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MECK, W. H. Affinity fiJr the dopamine Dz receptor predicts neuroleptie potency in decreasing the speed of an internal 
clock. PHARMACOL BIOCHEM BEHAV 25(6) 1185-1189, 1986.--For each of five neuroleptics (chlorpromazine, haloperi- 
dol, pimozide, promazine, and spiroperidol), the dose required to produce a rightward horizontal shift of 15-20% for 
psychophysical bisection functions that relate the percentage of long responses to signal duration was determined in rats for 
two different signal ranges (2-8 sec and 4-16 sec). Affinity for the dopamine D2 receptor (from in vitro studies) predicted 
neuroleptic potency in producing the criterion shift of the timing functions, whereas affinity for other aminergic receptors 
(D1, D:~, the u-noradrenergic receptor, S~, and $2) did not. The conclusion is that dopamine D2 receptors play a major role in 
determining the rate of temporal integration for time estimation. 

Time estimation Clock speed Neuroleptics Dopamine D2 receptors Rat 

THE decrease in subjective estimations of event duration 
following the administration of neuroleptics and the increase 
in these estimations following the administration of stimul- 
ants such as amphetamine has been considered evidence that 
dopamine-releasing neurons are involved in temporal inte- 
gration for time estimation [14,16]. However, the conclu- 
sions that can be drawn from this evidence are compromised 
by the identification of at least three distinct dopamine re- 
ceptor subtypes; D1 (adenylate cyclase-linked), D2 (non- 
adenylate cyclase-linked), and D3 (presynaptic) [3, 5, 13, 22, 
23, 26]. In addition, neuroleptics and amphetamines interact 
with other neural receptor sites such as alpha noradrenergic 
(NE-a) and serotoninergic sites ($1 and $2) [12, 24, 25]. The 
study we now report gives a pharmacological profile of the 
neuroleptic action on time estimation in the rat. For each of 
the five neuroleptics used in this study, the dosage required 
to reduce time estimations by 15-20% was correlated with its 
affinity for various receptor sites. Changes in time estimation 
were inferred from horizontal shifts in the obtained 
psychophysical functions that related the probability of a 
long response to signal duration. A high positive correlation 
would be evidence that a particular type of receptor directly 
mediates the neuroleptic effect upon time estimation. 

The temporal bisection procedure used in this study is a 
discrete-trials choice procedure that is very sensitive to 
pharmacological interventions and can separate stimulus fac- 
tors from response factors [14-16, 18]. In this procedure a 
stimulus of a particular duration is presented and then two 

response levers are inserted into a standard lever box. As an 
example: If a 2-sec stimulus occurred, a left (short) response 
made by the rat is reinforced by the delivery of a food pellet; 
if an 8-sec stimulus occurred, a right (long) response is rein- 
forced. The two extreme signal durations are presented with 
a probability of 0.25 on each trial. On the remaining trials, 
one of five signals of intermediate duration is randomly pre- 
sented, each with equal probability. Neither the left nor the 
right response is followed by food in the case of these inter- 
mediate signal durations. In this task the percentage of long 
responses rises as a function of signal duration in a sigmoidal 
fashion. Previous work has indicated that (a) the point of 
subjective equality for the two extreme signal durations is 
near their geometric mean, (b) the difference limen for the 
psychophysical function is proportional to the geometric 
mean of the extreme durations (i.e., Weber's law), (c) the 
psychophysical functions are symmetrical on a logarithmic 
time scale, and (d) the functions for different signal ranges 
are equivalent when scaled in log units relative to the 
geometric mean of the two extreme durations that precede 
reinforcement [2, 8, 16]. A quantitative model of this behav- 
ior has been developed that fits the data and relates the 
model parameters to psychological processes [7-10, 16]. 

METHOD 

Subjects 

The subjects were 40 experimentally naive male albino 

1185 



1186 M E C K  

rats of  the Sprague Dawley strain (Charles River  COBS-CD)  
about  6 months  old and weighing about  400 g when the exper-  
iment began. The rats were  individually housed in metal 
cages (Wahmann Mfg. Co.)  where  they had cont inuous ac- 
cess to water .  They were fed a daily ration of  15 g of  Agway 
Pro Lab Formula  (RMH 3200) mixed with about  15 ml of  
water  shortly after the daily session. A reversed light-dark 
cycle of  12:12 was maintained in the vivar ium with fluores- 
cent  lights on from 6:00 p.m. to 6:00 a.m. eastern standard 
time. Training was conducted  during the dark phase of  the 
LD cycle.  

