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Animals optimize their behavior to maximize rewards by utilizing cues from the environment. In
discrimination learning, cues signal when rewards can and cannot be earned by making a particular
response. In our experiment, we trained male mice to press a lever to receive a reward on a random
interval schedule. We then introduced a prolonged tone (20, 40, or 80 sec), during which no rewards
could be earned. We sought to test our hypothesis that the duration of the tone and frequency of reward
during the inter-tone-intervals affect the informativeness of cues and led to differences in discriminative
behavior. Learning was expressed as an increase in lever pressing during the intertrial interval (ITI) and,
when the informativeness of the cue was high, animals also reduced their lever pressing during the tone.
Additionally, we found that the depth of discriminative learning was linearly related to the informative-
ness of the cues. Our results show that the time-scale invariant information-theoretic definition of
contingency applied to excitatory conditioning can also be applied to inhibitory conditioning.

Keywords: conditioned inhibition, discrimination, information, operant behavior, contingency

Animals learn about the relations between stimuli, responses
and outcomes. When positive or negative outcomes occur in the
presence of some stimulus conditions but not in others, stimulus
control over responding develops so the appropriate response is
made under appropriate conditions. Stimulus control is manifest in
the behavioral response following the onsets and offsets of stimuli.
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The onset of a positive conditioned stimulus (S™) signals that an
outcome has become more likely, while its offset signals that it has
become less likely. Conversely, the onset of an S™ signals that an
outcome has become less likely and its offset signals that it has
become more likely (Figure 1A). In both Pavlovian and operant
conditioning such procedures are considered discrimination learn-
ing. The cues that come to control differential responding provide
the most information about changes in the rate with which the
outcomes occur (Balsam, 1988; Rescorla, 1969; Wagner, Logan,
& Haberlandt, 1968; Wilkes & Gallistel, 2017). When a stimulus
and reward are not correlated, that is they have zero contingency
(Figure 1B), we do not expect the stimulus to gain control of
behavior.

The potency of a cue to evoke responding as a function of its
information value has been most extensively discussed in the
Pavlovian conditioning literature. Rescorla brought the concept of
contingency to prominence in his classic experiment in which he
varied the rate of USs during the intertrial intervals, when the
conditional stimulus (CS) (a tone) was absent, while holding
constant their rate of reward during the CS (Rescorla, 1969). He
found that when the USs were as frequent in the ITI as during the
CS, a conditioned response to the CS did not develop, despite the
repeated temporal pairing of the CS and the US. He concluded that
it was the CS-US contingency that drove conditioning, not their
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Figure 1. Contingencies of reward presentation with respect to stimuli. (A) Positive contingency occurs when
reward availability is signaled by the conditioned stimulus (S™). (B) Zero contingency occurs when the
conditioned stimulus (S°) is unrelated to reward availability. (C) Negative contingency occurs when reward
availability is signaled by the absence of the conditioned stimulus (S™). In our experiment, we tested the effects
of varying the duration of S~ (20s, 40s, and 80s) and the reward rate in the ITI (random interval of 20s and 40s).

temporal pairing. He did not, however, define contingency, and the
well-known theory of associative learning subsequently developed
made no reference to the concept (Rescorla & Wagner, 1972).

Contingency is now widely taken to be a critical variable in
associative learning (Jackson, Horst, Pears, Robbins, & Roberts,
2016; Noonan, Chau, Rushworth, & Fellows, 2017; Schultz,
2015). It remains unclear, however, how to define it so as to make
it a generally computable aspect of conditioning protocols. The
most widely accepted definition of contingency is Allan’s Ap,
which is the difference between the probability of a reinforcer in
the presence of a cue and its probability in the absence of that cue
(Allan, 1993; Allan, 1980; Allan, Hannah, Crump, & Siegel, 2008;
Allan & Jenkins, 1980; Allan, Siegel, & Tangen, 2005). This
definition implicitly assumes that the continuous flow of experi-
ence in a conditioning protocol can be partitioned into trials on
which associative connections (or action outcome values) are
updated, depending on whether the cue was or was not present and
on whether reinforcement did or did not occur. In this definition,
the durations of intervals between events do not enter into the
computation. Schultz defines contingency by reference to predic-
tion errors, but again his definition is explicitly trial based; the
errors are defined by the outcomes on trials, and the durations of
those trials do not enter into the computation of the error (Schultz,
2015).

