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CUantifying the molecular structure of behavior:
separate effects of caffeine, cocaine, and
adenosine agonists on interresponse times and
lever-press durations

‘M.C. Newland

Department of Psychology, Auburn University, Auburn, AL 36848, USA

i One difficulty in analyzing the molecular structure of bebavior lies in reducing the data to a manageable size so that they can
i be deseribed concisely but without a loss of important information. An approach to quantifying and comparing distributions
| of interresponse times (IRTs) and lever-press durstions is described and then used to examine the acute effects of caffeine
(an adenosine antagoenist), cocaine, and three adenosine agonists in rats chronically consuming either tap water or water
containing 1.0 mg/ml caffeine. The adenosine agonists used were R(-)N®-(2-phenylisopropyladenosine [R-PIA (preferential
A, receptor agonist)], 5'-(N-cyclopropyl)-carboxamidoadenosine {CPCA (preferential A; agonist)], and 5'-N-ethylcarbox-
amidoadenosine [NECA (about equal agonist activity at A, and A; receptors)], The rats’ behavior was maintained under a
Multiple Fixed-laterval (FI) 1205, Duration > 5s schedule of reinforcement. Under the FI schedule, the first lever-press
after 120s resulted in pellet delivery. Under the Duration > 5s schedule, all lever-press durations greater than 55 were
; reinforced. Molecular analyses of distributions of truc IRTs (caclusive of lever-press durations) and lever-press durmtions
:  .were conducted by regressing percentiles of the distribution obtained from drug conditions against percentiles obtained
from control conditions, a technique called empirical percentile-percentile analysis (or quantilehquantlle analysis). The
P&tem of effects on response durations differed from that seen in IRTs. After acute administration of aderiosine agonists,
distributions of lever-press durations under the FI schedule and subcriterion durations under the Duration > 5s
~aiedule were shifted rightward by a constant proportion, indicative of a generalized slowing of mponding by these drugs.
- The effects of adenosine agonists on IRTs could be described by a power-function relationship whereby long IRTs were
increased more than shorter ones. A rate-increasing dose of caffeine (10 mg/kg) did nothing to the molecular structure of
: lever-press durations or of IRTs, indicating that rate increases seen after this dose were due to an earlier onset of responding
i In the fixed-interval and were unaccompanied by disruptions in the physical execution of the response. The motecular
i . structure of interresponse time distributions seen at the rate-decreasing dose of caffeine (60 mg/kg) resembled that of a rate-
¢ decreasing dose of cocaine, but not of the adenosine agonists. Both caffeine and cocaing produced a curvilinear relationship
i beiween drug and control percentiles such that very short IRTs were unaffected, but long ones were lengthened five- to 10-
i fold. This same dose of caffeine lengthened lever-press durations in a manner that resembled adenosine agonists but not
cocaine. Percentile—percentile analyses reveal details about drug effects on the temporal structure of behavior and its
i physlca} execution that are not visible in molar annlyses.

Keywords: Adenosine agonists - Caﬂ'eme Cocaine - Chronic caffeine - Interresponse time analysis—Lever-prass
duration - Motor effects - Percentile-pemnnle analysis - Rat

| INTRODUGTION

Many drugs and toxicants influence the molecular struc-

wure of behavior, and these effects have been revealed as

alterations in the distribution of interresponse times

(IRTs) (Weiss, 1970; Rice, 1988; Iversen, 1991). One
of the difficulties in analyzing the molecular structure of
behavior lies in reducing data to manageable units so
ﬁt they can be described concisely, but without a loss
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of information. A second problem lies in the manner by
which data sets deriving from -different conditions arc
compared. Statistical procedures such as the Kolmo-
gorov—-Smimov test can determine whether distributions
are different but say little about the nature of the differ-
ences. The peak-deviation analysis (Richards er al,
1993), in which the IRT distribution obtained from an
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experiment is subtracted from a theoretical distribution,
provides information about how a distribution differs
from a theoretically derived one, but requires that one
be able to specify in advance the shape of the theoretical
distribution.

The present paper applies a procedure described by
Cleveland (1985) to describe and compare distributions
using nonparametric techniques, and therefore can be
applied where there is no theoretical justification for
assuming that the distribution assumes a particular form.
The technique is identical in spirit to the approach taken
by many statistical packages to compare a distribution of
data against the normal distribution to determine whe-
ther data are normally distributed. The difference is that
the standard, or control, disiribution is not a theoretical
one, but is empirically derived from the conuol condi-
tons. The technique permits the visual comparison of
distributions of large numbers of data. More important,
by regressing the loci of points taken from a drug con-
dition against those from a control session, a quantitative
description of the effect of a‘drug on the entire distribu-
tion can be advanced.

In the present -case, baseline dlsmbunons of IRTs
and lever-press durations are established under a sched-
ule of reinforcement. This distribution is described
with five joci that anchor important points: the 5th,
25th, S(hk, 75th,” and 95th percentiles. Then the same

five loci are determined after an intervention such as a

drug injection. The loci from the drug conditions are
regressed against those from the controi condition. If the
slope is 1.0 and the intercept is 0.0, then it can be con-
cluded that there is no difference between the interven-
tion and the control condition. Changes in the slope and
intercept lead to dlfferent conclusions about a drug’s

effect. ]
~ IRT distributions, used to describe molecular structure
in behavior, typically include both response durations
and true IRTS since they describe the time between, say,
the depression of a lever and the next ime that the lever
is depressed. However, molecular details about response
rate and- durations can provide different information
about drug effects (Walker er al. 1981; Fowler, 1987;
Newland, 1994, 1995), even when only session averages
or medians are examined. In the present report, lever-
press durations and true IRTs were analyzed separately
to isolate potential motor effects of drugs from’ disrup-
tions in the temporal structure of responding.