Apparatus 

The rats worked in 10 similar lever  boxes  (23×20×22 cm). 
The roof  and side walls were t ransparent  acrylic;  the front 
and back walls were aluminum. The floor was 16 parallel 
stainless-steel  bars. A pellet d ispenser  (Gerbrands Model 
D-1 or  Davis Scientific Instruments  Model  PD-104) del ivered 
Noyes  Precision food pellets (45 mg) through an opening in 
the front wall to a food cup. A 140-ml glass water  bottle,  at 
least half  full, hung from the back wall of  the chamber .  Each 
box contained two retractable stainless steel levers ,  one on 
each side of  the food cup. The levers  in Boxes  1-6 were 
1.6×4.6 cm, located 3.8 cm above the grid f loor (Gerbrands 
Model  6311). The levers  in Boxes  7-10 were 2 .5×5.0  cm, 
located 5.0 cm above  the grid floor ( B R S / L V E  Model 123- 
07). Each lever  box was housed in a large insulat ion-board 
chamber  designed to minimize outside light or  sound. Six 
boxes  had a 7.5-W lamp at tached to the middle of  the back 
wall of  the chamber ;  four  boxes  had a 6-W lamp at tached to 
the outside of  the roof  of  the lever  box. A noise genera tor  
(Grason-Stadler  Model  901B) could del iver  white noise of  
about  80 dB (re 20 txN/m"; General  Radio Sound Meter ,  
Model  1565-D, A scale) above background level through a 
4-in. (10.2 cm) speaker  mounted  inside each chamber .  Each 
chamber  was equipped with a fan for venti lat ion and a small 
acrylic window for observat ion.  A t ime-shared Digital 
Equipment  Corporat ion PDP-12 compute r  control led the ex- 
per imental  equipment  and recorded the data. 

Pro('edures 

Pretraining. Each rat rece ived  four sessions of  combined 
magazine and lever  training. During these sessions a food 
pellet  was del ivered once  each minute for 60 min (magazine 
training), and in addition, each lever  press produced food 
( lever  training). The left l ever  was inserted and 10 responses  
were  reinforced;  then the left lever  was retracted and the 
right lever  inserted;  10 right lever  responses  were reinforced:  
then the right lever  was retracted and the left lever  was again 
inserted. This al ternation be tween  levers cont inued until the 
rat had pressed each lever  60 t imes or  60 min had passed,  
wh icheve r  came first. The houselight i l luminated the 
chamber  at all t imes during the session. 

Two-s~znal training (sessions 1-10). The rats were ran- 
domly assigned to four  groups of  l0 rats each. Each group of  
rats was consis tent ly trained at the same time of  day,  but on 
randomly selected days,  according to the schedule outlined 
below. Two daily session t imes were  used. On each day,  one 
of  the two groups of  rats assigned to each of  the two session 
t imes was randomly selected to receive  food-re inforced 
training in the lever  boxes.  In this way,  two groups of  rats 
were  consis tent ly trained beginning at 7 a.m. and two groups 
of  rats were consistent ly trained beginning at 11 a.m. One of  
the groups at each of  the two session t imes was trained to 

discriminate signal durat ions of  2 sec vs. 8 sec and the re- 
maining two groups were trained to discriminate signal dura- 
tions of  4 sec vs. 16 sec. All signal training sessions lasted 2 
hr. 

