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FOWLER, S. C., M. M. LACERRA AND A. ETTENBERG. Effects ofhaloperidol on the biophysical characteristics of 
operant responding: Implications for motor and reinforcement processes. PHARMACOL BIOCHEM BEHAV 25(4) 
791-796, 1986.--Food-deprived rats were reinforced with sweetened condensed milk for pressing a force-sensing operan- 
dum on a continuous reinforcement basis. Force was continuously recorded (every 0.00195 sec) during each response, and 
measures derived from the resulting force-time waveforms served as the basis for evaluating neuroleptic challenge in the 
form of haloperidol (0.04, 0.08, 0.16 mg/kg). Significant dose-related drug effects included a decrease in response rate, an 
increase in mean emitted peak force, and an increase in overall response duration. Additional quantitative analyses 
revealed that the drugqnduced increase in response duration resulted primarily from a slowing in the animal's paw removal 
from the force-sensing operandum. The findings are analogous to deficits in Parkinson's disease and suggest a behavioral 
mechanism that might account for much of the rate attenuating effects of neuroleptics. Implications for motor and reward 
interpretations of the actions of dopamine antagonists are also discussed. 

Haloperidol Neuroleptics Force of response Duration of response Motor effects Anhedonia 
Rats 

IT is well known that dopamine (DA) antagonist neuroleptic 
drugs can produce motor impairments in both humans and 
animals (e.g., [3, 8, 9, 38]). However,  controversy exists 
concerning whether or not such behavioral incapacities can 
account for the robust effects that are routinely observed 
with low to moderate doses of these drugs (e.g., [5, 19, 37]). 
For example, operant response rate of  food-reinforced rats is 
decreased at doses that apparently have little or no catalep- 
togenic effect [30]. One explanation offered for these rate 
decreases is that the reinforcer efficacy is reduced by 
neuroleptics and rate declines secondary to a loss in the po- 
tency of the reinforcing stimulus (i.e., the "anhedonia 
theory"  [36,37]). Other researchers have argued that much 
of the rate-reducing effect of these drugs might be a result of 
some form of performance deficit [7, 12-14, 16]. In fact, 
studies that have directly measured the emitted force and 
duration of individual operant responses have produced evi- 

dence for the presence of subtle motor impairments even al 
low subcataleptic doses of  these drugs [15,24]. 

Two widely accepted pharmacological principles appear 
to be relevant to these issues : (1) drugs have multiple ac- 
tions; (2) and the extent of each individual action depends 
upon the dose administered. The first principle is consistent 
with the idea that motor [7, 12-14, 16], anhedonic [18, 25, 37, 
39], and associative [1,2, 6, 26, 32, 33] effects might all result 
from neuroleptic treatment. The second principle suggests 
that if catalepsy is pronounced at high doses one might ex- 
pect it to be present at progressively lower doses until some 
threshold dose is reached below which motor effects become 
nonexistent or immeasurable. The present study was de- 
vised to assess whether or not low to moderate doses of 
neuroleptic drug produce some subtle motor impairment 
which, once identified, might account for some portion of the 
slowing of operant response rates during drug treatment. 

~Requests for reprints should be addressed to Stephen C. Fowler, Department of Psychology, University of Mississippi, University, MS 
38677. 
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The behavior of a rat reinforced with food after every 
lever press consists of the initiation of a lever press, the 
termination of that lever press, the initiation of the consum- 
matory response, and so on. Obviously, a slowing in any one 
of these components would result in a net reduction in re- 
sponse rate. In addition, changes in motivational or rein- 
forcement parameters may also affect response rate, thereby 
making it difficult to estimate the relative roles played by 
different behavioral processes in the observed rate changes. 
Indeed, the adequacy of response rate as a reliable measure 
of reward strength has been questioned repeatedly (e.g., [4, 
11, 19, 28, 31, 34]). In an attempt to overcome the interpre- 
tive difficulties inherent in employing response rate as the 
sole dependent variable, the present work also examined the 
biophysical characteristics of the response itself [31]. 

