.2.1.3. Behavioural training 

At the start of the experiment, the food deprivation regimen commenced and the 

rats were gradually reduced to 80% of their free-feeding body weights. They were 

then trained to press the levers, and were exposed to a discrete-trials continuous 

reinforcement schedule, in which the two levers were presented in a random 

sequence, for three sessions. Thereafter, the rats underwent 50-minute training 

sessions under the free-operant psychophysical procedure as described in 

Experiment 2 (see Chapter 3 for details). 

162 



6.2.1.4. Drug treatment 

The drug treatment regimen started after 80 sessions of preliminary training under 

the free-operant psychophysical procedure. DOl was injected subcutaneously 

using a 26-gauge needle, at a volume of 1.0 ml kg-I, 15 minutes before the start of 

the experimental session. MDL-1 00907 was injected intraperitoneally using a 25-

gauge needle, at a volume of 2.5 ml kg-', 25 minutes before the start of the 

session. Drugs were administered on Tuesdays and Fridays, vehicle injection:) 

were given on Mondays and Thursdays, and no injections were given on 

Wednesdays, Saturdays or Sundays. The order of treatments was balanced within 

artd between animals according to a Latin square. Control injections used the 

vehicle appropriate for that drug (see below). Each treatment was administered 

five times in order to accrue a sufficient number of probe trials to obtain reliable 

estimates ofthe timing indices for individual rats (Chiang et al. 2000 a, b). Each 

rat received DOl 0.25 mg kg-I, MDL-100907 0.5 mg ki', artd a combined 

treatment with DOl 0.25 mg kg-I + MDL-100907 0.5 mg kg-I. Doses ofthe drugs 

refer to the weights of the salts. 

DOl was dissolved in 0.9% sodium chloride solution. MDL-I 00907 

was dissolved in glacial acetic acid artd sterile water, buffered to pH 5.5 and 

diluted to volume with 0.9% sodium chloride solution. 

6.2.1.5. Data analysis 

Only the data collected from the probe trials were used in the analysis. The 

methods for data artalysis were similar to those used in Experiment 2 (see Section 

3.2.5.). 
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Relative response rates. Relative response rate on lever B (%B), defined 

as the response rate on lever B div~ded by the combined response rate on both 

levers, was analysed by a two-factor analysis of variance (treatment x time-bin) 

with repeated measures on both factors. 

Psychometric functions. A two-parameter logistic function was fitted to the 

relative response rate data from each rat under each treatment condition: 

%B= 1001(1 +[tIT50]E), where t is time from trial onset, T50 (the indifference point) 

is a parameter expressing the time at which %B=50%, and £ is the slope of the 

function; these parameters were used to derive the Weber fraction, as described 

previously (see Section 3.2.5). The values ofT50, £, and the Weber fraction were 

analysed by one-factor analyses of variance (treatments) with repeated measures. 

In the case of a significant effect of treatment, comparisons were made between 

each active treatment and the control (vehicle alone) condition using Dunnett's 

test. In the case of data from agonist-antagonist interaction, multiple comparisons 

were made between treatment with DOl alone and the combined DOl + MDL-

100907 treatment, using the Newman-Keuls test (significance criterion, P<0.05). 

Overall response rates. Overall response rate was analysed using a one­

factor analysis of variance (treatment), with repeated measures, followed by post­

hoc analyses as described above.· 

Switching. The probability of a switch occurring in each 5-s epoch of the 

probe trials was calculated for each rat. Logistic functions (see above) were fitted 

to the cumulative probability distributions, and the inflection point, S50, was 

derived (see Section 3.2.5.) The values of S50 were subjected to one-factor 

analyses of variance, as described above. 
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6.2.2. Results 

Psychometric functions 

In each treatment condition, response rate on lever A declined and 

response rate on lever B increased as a function of time from trial onset, the 

proportion of responding allocated to lever B (%B) increasing progressively 

during the course of the trial (Figure 6.1). Analysis of variance revealed 

significant main effects of time-bin [F(9,171)=453.6, P<O.OOI] and treatment 

[F(3,57)=5.3, P<O.OI], and a significant treatment x time-bin interaction 

[F(27,513)=5.2, P<O.OOI]. 

Logistic functions were fitted to the %B data from each treatment 

condition; the group mean values of the parameters of these functions (±SEM) are 

shown in Table 6.1. 

Indifference point, Tso. Analysis of variance showed a significant effect of 

treatment [F(3,57)=7.6, P<O.OOI]. Multiple comparisons showed that 001 

significantly reduced Tso. The effect of 001 was significantly reversed by co­

administration ofMDL-100907; there was no significant difference between the 

values of Tso derived from the vehicle and DOl + MDL-l 00907 conditions. 

Slope. There was no significant effect of treatment (F<l). 

Goodness of fit, p2. The mean values of p2 were >0.97 under each 

treatment condition. 

Weber fraction. There was no significant effect of treatment [F(3,57)=1.3, 

P>0.1]. 

Overall response rates. The group mean overall response rates (±SEM) 

under each treatment condition are shown in Table 6.1. There was a significant 

effect of treatment [F(3,57)=30A, P<O.OOI]. Multiple comparisons showed that 
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Figure 6.1. A. Effect of systemic treatment with DOl, MDL-I00907 and 
combined treatment with DOl + MDL-l 00907 on performance on the free-operant 
psychophysical procedure. Ordinate: percent responding on lever B (%B); 
abscissa: time from trial onset (s). Points indicate group mean data under each 
treatment condition (see inset). B. Effect on the treatments on probability of 
switching from lever A to lever B. Ordinate: cumulative probability of switching; 
abscissa: time from trial onset (s). 
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Table 6.1. Experiment 5: Effects of the treatments timing performance on the free-operant psychophysical procedure 

Mean± SEM 

Treatment T50(S) t Weber fraction Response rate 
(responses min-1

) 

S50 (s) 
-- -- -- -- -----

Vehicle 13.77 ± 0.20 -3.79 ± 0.20 0.31 ± 0.02 55.97 ± 1.20 12.05 ± 0.74 

DOl 0.25 mg kg-1 11.75 ± 0.84* -4.53 ± 0.59 0.31 ± 0.03 36.66 ± 2.13* 9.62 ± 0.74* 
....... 
0\ 

MDL-100907 0.5 mg kg-1 -..,J 14.62 ± 0.73 -4.48 ± 0.25 0.26 ± 0.01 61.29 ± 1.34 12.82 ± 0.76 

DOl 0.25 mg kg-1 + 
13.97 ± 0.83# -4.18 ± 0.30 0.29 ± 0.02 53.01 ± 1.19# 11.25 ± 0.82# 

MDL-100907 0.5 mg kg-1 



DOl significantly reduced the overall response rate, and that this effect was 

significantly attenuated by MDL-I00907. 

Switching. DOl displaced the switching probability function to the left, and 

this effect was reversed by MDL-100907 (Figure 6.1). There was a significant 

effect of treatment on S50 [F(3,57)=6.7, P<O.Ol]. Multiple comparisons showed 

that DOl reduced S50 and that this effect was attenuated by co-administeation of 

MDL-I00907; there was no significant difference between the values of 5'5(} 

derived from the vehicle and DOl + MDL-I00907 conditions (Table 6.1). 

6.3. Experiment 6: EFFECTS OF INTRA-STRIATALLY 

ADMINISTERED DOl, MDL-I00907 AND RS-I0222 1 

6.3.1. Methods 

6.3.1.1. Subjects 

Eighteen female Wi star rats aged approximately 4 months and weighing 250-290 

g at the start of the experiment were housed individually under the same 

conditions as in the previous experiment. 

6.3.1.2. Apparatus 

The same apparatus was used as in the previous experiment. 
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6.3.1.3. Behavioural training 

The rats were trained under the same schedule as that used in the previous 

experiment. 

6.3.1.4. Surgery 

Surgical preparation was identical to that used in Experiment 4 (see Section 

5.2.4). 

6.3.1.5. Drug treatment 

Two weeks after surgery the rats were divided into two, groups. Group 1 (n-'-"9) 

received the following three treatments, each treatment being given four times: (i) 

vehicle (intracerebral [i.c.]), (ii) DOr (1 jlg, i.c.), (iii) DOr (3 jlg, i.c.). Group 2 

(n=9) received the following four treatments, each treatment being given three 

times: (i) vehicle (s.c.) + vehicle (i.c.), (ii) DOL (0.25 mg kg-I, s.c.) + vehicle 

(i. c.), (iii) DOl (0.25 mg kg-I, s.c.) + MDL-100907 (0.3 /lg, i.c.), (iv) DOL (0.25 

mg kg-I, s.c.) + RS-I02221 (0.15 /lg, i.c.). The doses for intracerebral injection 

were chosen on the basis of previous studies in which these compounds were 

injected intracerebrally (for references, see Discussion). The protocol for 

subcutaneous injections was the same as in Experiment 5, and for intra-cerebral 

injections was the same as in Experiment 4. 