We have suggested that the conditioning process is to be un-
derstood not in terms of associative bonds but rather in the context
of temporal learning (Balsam, Drew, & Gallistel, 2010; Balsam,
Fairhurst, & Gallistel, 2006; Balsam & Gallistel, 2009; Balsam &
Gibbon, 1981). In this view, the emergence of a conditioned
response to a cue in excitatory Pavlovian conditioning results from
subjects’ learning that the expected wait to reinforcement is re-
duced by the onset of the cue. This view has led to a broadly
applicable information-theoretic definition of contingency (Gallis-
tel, Craig, & Shahan, 2014). The information-theoretic measure of
contingency depends on the entropies of distributions defined over

quantifiably or metrically represented intervals in the experimental
protocol.

We hypothesize that animals form temporal maps of their ex-
perience and that these maps encoded metric information about the
relationships between events (Balsam & Gallistel, 2009; Balsam et
al., 2010). A metric representation is one to which the elementary
arithmetic operations of addition, subtraction, multiplication and
ordination may be applied. Intuitively, these quantities must be
physically represented by physically realized symbols for num-
bers, as they are in a calculator or a computer. For example, when
the number of occurrences of a reinforcing event is divided by the
duration of the interval over which they were experienced to obtain
the rate at which they were experienced, both the number of events
and the duration of the interval must be represented in a way that
makes it possible for a physically realized mechanism to divide the
representation of the discrete quantity (the number of events) by
the representation of the continuous quantity (the duration of the
interval) to generate a representation of the third quantity (the
rate).

There is a considerable literature on the representation of time in
reinforcement learning (Daw, Courville, & Touretzky, 2006; Ger-
shman, Moustafa, & Ludvig, 2014; Guilhardi, Yi, & Church, 2007;
Kirkpatrick, 2014; Ludvig, Sutton, & Kehoe, 2008; Nakahara &
Kaveri, 2010; Rivest, Kalaska, & Bengio, 2010; Suri & Schultz,
1999). Two representations appear repeatedly in this literature—in
somewhat varying forms, and in combination with various rules
for association formation (see Luzardo, Alonso, & Mondragén,
2017 for review): i) time is represented as a sequence of states
(Schultz, Dayan, & Montague, 1997) or overlapping microstimuli
(Gershman et al., 2014) or ii) a rate of accumulation or rate of
directed drift is adjusted by reinforcement so that accumulation or
net drift reaches a critical threshold value at the time of reinforce-
ment (Luzardo et al., 2017; Simen, Balci, de Souza, Cohen, &
Holmes, 2011; Simen, Rivest, Ludvig, & Killeen, 2013). It is
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unclear how either form of temporal representation supports the
basic arithmetic operations.

From a neural perspective—many of these models are more
concerned with explaining the results from single neuron electro-
physiological recordings than with explaining behavioral data—
the microstimulus proposal is appealing, because there are many
neurons that are temporal place cells: they fire at specific locations
within elapsing intervals (Eichenbaum, 2014). Moreover, they
have the properties posited by the microstimulus theory: the
breadth of their temporal tuning curve increases with the duration
of the interval to which they are tuned and the tuning curves
overlap. There are also cells tuned to numerosity (Ditz & Nieder,
2016; Kutter, Bostroem, Elger, Mormann, & Nieder, 2018), with
similar Weber-law properties. It is, however, unclear what neural
mechanism could integrate numerocity-tuned and duration-tuned
neurons to result in rate-tuned neurons or rate encoding neural
activity. More importantly for present purposes, none of these
proposals specifies how the brain might compute a temporal con-
tingency. In the Discussion, we spell out the computation of
information-theoretic temporal contingency, define the informa-
tiveness of our stimuli, and elaborate on its explanatory power.