Half  of  the rats in the 2 sec vs. 8 sec Group were trained 
to press the left lever  (short response) following a white 
noise signal of  2 sec and to press the right lever  (hm.~,, re- 
sponse) following a white noise signal of  8 sec. The remain- 
ing rats in the 2 sec vs. 8 sec Group had this response rule 
reversed.  Half  of  the rats in the 4 sec vs. 16 sec Group were 
trained to press the left lever  (short response) following a 
white noise signal of  4 sec and to press the right lever  (Iot~.~, 
response)  following a white noise signal of  16 sec. The re- 
maining rats in the 4 sec vs. 16 sec Group had this response 
rule reversed.  On each trial one of  the two signals was ran- 
domly selected for presentat ion with a probability of  0.5. 
Signal presentat ion consis ted of  white noise being turned on 
for the selected duration. At the end of  this period the signal 
was turned o f f a n d  both levers were inserted into the box. If 
the rat made the correct  response,  a pellet of  food was deliv- 
ered with the probabili ty of  0.5; if the rats made the incorrect  
response,  no pellet was del ivered.  When ei ther lever  was 
pressed,  both levers were retracted,  lntertrial intervals (ITl) 
were  5 sec plus a geometr ical ly  distributed duration with a 
minimum of 0.1 sec and a mean of  40 sec. If an incorrect  
response had been made on the previous trial, the same 
signal was presented again on the next trial (correct ion pro- 
cedure).  A record was kept of  the number  of  left and right 
responses  following each of  the two signal durations.  

Seven-signal ba.~eline training ~,~e,v~ion.~ 11-25L The 
condit ions of  two-signal training were maintained except  lal 
there were no correct ion trials, (b) each of  the two ext reme 
signal durat ions was presented with a probability of  0.25 on 
each trial, and (c) on the remaining trials, one of  five signals 
of  intermediate  duration was presented,  each with equal 
probabili ty.  The intermediate signal durat ions were spaced 
at equal logarithmic intervals be tween the two ex t reme 
signal durat ions used in previous training (2.0, 2.6, 3.2, 4.0, 
5.0, 6.4, and 8.0 sec for the 2 sec vs. 8 sec Group:  4.0, 5.2, 
6.4, 8.0, 10.0, 12.8, and 16.(I, sec for the 4 sec vs. 16 sec 
Group). Nei ther  the left nor the right response was followed 
by food in the case of  these intermediate  signals. A record 
was kept on magnetic tape of  the following characteris t ics  of  
each response:  (a) the subject,  (b) the signal duration, ~cl 
whether  the response was left or  right, and (d) the response 
latency. 

Neuroleptic teslin,~, (se.~sions 26~15). The condit ions of 
seven-signal  training were maintained except  that on a ran- 
dom half of  the days during which rats received signal train- 
ing they were administered an IP injection of a drug in solu- 
tion with approximate ly  0.2 cc of  physiological saline before 
the test session. On the remaining days, the rats received an 
IP injection of  0.2 cc of  physiological saline 20 min before the 
test session. 

Each group of  l0 rats was evenly  divided so that two rats 
in each group were used for the evaluat ion of  each of  five 
neuroleptic  drugs. Each rat was used to test the effect iveness  
of  a single drug at different doses.  The dosage used in a given 
test session was determined by the rat 's  per formance  in the 
previous drug session. If a rat showed a rightward shift of  its 
psychophysical  function greater  than 20c/~, or if it failed to 
lever  press on more than 4W/c of  the trials during the previous 
test session, the drug dosage was reduced by a factor  of  two. 
If a rat showed no shift of  its psychophysical  function,  or if 
the rightward shift was less than 15c~, the drug dosage was 
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FIG. 1. The logarithm (base 10) of the neuroleptic dose (mg/kg) 
required to produce a 15-20% rightward shift in the psychophysical 
bisection functions for signal duration plotted against the logarithm 
of the affinity for the dopamine D2 receptor, as measured in vitro [4]. 
K~ is proportional to IC5~, which is the concentration of a drug re- 
quired to displace 50% of the stereospecifically bound ligand. The 
number beside each data point gives the number of rats for which 
that was the required dose. The best fitting linear regression line was 
computed from the logarithmic mean of the required doses for a 
given drug. Abbreviations: C=chlorpromazine; H=haloperidol; 
Pi=pimozide; Pr=promazine; S=spiroperidol. 