DOr was dissolved in sterile water, MDL-l 00907 was dissolved in glacial 

acetic acid, and RS-102221 [8-(5-(2,4-dimethoxy-5-(trifluoromethylphenyl-
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sulphonamido )phenyl-5-oxopentyl) 1 ,3,8-triazaspiro( 4.5)decane-2,4-dione Hell 

was dissolved in 0.9% sodium chloride solution. Each drug solution was diluted to 

volume with phosphate buffered saline (pH 7.0). Doses of the drug refer to the 

weights of the salts. 

6.3.1.6. Histology 

Histological analysis was the same as experiment 4 (see Section 5.2.6). 

6.3.1.7. Data analysis 

The data from the two groups (Group I: DOl, i.c.; Group 2: DOl, s.c. + MDL-

100907, i.c. and RS-I 02221, i.c.) were analysed separately. The same methods of 

analysis were used as in Experiment 5 (see Section 6.2.l. 7). 

6.3.2. Results 

6.3.2.1. Intra-striatal administration of DOl (Group 1) 

Psychometric functions. Under all treatment conditions, response rate on 

lever A declined and response rate on lever B increased as a function of time from 

trial onset, the proportion of responding devoted to lever B (%B) increasing 

progressively during the course of the trial (Figure 6.2). Analysis of variance 

(treatment x time-bin) revealed significant main effects of time-bin 

[F(9,72)=41O.8, P<O.OOI] and treatment [F(2, 1 6)=4.9, P<0.05], and a significant 

treatment x time-bin interaction [F(18,144)=3.2, P<O.OOl]. The parameters of the 

fitted curves are shown in Table 6.2. 
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Figure 6.2. Effects of intra-striatal administration of DOl (l and 3 ~g) on 
performance on the free-operant psychophysical procedure. Conventions as in 
Figure 6.1. . 
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Table 6.2. Experiment 6: effects of the treatments on timing performance on the free-operant psychophysical procedure 

Mean± SEM 

Treatment T50(S) 
E Weber fraction 

Response rate 
(responses min-I) 

S50 (s) 

Vehicle (i.c.) 16.31 ± 1.03 -4.03 ± 0.22 0.28 ± 0.02 50.55 ± 3.02 14.92 ± 0.87 

DOr 1 Ilg (i.c.) 17.56 ± 1.00 -4.17 ± 0.31 0.28 ± 0.02 50.43 ± 3.03 15.93 ± 0.94 

DOr 3 Ilg (i.c.) 15.91 ± 0.78 -4.09 ± 0.27 0.28 ± 0.02 51.65 ± 3.49 14.02 ± 0.58 

...... 
-l 
N 

Vehicle (s.c.) + vehicle (i.c.) 17.52 ± 1.42 -4.13 ± 0.24 0.28 ± 0.02 44.04 ± 3.63 13.61 ± 1.37 

DOr 0.25 mg kg-I (s.c.) + 14.82 ± 1.54* -3.17 ± 0.32* 0.38 ± 0.03* 30.44 ± 2.81 * 10.43 ± 1.12* 
vehicle (i.c.) 

DOr 0.25 mg kg-I (s.c.) + 
15.50 ± 1.69* -3.29 ± 0.31 * 0.37 ± 0.04* 34.38 ± 3.23* 10.64 ± 1.49* 

MDL-100907 0.3 Ilg (i.c.) 

DOl 0.25 mg kg-I (s.c.) + 
14.97 ± 1.28* -3.30 ± 0.26* 0.36 ± 0.03* 32.96 ± 2.06* 10.93 ± 1.29* 

RS-102221 0.15 Ilg (i.c.) 

* Significantly different from vehicle (P<0.05) 



Indifference point, T50. There was a significant effect of treatment 

[F(2,16)=4.4, P<0.05]. However, multiple comparisons with the vehicle alone­

condition revealed that neither dose of 001 produced a significant effect on T50. 

Slope. There was no significant effect of treatment (F<l). 

Goodness of fit, p2. The mean values of l were >0.99 under each 

treatment condition. 

Weber fraction. There was no significant effect of treatment (F< I). 

Overall response rate. There was no significant effect oftreatment (F< I). 

Switching, S50. Analysis of variance revealed a significant main effect of 

treatment [F(2,16)=5.l, P<0.05]. However, multiple comparisons with the 

vehicle-alone treatment revealed that neither dose of 001 produced a significant 

effect on S50. 

6.3.2.2. Intra-striatal administration of MDL-I00907 and RS-I02221: 

interaction with systemically administered DOl (Group 2) 

Psychometric functions. Under all treatment conditions, response rate on 

lever A declined and response rate on lever B increased as a function of time from 

trial onset, %B increasing progressively during the course of the trial (Figure 6.3). 

Analysis of variance of the relative response rate data (treatment x time-bin) 

revealed a significant effect of time-bin [F(9,72)=207.8, P<O.OOI]. The main 

effect of treatment was not significant [F(3,24)=1.9, P>0.05], but there was a 

significant treatment x time-bin interaction [F(27,216)=51.1, P<O.OOI]. DOl 

displaced the psychometric function to the left compared to the function derived 

for the vehicle-alone treatment condition. Neither MDL-I 00907 nor RS-I 02221 

reversed this effect of DOL This was confirmed by statistical analysis of the 
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parameters of the logistic functions derived from the four treatment conditions, 

shown in Table 6.2. 

Indifference point, T50. There was a significant effect of treatment 

[F(3,24)=3.5, P<0.05]. Multiple comparisons showed that 001 reduced T50 and 

that the value of T50 obtained in the 001 + vehicle condition did not differ 

significantly from that obtained in the 001 + MDL-l 00907 and 001 + RS-l 02221 

conditions, indicating that neither antagonist attenuated DOl's effect on T50 . 

Slope. There was a significant effect of treatment [F(3 ,24 )=8.7, P<O. 00 I J. 

001 produced an increase of the value of G, and hence a flattening of the 

psychometric curve. Multiple comparisons showed that neither MDL-l 00907 nor 

RS-I02221 attenuated this effect of 001. 

Goodness of fit, l. The mean values of p2 were >0.97 under each 

treatment condition. 

Weber fraction. There was a significant effect of treatment [F(3,24)=6.6, 

P<O.Ol]. Multiple comparisons showed that 001 increased the Weber fraction and 

that neither MDL-I00907 nor RS-I02221 reversed this effect of 001. 

Overall response rate. There was a significant effect of treatment 

[F(3,24)=15.4, P<O.OOI]. Multiple comparisons showed that 001 reduced overall 

response rate and that neither MD L-l 00907 nor RS-l 02221 reversed this effect of 

001. 

Switching, S50. 001 reduced the value of S50 (Figure 6.3). There was a 

significant effect of treatment [F(3,24)=5.8, P<O.OI]. MUltiple comparisons 

revealed a significant effect of 001; the effect of 001 was not attenuated by either 

MDL-l 00907 or RS-I02221. 
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Figure 6.3. Effects of systemic treatment with Dor (0.25 mg kg-I) alone and in 
combination with intra-striatal administration of MDL-100907 (0.3 flg) and RS-
102221 (0. 15flg) on performance on the free-operant psychophysical procedure. 
Conventions as in Figure 6.1. 
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6.3.2.3. f{istolo~ 

Figure 6.4 shows the cannula placements for all the rats. In each rat, the 

tracks of the internal canulae terminated in the dorsal striatum in both 

hemispheres. 

6.4. DISCUSSION 

In accordance with prevIOUS experiments usmg Stubbs' free-operant 

psychophysical procedure (Stubbs 1976; Bizo and White 1994a,b; Killeen et al. 

1997; Chiang et al. 1998; Machado and Guilhardi 2000; see also Experiment 2), 

response rate on lever A declined, while response rate on lever B increased, as a 

function oftime from trial onset. This was reflected in an increasing percentage of 

total responding on lever B (%B) as the trial progressed, that was well described 

by a two-parameter logistic function. 