Hungry rats were required to reach through a hole in the 
operant chamber wall and exert pressure on a force-sensing 
disk located outside the chamber. In addition to recording 
the number of responses per unit time (i.e., response rate), 
two dynamic and three temporal properties of each individ- 
ual operant response were also recorded. The dynamic 
measures were: (1) the amount of force the animal con- 
tinuously applied for the duration of the response (i.e., emit- 
ted force was sampled 512 times per second starting from the 
point that the animal's paw contacted the disk until paw 
removal) and (2) the maximum force (i.e., peak force) that 
the animal applied during the response. The three temporal 
measures of response were: (1) total response duration (i,e., 
the amount of time elapsed between initial contact with the 
disk and paw removal), (2) the "rise time" or amount of time 
required to go from initial contact with the operandum to the 
peak force, and (3) the "fall time" or the amount of time 
from the point of peak force to the cessation of the response 
(i.e., paw removal). Previous studies employing similar 
methods have identified characteristic changes in these 
measures resulting from manipulations of reinforcement 
schedules and reward magnitude ([10,31]; for a brief review 
see [19]). Therefore, it was of interest to assess (1) whether 
neuroleptic challenge produced dynamic and temporal ef- 
fects on responding comparable to those already observed 
for reward attenuation, and (2) to identify precisely the re- 
sponse components most susceptible to low-dose neurolep- 
tic treatment with the aim of isolating the behavioral mech- 
anism by which rate of operant behavior is reduced by these 
drugs. 

METHOD 

Subjects 

Nine male Sprague-Dawley (Charles Rivers) rats, averag- 
ing 290 g in body weight, served as subjects. The rats were 
maintained on a food-deprivation regimen that supplied 
enough food in the home cage to keep body weight nearly 
constant (90% of ad lib) throughout the experiment. Feeding 
in the home cage occurred about 30 min after experimental 
sessions, and training and/or drug treatments were adminis- 
tered in the early afternoon during the light portion of the 
7:00 p.m. to 7:00 a.m. light-dark cycle. 

Apparatus 

Operant responses were measured in one operant 
chamber (23 crn long, 20 cm wide and 19 cm high) which was 
enclosed within a sound-attenuating plywood enclosure 
painted flat white inside and out. The chamber front panel 
was fashioned of 1.6-mm aluminum, while the top and sides 

were 6.3-rnm clear Plexiglas. Stainless steel rods 6.3-mm in 
diameter formed the floor. Illumination was provided during 
sessions by a 24-volt GE 1819 light bulb centered in the front 
panel 4 cm from the chamber top. Mounted on the lower 
right front panel was a cylindrical recession that permitted 
access to a solenoid operated dipper with a volume of 0.1 ml. 
A rectangular opening, 3.0 cm wide and 2.5 cm high, was 
centered in the front panel 5.5 cm above the grid floor. This 
aperture provided access to the maniplandum positioned 
outside the chamber. A Sanborn force transducer (model 
FTA-100) served as the silent, isometric force-sensor. At- 
tached to the transducer shaft was an 18 mm diameter disk. 
It was positioned (after the initial shaping) so that the center 
of the disk was 2.5 cm from the outside of the chamber wall 
and the surface of the disk was 0.5 cm above the lower edge 
of the access aperture. The disk itself protruded 3 mm above 
a stainless steel housing that provided 1 mm of clearance 
around the circumference of the disk. The mass of the disk 
was sufficiently small to allow recording of force fluctuations 
up to 100 Hz without contamination by natural frequency 
vibrations that can occasionally occur (e.g., following a flick 
of the rat's claws) when the mass of the transducer manipu- 
landum system is somewhat higher. Frequencies above 100 
Hz were removed by electronic filtering. 