In the present work, we extend the relevance of temporal con-
tingency to inhibitory conditioning in an operant paradigm by
studying protocols like the one shown in Figure 1C. Mice are
taught to press a bar to earn food at unpredictable times only when
a discriminative cue is absent. Lever presses made during the
intervals between the onsets and the offsets of the cue are never
reinforced, while presses made during the intervals between its
offsets and its onsets are occasionally reinforced. In the operant
literature, cues that modulate responding are called discriminative
stimuli and are commonly denoted by S, whereas in the Pavlovian
literature, these cues are called conditioned stimuli and denoted by
CS. As this is an operant task with inhibitory conditioning, we will
denote cues by S™, and we will denote their onset and offset by
S and S |, respectively. Because we are studying the role of a
cue for nonreinforcement in operant discrimination, we use ‘inhi-
bition’ somewhat loosely to refer to behavioral suppression. We do
not know if the S~ “truly” is a conditioned inhibitor because we
have not done summation and resistance to reinforcement transfer
tests. Our focus is on the magnitude of the difference between the
rates of lever pressing in the presence and absence of the S, that
is, on the extent to which it gains control over the subjects’ operant
behavior.

The atemporal conception of contingency partitions the protocol
in Figure 1C into two sorts of trials, the trials when the cue is
present and the trials when it is not. The first kind of trial is
delimited by the onsets and offsets of the cue, while the second
kind is delimited by the offsets and the onsets. The probability of
reinforcement is O on the trials when the cue is present but very
high on trials when it is not. Critically, on the atemporal definition
of contingency, the relative durations of the two kinds of trials do
not matter.

From a temporal learning perspective, however, the relative
durations of the protocoled intervals are critical causal variables. In
particular, the average delay to the next reinforcement in Figure 1C
is the duration of the S~ plus the average delay to reinforcement
when it terminates. If this average delay controls discrimination
then the longer the ST, the greater should be the difference
between responding in the presence and absence of the S™. Con-

sistent with this hypothesis, Andrzejewski et al. found that the
speed with which behavior declined during an inhibitory discrim-
inative stimulus when subjects learned an operant discrimination
was directly related to the duration of the cue for nonreinforcement
(Andrzejewski, Ryals, Higgins, Sulkowski, Doney, Kelley, &
Bersh, 2007).

There is considerable evidence that subjects do in fact learn
about time during both excitatory and inhibitory conditioning.
Pavlov knew that if a US is presented a fixed delay after CS onset
that the early parts of the CS may become inhibitory in what he
termed inhibition of delay (Pavlov, 1927). Additionally, if subjects
are trained to expect a US at a fixed time and then undergo
conditioned inhibition training in which an added cue signals the
omission of the US on that trial, subsequent transfer tests show that
the inhibitory control of the added cue is greatest at the time the
US would otherwise be expected. That is, the added cue is not
uniformly inhibitory—it is best at inhibiting the expectation of a
US that is learned to occur at the exact time that the added cue had
previously signaled the omission of the US (Denniston, Blaisdell,
& Miller, 2004; Molet & Miller, 2014). Here we investigate
whether temporal knowledge affects the rapidity of acquisition and
degree of response suppression by an S™.

Another effect of lengthening the duration of a cue for nonre-
inforcement is to lower the overall rate of reinforcement in the
experimental context, which we denote by A.. If the rate of
reinforcement in the absence of the cue, which we denote by \,;,
remains constant, then the offset of the cue (S | ) signals a rela-
tively greater increase in the rate of reinforcement, that is, a greater
ratio, \;;/Ac, between the rate in the absence of the inhibitory cue
and the contextual rate. In Pavlovian procedures the ratio of the
rate during the CS and the background rate (A\cg/Ac), determines
the rapidity of excitatory conditioning (Balsam & Gallistel, 2009;
Gallistel & Gibbon, 2000) and the strength of the conditioned
response. Thus, this effect of the S~ duration on the contextual rate
of reinforcement is a second reason to anticipate that lengthening
the duration of the S~ while holding constant the rate of reward in
its absence may increase the strength of conditioning to the inhib-
itory cue. Or conversely, holding the duration of the S~ constant
while increasing the rate of reward in its absence may increase the
strength of conditioning. Please see the discussion for a more
in-depth analysis.

The purpose of the experiment was therefore twofold: First, we
investigated whether the extent of response suppression was af-
fected by varying the duration of an inhibitory cue. Rewards were
earned at unpredictable times following a lever press during the
intervals when the inhibitory cue was absent (S™). During the
intervals when the auditory inhibitory cue was present (S™), no
rewards were available. The duration of the cues was fixed within
a group but varied between groups from 20 to 80 seconds.