As has been observed in previous experiments (Body et al. 2003, 2004), 

systemically administered DOl (0.25 mg/kg) reduced the value of T50. The effect 

of DOl was completely abolished by systemic co-administration ofMDL-l 00907 

(0.5 mg/kg). DOl is a 5-HT2 receptor agonist with approximately equal affinity for 

the 5-HT2A, 5-HT2B and 5-HT2C receptor subtypes (see Barnes and Sharp 1999; 

Hoyer et al. 2002). Body et al. (2003, 2004) previously found that the effect of 

DOl on T50 could be antagonized by ketanserin, an antagonist with considerably 

higher affinity for the 5-HT2A receptor than for the 5-HT2C receptor (see Hoyer et 

al. 2002), and concluded that the effect of DOl was probably mediated by 5-HT2A 

receptors. This conclusion is greatly strengthened by the present results obtained 

with MDL-100907, a 5-HT2A receptor antagonist with minimal affinity for the 
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AP +1.5 

AP +1.0 

AP +0".5 

Figure 6.4. Diagram of cannula placements within the dorsal striatum. Points 
indicate the approximate positions of the tips of the injection cannulae derived 
from the histological slides (see text for details). The three sections are taken from 
Paxinos and Watson's atlas at the AP locations indicated. Open circles: brains of 
rats from Group 1 ;jilled circles: brains of rats from Group 2. 
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other 5-HT2 receptor subtypes (Sorensen et al. 1993; Kehne et al. 1996; Schmidt 

et al. 1997). 

Systemically administered DOr reduced the overall rate of responding on 

the free operant psychophysical procedure. This effect has been noted before with 

DOr (Body et al. 2003). The suppression of responding by DOl also appears to be 

mediated by 5-HT2Areceptors, as it was completely reversed by MDL-100907.1t 

is important to note that T50 is estimated from relative response rate, and should 

therefore be impervious to a change in absolute response rates (Chiang et al. 

2000a; Odum et al. 2002). It is therefore unlikely that the change in T50 was 

secondary to the change in absolute response rate. Moreover, DOr also produced a 

decrease in the mean switching time, S50, a measure that is comparable to T 50, but 

which is calculated independently of response rate. The reduction inS50 produced 

by DOr was also reversed by MDL-I00907. 

As discussed in the previous chapter, there is a substantial body of 

evidence indicating that the dorsal striatum plays a pivotal role in the regulation of 

interval timing behaviour (Harrington et al. 1998; Meck and Benson 2001; MateH 

et al. 2003; Nenadic et al. 2003; Hinton and Meck 2004; MateH and Meck 2004; 

Pastor et al. 2004; Lustig et al. 2005; Meck 2005). Since 5-HT2A receptors exist in 

considerable numbers in the striatum (see Barnes and Sharp 1999; Hoyer et al. 

2002), it seemed appropriate to examine whether the 5-HT2A receptor population 

responsible for DOl's effect on temporal differentiation might be located in the 

dorsal striatum. However, in contrast to its robust effect when administered 

systemically, DOr had no significant effect on temporal differentiation when it 

was injected directly into the dorsal striatum. Furthermore, MDL-I00907, 

administered directly into the dorsal striatum, was not able to attenuate the effects 

of systemically administered DOr on T 50, S50 or response rate. Thus the present 
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results suggest that the population of5-HT2A receptors that mediates DOl's effects 

on temporal differentiation probably does not reside in the dorsal striatum. 

The failure of intra-striatally injected RS-I02221 to block the effect of 

DOl argues against a significant role of striatal5-HT2c receptors in DOl's effect, 

because RS-l 02221 has a considerably higher affinity for 5-HT 2C receptors than 

for other 5-HT2 receptor subtypes (Bonhaus et al. 1997). As in the case of 

temporal discrimination (see previous chapter), it remains to be established 

whether systemic administration of 5-HT2c receptor antagonists can alter the 

effect of DOl on temporal differentiation. 

As discussed in the previous chapter, the possibility cannot be totally 

excluded that the lack of effect of the intracerebrally administered drugs in these 

experiments was due to the use of inadequate doses. However, as noted above 

intracerebral injection of DOl in doses comparable to those used in the present 

experiments has been found to be effective in other behavioural tests (Sipes and 

Geyer 1997; Bishop et al. 2004), and doses of MDL-100907 and RS-I02221 

similar to those used in the present experiments have been found to be 

behaviourally active when injected into the ventral tegmental area and nucleus 

accumbens (McMahon et al. 2001; Filip and Cunningham 2002). Therefore, it 

seems reasonable to interpret the inability of DO! and the two antagonists to affect 

temporal differentiation following direct injection into the dorsal striatum as 

indicating that the relevant receptor population is not located in this structure. 

Current models of the neural substrate of interval timing generally 

emphasize the role of the striatum as a component of a cortico-striato-thalamo­

cortical loop (Meek and Benson 2001; F errandez et al. 2003; Matell et al. 2003; 

Hinton and Meek 2004; Matell and Meck 2004; Lustig et al. 2005; Meck 2005). 

5-HT2A receptors are expressed in more than one component of these loops. 
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Although they are especially well represented in the dorsal striatum, there are also 

dense populations in other parts of the basal ganglia and in the cerebral cortex 

(Pompeiano et al. 1994; Wright et al. 1995; Hamada et al. 1998; Cornea-Hebert et 

al. 1999; Bubser et al. 2001; Hoyer et al. 2002). In the cortex, in situ hybridization 

(Burnet et al. 1995; Wright et al. 1995) and single cell recording studies (Marek 

and Aghajanian 1999) have localized 5-HT2A receptors to glutamatergic 

corticostriatal projection neurones. In addition, there is evidence that 5-HT2A 

receptors are present on dopaminergic neurones of the ventral tegmental area and 

substantia nigra, the nuclei of origin of the forebrain dopaminergic projection 

(Ikemoto et al. 2000; Nocjar et al. 2002). Whether either or both of these receptor 

popUlations is responsible for the effects of 5-HT 2A receptor agonists on temporal 

differentiation is an open question that awaits further investigation. 
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CHAPTER 7 

Experiment 7: 

EFFECTS OF 5-HT1A AND 5-HT2A RECEPTOR 
STIMULATION ON TEMPORAL 

DIFFERENTIATION PERFORMANCE IN THE 
FIXED-INTERVAL PEAK PROCEDURE 
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7.1 INTRODUCTION 

As reviewed in Chapter 1, performance on several types of interval timing 

schedule is sensitive to acute treatment with drugs acting at 5-HT1A and 5-

HT 2A receptors. 

The 5-HT lA receptor agonist 8-hydroxy-2-( di-n-propylamino )tetralin 

(8-0H-DPAT) has been tested in several types of timing task, including the 

free-operant psychophysical procedure (Stubbs 1976) and the interval bisection 

task (Catania 1970) (for details of these timing schedules see Chapter 1). In the 

free-operant psychophysical procedure, 8-0H-DPAT displaced the 

psychometric function to the left, this being reflected in a reduction of the 

indifference point, Tso; however, the slope of the function was only minimally 

affected by 8-0H-DPAT (Chiang et al. 2000b; Body et al. 2001, 2002b, 2004). 

Confirmation of the involvement of 5-HT1A receptors in 8-0H-DPAT's effect 

was provided by the reversal of the effect by co-administration of the highly 

selective 5-HT lA receptor antagonist N-[2-( 4-[2-methoxyphenyl]-I­

piperazinyl]ethyl]-N-2-pyridinylcyclohexanecarboxamide (WAY -100635) 

(Body et al. 2003, 2004). 

8-0H-DPAT produced a very different pattern of effect in the interval 

bisection task. In this schedule, 8-0H-DPAT reduced the slope of the 

psychometric function, but did not alter Tso (Chiang et al. 2000b). In the 

discrete-trials psychophysical procedure (Body et al. 2002a), 8-0H-DPAT's 

effect on the function resembled that seen with the interval bisection task: the 

slope was reduced, but Tso was not altered (Body et aI., 2002a). 

The effects of the 5-HT2A12C receptor agonist 2,5,-dimethoxy-4-
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iodoamphetamine (DOl) on timing performance are similar to those of 8-0H­

DP AT. DOl reduced Tso in the free-operant psychophysical procedure, an 

effect that was reversed by the 5-HT2A receptor antagonist ketanserin (Body et 

al. 2003, 2004), but reduced the slope of the function in the discrete-trials 

psychophysical procedure (see Section 4.3). Quipazine, an agonist with high 

affinity for both 5-HT3 and 5-HT2A receptors, also reduced Tso in the free­

operant psychophysical procedure (see Section 3.3), and reduced the slope of 

the function in the discrete-trials psychophysical procedure (see Section 2.3). 