Contingencies were programmed and data were recorded 
with a Corona PC equipped with a customized John Bell 
Engineering PC Universal l/O board. DescriPtions of these 
measurement techniques are given elsewhere [20,22]; how- 
ever, the methods used here were somewhat more advanced 
than those previously published because of the high natural 
frequency of the rnanipulandum-transducer system, the rel- 
atively high A/D sampling rate, and the digital waveform 
recording. The software (written in Turbo Pascal and avail- 
able through Life Science Associates) directed the A/D con- 
verter to sample the output of the transducer at 512 Hz (one 
sample every 0.00195 sec). These samples were used to de- 
fine a response and its peak force and duration. A response 
was defined as any emitted force rising above a threshold 
value of 4 g and attaining a peak force value of at least 10 g. 
Every waveform that qualified as a response was recorded 
on floppy disk for later analysis of rise and fall times. Re- 
sponse forces were measured with a precision of 1 g and 
duration with a precision of 0.00195 sec. Although the peak 
force and duration variables were recorded online and in real 
time, the calculations of the average time to peak attainment 
and the average time from peak to release of the operandum 
were performed after the data were collected. These same 
waveform data were time-averaged by a peak alignment 
method and printed for visual inspection (an example is pro- 
vided in Fig. 3). 

Drug 

Haloperidol (free base, McNeil) was prepared in a vehicle 
solution of warm lactic acid (0.002 M) and injected intraperi- 
toneally 45 min prior to testing. Each dose (0.04, 0.08, 0.16 
mg/kg was administered in a volume of 1.0 ml/kg. 

Pl'o('Fdllr(" 

The experiment was performed in four successive phases: 
magazine training (1 session), establishing the operant 
through shaping (2 sessions), continuous reinforcement 
(CFR) responding (9 sessions), and evaluation of drug effects 
during CRF (8 sessions--3 vehicle, 3 drug, and 2 intervening 
no drug CRF sessions). Each session was conducted on a 
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FIG. 1. Rate (top) and mean peak force (bottom) as a function of 
dose of haloperidol for a group of nine rats maintained on a continu- 
ous reinforcement schedule of sweetened condensed milk. VEH 
designates treatment with the lactic acid vehicle. The vertical brac- 
kets indicate _+ 1 Standard Error of the Mean (SEM). 

different day. Except for magazine training and shaping all 
sessions lasted 15 min. Magazine training consisted of 
30-min exposure to a variable time l-min schedule of 4-sec 
dipper presentations. From shaping through the remainder of 
the experiment dipper presentation time was 2.5 sec. The 
reinforcer was Borden's sweetened condensed milk diluted 
with an equal volume of distilled water [29]. 

During the drug-plus-CRF phase each rat received, all 
three different doses of haloperidol (0.04, 0.08, 0.16 mg/kg, 
at 72 hr intervals) in a completely counter-balanced order. 
The counter-balancing protocol was particularly important 
since order effects of repeated haloperidol dosing appear to 
occur independently of dose [15, 36, 37]. Forty-five minutes 
before each of the three sessions preceding the drug ses- 
sions, rats were treated with 1.0 ml/kg of vehicle solution. 

Dependent Variables 

For each drug (or vehicle) treatment session six depend- 
ent variables were calculated from each rat 's data. Thus, for 
example, if during a session a rat made 200 responses, the 
mean peak force of response for that particular subject was 
obtained by finding the average of the 200 separate peak 
values recorded for each response. Likewise, mean duration 
(or simply duration) was,based on an average of 200 duration 
values. Similarly, since each response had both a rise com- 
ponent and a fall component, means were computed from 
each of these portions of the response. Response rate was 
the number of responses per session divided by the 900 sec 
of session time. A sixth dependent variable was the rat's 
latency to make the first response after placement in the 
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FIG. 2. Differential effects of dose of haloperidol on different com- 
ponents of response duration. Triangles represent mean response 
duration for the response taken as a whole, whereas the squares 
signify the mean time for the emitted force to reach its peak value, 
and the filled circles indicate the mean time for force to drop from its 
peak value to response termination. Brackets show _+ 1 SEM. 

operant chamber. Care was taken to place the rats in the 
operant chamber in a consistent manner, and the experi- 
menter pressed a session-start switch as soon as the place- 
ment was completed. Closure of this switch directed the 
computer to begin timing the latency to the first operant 
response. 