Second, we investigated whether the extent of response suppres-
sion during the ITI was affected by the rate of reinforcement
during the ITI. To this end, subgroups of subjects with the same
cue duration experienced different rates of reinforcement in the
ITL. This allowed us to ask whether and under what assumptions
the information-theoretic definition of contingency applied to the
results of inhibitory conditioning in the same way as to the results
of excitatory conditioning.
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Method

Subjects

Sixty one male C57/bl6 mice were housed in groups of 4 or 5 in
a colony room on a 12:12 hr light:dark cycle. The mice were fed
an unlimited amount of chow in their home cages for one hour
after experimental sessions, which occurred five days during the
week. This food restriction resulted in body weights approximately
85% of ad lib feeding. On weekends the mice received an unlim-
ited supply of food until approximately 18 hr before their Monday
session. Water was available ad lib in the home cages at all times.
Mice were approximately 90 days old at the start of the first
training session and had been handled for one week prior to
testing. All experiments and animal care protocols were in accor-
dance with the New York State Psychiatric Institute Institutional
Animal Care and Use Committees and Animal Welfare Regula-
tions.

Apparatus

Eight matching experimental chambers (Med-Asscociates, Inc.,
St. Albans, VT; model env-307w) equipped with liquid dippers
were used in the experiment. Each chamber was located in a light-
and sound-attenuating cabinet equipped with an exhaust fan, which
provided 72dB background white noise inside the chamber. The
internal dimensions of the experimental chamber were 22 X 18 X
13 cm and the floor consisted of metal rods placed 0.87 cm apart.
A feeder trough was centered on one wall of the chamber. Inside
the trough, an infrared photocell detector (4 mm from trough
opening) was used to record head entries into the trough. A reward
of one drop (0.01 cc) of evaporated milk could be provided by
raising a dipper located inside the feeder trough. The start of each
dipper presentation was signaled by a .5s illumination of a light
inside the trough. Two retractable levers were mounted on the
same wall as the feeder trough, 5 cm away on both sides. A
houselight (Med Associates #1820) located at the top of the
chamber was illuminated throughout all sessions. An audio
speaker was positioned 8.5 cm from the floor on the wall opposite
the feeder trough. The speaker delivered a tone (80db, 4kHz) to
signal that no rewards were available. A computer running the
Med-PC software controlled experimental events and recorded the
time during which the events occurred.

Procedure

All mice received 4 sessions of dipper training, during which 20
reinforcers were delivered with dippers over the course of 20 min.
Next all mice were trained to press one of the two levers, half the
subjects were trained to press the left lever and half the right. For
four sessions every lever press resulted in a reward. Subjects were
then trained for 5 sessions on a Random Interval 10s schedule in
which the average time from the delivery of a reward until the next
one could be earned was 10s. This was followed by 6 sessions on
a RI20s schedule and then half of the animals were placed on a
RI40s schedule for 9 days while the others continued on the RI20s
schedule. Prior to commencement of the experiment, animals were
divided into 6 groups so that the average press rate for each group
was the same: S-20.RI20, S-40.RI20, S-80.RI20, S-40.RI40,

S-80.R140, and Random Control, S°40.RI40 (F s 55, = 0.049, p =
.9986). The number following the S~ is the S™ duration and the
second part of the group designation is the mean of the random
interval (RI) schedule that was in effect in the absence of the S™.

The animals then proceeded to the experiment proper. In the
experimental groups, it was presented for 20, 40 or 80 seconds in
each of the different groups (as indicated by the group designa-
tions). In all 5 experimental groups the RI schedules (either RI20s
or RI40s) were in effect in the absence of the tone and independent
of the tone, but once the tone (S ™) was turned on no rewards could
be earned and the timer for the reward schedule was paused until
the tone turned off. In the random control group, the tone duration
was 40s and the RI40 schedule was in effect throughout the session
regardless of whether or not a tone was being presented. In all
groups the times between tone presentations were selected from an
exponential-like distribution with an average of 40s and ranges
from 6s to 120s. In all experimental groups, sessions ended after
20 S~ presentations. To control for potential number of earned
rewards, in the random control group, sessions ended after 10 S™
presentations.