This approach was used to characterize compounds
whose behavioral actions are thought to be related to
activity at adenosine receptors. The compounds R(-)-N°-
(2-phenylisopropyl)adencsine . (R-PIA),  §'-N-ethyl-
carboxamidoadenosine {(NECA} and 5-(N-eyclopropyl)-
carboxamidoadenosine (CPCA), function as adenosine
A;, mixed A;/A;, and A, agonists, respectively
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(Katims e al., 1983; Jarvis and Williams, 1990; Red-
dington and Lee, 1991; Collis and Hourani, 1993). and
reduce locomotor activity and response rates under sev-"
eral schedules of reinforcement (Camey er al., 1985:
Spealman and Coffin, 1986; Jarvis and Williams, 1990;
Glowa and Spealman, 1984; Newland and Brown, 1996).
These effects bear some similarity to sedative— hypnotics
(Coffin and Spealman, 1985; Commissaris et al., 1990;
Dar, 1900). Caffeine resembles psychomotor stimulants
in its actions on response rate (Glowa, 1986) and can
function as a competitive antagonist at the adenosine
receptor, an interaction manifested in behavior (Snyder
et al., 1981; Spenser and Lal, 1983; Glowa and Speal-
man, 1984; Logan and Carney, 1984; Glowa er al., 1985;
Goldberg er al,, 1985; Mumford and Holtzman, 1990;
Spealman, 1988, Nikodijevic er al.,'v1199!; Williams, .

11991).

Newland and Brown (1996) reported that compounds
that act on the adenosine receptor system have separable

_ effects on measures of response rate and of lever-press

durations when behavior is maintained under a Multiple
Fixed-Interval (FI) 120 s, Duration > § s schedule of re-
inforcement. Caffeine and all adenosine agonists in-

- creased lever-press durations under the FI schedule but

their effects on the Duration > 55 schedule were equi-
vocal. One important difference between the two sche-
dule components was the baseline lever-press durations,
which were much longer under the Duration > 55 sche-
dule than under the FI schedule. The possibility that the
absence of an increase in durations was due to the al-
ready elevated baseline level is examined in the present
report.

The adenosine agonists reduced overall response rates
at doses that also increased lever-press durations under
the FI schedule, suggestive of a general sedation. Caf-
feine had a more complex spectrum of actions. It eleva-
ted overall response rates at low doses, an effect showing
insurmountable tolerance, and decreased rates at higher
doses. Rate-reducing doses of caffeine also elevated le-

ver-press durations, as did the mc-decreasmg doses of
adenosine agonists.

The Multiple FI 1205, Duration > 55 schedules per-
mit the investigation of lever-press durations in which no
explicit reinforcement contingency was applied to the
lever-press duration (the F1 schedule). The presence of
a schedule in which long durations are explicitly re-

_inforced permits a comparison of lever-press durations -

as an indirect effect of an FI schedule of reinforcement-
with those resulting from a schedule in which long dura-
tions are directly mcarporated into the contingencies of
reinforcement.

Several elements.of the drugs’ effects are examined at
the molecular level in the present paper. The pattern of
effects on lever-press durations and IRTs was examined




WOLECULAR ANALYSIS OF RESPONSE RATE AND DURATION

10 determine if the differant drugs studied here can be
characterized according to these patterns. If so, then

effects of the drugs, such as might be revealed in
ie"  ress durations, might differ from effects on the
patterns of response rates as revealed by the IRTs. In
addition, it was determined whether rate increases were
accompanied by an increase of short IRTs, as would
oceur if the drug produced bursts of responding.

METHOD

Subjects

Fourteen male Long-Evans derived rats purchased from
Harlan Sprague Dawley were used. The subjects were
weighed 5 days/week and fed Purina Rat Chow on a diet
designed 10 maintain their body weights at 300g, a
weight compatible with good health and at which food
remains an effective reinforcer. They were individually
housed and kept on a 12h: 12h light-dark cycle (lights
on at 06.00h). '

Apparatu. )
Conventicnal operant chambers (LVE}, 30 x 25§ x
30cm surrounded by sound-atenuated cubicles were

used. An exhaust fan and white noise in the cubicle -

masked extraneous noise. The front wall of the chamber
/" ained two levers, a light above each lever, and a

¢-.tet dispenser midway between the two levers. Each
“lever required about 20 g to operate. A PDP 11/23 com-
puter (Digital Equipment Corp.) running SKED software

(State Systems) was used to control behavioral sessions
~and collect data. '

Procedure :

. Behavior was maintained under a Multiple FI 120s
Dutration > 55 schedule of reinforcement in 30 min ses-
sions conducted 5 days a week. The FI component op-
erated on the left lever and the Duration > 5§ 5 component
operated on the right lever. The schadules were presen-
ted in strict succession and a light was illuminated over

the active lever. Under the FI 120s schedule, the first .

response to occur after 120's had elapsed resulted in the
delivery of a single food pellet. Under the Duration > 5s
schedule, each lever-press duration greater than 5s was
reinforced by the delivery of a food pellet. During the
Duration > 3s component, a tone sounded and a re-

sponse timer began the moment the rat pressed the lever.

‘When the response duration reached 5s the tone turned
off and the reinforcement cycle began. The reinforce-
ment cycle included a 0.15s tone of a higher frequency
_~=2nd the delivery of a food pellet.

Schedule components alternated approximately every
2 min. The FI component ended after the reinforcement
cycle or if 2 min passed and 15 s had clapsed without a
response. The Duration > 5 s schedule ended after 2 min
if the rat was not holding the lever when the component
timed out. Otherwise, the Duration > 5 s schedule ended
after the rat released the lever and, if the response met
the criterion, a pellet was delivered. The Duration > 5s
component did not terminate until the rat released the
lever. Details about the shaping of behavior can be found
in Newland and Brown (1996).