TABLE 1 

SUMMARY OF THE CORRELATIONS BETWEEN BINDING 
AFFINITIES FOR DIFFERENT RECEPTOR TYPES AND 

THE NEUROLEPTIC DOSE (LOG mg/kg) REQUIRED TO PRODUCE 
THE CRITERION RIGHTWARD SHIFT OF THE 

PSYCHOPHYSICAL BISECTION FUNCTION 

Correlations Significance 
Receptor Type (r) Level (p) References 

Dopamine 
D~* -0.14 p>0.1 [11] 
D27 0.98 p<0.001 [4] 
D:~~ 0.21 p>0.1 [4] 

Norepinephrine 
NE-a? -0.23 p >0.1 [24] 

Serotonin 
S~? 0.17 p>0.1 [24] 
Sz~: 0.24 p>0.1 [12] 

*Logarithm of the drugs' affinity for the receptor expressed as log 
IC~0 (nM). 

?Logarithm of the drugs' affinity for the receptor expressed as log 
Ki (nM). 

SLogarithm of the drugs' affinity for the receptor expressed as 
-log ICso (M). 

K, is proportional to ICs0, which is the concentration of a drug 
required to displace 50% of the stereospecifically bound ligand. 

increased by a factor of two. The beginning dose for all drugs 
was 0.025 mg/kg. Neuroleptic testing was conducted on ran- 
domly selected test days in this manner until a dose was 
found that produced a 15-20% rightward shift of the 
psychophysical bisection function. If a particular drug 
produced a dose effect that fell below the criterion and the 
next dosage increment produced an effect that fell above the 
criterion, the geometric midpoint between these doses was 
taken as the dose that satisfied the criterion. Neuroleptic 
testing for individual rats continued until their criterion dose 
was found, thereafter they received only saline injections 
until the criterion dose was determined for all rats. The five 
neuroleptics used were chlorpromazine, haloperidol, 
pimozide, promazine, and spiroperidol. Test sessions were 
initiated after a time, judging from the literature, that would 
be after the onset of drug action, but before the attainment of 
peak action. These times were 15 min for chlorpromazine, 
haloperidol, and promazine, 1 hr for pimozide, and 3 hr for 
spiroperidol. 

Data Analysis 

Choice responses with latencies greater than 3 sec are not 
included in any of the data analysis because previous work 
has shown that such responses are not well controlled by the 
reinforced stimulus dimension [14,15]. A median of 8.2-+4%, 
of the trials were discarded in this experiment by the 3-sec 
latency cutoff. The proportion of trials excluded from 
analysis did not vary reliably between neuroleptics or signal 
ranges. In order to evaluate the horizontal shifts in the 
psychophysical bisection functions a point of subjective 
equality (PSE) was calculated from the individual bisection 
functions. PSE's were obtained for each animal during each 
test session for both signal ranges. The calculation of the 
PSE was done as follows: (a) The straight line with the 
greatest slope, fitted by the method of least squares, relating 

the percentages of hmg responses to three adjacent signal 
durations was identified, and (b) from this straight line, the 
signal duration that was associated with 5(V~ of the long 
responses was calculated and reported as the PSE. A differ- 
ence limen (DL) was also estimated from the individual 
psychophysical functions. From the same straight lines used 
to estimate the PSE, the signal duration that the rat classified 
as long 75% of the time and the signal duration that the rat 
classified as long 25% of the time was found. One half of this 
range of signal durations is defined as the DL. The Weber 
fraction (WF), the DL divided by the PSE, was also calcu- 
lated and serves as a relative measure of discrimination per- 
formance that can be used to compare the sensitivity of time 
estimation for the two different signal ranges. 

R E S U L T S  

The mean dose of a neuroleptic drug required to produce 
a rightward shift of 15-20% for the scaling of signal duration 
was calculated for each drug at each signal range. The mag- 
nitude of the rightward shift was determined by comparing 
PSE's obtained from seven-signal baseline training with 
PSE's obtained from neuroleptic testing. An analysis of vari- 
ance with factors Drug (five neuroleptics) and Signal (two 
signal ranges) indicated the Drug effect to be significant; 
F(4,30)=6.38, p<0.001, while the Signal effect was found to 
be nonsignificant; F(1,30)< 1. Because of the lack of a Signal 
effect the data from the two signal ranges were combined. 
The dose of each neuroleptic required to produce the crite- 
rion rightward shift was found to be strongly correlated with 
the drug's affinity for the dopamine D2 receptor site, as 
measured in vitro, r(38)=0.98, p<0.001. Affinity was meas- 
ured by Creese, Burt and Snyder [4] using ZH-haloperidol as 
the radioactive ligand and calf striatal tissue. The logarithm 
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(base 10) of the neuroleptic dose required to produce the 
criterion rightward shift plotted against the logarithm of af- 
finity for the dopamine D~ receptor for individual rats tested 
under each drug is shown in Fig. 1. 