In both cases, quipazine's effect was reversed by ketanserin, implicating 

5-HT2A receptors in the effects of quipazine in both types of timing schedule. 

Drug-induced displacement of the psychometric timing function is 

often interpreted in terms of a change in the period of the hypothetical 

pacemaker that is widely believed to underlie interval timing performance 

(Meck 1986, 1996; Gibbon et al. 1997). However, the divergent effects of the 

5-HTIA and 5-HT2A receptor agonists on performance in different types of 

timing task defy a straightforward explanation in these terms, because 

according to classical pacemaker-based theories of timing, such as Scalar 

Expectancy Theory (Gibbon 1977) and the Behavioural Theory of Timing 

(Killeen and Fetterman 1988), the same pacemaker regulates timing 

performance on all voluntary timing tasks, and therefore it would be expected 

that a drug that affects pacemaker function would have at least qualitatively 

similar effects on performance on different types of timing schedule (see Zeiler 

1998; Grondin 2001). 

In searching for an alternative explanation for the effects of 5-HTIA and 

5-HT2A receptor agonists on timing performance, it is appropriate to consider 
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procedural differences that might distinguish those tasks that reveal T50-

reducing effects of these agonists from those that do not (Ho et al. 2002). One 

possible distinguishing feature is suggested by Killeen et aI.' s (1997) proposal 

that timing schedules can be classified according to the relation between the 

organism's behaviour and the interval being timed. According to Killeen et 

al.'s (1997) taxonomy, two major classes of timing schedule are immediate and 

retrospective timing schedules (Killeen and Fetterman 1988; Killeen et al. 

1997). In immediate timing schedules the organism's behaviour comes under 

the control of time during an elapsing interval (temporal differentiation), 

whereas retrospective timing tasks require the organism to discriminate the 

durations of exteroceptive stimuli that have elapsed before the discriminative 

response is made (temporal discrimination) (see Section 1.3). The free-operant 

psychophysical procedure fulfils the criteria for an immediate timing schedule, 

whereas the interval bisection and discrete-trials psychophysical schedules 

belong to the category of retrospective timing tasks. Viewed in these terms, it 

is possible that acute 5-HTIA and 5-HT2A receptor stimulation results in a 

reduction of T50 only in immediate timing tasks. If this is the case, one might 

expect that agonists of these receptors would displace T50 in other immediate 

timing tasks. 

The experiments reported here tested this prediction by examining the 

effects of 8-0H-DPAT and DOl on performance on the fixed-interval peak 

procedure. This schedule (Catania 1970; Roberts 1981) is one of the most 

widely used schedules in studies of interval timing in animals (see Hinton and 

Meck 1997~ Matell and Meck 2004). In standard fixed-interval trials, 

reinforcement follows the first response after a fixed interval has elapsed; in 

184 



probe trials, reinforcement is omitted and responding is allowed to continue for 

a period several times longer than the fixed interval. Interval timing is revealed 

by the evolution of response rate during the course of the probe trials. Rising 

from a low level at the start of the trial, response rate attains a peak close to the 

designated time of reinforcer availability in the standard trials, and 

subsequently declines. The time of maximum response rate (peak time, {peak) is 

the primary index of temporal differentiation, and has a theoretical status 

equivalent to that of T50 in the schedules described above (see Hinton and 

Meck 1997; Killeen et al. 1997). Like the free-operant psychophysical 

procedure, the fixed-interval peak procedure belongs to the category of 

immediate timing schedules (Killeen et al. 1997). However the two schedules 

differ in one important respect. In the former schedule, timing is measured 

from proportional choice between two concurrently available operanda, 

whereas the latter is a single-operandum schedule. Thus, while effects of drugs 

on T50 might be influenced by alterations of the propensity to switch from one 

operandum to the other (see Chiang et al. 1998), effects of drugs on {peak cannot 

readily be accounted for by such a mechanism. 

7.2. METHODS 

7.2.1. Subjects 

Thirty female Wistar rats aged approximately 4 months and weighing 250-290 

g at the start of the experiment were used. Twelve rats were used for the first 

treatment series and eighteen for the second series (see below, Drug 
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treatment). The rats were housed individually under the same conditions as in 

Experiment 1 (see Section 2.2.1) 

7.2.2. Apparatus 

The rats were trained in operant conditioning chambers (Campden Instruments, 

Sileby, UK). Eighteen chambers were used; each rat was always tested in the 

same chamber. Twelve chambers were used for the first series of treatments 

(see below); these were equipped with motor-operated dippers which delivered 

a liquid reinforcer (50 jll of a 0.6 M sucrose solution) (for description, see 

Section 2.2.2). The remaining six chambers were used for the second treatment 

series (see below); these were equipped with dispensers which delivered 45-mg 

food-pellet reinforcers (for description, see Section 4.2.2). Only one retractable 

lever was used in these experiments; this was the left-hand lever for nine rats 

and the right-hand lever for the other nine. The same computer as that used in 

Experiment 1 was used to control the schedule and record the behavioural data 

(see Section 2.2.2). 

7.2.3 Behavioural training 

At the start of the experiment, the food-deprivation regimen was started and the 

rats were gradually reduced to 80% of their free-feeding body weights. They 

were then trained to press the levers, and were exposed to a continuous 

reinforcement schedule for three daily sessions. Thereafter, the rats underwent 

50-minute training sessions under the fixed-interval 30-s peak procedure as 
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described below, seven days a week, at the same time each day during the light 

phase of the daily cycle (between 8:00 and 13:00 hours). Each session 

consisted of 32 trials separated by 10-s intertrial intervals. Trials started with 

insertion of the lever into the chamber, and terminated with lever withdrawal. 

In fixed-interval trials (16 per session), reinforcement was delivered following 

the first response emitted after 30 s had elapsed since the onset of the trial. Tn 

probe trials (16 per session), reinforcement was omitted, and the lever 

remained in the chamber for 120 s. The fixed-interval and probe trials occurred 

in a pseudo-random sequence with the constraint that no more than three trials 

of either type occurred in succession. Timing behaviour was assessed from 

performance in the probe trials. 

7.2.4. Drug treatment 

The drug treatment regimen started after 90 sessions of preliminary training 

under the fixed-interval peak procedure. Treatments were given by 

subcutaneous injection (1.0 ml kg-I body weight). The protocol for 

subcutaneous injections was the same as experiment 1 (see Section 2.2.4.). In 

the first series (n=12) the treatments were 8-0H-DPAT HBr (0.05 mg kg-I), 

WAY-100635 (0.1 mg kg-I), and 8-0H-DPAT HBr (0.05 mg kg-I) + WA Y-

100635 (0.1 mg kg-I). In the second series (n=18) the treatments were (-)-DOI 

HCI (0.25 mg kg-I), ketanserin tartrate (2 mg kg-I), and (-)-DOI HCI (0.25 mg 

kg-I) + ketanserin tartrate (2 mg kg-I). Doses refer to weights of the salt. 
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7.2.5. Data analysis 

Response rate was recorded in successive two-second epochs of the probe 

trials. For each rat, mean response rate R, for each treatment condition, derived 

from all the sessions in which that treatment was administered (see above), was 

plotted against time measured from the onset of the trial, t. The following 

modified Gaussian function was fitted to each rat's data (Buhusi 2005): 

[1] 

where (a+c) is the estimated peak response rate, tpeak is the peak time (location 

of the peak of the Gaussian component of the function), b represents the spread 

of the function (standard deviation of the Gaussian component); the right-hand 

term is a linear ramp of slope d and an ordinate value c at time t=tpeak. This 

function has been found to provide an acceptable description of performance in 

the peak procedure (Buhusi et al. 2005; MacDonald and Meek 2005). The 

following measures were derived for each rat under each treatment condition: 

the peak time (tpeak), the peak response rate (a+c), and the Weber fraction 

(coefficient of variation of the Gaussian component of the function: bltpeak). 

Goodness of fit of the fitte~ functions was expressed as /.' These measures 

were compared across treatments by repeated-measures analysis of variance. In 

the case of a significant effect of treatment, comparisons were made between 

each active treatment and the vehicle-alone condition using Dunnett's test, and 

between the agonist-alone and agonist+antagonist treatments, using Neuman-

Keul's test (significance criterion, P<0.05). 
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7.3. RESULTS 

7.3.1. 8-0H-DPAT 

The group mean data obtained in the probe trials are shown in Figure 7.1. The 

left-hand panel shows the absolute response rates, and the right-hand panel the 

response rates expressed as a percentage of the maximum rate. Table 7.1 shows 

the group mean (± SEM) values of the timing parameters derived from fitting 

the modified Gaussian function to the data from the individual rats. 