Data were analyzed using Python and Matlab. Statistics were
computed in Matlab and Prism, and partial omega squared (»?)
values and 90% confidence intervals for partial eta squared values
were computed using a web-based calculator (https://effect-size-
calculator.herokuapp.com/).

Data are freely available through Columbia University Aca-
demic Commons (https://dx.doi.org/10.7916/d8-vs3{-9£28).

Results

Our measure of response suppression by the S~ was the ratio of
the lever press rate during the S~ to the press rate during the ITI.
We normalized this ratio to the first day of S~ presentation to
allow comparisons to be made between animals within and across
groups. Figure 2 shows how the ratio changed across days for each
group, and the means of each group are plotted in Figure 3A.

Increasing the duration of the S~ increased its suppressive
effect. The between group differences evident in Figure 2 were
confirmed by a 2-way ANOVA (F s 55, = 24.28, p < .0001, w? =
0.66, [0.54, 0.74]), as was the effect of days (F ;5 990y —34.36, p <
.0001, w? = 0.37, [0.34, 0.41]), and the interaction between days
and groups (F (g 990y = 3.249, p < .0001, o® = 0.16, [0.12, 0.20]).
Specific hypotheses are tested below but to assess whether the
groups showed a lower rate of responding during the S~ than
during the intertrial intervals, all groups were compared to random
group with a Bonferroni correction. We found all groups differed
significantly from the random group (p < .001), except for the
S-20.RI20group (p = .078).

The depth of the reduction in the ratio of the response rates was
greatest when the S~ was 80s as compared with S~ durations of
40s and 20s (Figure 3B). A two-way repeated measures ANOVA
revealed significant main effects of S™ duration (F, 5, = 35.09,
p < .0001, o> = 0.69, [0.52, 0.79]) and session number
(Fig.532) = 27.62, p < .0001, 0®> = 0.47, [0.42, 0.51]) and S~
duration X session number interaction (F 3¢ 504y = 3.362, p <
.0001, w* = 0.14, [0.09, 0.19]). Post hoc Bonferroni test revealed
significant pairwise comparisons across learning for each of 3 S™
durations (p < .005). This result is not consistent with the atem-
poral (trial-based) definition of contingency, but it is consistent
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Figure 2. Discrimination learning curves for individual subjects. Learn-
ing curves for each subject (colors [thin gray lines]) and average (bold
black) across subjects within a group are plotted as a function of the ratio
of the average press rate during S~ to the rate during the ITI and normal-
ized to the first day for each subject. (A-C) Learning curves for 3
experimental groups when the RI was 20 seconds. (D) No change in
behavior in the zero contingency group. (E, F) Learning curves for 2
experimental groups when RI was 40 seconds. See the online article for the
color version of this figure.

with the temporal learning perspective on associative learning and
with the information-theoretic definition of contingency.
Shortening the average interval between rewards during the ITI
(by decreasing the RI) also deepened the suppressive effect of the
S™. We determined whether the RI mean contributed to behavioral
change. We confirmed that decreasing the mean RI from 40 sec to
20 sec deepened the reduction in the response ratio whether the S™
was 40 sec or 80 sec long. (Figure 3C,D). A two-way repeated
measures ANOVA demonstrated a significant main effect of RI for
S-40.RI20 versus S-40.RI40 (F(, 4 = 7.581, p = .0131, 0® =
0.25, [0.04, 0.51]); and for S-80.R120 versus S-80.RI40 (F; 5, =
20.93, p = .0002, w> = 0.50, [0.23, 0.68]). Furthermore, this effect
is not simply due to greater cumulative exposure to the S~ as we
compared the groups that earned rewards on the RI20s schedule at
the point in training at which they had all received 4000s of
cumulative exposure to the S™. This occurred for Group S-80.RI120
at 5 days; for Group S-40.RI20 at 10 days and for Group
S-20.RI20 at 20 days. We examined the last 40 trials of the
cumulative exposure and found that indeed the ratio of responding
in the ST to ITI declined with increasing S~ duration using a
1-way ANOVA (F, 5, = 4.31, p < .03, o> = 0.18, [0.02, 0.40]).
This pattern of result is consistent with the temporal learning
perspective and with the information-theoretic definition of con-