The dose of a neuroleptic required to produce a 15-209~ 
horizontal rightward shift in the psychophysical functions 
relating the percentage long response to signal duration does 
not correlate strongly with in vitro affinity for the D~ and D:~ 
dopamine receptors; r = - 0 . 1 4  and r=0.21 respectively. Nor 
does it correlate strongly with affinity for the NE-c~ receptor, 
nor with binding affinity for the S, and S.., serotonin recep- 
tors; r= -0.23,  r=0.17 and r=0.24 respectively. Affinity data 
for the D~ dopamine receptor are from [11] with the aH-cis 
(2)-flupenthixol ligand and rat striatal tissue. Affinity data for 
the Da dopamine receptor are from [4] with the aH-dopamine 
ligand and calf striatal tissue. Affinity data on the NE-a re- 
ceptor are from [25] with the aH-WB-4101 ligand and rat 
whole brain. Affinity data for the S, serotonin receptor in the 
cortex and are from [24] with the aH-serotonin ligand and rat 
cortical tissue. Affinity data for the $2 serotonin receptor are 
from [12] with aH-spiroperidol ligand and rat frontal cortex. 
A summary of the correlations (r values) that relate the bind- 
ing affinities of the neuroleptics for different receptor types 
to their potency in producing a criterion rightward shift of 
the timing functions are shown in Table 1. 

The median psychophysical functions relating percentage 
hm~z response to signal duration for the rats in both signal 
ranges during neuroleptic testing are shown in Fig. 2 for 
saline test days (closed circles) and drug test days (open 
circles). The drug data were taken from the sessions where 
the neuroleptic dose that produced the criterion shift was in 
effect for each rat and then averaged over rats. Saline data 
were first averaged over all saline sessions during the 
neuroleptic test phase for each rat and then averaged over 
rats. For the 2 sec vs. 8 sec Group the mean PSE under 
saline was 4.10_+0. I sec, the mean DL was 0.81_+0.19 sec, 
and the mean WF was 0.19+0.02. The mean PSE for the 
criterion rightward shifts under neuroleptics was 4.82_+0.31 
sec, an average increase of 17.6_+ 1.57% from saline sessions, 
the mean DL was 1.0_+0.24 sec, and the mean WF was 
0.21+0.03. Fourteen of twenty rats had a higher WF while 
under the influence of a neuroleptic as compared to saline. 
For the 4 sec vs. 16 sec Group the mean PSE under saline 
was 8.13+0.43 sec, the mean DL was 1.49_+0.11 sec, and the 
mean WF was 0.18_+0.02. The mean PSE for the criterion 
rightward shifts under neuroleptics was 9.53+0.52 sec, an 
average increase of 17.3-+1.71c~ from saline ses- 
sions, the mean DL was 1.88_+0.30 sec, and the mean WF 
was 0.20_+0.03. Sixteen of twenty rats had a higher WF while 
under the influence of a neuroleptic as compared to saline. A 
comparison of the PSE's obtained during baseline training 
with the PSE's obtained during saline test sessions indicated 
that there were no reliable differences for either group; 
t (19<l ,  ns. The numbers reported above are means _+ the 
standard deviations. 