Peak time, tpeak. Under the vehicle-alone treatment condition, tpeak (32.5 

± 1.4 s) was close to the scheduled reinforcement time (30 s). Analysis of 

variance of the tpeak data revealed a significant effect of treatment [F(3,33)=4.0, 

p<0.02]. Multiple comparisons indicated that 8-0H-DPAT (0.05 mg kg·') 

significantly reduced tpeak. WA Y-I00635 (0.1 mg kg-I), administered alone, 

had no significant effect on tpeak; however it significantly antagonized the 

reduction of tpeak induced by 8-0H-DPAT. The value of tpeak seen following 

combined treatment with 8-0H-DPAT + WA Y-100635 did not differ 

significantly from that seen following vehicle-alone treatment. 

Weber fraction. There was no significant overall effect of treatment on 

the Weber fraction [F(3,33)=2.1, p>O. 1]. 

Peak response rate. There was a significant overall effect of treatment 

on peak response rate [F(3,33)=2.9, p<O.05]. Multiple comparisons showed 

that all three active treatments (8-0H-DPAT, WAY-I00635 and 8-0H-DPAT 

+ WAY-I00635) produced a significant reduction of peak response rate 

compared to the vehicle-alone treatment. 

189 



.­
I 

W 

30r-------~==========~ 

25 

o VEHICLE 

• 8-0H-DPAT 0.05 mg kg-' 

... WAY-100635 0.1 mg kg" 

• 8-0H-DPAT 0.05 mg kg" + 

WAY-100635 0.1 mg kg" 

100~--~~------------------

w 

~ 
~ 80 
Z 
o 

I- 20 
::J 

CL 
(J) 
w 

Z 
~ 

0:::: 60 

~ 
CJ) 15 
W 

::J 
~ 

CJ) 
Z 
o 
CL 10 CJ) 

~ 40 

u.. 
w 
0:::: 

5 

o 20 40 60 80 100 120 

TIME FROM TRIAL ONSET,s 

o 
I-
Z 20 
w 
o 
0:::: 
w 
CL 

o 20 40 60 80 100 120 

TIME FROM TRIAL ONSET,s 

Figure 7.1. Effects of8-0H-DPAT (O.OS mg kg-i), WAY-10063S (0.1 mg kg­
i), and combined treatment with 8-0H-DPAT (O.OS mg kg-I) + WAY-100635 
(0.1 mg kg-I) on performance on peak fixed-interval 30-s schedule. Left-hand 
panel. Ordinate: absolute response rate (responses minute-I); abscissa: time 
from trial onset (s). Points are group mean data from successive 2-s time bins: 
open circles, vehicle treatment; filled circles, 8-0H-DPAT; filled triagies, 
WAY-10063S;filled squares, 8-0H-DPAT + WAY-0063S. Right-hand panel. 
Ordinate: response rate expressed as percent of maximum response rate (other 
conventions as in left hand panel). Note the leftward displacement of the peak 
function (reduction of peak time) induced by 8-0H-DP AT, and reversal of this 
effect by WAY-10063S. 
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Table 1. Effects of 8-0H-DPAT, WAY-I00635 and combined treatment with 8-0H-DPAT + WAY-I00635 on performance on the 
fixed-interval peak procedure 

Treatment 

Vehicle 

8-0H-DPAT 0.5 mg kil 

WAY-l 00635 0.1 mgkg-I 

8-0H-DPAT 0.5 mg kg-I + 

WAY-I00635 0.1 mg kil 

Parameters derived from fit of modified Gaussian function (mean ± SEM) 

Peak response rate 

tpeak> s Weber fraction ,; (responses min-I) 

32.5 ± 1.4 0.43 ± 0.04 0.932 ± 0.016 28.6 ± 4.6 

26.5 ± 1.7 * 0.61 ± 0.07 0.800 ± 0.051 23.7 ± 6.2 * 

30.6 ± 1.6 0.74 ± 0.18 0.789 ± 0.057 23.5 ± 5.3 * 

32.4 ± 1.4 # 0.40 ± 0.06 0.794 ± 0.094 23.2 ± 4.5 * 

Significance of difference from vehicle condition, * p<O.05; significance of difference from 8-0H-DPAT 0.5 mg kg-I, # p<0.05 



7.3.2. J)()I 

The group mean data obtained in the probe trials are shown in Figure 7.2. The 

left-hand panel shows the absolute response rates, and the right-hand panel the 

response rates expressed as a percentage of the maximum rate. Table 7.2 shows 

the group mean (± SEM) values of the timing parameters derived from fitting 

the modified Gaussian function to the data from the individual rats. 

Peak time, tpeak. Under the vehicle-alone treatment condition, tpeak (33.2 

± 1.3 s) was close to the scheduled reinforcement time (30 s). Analysis of 

variance of the tpeak data revealed a significant effect oftreatment [F(3,51 )=6.0, 

p<O.01]. Multiple comparisons indicated that DOl (0.25 mg kg-I) significantly 

reduced tpeak. Ketanserin (2 mg kg-I), administered alone, had no significant 

effect on tpeak; however it antagonized the reduction of tpeak induced by DOL 

The value of tpeak seen following combined treatment with 001 + ketanserin 

did not differ significantly from that seen following vehicle-alone treatment. 

Weber fraction. The overall effect of treatment on the Weber fraction 

fell just short of statistical significance [F(3,51)=2.7, p=0.055]. The values 

obtained following treatment with DOl and ketanserin were somewhat higher 

than that seen following vehicle-alone treatment. 

Peak response rate. There was a significant overall effect of treatment 

on peak response rate [F(3,51)=2.9, p<O.05]. Multiple comparisons showed 

that DOl produced a significant reduction of peak response rate compared to 

the vehicle-alone treatment. 
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Figure 7.2. Effects of DOl (0.25 mg kg-II' ketanserin (2 mg kg-I), and 
combined treatment with DOl (0.25 mg kg- ) + ketanserin (2 mg kg-I) on 
performance on the peak fixed-interval 30-s schedule. Open circles, vehicle; 
filled circles DOl; filled triangles, ketanserin;filled squares, DOl + ketanserin. 
Other conventions as in Figure 1. Note the leftward displacement of peak 
function (reduction of peak time) induced by DOl, and reversal of this effect by 
ketanserin. 
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Table 2. Effects of the DOl, ketanserin and combined treatment with DOl + ketanserin on performance on the fixed-interval peak 
procedure 

Parameters derived from fit of modified Gaussian function (mean ± SEM) 

Peak response rate 

Treatment tpeal" s Weber fraction r2 (responses min"l) 

Vehicle 33.2 ± 1.3 0.45 ± 0.04 0.801 ± 0.032 36.0 ± 6.2 

DOl 0.25 mg kg"! 29.7 ± 1.1 * 0.60 ± 0.04 0.797 ± 0.040 29.7 ± 5.0 * 

ketanserin 2 mg kg"! 33.6 ± 1.2 0.61 ± 0.09 0.797 ± 0.040 32.5 ± 5.6 

DOl 0.25 mg kg"! + 
34.5 ± 1.3 # 0.45 ± 0.04 0.804 ± 0.036 30.9 ± 5.3 

ketanserin 2 mg kg"! 

Significance of difference from vehicle condition, * p<0.05; significance of difference from DOl 0.25 mg kg"J. # p<0.05 



7.4. DISCUSSION 

Performance in the fixed-interval peak procedure seen in these 

experiments conformed to the characteristic bell-shaped response-rate function 

reported in many previous experiments (see Hinton and Meck 1997). 

Performance could be described by a modified Gaussian curve ('Gaussian plus 

ramp' function: Buhusi et al. 2005), enabling estimates of tpeak and the Weber 

fraction to be derived from each rat under each treatment condition. 