Dose response data for each dependent variable were 
analyzed with randomized blocks analyses of variance 
(ANOVA). Data from the three vehicle sessions were aver- 
aged for each subject and served as the zero dose condition 
in these ANOVAs. 

R E S U L T S  

The dose effects of haloperidol on rate and peak force of 
response are shown in Fig. 1. Haloperidol produced a reli- 
able dose-dependent reduction in operant response rate as 
many others have previously reported, F(3,24)=12.000, 
p<0.001. When the rate data were analyzed for the effect of 
dosing order independently of dose (i.e., order of drug ad- 
ministration was used as the treatment variable in the 
ANOVA), the F(2,16)= 15.000 was significant (p<0.001). Al- 
though response rate was quite sensitive to haloperidol, the 
drug effect for the latency variable (time from placement in 
the chamber to the first response) only neared statistical 
significance, F(3,24)=2.440, p=0.080 (based on natural log 
transformed data), but latency did tend to increase at the two 
lower doses. ANOVA also comfirmed the graphic impres- 
sion (see Fig. 1) that peak force was elevated by haloperidol 
treatment F(3,24)=8.966, p<0.001; however, unlike the 
case for response rate, the peak force variable did not dis- 
play an order-of-administration effect, F(2,16)< 1, p>0.05. 

Figure 2 illustrates the dose-response data for the tem- 
poral response variables. Mean total response duration (time 
from initial paw contact with the operandum to paw removal) 
was increased by haloperidol, F(3,24)=4.000, p<0.02;  the 
effect of order of administration was not significant for re- 
sponse duration, F(2,16)< !, p >0.05. A two-way randomized 
blocks ANOVA applied to the separate rise and fall compo- 
nents of response duration revealed a significant dose-by- 
component interaction, F(3,24)=3.480, p<0.03. When as- 
sayed with a test for simple main effects, the fall component 
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FIG. 3. Averaged force-time waveforms for vehicle (light line) and 
haloperidol 0.08 mg/kg (heavy line) for subject 21. The waveforms 
were averaged digitally by the peak alignment method. The ordinate is 
in gram-equivalent weights. 

(time from point of peak force to paw removal) was found to 
be significantly affected by drug treatment, F(3,24)-4.707, 
p<0.05, but the rise component (time to reach peak) was not, 
F(3,24)< 1, p >0.05. 

Figure 3 provides an example of one representative sub- 
ject that showed a relatively large drug effect (at the 0.08 
mg/kg dose) on the fall component relative to the rise com- 
ponent of the response. The long "tail"  to the right of the 
peak for the heavy-lined curve shows that, on the average, 
haloperidol lengthened the time to terminate the response 
but not the time to reach the peak force value. Other rats 
showed this same effect to varying degrees as confirmed by 
the ANOVA. 