D I S C U S S I O N  

The conclusions of this report are in no way compromised 
by the fact that the nomenclature used for dopamine 
receptors is somewhat controversial. While the D2 site is 
accepted by most investigators, certain investigators believe 
that the D, and Da sites may be identical. Among the recep- 
tors for biogenic amines for which neuroleptic affinity data 
were compared with neuroleptic effects on time estimation, 
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FIG. 2. Median percentage lont,, response as a function of signal 
duration for the two signal ranges--2 sec vs. 8 sec and 4 sec vs. 16 
sec. Closed circles are for sessions with saline; open circles are for 
sessions with neuroleptics. 

only the affinity for the dopamine D2 receptor reliably pre- 
dicted the dose required to produce the criterion rightward 
shift in the PSE. The dose of a neuroleptic required to 
produce the 15-2(F~ criterion rightward shift for the 2 sec vs. 
8 sec signal range was the same dose required to produce the 
criterion rightward shift for the 4 sec vs. 16 sec signal range. 
This finding is consistent with the proposal that neuroleptic 
drugs affect time estimation by decreasing the rate at which a 
pacemaker emits pulses [1, 10, 16]. If psychophysicaljudge- 
ments of time are based on the accumulation of these pulses, 
then variation in the mean rate of the pacemaker should 
influence time estimations. A decrease in the speed of the 
pacemaker would be expected to decrease time estimations 
by a constant percentage of the duration to be timed rather 
than a constant number of seconds. Therefore, if neurolep- 
tics decrease the speed of an internal clock, a fixed dose of a 
neuroleptic should produce rightward shifts of a constant 
percentage for timing functions obtained across a range of 
signal durations. This is the result that was observed. Similar 
proportional effects have been observed for drugs that in- 
crease the effective level of brain dopamine (e.g., am- 
phetamine) but as predicted, the observed horizontal shifts 
were in the opposite direction (i.e., leftward) [15]. 

Although beyond the scope of the present paper, Meck 
[16] has shown how changes in the internal clock can be 
separated from changes in temporal memory using temporal 
bisection procedures similar to those described in this re- 
port. Meck and Church [19-21] have employed double dis- 
sociation methods with different timing tasks in order to 
demonstrate the generality of the effects produced by 
changes in the speeds of internal clock and memory storage 
processes. 

As a final note it is worth mentioning that binding affin- 
ity for the dopamine D2 receptor not only predicts a 
neuroleptic's potency for clinical treatment of schizophrenic 
symptoms [4] and its potency for decreasing the speed of an 
internal clock, but also its efficacy in blocking the reinforcing 
effect of electrical stimulation of the medial forebrain bundle 
[6]. Taken together, these results suggest that the physiolog- 
ical mechanisms involved in the quantification of reward 
magnitude and stimulus duration are quite similar [17] and 
that the symptoms of schizophrenia should include both 
the misperception of hedonics and time. 



D O P A M I N E  D2 A F F I N I T Y  A N D  C L O C K  S P E E D  1189 

ACKNOWLEDGEMENTS 

This investigation was supported by research grants from the 
National Institute of Mental Health: MH 37049 to Brown University 
and from the National Institutes of Health: Biomedical Research 
Support S07 RR07060-20 to Columbia University. 

REFERENCES 

1. Church, R. M. Properties of the internal clock. In: Timing and 
Time Perception, edited by J. Gibbon and L. Allan. Annals o f  
the New York Academy of  Sciences, vol 423. New York: New 
York Academy of Sciences, 1984, pp. 566--582. 

2. Church, R. M. and M. Z. Deluty. Besection of temporal inter- 
vals. J Exp Psyehol (Anim Behav) 3: 216-228, 1977. 

3. Creese, I. Dopamine receptors explained. Trends Neurosei 5: 
40-43, 1982. 

4. Creese, I., D. Bun and S. Snyder. Dopamine receptor binding 
predicts clinical and pharmacological potencies of 
antischizophrenic drugs. Science 192: 481-483, 1976. 

5. Creese, I. and S. H. Snyder. Nigrostriatal lesions enhance 
striatal 3H-apomorphine and '~H-spiroperidol binding. Eur J 
Pharmacol 56: 277-281, 1979. 

6. Gallistel, C. R. and A. J. Davis. Affinity for the dopamine Dz 
receptor predicts neuroleptic potency in blocking the reinforc- 
ing effect of MFB stimulation. Pharmaeol Biochem Behav 19: 
867-872, 1983. 