Catfeine exposure

Three groups were formed by assigning rats such that
average group values for response rate during each com-
ponent and the number of initiations/reinforcer during
the Duration > 5s schedule were approximately equal
before caffeine exposure began. One group had
0.5mg/ml caffeine (anhydrous, purchased from Sigma
Chemical Co., St Louis, MQ) in their drinking water, a
second group had 1.0 mg/ml, and the third group had tap
water with no caffeine added. Only the tap-water and
1.0mg/ml groups are described here.

Drugs )
Acute doses of the following drugs were administered
i.p.: R-PIA (the ! isomer and sometimes abbreviated ]
PIA), an adenosine A, receptor agonist; CPCA, an ade-
nosine A, receptor agonist; NECA, which has approxi-
mately equal potency at A, and Aj receptors, caffeine,
and cocaine hydrochloride. A small amount of lactic
acid was added to the solution to dissolve R-P1A, NECA,
and CPCA. All drugs were dissolved at a concentration
such that 1 ml/kg could be administered. Drugs were
administered i.p. 10 min before the session began. Acute -
dose—effect curves were collected in the following order:
caffeine, R PIA, cocaine, CPCA, and NECA. Drugs
were administered on Tuesdays and Fridays and sessions
conducted on Thursday served as noninjected controls.
For rats with caffeine in their drinking water, acute .
drug injections and vehicle injections were made after
23h of caffeine abstinence, achieved by replacing the
water bottle containing caffeine with one containing tap

- water. On occasion R-P1A (30 ug/kg, a dose that reduced-

most end-points by 50%) or CPCA (10 ug/kg, a dose that
nearly eliminated responding) was administered under
conditions of no abstinence, achieved by lcaving caf-
feinated water in the rats’ home cages. '

Full dose-effect relationships describing the effects of
the drugs examined here can be seen in the accompany-
ing paper (Newland and Brown, 1996). Monophasic
dose-effect curves were obtained with adenosine
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agonists and cocaine (cocaine dose—effect curves are not
presented), so a dose that reduced response rate by
approximately 50% was selected for examination, for
each of those drugs. Caffeine, administered acutely, pro-
duced a biphasic dose—effect relationship on overall re-
sponse rates in the rats consuming tap water and
decreased response rates in the rats consuming caffeina-
ted water. Therefore, a dose that elevated response rates
in nontolerant rats and a dose that decreased response
rates in ail rats were selected for examination.

Dependent measures

Response rates and average lever-press durations were
determined for each component and the results are pre-

sented in the accompanying paper (Newland and Brown, -

1996). The duration of each lever press and each IRT
was recorded with 0.01 s resolution for each component
and these data are described here. The IRT was deter-

mined exclusive of the lever-press duration, so these two

measures provide independent descriptors of the mole-
cular structure of behavior. The distribution of these data

was sumnmarized by storing the 5th, 25th, 50th, 75th, and.
* 95th percentiles. To obtain the percentiles, each IRT and
each lever-press duration was recorded with 0.01 s reso-
lution and stored. A Fortran program was written to read
. these data, sort them (using a tree-sort algorithm avail-
able in many Fortran texts), and extract and store the
relevant percentiles. Group averages of percentiles were
determined after each dose of each drug and the percen-
tile-percentile analysis was conducted on these avera-
ges. Individual percentile~percentile analyses were also
conducted for individual rats under selected conditions
and the results were compared with those taken from the
group averages. The conclusions from these two differ-
ent ways of conducting the analysis did not differ appre-
ciably.

Fig. 1 illusirates the empirical percentile-percentile
analysis. A ‘control’ distribution is illustrated by the
filled circles in the top two rows. The top row shows
how the distribution of a molecular descriptor, such as
IRT, is usually displayed. A Chi-square distribution was
used to generate this examplé because it provides a skew
similar to that observed in the data presented below.
Most of the events lay between 0.15 and 0.65. Three

different effects of an intervention, called the ‘drug’

distributions, -are illustrated by open circles and open
triangles. The left column, illustrating a proportional
increase in values, will be described first.

A proportional increase in the distribution is ilustra--
ted in the left column: a 20% increase is seen across the
range of the distribution. The middle panel shows a
cumulative form of the distribution seen in the top panel.
The horizontal axis is scaled logarithmically (hase 10), a

4  Behavioural Pharmacology . Vol 8 . 1997

M.C. NEWLAND

tactic that makes the full range of the distribution visible
and prevents excessive weighting by large values. Hor-
izontal lines are placed in the distribution at the critical
points: the 5th, 25th, S0th, 75th, and 95th percentiles.
In the left column the proportional shift in the distri-
bution appears as a parallel rightward shift on the cu-
mulative distribution (middle panel, left column) using a
logarithmically scaled horizontal axis. The bottom pane!
of the left column illustrates the empirical percentile—
percentile analyses. To see how this figure was construc-
ted, consider the cumulative distributions in the middle
panel of the left column. The 5th percentile under con-
trol conditions falls at a value of 0.12 s, The 5th percen-
tile after the intervention falls at a value of 0.14s,
Therefore, the bottom-lefi-most point on the empiricat
percentile—percentile graph has the coordinates (0.12s,
0.145), representing the control 5th percentile and drug
Sth percentile, respectively. The other paints are deter-
mined similarly. Both axes are scaled logarithmically
but the original units, seconds, are used as labels, The
effect of drug administration on the entire distribution
can be described by regressing the drug percentiles
against control percentiles. In this example, the regres-
sion yields the result log (Y)=1.0*(log (X)) +log(1.2)
or, if the antilog is taken, Y = 1.2*X, which is readily
interpretable as a 20% increase across all values.

The right column of Fig. 1 shows two power-function

relationships. Open circles represent a drug distribution
produced by raising the control value to the power 1.2,
i.e. drug = controi' . Triangles represent the same pow-
er function multiplied by a constant different from 1.0;
in this example drug = 2*control’-. Both effects might
be described as rate-dependent because’ large values are
affected differently than small values.