The 5-HT1A receptor agonist 8-0H-DPAT displaced the response-rate 

function to the left. This was reflected in a significant reduction of tpeak. The 5-

HTIA receptor antagonist WA Y-l 00635 had no significant effect on tpeak; 

however, it completely abolished the reduction of tpeak produced by 8-0H­

DPAT. 8-0H-DPAT is a potent agonist of 5-HT1A receptors; however, it also 

has some partial agonist activity at 5-HT7 receptors (see Thomas and Hagan 

2004). The ability of WAY-100635 completely to antagonize 8-0H-DPAT's 

effect on tpeak strongly implicates 5-HTIA receptors in this effect of 8-0H­

DPAT, since WAY-100635 is highly selective for the 5-HTIA site (see Hoyer 

et al. 2002; Lanfumey and Hamon 2004). 

8-0H-DPAT's ability to reduce tpeak is consistent with its ability to 

reduce the indifference time, T50, in another immediate timing schedule, the 

free-operant psychophysical procedure (Chiang et al. 2000; Body et al. 2001, 

2002b, 2004). 8-0H-DPAT's effect on T50 is also sensitive to antagonism by 

WA Y-I00635, suggesting that the same receptor population may be 

responsible for both effects. 5-HT IA receptors occur both on cell bodies and 

dendrites of 5-HTergic neurones in the raphe nuclei (somatodendritic 
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autoreceptors) and on postsynaptic membranes in the forebrain target regions 

of the 5-HTergic projection (see Lanfumey and Hamon 2004). It remains 

uncertain whether the effects of 8-0H-DPAT seen here were mediated by 

presynaptic or by postsynaptic 5-HT1A receptors. However, circumstantial 

evidence favours postsynaptic receptors, because 8-0H-DPAT's effect on 

performance on the free-operant psychophysical procedure is impervious to 

destruction of the ascending 5-HTergic pathways (Body et al. 2001, 2002b, 

2004). 

The 5-HT2N2C receptor agonist DOl also reduced tpeak. Ketanserin, 

when administered alone, had no significant effect on tpeak; however, it 

completely antagonized the effect of DOl on this parameter. It is likely that the 

5-HT2A receptor subtype is likely to have been responsible for mediating DOl's 

effect on tpeak in this experiment. Although DOl has approximately equivalent 

affinity for 5-HT2A, 5-HT2B and 5-HT2C receptors, ketanserin has an 80-100 

times higher affinity for the 5-HT2A receptor than for the other two 5-HT2 

receptor subtypes (Baxter et al. 1995; Barnes and Sharp 1999); moreover, 5-

HT2B receptors are very sparsely expressed in the central nervous system 

(Barnes and Sharp 1999). Confirmation of this suggestion will require further 

experiments using more selective 5-HT2A and 5-HT2C receptor antagonists. 

As with 8-0H-DPAT, so also with DOl, the present finding with the 

fixed-interval peak procedure has its counterpart in the free-operant 

psychophysical procedure. DOl produced a dose-dependent reduction of Tso in 

this schedule, which could be completely reversed by ketanserin, suggesting 

mediation of the effect by 5-HT2A receptors (Body et al. 2002b, 2004; see also 

Experiment 5). Thus the present results, taken together with previous findings 
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with the free-operant psychophysical procedure, suggest that 5-HTIA and 5-

HT2A receptors mediate qualitatively similar effects on temporal 

differentiation. 

As well as reducing {peak, both 8-0H-DPAT and 001 also induced some 

broadening of the peak function, this being reflected in an increase of the 

Weber fraction (marginally statistically significant only in the case of DOl), 

and ~ modest reduction of the peak response rate. However, the effects of 8-

OH-DPAT and DOl on the peak response rate were not reversed by thl:ir 

respective antagonists, WAY-100635 and ketanserin, suggesting that they may 

constitute non-specific effects on performance. 

The reduction of the indices of central tendency of timing in the 

immediate timing tasks (tpeak in the fixed-interval peak procedure and T50 in the 

free-operant psychophysical procedure) produced by 8-0H-DPAT and 001 

stands in contrast to the effects of these drugs on the analogous measures 

derived from performance on retrospective timing tasks. As discussed above, 

5-HTIA and 5-HT2A receptor agonists either have no effect on T50 in these 

tasks, or in some cases may even increase this parameter (see Chapter 2). This 

dissociation of effects on temporal differentiation and temporal discrimination 

is not easy to reconcile with an interaction of the drugs in question with the 

ubiquitous internal clock that is purported to underlie interval timing in all its 

guises (Gibbon 1977; Killeen and Fetterman 1988). The impasse could be 

breached by postulating two timekeepers, subserved by different 

neuropharmacological mechanisms, with separate responsibilities for temporal 

differentiation and temporal discrimination (see Ho et al. 2002). However, such 

an unparsimonious approach may be unwarranted at this stage, in the light of 
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evidence that a number of other neurobiological interventions do produce 

coherent effects on the two forms of interval timing (Gibbon et al. 1997; 

Hinton and Meck 1997; MateH and Meck 2004). 

An alternative tactic may be to search for other ('non-timing') 

behavioural processes that are differentially represented in immediate and 

retrospective timing schedules, and which may differ in their sensitivities to 5·· 

HTIA and 5-HT2A receptor stimulation. One candidate process discussed above, 

the propensity for switching between concurrently available operanda, which is 

known to be sensitive to manipulation of 5-HTergic function (AI-Ruwaitea et 

al. 1997, 1999; Chiang et al. 1999), is rendered somewhat unlikely by the 

present findings, since the fixed-interval peak procedure used in this 

experiment employed only a single operandum (however, see Ho et al. 1998, 

for discussion of the possible involvement of' switching' in performance on the 

fixed-interval peak procedure). Another candidate process may be 'attention­

sharing' (Meck and Benson 2002; Buhusi and Meck 2002; Buhusi 2003). It has 

been suggested that dopaminergic manipulations may influence timing by 

interacting both with the hypothetical pacemaker and with attentional 

processes, and that inconsistencies between effects of dopamine receptor 

agonists and antagonists on different types of timing task may reflect 

differential interaction with these two processes (Buhusi 2003). Further work 

will be needed to establish whether such an explanation can help to account for 

the divergent effects of 5-HT1A and 5-HT2A receptor stimulation on 

performance on immediate and retrospective timing tasks. One approach to 

addressing this question could be to examine the effects of the agonists on 

timing performance in the two types of timing task using different time ranges. 
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For example, it has been proposed that effects on the function of the 

hypothetical clock should be reflected in a shift of the psychometric function 

whose magnitude is proportional to the criterion duration, whereas effects on 

attentional processes should be reflected in a shift of the function which is 

uniform across different criterion durations (Hinton and Meck 1997; Buhusi 

2003). 

The neuronal mechanisms whereby 8-0H-DPAT and DOl exert their 

similar effects on temporal differentiation in the fixed-interval peak procedure 

remain to be elucidated. 5-HT1A receptors are expressed both on post-synaptic 

cells and on the cell bodies and dendrites of 5-HTergic neurones; as discussed 

above, it is likely that the effect of 8-0H-DPAT seen here were mediated by 

post-synaptic receptors. 5-HT2A receptors are located almost exclusively on 

postsynaptic membranes (Barnes and Sharp 1999; Hoyer et al. 2002). 

However, it is unlikely that the 5-HT1A and 5-HT2A receptors responsible for 

the similar effects of 8-0H-DPAT and DOl on temporal differentiation arc 

located on the same group of neurones, because these two receptor subtypes 

generally mediate opposite effects on neuronal excitability (hyperpolarization 

and depolarization, respectively: Barnes and Sharp 1999; Hoyer et al. 2002; 

Lanfumey and Hamon 2004; Leysen 2004). Further experiments employing 

direct injection of the agonists into discrete brain regions may help to reveal 

the neuroanatomicallocation of the two receptor populations. 
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CHAPTER 8 

GENERAL DISCUSSION 
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8.1. The role of 5-HT receptors in timing 

The results of this project confirm and extend the previous findings on the 

effects of 5-HT receptor stimulation on temporal discrimination and temporal 

differentiation. 

In experiment 1 it was found that the non-selective 5-HT2/5-HT3 

receptor agonist quipazine disrupted temporal discrimination in the discrete­

trials psychophysical procedure. This effect of quipazine was probably 

mediated by 5-HT2 rather than 5-HT3 receptors, because it was not blocked by 

the selective 5-HT3 receptor antagonist MDL-72222, whereas it was 

completely reversed by the 5-HT2 (,5-HT2A-preferring') antagonist ketanserin. 

Experiment 3 extended these findings by showing that the 5-HT2N2C receptor 

agonist DOl disrupted temporal discrimination in a similar manner to 

quipazine, and that DOl's effect could be antagonized by the highly selective 

5-HT2A receptor antagonist MDL-I00907. 