KALMBACH, CHUN, TAYLOR, GALLISTEL, AND BALSAM

tingency in conditioning. The information about the change in
reward of reward rate at the offset of the S™ (/s ; ) depends on the
ratio of the duration of the S~ and the RI (see discussion below).
Indeed, we found that equal /g | values produced equal degrees of
suppression. We compared the tone on to tone off press ratios for
three I 5 | values, 2 (S-20.R120 and S-40.RI40) and 3 (S-40.RI20
and S-80.RI40) and 5 (S-80.RI20; Figure 3E). Using a 2-way
repeated measures ANOVA, we found a significant difference
among the three I | values (F5 37, = 11.4, p <.0001, w? =043,
[0.24, 0.59]). To directly test whether keeping I | constant would
result in equal depths of learning, we could not use p values to
support the null hypothesis so we calculated the Bayes Factors
associated with the S-RI ratios. We found that when the ratios are
kept constant, the learning is similar (Ig; = 2: S-20.RI120 vs.
S-40.RI40 BF = 1.8:1 in favor of the null hypothesis and Iy | =
3: S-40.RI20 vs. S-80.RI40 BF = 8.3:1 in favor of the null
hypothesis). The equal effects of equal ratios is a manifestation of
the time-scale invariance of the conditioning process (Gibbon &
Balsam, 1981; Gallistel & Gibbon, 2000; Balsam & Gallistel,
2009). As expected with a time-scale invariant conditioning pro-
cess, we observed a linear decrease in the depth of discriminative
learning with Ig |, as plotted in Figure 3F (* = 0.815).

A B

£ o

o S-increases

v o /\_’\,\/\/\/Jrand

s A\ A k

2 e ~ S4C %

Nohn EE

= 3 * *

%i S-80 RI40 g %

< S8ORI20 ¢ g0pio0 -

= 0 T T T J 0 T T T J
0 10 20 0 10 20

C D

=

o) Rl decreases Rl decreases

g 2 14 14

S ;:&' g \/u\/‘"”\,,x N

e SR :|

] S

oY A :]

@ & ]s40Ri0- SBORI40— o EmmdteE

£ 0 T T T ) g 3'20. — T )
0 10 20 0 .10 20

E F Experimental Day

=

2 ?

2.2 2514

O ®© o2

e [

P i a8

S ¢ H Pg

v a< @

g 8 T

rand 2 3 4 5

Informativeness (lsﬂ

Experimental Day
Figure 3. Depth of discrimination affected by S~ duration and RI rate.
(A) Average learning curves for each of the 6 experimental conditions. (B)
As S™ increases from 20 to 40 to 80s, depth of discrimination learning
increases. (C, D) When the interval between rewards (RI) decreases from
40s to 20s but the S~ duration remains constant, the depth of discrimina-
tion learning increases. (E) Informativeness of the S™ and RI dictates the
depth of discriminatory learning. Ig | (S-20.RI20) = 2; I | (S-40.R140) =
2; I (S-40.R120) = 3; Ig | (S-80.R140) = 3; I (S-80.RI20) = 5; (F)
Linear relationship between informativeness (Is ;) and depth of learning.
Gray shading represents SEM. See the online article for the color version
of this figure.
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The behavioral metric that we have used thus far is a ratio of
press rates. The decrease in this metric can occur if the numerator
decreases (press rate during S~ decreases), the denominator in-
creases (press rate during ITI increases), or a combination of both
occurs. To determine which of these scenarios is occurring in our
experiment, we analyzed the mean press rates during the S and
ITI separately. The press rates during the ITI and S™ periods were
fit using linear regression and a slope that reflected change across
days was obtained for each variable (see Figure 4). During the ITI
period, all groups, except random, showed an increase in press rate
that was positive and significantly different than zero (R* = 0.43,
Figure 4A, C). Interestingly, during the S~ period, only groups
with an /5 | of 3 or greater showed a decrease in press rate that was
significantly different than zero (Figure 4B, D, R? = 0.25; all other
R? = 0.06). To determine whether there was a systematic change
in rates of learning across I | , we plotted the slopes for the S™ and
ITI periods for each Ig | . We found a linear increase in the slopes
of the ITI response rates across training days (R> = 0.36) and a
decrease in the slopes of the S~ response rates across training
(R* = 0.89; Figure 4E) as a function of the Ig | .