The effects illustrated in the right column are more’

complex, but still amenable to analysis. A simple power-
function shift (open circies) results in a larger change for
small numbers than for large numbers. While this can be
seen in the distribution in the top panel, it is easier to
visualize in the cumulative distribution. Multiplying the
power-function by a factor of 2 has two effects which
can be understood by referring to the triangles in the
cumulative distribution in the middle right panel and the
percentile—percentile plot in the bottom panel of the
right column.’ First, the multiplicative factor positions
the curve describing the cumulative distribution on the
horizontal axis of the cemulative distribution and, in this
sense, it is a scaling factor reflecting the units chosen for
the original measurement. The measurement units affect
the location of the intercept on the percentile-percentile
plot but not, of course, the drug effect: The intercept
appears at a value of (0,0) after a logarithmic transform,
corresponding to a value of (1, 15) in the original data
(1()0:1 s0 the log of 1 =0). The origin (1.1) would be

r



QUL.ECULAI ANALYSIS OF RESPONSE RATE AND DURATION
The Percentile-Percentile Plot
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FIG. 1. The conversion of a distribution of interresponse times into a percentile—percentite graph. The left column illystrates a propor-
tional shift, in which the drug distribution (open circles, thin line) repragents a 20% increase over the controi distribution (filled circles,
thick lina), across the antire distribution. The right column illustrates two types of power-functiens. ia one, the drug digtribution (opan
cirglas, thin line) is generated by raising control valuas {closed circles, thick line) to the power 1.2. In a sacond (triangles, dotted !ine), -
the same power-function is used, but also multiplisd by 2. The top panels show conventional distributions. The middle panels show
cumulative distribution, with horizontal ines indicating the Sth, 25th, 50th, 75th, and 95th percentiles. The botiom panels show the
parcentile—percentite plots, in which percentiles from the control distribution are plottad horizontally and the parcentiles from tha drug
_-distribution are plotted vertically. The thick, diagonal line shows the major diagonal {or the line of no effact). Ditferent drug effects can be
"an in the siope and intercept of the other lines. Note logarithmically scaied axes. See text for additional details and inlerpretation. -
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different if times were measured in milliseconds instead
of seconds.

The muitiplicative factor also shows whether the net
effect is towards an increase, decrease, or a mixture (e.g.
decrease small values and increase large values) since
this factor determines the position of the cumulative
distribution (middle panel) describing drug effects, rela-
rive 10 the cumulative distribution describing control
conditions. If the drug curve is positioned far to the left
then all values are decreased by the drug but large ones
are decreased more than small ones. If the curve is posi-
tioned far to the right (i.e. the Y intercept is relatively
small) then all values are increased but large ones are
increased less than small ones, If the factor is such that
the curve from drug conditions crosses the control curve
in the range of values studied, then small values may be
decreased while large values are increased. The graphi-
cal expression of the distribution following drug admin-

istration would not be influenced by a change of scale, -

since it is expressed relative to the distribution under
control conditions (except that the magnitude of the in-
tercept would be different).

The bottom right panel shows a percentile~percentile

analysis for the two situations in the right column.
The regression analysis results in the equation
log(Y) = 1.2*log(X) + log(1) or Y =X"? (open circles,
* right column) for the power-function relationship. A
slope greater than 1.0 indicates greater variability, or a
wider range of values, after the intervention, and an
effect that is unevenly distributed across the distribution
(e.g. large numbers affected more than small numbers).
A slope less than 1.0 would indicate that the intervention
compressed the variability in the distribution, but again
with the effect being unevenly distributed across the
distribution, and that short values are increased and long
values decreased, a classic rate dependency {or constan-
¢y) phenomenon. An interpretation of a slope term dif-
ferent from 1.0 is that the intervention affected large
values differently than small values, or that the magni-
tude of the effect depended upon the baseline value,
Interpretation of the line illustrating the power-func-
tion relationship and a multiplicative factor {open trian-
gles) draws from statistical and visual examination of the
results. The equation obtained from the percentile-per-
centile analysis is log(Y) =log(2.0) + 1.2*log(X) or, on

linearly scaled axes, Y =2*X"2 The regression analysis

supports a conclusion that the intervention produced an
effect, that the effect was not the same across all points

on the curve, and that variability increased as part of the

effect. The presence of both a slope and intercept term in
log coordinates, or bias (scaling) and power term in
linear coordinates, means that there was neither a simple
proportional nor a simple power-function shift in the
distribution. The intercept slides the percentile—percen-
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tile line vertically above or below the major diagonal,
which can be thought of as a line of no effect. Visual
inspection reveals, in this example, that short values
were slightly affected and that Jong values were in-
creased a lot. Such visual interpretation is essential for
a full description.

Some effects obtained in the present experiments
could best be described by a quadratic relationship.
These will be interpreted graphically and are not illu-
strated here.

In summary, a drug’s effect can be read by comparing
the vertical location of a point against its horizontal
location on an empirical percentile—percentile display.
The vertical axis represents the drug distribution and the

. horizontal axis represents the control distribution. The

axes are scaled logarithmically so proportional increases
appear as equal displacements. The distributions descri-
bed in the left column show a 20% increase. The dis-
tributions in the right column show power-function or
baseline-dependent changes.