In a previous experiment, Body et al. (2002a) found that 5-HTIA 

receptor agonist 8-0H-DPAT also impaired temporal discrimination in the 

discrete-trials psychophysical procedure. The findings in experiments 1 and 3, 

taken together with Body et aI.' s (2002a) results, suggest that 5-HT lA and 5-

HT2A receptors mediate qualitatively similar effects on temporal 

discrimination, The effect of 8-0H-DPAT described by Body et al. (2002a) 

was evidently mediated by a postsynaptic receptor population, since the effect 

survived destruction of ascending 5-HTergic pathways by intra-raphe injection 

of 5,7-DHT. It is likely that the 5-HT2A-mediated effect seen here was also 

mediated by a postsynaptic receptor population, because 5-HT2A receptors have 
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been found mainly on postsynaptic membranes (see section 1.2.3.3.). Whether 

or not the two receptor subtypes reside on the same population of neurones is a 

question which will need to be addressed in future experiments. 

The disruptive effect of 5-HT2A receptor stimulation (and 5-HTIA 

receptor stimulation: Body et al. 2002a) consisted of a marked degradation of 

stimulus control, as revealed by an increase in the Weber fraction. There was 

also a tendency for the indifference point, T 50, to be increased. Increases in T50 

can be interpreted in more than one way. One of the possible explanations is 

that DOl and quipazine might have increased the period of the hypothetical 

pacemaker (Gibbon 1991; Hinton and Meck 1997; see section 8.3 for further 

discussion). 

Quipazine (experiment 2) and DOl (experiment 5) also affected 

temporal differentiation in the free-operant psychophysical procedure. These 

effects appear to be mediated by 5-HT2A receptors, since they were reversed by 

ketanserin and MDL-I00907, respectively. These effects resembled the effects 

of DOl on performance on this schedule previously reported by Body et al. 

(2003, 2004). Body et al. (2004) confirmed the postsynaptic location of the 

receptors responsible for DOl's effect on temporal differentiation, by 

demonstrating that the effect of DOl was not reduced after destruction of the 

ascending 5-HTergic pathways. 

Although 5-HT2A receptors mediate effects on both temporal 

discrimination and temporal differentiation, the effects on the two types of 

timing performance are strikingly different. In contrast to the increase in the 

Weber fraction and T50 seen in the former case, T50 was consistently reduced by 

5-HT2 receptor stimulation in the case of temporal differentiation (experiments 
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2 and 5). This is in agreement with earlier findings (Body et al. 2002b, 2003, 

2004). The theoretical implications of this discrepancy is discussed in section 

8.3. 

The anatomical location of the 5-HT2A receptors responsible for the 

effects on temporal discrimination and differentiation remains unknown. 

Evidence from experiments 4 and 6 suggests that they are unlikely to reside in 

the dorsal striatum. 5-HT2A receptors have been found in many parts of the 

central nervous system, and a considerable amount of work may be needed to 

track down the relevant receptor population. In view of the theoretical 

importance of the qualitative discrepancy between effects on temporal 

discrimination and temporal differentiation (see below), it will be of 

considerable interest to discover whether the same or different populations of 

5-HT 2A receptors mediate these effects. 

Experiment 7 examined the effects of DOL and 8-0H-DPAT on 

temporal differentiation on a different type of immediate timing schedule, the 

fixed-interval peak procedure. Both drugs displaced the peak time, (peak, to the 

left, an effect that is qualitatively similar to the reduction of T50 seen in the 

free-operant psychophysical procedure. These results thus extend Body et aI.' s 

(2004) findings that 5-HTIA and 5-HT2A receptor stimulation have similar 

effects on temporal differentiation. 

8.2. 5-HT and Dopamine 

The interaction between 5-HT and dopamine in the brain is not a simple one, as 

reviewed in Chapter 1. 5-HT plays a complicated set of roles in the brain that 
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are difficult to encompassed with a single theory. In some cases, dopaminergic 

function has been found to be antagonized by 5-HT receptor stimulation; 

however, in other cases the two monoamines appear to have synergistic effects. 

The situation is further complicated by the fact that different 5-HT receptor 

subtypes have been found to mediate opposing effects on dopaminergic 

function in some cases (see Daw et al. 2002). In the striatum, endogenous 5-HT 

has no influence on dopamine release under basal conditions, but positively 

modulates dopamine outflow when nigro-striatal dopaminergic transmission is 

activated (Lucas et al. 2000). In the nucleus accumbens selective blockade of 

5-HT2C128 receptor subtypes increases dopamine release (Di Matteo et al. 

1998). 

According to some pacemaker-based theories of interval timing, it has 

been suggested that the facilitatory effect of striatal dopaminergic mechanisms 

is opposed by an inhibitory effect of 5-HT on the hypothetical pacemaker 

(Hinton and Meck 1997). The results of this project, taken in conjunction with 

earlier findings, suggest that this proposal may not be correct. Thus, numerous 

studies have reported that tpeak in the peak procedure is reduced by the 

dopamine-releasing agent amphetamine, and increased by dopamine D2 

receptor antagonists (see Meck 1986, 1996; Gibbon et al. 1997; MateH and 

Meck 2000). The results of experiment 7 indicate that both 5-HTIA and 5-HT2A 

receptor stimulation can also reduce tpeak. Moreover, the indifference point, T50, 

in another temporal differentiation schedule, the free-operant psychophysical 

procedure, is consistently reduced by amphetamine (Chiang et al. 2000a) and 

by 5-HTIA (Body et aI., 2001, 2002b, 2004) and 5-HT2A (Body et al. 2003, 

2004; present project, experiments 2 and 5) receptor agonists. 
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There is good evidence that 5-HT3 receptors contribute to the regulation 

of dopamine release (Blandina et al.1989; Carboni et al. 1989; Zazpe et al. 

1994; Cervo et al. 1996). It might therefore be expected that 5-HT 3 receptor 

stimulation would alter timing performance, an expectation that found no 

support in experiment 2. The explanation for this discrepancy may lie in the 

regional differences in the nature of 5-HT/dopamine interactions. There is 

evidence that dopamine releasing effects of 5-HT3 receptors is mainly 

restricted to the structures innervated by mesocortical and meso limbic 

dopaminergic projections, rather than the dorsal striatum, which receives its 

input from the nigrostriatal pathway (Wang et al. 1996; De Deurwaerdere et al. 

1998; Porras et al. 2003). The failure of 5-HT3 receptor stimulation to affect 

temporal differentiation in experiment 2 may therefore reflect a primary 

involvement of dorsal rather than the ventral striatal dopaminergic mechanisms 

in this behaviour (Hinton and Meck 1997; Matell and Meck 2000). 

8.3. Theoretical Implications 

One of the most consistent findings that can be extracted from these 

experiments is that temporal discrimination and temporal differentiation can be 

affected in qualitatively different ways by the same 5-HT receptor agonists. 

This finding cannot easily be reconciled with the concept of a single time­

keeper mechanism that is believed to underlie all types of interval timing 

behaviour (see Hinton and Meck 1997; MateH and Meck 2000; Meck 2005). 

As succinctly stated by Zeiler, "any model that posits a unitary internal clock, 

would seem to imply that an intervention that alters its speed, should produce 
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qualitatively similar disruptions of temporal differentiation and temporal 

discrimination" (Zeiler 1998). 

The present project has provided evidence that 5-HT 2A receptor 

stimulation reduces T50 in a temporal differentiation schedule and increases it 

in a temporal discrimination schedule. According to pacemaker-based theories 

of timing, this would seem to imply that the pacemaker was speeded up in the 

former case and slowed down in the latter. The present results join an 

increasing body of findings suggesting that stimulation of the same type of 

receptor in different timing tasks can produce different results. For example, 

Chiang et al. (2000b) found that the 5-HT1A receptor agonist 8-0H-DPAT 

increased the Weber fraction in the interval bisection task, without affecting the 

bisection point; and Body et al. (200Ia) found a similar effect of 8-0H-DPAT 

in another retrospective timing schedule, the discrete-trials psychophysical 

procedure. In contrast, 8-0H-DPAT selectively reduced T50 in the free-operant 

psychophysical procedure (Chiang et ai. 2000b; Body et ai. 2003, 2004). Thus 

8-0H-DPAT has qualitatively different effects in immediate and retrospective 

timing schedules. 