Inasmuch as haloperidol produced a pattern of lowered 
rate and increased peak force, it is possible that these two 
dependent variables would negatively covary regardless of 
the treatment conditions. Such redundancy of information 
would then call into question the value of the peak force 
variable in describing the behavioral effects of neuroleptics 
or other drugs. Furthermore, if the variable provides no in- 
formation beyond rate, its presence in experimental analyses 
may only serve to obscure relationships between the inde- 
pendent and dependent variables. An examination of 
cumulative records (not shown here) from the CRF vehicle 
sessions suggested a way to address this issue. In the un- 
drugged condition all subjects displayed a noticeable de- 
crease in response rate toward the end of the session, prob- 
ably resulting from satiation effects. Modification of our data 
reduction software allowed us to examine the last three 
minutes of responding and to compare this "satiated" re- 
sponding with the data for the whole session. Response rate 
was significantly lower in the last three minutes: 0.140 re- 
sponses/sec compared to 0.230 responses/sec for the whole 
session, t(8)=5.001, p<0.001. This same comparison for 
peak force approached significance, with peak force tending 
to be lower (not higher as in the drug condition) during the 
relatively satiated portion of the session compared to that for 
the whole session (i.e., for the last three minutes the mean 
peak force was 15.44 versus 16.78 for the session, 
t(8)-1.960, p-0.080).  Thus, although satiation lowered re- 
sponse rate by an amount approximately equivalent to a hal- 
operidol dose of between 0.04 and 0.08 mg/kg (see the top 
panel of Fig. 1), satiation did not increase peak force as 
haloperidol did in this experiment. Consequently, rate and 
peak force are probably not providing redundant information 
about the rat's behavior. Finally, response duration was 

significantly longer during the last three minutes of the ses- 
sion compared to that observed for the session as a whole: 
0.210 sec vs. 0.180 sec, t(8)=2.970, p=0.020. 

DISCUSSION 

The monotonic rate decreases induced by increasing 
doses of haloperidol were accompanied by significant 
monotonic increases in peak force. This pattern is congruent 
with a recently completed study of pimozide's effects on 
peak force [24], although not observed for chlorpromazine or 
clozapine in a different experimental setting [17, 21, 23[. 
Since previous work has shown that force elevations are 
associated with decreases in amount of reinforcement 
[10,31], the force-incrementing effects of haloperidol seen 
here are consistent with the anhedonia hypothesis oi 
neuroleptic action [36,37]. This hypothesis is also supported 
by the observation that successive experiences with haloper- 
idol during food-reinforced responding led to progressively 
larger response rate decrements independently of dose. Such 
a pattern of results is similar to what one observes with 
successive experiences of nonreward and is, therefore, com- 
patible with the notion that neuroleptics can attenuate food 
reinforcement [36,37]. Casual observations of the rat's be- 
havior during the drug condition indicated that the rats al- 
ways approached and licked from the reinforcement dipper 
when it was presented. Thus, the drug-related force rise ob- 
served here was probably not simply the result of reward 
omission [31]. 

Although both the rate and peak force data appear to 
support rather directly the anhedonia hypothesis, certain 
features of the results leave room for an alternative interpre- 
tation of the peak force increase produced by haloperidol. If 
anhedonia is "responsible ~" for both the observed order ef- 
fect on response rate and the peak force rise, then why 
doesn' t  peak force (or duration) exhibit an order effect? It is 
possible that the peak force changes occasioned by haloperi- 
dol were the result of the drug's effects on postural [9,38] 
and/or motor [24] mechanisms which may not be susceptible 
to "sensit ization" (increasing effects as a function of re- 
peated treatments with a constant dose). Indeed, the fact 
that response fall time (i.e., time from peak force to response 
cessation) was selectively elevated suggests that subtle 
motor effects were produced by haloperidol treatment. Fur- 
thermore, since haloperidol did not reduce the rats" ability to 
emit relatively high forces, the motor effects occasioned by 
this drug appear to manifest themselves primarily in the tem- 
poral domain [24]. it would seem that a major factor con- 
tributing to neuroleptic-induced reductions in operant behav- 
iors stems from a drug-induced slowing of response termina- 
tion. This reduced capacity to release the operandum may be 
a manifestation of the drug's tendency to exaggerate static 
postural support mechanisms [9,38]. The current results also 
agree with the data from human Parkinson's disease patients, 
who show deficits in limb movement time [35] and impair- 
ment in making rapidly alternating limb movements [27]. To 
our knowledge, similar data have not been collected from 
psychiatric patients receiving neuroleptics. Failure of the 
drug to affect rise time does not contradict the analogy with 
Parkinson's disease because the initiation component of the 
response has aheady occurred once the rat's paw contacts 
the operandum. 