RESULTS

Fig. 2 summarizes the effects of three adenosine agonists
on the distributions of lever-press durations and IRT.
Filled circles and unfilled triangles represent groups con-
suming 0 and 1.0mg/ml caffeine, respectively. They
show the result of regressing the percentiles representing
acute drug administration against those representing
control sessions. All data were log-transformed before
conducting the regression, so the scaling performed for
statistical treatment matches that used for graphical pre-

sentation. The dotted line represents the major diagonal, . -

or the no-effect line: a line with a slope of 1.0 and an
intercept of 0 passing through the point (0,0). The num-
bers on the axes represent the raw, not the logarithmi-
cally transformed data, and because the logarithm of
1==0, the ‘origin’ corresponds to the point (1s, 15). The
slopes and intercepts of the lines appear in Table I,
which also contains the standard error in the measure
of these coefficients,

Under control conditions, the 0,05 and 0.95 percen-
tiles of response durations during the FI- component
spanned a 2040 fold range from 0.055 to 1 or 25,
around a median of about 0.2, as can be seen by the
location of the points on the horizontal axis. All the three
adenosine agonists produced a constant proportional in-
crease in the distribution of lever-press durations under
the FI schedule: the data points form a line that is par-
allel to the major diagonal. As shown in Table I, the
magnitude of this elevation ranged from about 41 1o
110%. The smallest intercept is 0.15; its antilog is
10°'* =1.41, and this represents a 41% increase. The
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FIG. 2. Empirical parcentile—percentile piots summarizing the sffects of different adenosine agonists on tha distribution of levar-prass
durations (left) and interresponse times, exclusive of duration (right), under the fixed-interval schadule. Two groups are iliustrated: tap ..
water (filled circles) and 1.0 mg/ml caffeine (triangles). The dotted line Hlustrates a nc-effect curve: slope=1.0 and intercept=1 (log
intercapt = 0). Regression coefficients describing the lines are contained in Table |. The paraliel displacement in the curves reprasenting
_Surations represents a constant proportional Increase in durations. The curves with slopes greater than 1.0 for the IRTs curves show that

1 IRATS were increased by a greater proportion than short IRTs. GPCA, 5'-(N-cyciopropyl)-carboxamidoadenosine; NECA, 5'-N-
.tylearboxamidoadenosing; R-PIA, R(-)N®-(2-phenylisopropyljadenceine.
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TABLE |. Slopas and intercepts resulting from empirical percentile~percentile analyses of fixed-interval laver-press durations and

interresponse times

Lever-press duration’ Interresponse time'
Water Caffeine 1 mg/mi Water exposure Caffeine 1 mg/ml

Drug Slope Intercept Slope Intercept  Quadratic Slope - Intercspt  Quadratic Slope Intercept
(Ha_?f, : ose) .01 c.15* 1.01 0.214 1.26° 0.34* 1.20° 0.41*
(40 ug/kg) {0.02) {0.02) (0.05) (0.04) {0.02) {0.02) {0.02) {0.02)
NECA 1.02 0.26* 1.01 0.31* 1.43° 0.23* 1.07° 0.13*
(3 ug/kg) (0.02) (0.02) {0.04) {0.04) (0.04) (0.04) {0.02) (0.02}
CFCA 1.02 0.27* 1.02 0.32* 1.18* .33 g o.z1*
(3 ng/kg) (0.03) (0.02) (0.03) (0.03) (0.03) (0.03} {0.01) 0.01)
Caffeine 0.9¢ -0.01 1.02 0.02 0.99 0.02 1.01 -0.07
(10 mgrkg) 0.02) (0.01) (0.02) (0.01} {0.03) {0.02) (0.03) {0.03)
Caffaine 109 036" 0.96 06" -0.45 1.10 0.78* -0.50% 0.85 0.60"
(60 mg/kg) (0.05} {0.04) (0.03) (0.02) (0.20} (0.20) 1) -~ (013} 0.13) {0.07)
Gocaine - 0.84° -0.18* 078 001" 0452 078 0.97* -0.46° 0.73° 0.72*
(30mgmkg) - (0.09) (0.07) {0.03) (0.02)

(0.08) {0.12)  {0.14) {0.13) (010 {0.05}

'Value in parenthesis is the standard error of the esfimate.
2Quadratic term different from 0 with p<0.05.

3siope different from 1 with p<0.05.

*Intercept different from 0 with p <0.05.

' largest is 0.32 and its antilog is 10°%=2.1, a 110%

increase,” of more than doubling. The same range of
durations seen in control conditions was present under
drug conditions, but each element of the distribotion was
proportionally longer after the drug. The water-exposed
and caffeine-exposed rats were indistinguishable from
one another on this measure both in their baseline values
and in the effects of the three adenosine agonists.
‘Drug effects on the IRT distributions differed from
those seen on the distribution of lever-press durations.
Under control conditions the 0.05 and 0.95 percéntiles of
IRT during the FI component were about 0.03s and 2~
4's, respectively. The greater than 1.0 slopes describing
the regression of drug percentiles upon control percen-
tiles show that there was greater variability in IRT under
drug conditions and that long IRT were more greatly
affected than short ones. For R-PIA, the short IRT were
barely affected but longer IRT, those greater than about
1s, increased two- to-threefold under drug conditions,

‘NECA and CPCA produced a similar pattern but the

increase in long IRTs wa.s of a smaller magmtude after
these drugs.

A regression was also conducted on data from ses-

sions in which R-PIA ar CPCA was administered while
caffeine was still in the drinking water. The effect is
exemplified (diamonds in Fig. 2) with a dose of R-PIA
that severely disrupted behavior when administered after
caffeine abstinence, but whose disruption was abolished
by leaving caffeine in the drinking water. When 80 ug/
kg R-PIA was administered after the caffeinated water
remained in the home cages, the lever-press duration and

8  Behavioural Pharmacology . Vol 8 . 1997

IRT distributions matched thiose-of control conditions,
The equations describing the percentile—percentile
graphs for lever-press durations and IRT were (after log

transforms) Y = 0.96*X + 0.01, and Y = 0.99*X — 0.04,

respectively. Neither slope was distinguishable from 1.0
and neither intercept was distinguishable from 0. After
an acute dose of 10 ug/kg CPCA, administered while
caffeine was still on the home cage, the mean lever-press
duration and response rates matched those from the 3 ug/
kg conditions (Newland and Brown, 1996), as did the
molecular distributions (data not shown). In short, altera-
tions in the molecular structure of lever-press durations
and IRT produced by these adenosine agonists were
eliminated or reduced by leaving caffeine'in the drinking
water.