The difficulty posed for pacemaker-based theories of timing by results 

such as these has been discussed by Chiang et al. (2000a). One of two courses 

of action seems to be unavoidable. Either the notion of a single pacemaker 

underying both temporal discrimination and temporal differentiation has to be 

abandoned, or the effects of drugs on one type (or even both types) of timing 

task must be attributed to some 'non-pacemaker-based' action. A difficulty 

with the latter alternative is that drug-induced changes in pacemaker function 

have traditionally been inferred from changes in the locus of T50 derived from 
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psychometric functions. If a change in the locus of T50 can no longer be relied 

upon as evidence for a change in pacemaker function, the testability of 

pacemaker-based theories is considerably compromised. It may be noted that 

the pacemaker concept is still essentially a 'hypothetical construct', and 

attempts to link it to any particular neural structures remain highly speculative. 

It is to be hoped that improved understanding of the neural mechanisms of 

timing will eventually help to resolve this controvery (see Buhusi 2003; Matell 

and Meck 2000, 2004). 

8.4. Future research 

The results of the present project have identified 5-HT1A and 5-HT2A receptors 

as mediators of substantive effects on interval timing behaviour. An obvious 

area for continued research is the exploration of the roles of other 5-HT 

receptor subtypes. This is especially relevant in the case of those receptors that 

are known to contribute to the regulation of dopamine release in the component 

structures of cortico-striato-thalamo-cortical loops, which are the current focus 

of theorizing about the neural basis of timing behaviour (Buhusi 2003; Matell 

and Meck 2004; Meek 2005) .. 

It will also be important to explore the anatomical location of the 5-HT 

receptor populations that are involved in timing. Experiments 4, 5 and 6 

constitute an initial move in this direction; it seems that the 5-HT 2A receptors 

responsible for effects on temporal discrimination and temporal differentiation 

are probably not located in the dorsal striatum. However, as discussed in 

chapter 6, 5-HT2A receptors are expressed in more than one component of the 
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cortico-striato-thalamo-cortical loops (Pompeiano et al. 1994; Wright et al. 

1995; Hamada et al. 1998; Cornea-Herbert et al. 1999; Bubser et al. 2001; 

Hoyer et al. 2002); additionally there is evidence that 5-HT2A receptors are 

present on dopaminergic neurones of the ventral tegmental area and substantia 

nigra. Whether or not these receptor populations are responsible for the effects 

of 5-HT 2A receptor agonists on interval timing behaviour is an open question 

that awaits further investigation. 

Finally, future experiments should address the possibility that sex 

differences may exist in the quantitative features of interval timing behaviour, 

and in the sensitivty of timing behaviour to drugs acting at 5-HT receptors. All 

the experiments described in this thesis were carried out on female Wistar rats. 

This facilitates comparison of the present results with previous results obtained 

in this laboratory, which also employed female rats. It is unlikely that 

behavioural rhythms associated with the oestrus cycle would have had any 

systematic effect on the perfonnances seen in the present experiments, because 

each treatment was administered to each rat five times at 3- or 4-day intervals, 

the order of treatments being counterbalanced across rats. Thus confounding of 

the treatment conditions with oestrus status is unlikely to have occurred. 

Nevertheless, the possibility that male rats might have responded differently 

from female rats to the treatments used in these experiments deserves serious 

consideration in view of recent evidence for oestrogen-induced changes in 

neurotransmitter metabolism and synaptic plasticity in the rat (Bi et al. 2001; 

McEwen et al. 2001). 
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APPENDIX 

Chemical names of the drugs identified in the text by pharmaceutical 

company code numbers 

8-0H-DPAT 8-hydroxy-2-(di-n-propilamino)tetraline 

BW-723-C86 1-[5(2-thienylmethoxy)-lH-3-indolyl]propan-2-amine 
hydrochloride 

CP-93129 5H-Pyrrolo[3,2-b ]pyridine-5-one, 1 ,4-dihydro-3-(1 ,2,3,6-
tetrahydro-4-pyridinyl) 

CP-94253 (5-propoxy-3-(1,2,3,6-tetrahydro-4-pyridinyl)-H-p[3,2-
b ]pyridine hydrochloride 

DOl 2,5-Dimethoxy-4-iodoamphetamine hydrochloride 

DR-4004 2a-( 4-( 4-phenyl-l ,2,3,6-tetrahydropyridyl)butyl)-2a,3 ,4,5-
tetrahydrobenzo[ cd]indol-2-( 1 H)-one 

GR-466 1 1 2-propenamide, 3-[3-[2-(dimethylamino)ethyl]-lH-indol-5-yl]­
N-[( 4-methoxyphenyl)methyl] 

GR-55562 3-[3-(dimethylamino)propyl]-4-hydroxy-N-[4-(4-
pyridinyl)phenyl]benzamide 

GR-113808 [1-2[(methylsulfonyl)amino )ethyl]-4-piperidinyl]methyl-l­
methyl-lH-indole-3-carboxilate 

GR-125487 [1-[2-(methylsulfonyl)amino ]ethyl]-4-piperidinyl]-methyl 5-
fluoro-2-methoxy-lH-indole-3-carboxilate 

GR-127935 N-[ 4-methoxy-3-( 4-methyl-l-piperazinyl)phenyl]-2C-methyl-
4C-(5-methyl)-1 ,2,4-oxadiazol-3-yl)-1, 1 C-biphenyl-4-
carboxamide hydrochloride 

L Y -334370 5-( 4-flurobenzoyl)-amino-3-(1-methylpiperidin-4-yl)-lH-indoIe 
fumarate 

LY-344864 N-[(3R)-3-(dimethylamino)-2,3,4,9-tetrahydro-lH-carbazol-6-
yl]-4-fluoro-benzamide 

m-CPBG l-(m-chlorophenyl)biguanide 

m-CPP 1-(3-chlorophenyl)piperazine 

234 



MDL-72222 3-Tropanyl-3,5-dichlorobenzoate 

MDL-I00907 (±)2,3-dimethoxyphenyl-l-[2-( 4-piperidine)-methanol] 

PNU-I09291 (S)-3,4-dihydro-l-[2-[4-( 4-methoxyphenyl)-I­
piperazinyl]ethyl]-N-methyl-1H-2-benzopyran-6-carboxamide. 

Ro-04-6790 4-amino-N-[2,6-bis(methylamino-4-pyrimidinyl]-
benzensulfonamide 

Ro-60-0175 (S)-2-(6-chloro-5-fluroindol-l-yl)-I-methyethylamineRS-
67333: (1-(4-amino-5-chloro-2-methoxyphenyl)-3-( I-n-buty 1-4-
piperidinyl)-I-propanone 

RS-67506 (1-( 4-amino-5-chloro-2-methoxyphenyl)-3-[ 1-[2-
[(methylsulfonyl)amino ]ethyl]-4-piperidinyl]-I-propanone) 

RS-67532 [1-( 4-amino-5-chloro-2-(3,5-dimethoxy benzyloxyphenyl)-5-( 1-
piperidinyl)-I-pentanone] 

RS-I02221 8-[5-(5-amino 2,4-dimethoxyphenyl) 5-oxo-pentyl]-1 ,3,8-
triazaspiro[ 4,5]decane-2,4-dione 

RU-24969 IH-Indol,5-methoxy-3-(1,2,3,6-tetrahydro-4-pyridinyl)-
butanedioate 

SB-200464 N-(1-methyl-5-indonyl)-N'-(3-pyridyl) urea hydrochloride 

SB-216641 [1, 1'-Biphenyl]-4-carboxamide, N-[3-[2-
(dimethylamino)ethoxy]-4-methoxyphenyl]-2'-m(5-methyl-
1,2,4-oxadiazol-3yl) 

SB-224289 1'-methyl-5[[2'-methyl-4'-)5-methyl-l ,2,4-oxadiazol-3-
yl)biphenyl-4-yl]carbonyl-2,3,6, 7 -tetrahydrospiro[ furo[2,3-
f]indol-3 ,4'-piperidine ] oxalate 

SB-242084 6-chloro-5-methyl-l-[2-(2-methylpyridyl-3-oxy)-pyrid-5-yl 
carbamoyl]indoline 

SB-258719 (R)-3,N-dimethyl-N-[I-methyl-3-( 4-methylpiperidin-l­
yl)propyl]benzene sulphonamide 

SB-271046 5-chloro-N-( 4-methoxy-3-piperazin-l-yl-phenyl)-3-methyl-2-
benzothiophenesulphonamide 

WAY -100635 N-(2-( 4-(2-methoxyphenyl)-I-piperazinyl)ethyl)-N-(2-pyridyl)­
cyclohexanecarboxamide trichloride 
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