If it is true that neuroleptics affect motor function in a 
manner that is distinguishable from a reinforcement/motiva- 
tion mechanism, then a portion of the dose-related rate de- 
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cl ine seen  for  t he se  drugs  m a y  be a c c o u n t e d  for  by  phar-  
maco log ica l  ef fects  on  m o t o r  m e c h a n i s m s .  In o t h e r  words ,  
one  o f  the  fac to rs  t ha t  r e d u c e s  r e s p o n s e  ra te  m a y  be  pr imar-  
ily mo to r i c  in n a t u r e  (p robab ly  e x t r a p y r a m i d a l  and  
pos tu ra l ly  re la ted  [9,38]) whi le  a n o t h e r  f ac to r  m ay  invo lve  
r e i n f o r c e m e n t  and /o r  a s soc ia t ive  m e c h a n i s m s .  T he  o r d e r  ef- 
fects  seen  here  and  e l s e w h e r e  c a n n o t  easi ly be  a c c o u n t e d  
for  by  a m o t o r  hypo t he s i s ,  and  appropr i a t e  con t ro l  p roce-  
dures  have  ef fec t ive ly  ru led  ou t  drug a c c u m u l a t i o n  as an  
exp lana t ion  for  these  o rde r  effects  (e.g.,  [15, 36, 37]). The  
pair ing of  the  drug  s ta te  wi th  ope r an t  e x p o s u r e  leads  to an 
ac ros s - se s s ion  dec l ine  in r e s p o n s e  ra te  s imilar  to tha t  
p roduced  by  r epea t ed  e x p o s u r e  to n o n r e i n f o r c e m e n t .  This  
ef fec t  has  b e e n  i n t e r p r e t ed  as a n h e d o n i a  [36,37] or  as some 
type  o f  s e n s o r i m o t o r  cond i t ion ing  resul t ing  f rom response -  
p r o d u c e d  ave r s ive  s t imuli  g e n e r a t e d  in the  drugged  animal  
[33]. The  resul t s  p r e s e n t e d  here  do no t  f avor  e i the r  hypo th -  
esis ,  bu t  it is a p p a r e n t  t ha t  e x p e r i m e n t s  tha t  rely exc lus ive ly  
on  r e s p o n s e  ra te  are unl ikely  to rule ou t  one  of  these  two 
exp lana t ions .  

W h e n  v iewed  in the  c o n t e x t  o f  the  drug  da ta ,  the  satia- 
t ion resul t s  raise  an  in te res t ing  poss ibi l i ty  for  fu r the r  
e luc ida t ing  the  p r o c e s s e s  t h r o u g h  w h i c h  neuro lep t i c s  affect  
behav io r .  In the  p r e s en t  e x p e r i m e n t  m o d e r a t e  sa t ia t ion  

p r o d u c e d  a decl ine  in b o t h  r e s p o n s e  ra te  and  peak  force~ 
whi le  the  cond i t ions  p r e s u m e d  to r e p r e s e n t  lowered  rein- 
f o r c e m e n t  (drug plus C R F )  resu l ted  in lower  r e s p o n s e  rates 
bu t  h igher  peak  force.  S ince  sa t ia t ion  is genera l ly  regarded 
as a cond i t ion  o f  low mot iva t i on ,  c o m p a r i s o n  o f  response  
cha rac t e r i s t i c s  dur ing  mildly sa t ia ted  cond i t ions  wi th  those  
u n d e r  r educed  r eward  cond i t ions  (or  d rug-p lus - reward  con- 
d i t ions)  may  pe rmi t  us  to  d i s t inguish  b e t w e e n  mot iva t iona l  
and  r e i n f o r c e m e n t  c o n s e q u e n c e s  o f  neuro lep t i c  chal lenge.  
This  poss ibi l i ty  is n o w  u n d e r  inves t iga t ion  in ou r  labora-  
tor ies .  
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