Fig. 3 shows distributions of lever-press durations
taken from the Duration> 5s schedule for individual

rats, after administration of the adenosine agonists. IRT

distributions on this schedule were not examined, since
each criterion response was reinforced. Thus the value of
the reinforced IRT was greatly influenced by the time
required to eat the food pellet, leaving only unreinforced
IRT uncontaminated by this artifact.

When only the mean durations were described (New-

land and Brown, 1996), the data were highly variable

and no drug effects were detected. Viewed at the mole-
cular level, consistent and clear effects appear. The dis-

tributions of subcriterion lever-press durations were '
shifted toward longer durations by a constant proportion,

whose magnitudes were virtually identical to that seen in
the FI schedule. To emphasize the similarity between the
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reprasent the basi-fit regression taken from the fixed-interval schedule illustrated in Fig. 2. Otherwise the datsils are as in Fig. 2. Note
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FI and the Duration > § s schedules on this measure, the
regression line describing the group average from the FT
schedule, whose coefficients are shown in Table I, were
superimposed on these data, and it falls close to
the center of the subcriterion points from individual
subjects.

The longer end of the distribution of lever-press dura-
tions was increased, such that a greater percentage of
durations met the 55 criterion for reinforcer delivery
under drug conditions. This can be seen as a horizontal
scatter whose y-intercept is 5 s. Criterion durations were
unaffected, so that the control over response termination
exerted by the onset of the reinforcement cycle was un-
impaired by these drugs. Two exceptions o this conclu-
sion are seen by a diamond after NECA and CPCA in the

caffeine-exposed group representing durations longer -

than 5s.

Fig. 4 shows the effects of two different doses of acute
caffeine and a single dose of cocaine on IRT and lever-

press durations. Acute doses of 10 and 60mgkg in-

creased and decreased, respectively, overall response
rate for all animals (Newland and Brown, 1996). The

dose of cocaine illustrated in Fig. 4 decreased overall

" response rates and increased iever-press durations under
the FI schedule.

The rate increases produced by 10 mg/kg caffeine
were not accompanied by changes in either the molecu-
- lar structure of behavior, as revealed by the IRT distri-
butions, or by changes in lever-press durations. In each
case, the slope and intercepts of the regression of drug
against contro] percentiles were indistinguishable from
1.0 and 0, respectively. This was true for both tap-water
and caffeine-exposed rats.

The 60 mg/kg dose of caffeine shifted all lever-press
durations toward longer durations, by a constant fraction
of 0.16 and 0.31 log units for the tap-water and caffeine-
exposed rats, respectively, corresponding to increases of
45 to 100% for the two groups. The rate decreases were
accompanied by severe disruption in the molecular
structure of behavior, as revealed by the IRT distribu-
tions. Visually, it appears that all but the very shortest
IRT showed a substantial increase, and that this occurred
for both caffeine and cocaine. Visual inspection suggests
a bowing in the percentile—percentile plots for both the
60mg/kg dose of caffeine and the 30mg/kg dose of
cocaine. Short IRTs are not affected, or perhaps even

further shortened, but longer IRT were increased. The

successful fitting of a quadratic cquation to these data
confirmed their curvilinear appearance. The quadratic
component contributed only slightly to the fit for the
data from the tap-water condition, but was significantly
different from zero for the high-dose condition and for
the cocaine conditions (Fig. 4 and Table I). It is possible
that a greater number of percentiles would have resulted
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in less variability and more statistically significant coef-
ficients.

An insert in Fig. 4, generated from the equation in
Table I, illustrates how this quadratic relationship would
appear in a conventional IRT analysis. Short IRT weres
barely changed, but the modal IRT increased by nearly
an order of magnitude and the very long IRT seen in the
right tail of the distribution were increased even more.

Close inspection of Table I indicates that the three
adenosine agonists had similar effects on all measured
features of the molecular structure of behavior, but that
caffeine’s effects were more compiex. A pattern is visi-
ble in Fig. 5, which summarizes Tabie I by plotting one
regression parameter against another for the different
conditions. The three adenosine agonisis (circies) tended
to cluster together on all measures. Caffeine (60 mg/kg,
shown as triangles; the 10 mg/kg dose of caffeine is not
included in Fig. 5 because there was no effect) length-
ened lever-press durations at the higher dose, and in that
resembled the three adenosine agonists. This is seen in
the left column of Fig. 5, where triangles, like circles. are
located at positive intercepts and slopes are between
0.95 and 1.10 (i.e. no effect). Cocaine is seen at a slope
less than 0.85 and negative intercept. The rate-reducing
doses of caffeine and cocaine were similar to one an-
other, however, in their effect on IRT distributions {right
column). The intercepts were larger than 0.5, and the
quadratic component was nonzero for ail conditions in-
volving caffeine and cocaine. The slope was less than
1.0 for all “stimulant’ (caffeine and cocaine) conditions,
except for the case where caffeine was administered to
nontolerant rats (i.e. those consuming tap water).