7. Gibbon, J. Scalar expectancy theory and Weber's law in animal 
timing. Psychol Rev 84: 279-325, 1977. 

8. Gibbon, J. On the form and location of the psychometric bisec- 
tion function for time. J Math Psychol 24: 58-87, 1981. 

9. Gibbon, J. Two kinds of ambiguity in the study of psychological 
time. In: Quantitative Analyses ~f  Behavior: Discriminative 
Properties o f  Reinft~rcement Schedules. Vol 1, edited by M. L. 
Commons and J. A. Nevin. Cambridge, MA, Ballinger, 1981, 
pp. 157-189. 

10. Gibbon, J., R. M. Church and W. H. Meck. Scalar timing in 
memory. In: Timing and Time Pereeption. edited by J. Gibbon 
and L. Allan. Annuls o f  the New York Academy of  Scienees, vol 
423. New York: New York Academy of Sciences, 1984, pp. 
52-77. 

11. Hyttel, J. Effects of neuroleptics on '~H-haloperidol and :'H- 
cis(z)-flupenthixol binding and on adenylate cyclase activity in 
vitro. Lift" Sei 23: 551-556, 1978. 

12. Leysen, J. E. Serotoninergic receptors in brain tissue: Proper- 
ties and identification of various 3H-ligand binding sites in vitro. 
J Physiol (Paris) 77: 351-362, 1981. 

13. Leysen, J., W. Gommeren and P. Laduron. Spiperone: A ligand 
of choice for neuroleptic receptors. Bioehem Pharmacol 27: 
307-316, 1978. 

14. Maricq, A. V. and R. M. Church. The differential effects of 
haloperidol and methamphetamine on time estimation in the rat. 
Psyehopharmacology (Berlin) 79: 10-15, 1983. 

15. Maricq, A. V., S. Roberts and R. M. Church. Metham- 
phetamine and time estimation. J Exp Psychol (Anim Behav) 7: 
18-30, 1981. 

16. Meck, W. H. Selective adjustment of the speed of internal clock 
and memory storage processes. J Exp Psyehol (Anim Behav) 9: 
171-201, 1983. 

17. Meck, W. H. Internal clock and reward pathways share physi- 
ologically similar information-processing stages. In: Quantita- 
tive Analyses o f  Behavior: Biological Determinants o f  Rein- 
ft~rcement and Memory, Vol 7, edited by R. M. Church, M. L. 
Commons, J. R. Stellar and A. R. Wagner. Hillsdale, NJ: 
Erlbaum, in press. 

18. Meck, W. H. and R. M. Church. A mode control of counting 
and timing processes. J Exp Psyehol (Anita Behav) 9: 320-334, 
1983. 

19. Meck, W. H. and R. M. Church. Opioid effects on timing behav- 
ior in the rat: Possible actions on dopaminergic and GABAergic 
neurons. Soe Neurosci Abstr 10:1102, 1984. 

20. Meck, W. H. and R. M. Church. Cholinergic modulation of the 
content of temporal memory. Behav Neurosei, in press. 

21. Meck, W. H. and R. M. Church. Nutrients that modify the 
speed of internal clock and memory storage processes. Behav 
Neurosei, in press. 

22. Nagy, J. I., T. Lee, P. Seeman and H. C. Fibiger. Direct evi- 
dence for presynaptic and postsynaptic dopamine receptors in 
brain. Nature 274: 278-281, 1978. 

23. Offermeier, J. and J. M. van Rooyen. Is it possible to integrate 
dopamine receptor terminology? Trends Pharmaeol Sei 165: 
326-328, 1982. 

24. Peroutka, S., R. Lebovitz and S. Snyder. Two distinct central 
serotonin receptors with different physiological functions. Sci- 
ence 212: 827-829, 1981. 

25. Peroutka, S., D. U'Prichard, D. Greenberg and S. Snyder. 
Nenroleptic drug interactions with norepinephrine alpha recep- 
tor binding sites in rat brain. Neuropharmacology 16: 649-556, 
1977. 

26. Whitaker, P. M. and P. Seeman. Selective labeling of apomor- 
phine receptors by 3H-LSD. Eur J Pharmacol 56: 269-271, 1979. 