DISCUSSION

Molecular analyses of drug effects on IRT are performed
to characterize precisely alicrations in response topogra-
phy or the pattern of responding (Weiss, 1970; Rice,
1988, Iversen, 1991). The analysis conducted in the pre-
sent study separated these two components of the tradi-
tionally defined IRT time into two components: a lever-
press duration and a true IRT. This separation permitted
the isolation of drug effects on the physical dimensions
of response topography, as revealed in the distribution of
lever-press durations, from response patterns, as descri-
bed in the IRT distribution. The drugs’ effects on the
molecular characteristics of responding, as indicated by
the distribution of IRT, were quite different from their
effects on the molecular- characteristics of lever-press
durations, an independence that supports arguments that
lever-press durations and response rate or IRT provide
separate information about drug effects (Walker et al.,
1981; Fowler, 1987; Newland. 1994, 1995).
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Empirical percentile-percentile analyses were used to
separate drug effects on lever-press durations from those
on IRT as well as to classify drug effects according to
these behavioral effects. This approach has several ad-
vantages over classical ways of describing distributions
of data. Comparisons can be made statistically, using
parameters derived from conventional regression tech-
niques. The full range of the distribution can be descri-
bed adequately using five loci, meaning fewer numbers
must be stored and managed. More loci should be used if
required to describe the distribution fully. The baseline,
or control distribution is empirically derived so the ap-
proach is applicable even when there is no theoretical
reason to presume a certain shape to a distribution.

While visual comparisons have served very well in de- _

scribing the molecular structure of behavior, the sheer
number of numbers used, when comparing distributions
visually, typically requires onc w0 report repiesentative

distributions from an isolated set of conditions and sub- -

Jects, or to rely on a single measure of central tendency,
such as a median. Empirical percentilépercentile ana-
lysis is a data-reduction strategy that permits statistical

_analyses to be accomplished on numbers that describe-

the entire distribution of points, rather than representa-
tive numbers such as a mean or a median. .

-Adenosine agonists

The IRT distributions at doses that reduced response
rates by about 50% were examined and the effects of
all three adenosine agonists were found to be similar 1o
one another but different from those of caffeine. The
slope of the regression lines comparing distributions of
IRT from drug sessions with contral sessions ranged
from 1.07 10 1.26, with most of the points clustering
around 1.2. That these slopes were greater than 1.0 on
log-log coordinates indicates a power-function relation-
ship: long IRT were affected proportionately more than
short ones. In fact, Fig. 2 shows that the shortest IRT of
0.03 s were barely affected by the drugs while long IRT
were increased approximately twofold. The power-func-
tion relationship suggests a gradual lengthening of IRT
as the baseline IRT became progressive longer.

The picture provided by analyses of drug effects on
distributions of lever-press durations was quite different
from that seen with the IRT. Under control conditions,
lever-press durations during the FI schedule spanned
about 1.5 orders of magnitude, ranging from approxi-
mately 0.03s to 15, All three drugs shifted the response

duration distribution by a constant proportion on the

log-log coordinates, indicative of a constant proportion-
al change in the distribution. The slopes of all the linear

regressions were indistinguishable from 1.0 but the in- ]
tercepts were all positive, with magnitudes ranging from
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0.15 and 0.21 for R-PLA and 0.26 to 0.32 for NECA and
CPCA. Since the analyses were conducted on the loga-
rithms, this indicates a 41 to 110% increase in the entire
distribution. Such a proportional shift results in & larger
absolute increase in the magnitude of long durations,
represented by the right end of the distribution.

The distribution of lever-press durations expand the
description of performance over that provided by the
mean duration (described in Newland and Brown,
1996). Added clarity was especially notable in the
Duration > 5 s schedule. As with lever-press durations
under the FI schedule, lever-press durations under the
Duration > 5s schedule spanned about 1.5-2 orders of
magnitude under control conditions. A large percentage
of lever-press durations, from 25 to 50% under control
conditions, met the criterion of 55 under control condi-
tions, while few, if any, responses were that long under
the FI schedule. The generality of the pattern seen in the
increase in lever-press durations from the FI schedule,
after drug exposure, was assessed by applying the linear
regression derived from the FI schedule directly to the
durations from the Duration > 5 s schedule, Two classes
of durations, criterion and subcriterion, could be identi-
fied according to drug effects on behavior under this
schedule. All three drugs shifted subcriterion durations,
those shorter than the 5s reinforcement criterion, - by
approximately the same proportion as was seen under
the FI schedule. The best-fit line describing durations
under the FI schedule provided an excellent description
of subcriterion lever-press durations under the
Duration > 3s schedule. )

The magnitude of the increase in lever-press duration
depended jointly upon the baseline duration and the con-

sequences applicd to a duration. When lever-press dura- -

tion was not directly reinforced in the FI schedule, and
therefore only indirect reinforcement contingencies ap-
plied to it (Zeiler. 1977; Newland, 1995), lever-press
durations were increased by a constant proportion by
the adenosine agonists, A similar conclusion applies to
the class of subcriterion durations in the Duration > 5s
schedule. However, the onset of a discriminable reinforce-
ment cycle at the end of 3 s occasioned the release of the
lever on the Duration > 55 schedule component and this
was not affected by the drugs.

In summary, adenosine agonists prolonged all lever-press

~ durations under the FI schedule. No effect was seen on long

durations established by a reinforcement contingency, as in
the Duration > 5 s schedule. IRT were also lengthened, but
long ones were lengthened more than short ones.

Caffeine and cocaine

Caffeine produced a biphasic dose—effect curve, with
moderate doses increasing response rates and higher

PN
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doses decreasing it (Newland and Brown, 1996). Co-
caine only reduced response rates, replicating other stu-
dies with rats (Harris er al., 1978; Logan er al., 1989).
Molecular analyses of caffeine’s actions were conducted
at two doses of caffeine: one that increased overall re-
Sponse rates in rats consuming tap water and a second
that decreased rates in all groups. The lower dose,
10mg/kg, elevated response rates in nontolcrant rats but
not in rats chronically consuming caffeine, an effect
interpreted as insurmountable tolerance to this effect of
caffeine (Newland and Brown, 1996). This dose did not
change the distribution of IRT or lever-press durations of
either group of rats in the present experiment. The latter
effect indicates that the rate-increasing dose had nio ef-
_fect on the physical execution of the Tesponse, or at least
this measure of it. The former indicates that the rate
increasing dose had no effect on the pattern of IRT and
that rate increases occurred in the absence of the short-
- ening of IRT. ' 7
There are two ways in which rate increases can occur:
IRT can shorten or responding can begin earlier in the
fixed interval. The absence of a shorter IRT distribution
in the present experiment directly implies an earlier on-
set of responding. This extends other observations using
squirrel monkeys (Katz and Goldberg, 1987; Spealman,
1988) and rats (Logan er al, 1989), that rate increases
-induced by caffeine in nontolerant animals correspond to
elevated rates of responding early in the fixed interval.
Logan er al. (1989) used a rate-dependency analysis to
conclude that caffeine elevated the absolute rate of re-
sponding consistently throughout the interval, but that
relative rate was unaffected, and therefore that the rate
increase possibly reflected elevations in local rates of
responding. The rate dependency analysis, by averaging
- response rates over 30s intervals, provides different in-
formation about the pattern of responding from that seen
in the IRT analyses, which emphasizes the fine structure
of behavior as resolved at intervals of less than a few
seconds. The IRT analyses in the present report revealed
no increase in local rates of responding and suggest that
rate increases must coincide with either an earlier onset
of responding or, possibly, a decrease in pauses of longer
than a few seconds. ' ,
The highér dose of caffeine, 60 mg/kg, resembled the

adenosine agonists in its action on lever-press durations,

by producing a proportional shift across the entire dis-
tribution. The proportionality is indicated in the eleva-
tion of the intercept, coupled with no effect on the slope
of the empirical percentile-percentile graphs. It repre-
sents a broadly based, nonspecific slowing in the physi-
cal execution of the response, as illustrated in Fig. 1.
The higher dose differed from the adenosine agonists
in that it lengthened all but the shortest IRT. In this
respect. the higher dose resembled the ratc-reducing

14  Behavioural Pharmacology . Vol 8, 1997

M.C. NEWLAND

dose of cocaine. The percentilepercentile plots taken
from sessions after administering adenosine agonists
looked like straight lines, while those taken from caf-
feine were bowed. Caffeine increased all but the very
shortest IRT and may even have decreased slightly the
extremely short IRT of about 0.05-0.065. Short IRT
represent bursts of responses, so response bursts were
either unaffected or occurred at a higher rate. The bow-
ing, or quadratic component, indicates that the relation-
ship between the distributions of IRT under control and
drug conditions can be described as an abrupt increase in
their length. This analysis indicates that the structure of
these bursts was unaffected by caffeine and cocaine, but
that many pauses of 1 s or more were introduced by these
drugs. This stands in contrast to the relationship seen
with the adenosine agonists, where the increase was
more gradual and did not become pronounced until con-
trol IRT were greater than about 1s. ’

- In summary, molecular analyses revealed that the ef-
fect of caffeine on lever-press durations resembled that
of adenosine agonists, in that the entire distribution of
durations was shifted by a constant proportion. Caffei-
ne’s effect on IRT indicated that response bursts were
unaffected, even as lever-press duration was lengthened,
but long pauses were introduced. In this respect, caffeine

resembled cocaine and not the adenosine agonists,

Interaction between caffeine and R-PIA

The disruption of the molecular structure of behavior

produced by the R-PIA was abolished by leaving caf-
feine in the drinking water, The presence of caffeine in
the drinking water eliminated R-PIA’s increase of lever-

- press duration, even though acute administration of caf-

feine never shortened lever-press durations when admi-
nistered alone. This interaction between caffeine, an
adenosine antagonist. and R-PIA, an adenosine agonist,
is consistent with adenosine involvement in the molecu-
lar structure of IRT and lever-press durations,

Low doses of caffeine had no effect on the IRT dis-

. tributions, and higher doses had qualitatively different

effects from those of the adenosine agonists. It seems
unlikely that the two drugs interacted arithmetically to
climinate the adenosine agonists’ increases of the IRT or
lever-press durations. Again, it is more likely that this
effect, too, represents a pharmacological interaction,

Molecular analysis and drug classification

Molecular analyses reveal important details about the
interactions among drug actions, the physical execution
of the response, and the pattern of responding. Rate-
reducing effects of adenosine agonists were distinguish-
able from those of psychomotor stimulants at the
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molecular level, even when these distinctions were not
dsisctable in deseriptions of overall rate. The IRT dis-
1 .ions divided these drugs into two classes: caffeine
resembled cocaine and the adenosine agonists resemnbled
one another. Moreover, tolerance to caffeine’s effects
could be seen as being related to the onset of respending
in the FI schedule. and not to the fine structure of re-
sponding once it begins. Caffeine, however, resembled
the adenosine agonists rather than cocaine in its action
on lever-press durations.

Because motor and rate-altering effects of the drugs
were isolated, comparisons with other classes of beha-
viorally active drugs might be possibie. Sedative--
hypnotics elevate response durations at doses equal to
or lower than those that have rate-altering behavioral
effects, while neurcleptics tend to increase measures of
response durations at higher doses than those that affect
response rate (Fowler et al., 1977; Fowler, 1987; Tang et
al.; 1988). In the present study the adenosine agonists
reduced rate and increased lever-press durations at about
the same dose, and in that regard adenosine agonists bear
some resemblance to sedative hypnotics. This is consis-
tent with other evidence of an interaction between these
classes of compounds on motor function (Dar, 1990,
Garrett and Holtzman, 1995), operant behavior (Coffin
and Spealman, 1985), and actions at the GABA-chloride
_ionophore (Phyllis and O'Regan, 1988). More important,
7 1less speculatively. these different patterns of effects

wa the molecular structure of behavior may point to
different pharmacological mechanisms underlying ef-
fects on duration. rate-increases, and rate reductions.
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