Finally, we looked at whether the distribution of lever press-
ing during the S~ changed during learning. We determined the
distribution of lever pressing by creating a histogram of all
lever presses during S™ across all S~ presentations for Days 1
and 20 of training, normalized for each animal and day and
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Figure 4. Discrimination learning driven by increase in responding dur-
ing ITI. (A, B) Press rate for the random group and experimental groups
with Ig; = 2 during ITI (A) and S™ (B) across experimental days fit by
linear curve. (C, D) Press rate for experimental groups with I | > 3 during
ITI(C) and S~ (D) across experimental days fit by linear curve. (E) Slopes
of linear fits from A-D plotted according to of experimental group. See the
online article for the color version of this figure.
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Figure 5. Distribution of presses in 5 sec bins on day 1 (black) and day
20 (white) in training for each experimental group. (A) No significant
change in normalized press count during S~ observed in S-20.RI20 group.
(B, C) Distribution of presses during S~ becomes U shaped in the course
of training when RI = 20 sec and S~ is 40 or 80 sec. (D) No change in
normalized press count in the zero contingency group. (E, F) Decrease in
distribution of presses observed at beginning of S~ when RI = 40 sec and
S~ is 40 or 80 sec. Gray shading represents SEM.

grouped in 5 sec bins (see Figure 5). We found that the greater
the I | , the greater the change in press dynamics during the S™.
Two-way repeated measures ANOVAs within each of the ex-
perimental groups revealed significant differences in the press
count distributions between Days 1 and 20 in all groups except
S-20.R120 (S-20.RI20: F(; 5, = 2.0, p = .1723, 0> = 0.04, [0,
0.30]; S-40.RI20: F, 5, = 10.66, p = .0043, »> = 0.33, [0.08,
0.56]; S-40.RI40: F, 5, = 30.38, p < .0001, > = 0.59, [0.34,
0.75]; S-80.RI20: F, 5, = 70.02, p < .0001, > = 0.78, [0.60,
0.86]; S-80.RI40:F, 5, = 45.94, p < .0001, w> = 0.69, [0.47,
0.81]). There were also significant interactions between days
and time within S~ for these four groups (S-40.R120: F; |54, =
8.168, p < .0001, w> = 0.27, [0.17, 0.38]; S-40.RI40:F 5,54, =
3.366, p = .0025, w*> = 0.11, [0.035, 0.21]; S-80.RI20:
Fas. 2700 = 1118, p < .0001, > = 0.35, [0.28, 0.42];
S-80.RI40: F(,5. 70, = 7.911, p < .0001, w> = 0.27, [0.19,
0.34]). To determine the time bin within the S~ for which the
response rates were different early versus late in training for
each of these groups, we used Sidak’s multiple comparisons test
for the time bins indicated in Figure 5B, C, E, F (S-40.R120:
bins 3 (p = .009), bin 4 (p < .0001) and bins 6 and 7 (p < .02);
S-40.R140: bin 2 (p = .0244), bin 4 (p = .0001), and bin 5 (p =
.006); S-80.RI120: bin 3 (p = .0011) and bins 4-16 (p < .0001);
S-80.RI40: bins 2-8 (p < .0001), bin 9 (p = .0002), and bin 10
(p = .001)).
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Discussion

We hypothesized that increasing the duration of the S— would
result in a greater depth of discrimination. Indeed, we found that
when the duration of the S~ increased, the difference between
responding in the presence and absence of the S~ was greater, and
this was not simply do to different cumulative exposure to the S™.
This result is consistent with Andrzejewski et al. who found more
rapid discrimination learning with longer S durations (Andrze-
jewski et al., 2007). Taken together the empirical results are
consistent with the hypothesis that information about the timing of
reward underlies discrimination learning.

The delay to the next reward is dependent on both the duration
of the S~ and the rate of reward in the ITI. Therefore, we
determined whether the reward rate during the ITI would have an
impact on the depth of discrimination. We found that indeed
increasing the rate of reward during the ITI enhanced discrimina-
tion learning. This is consistent with the idea that it is the contrast
between the rate of reward during the ITI (Ag,,1,5,) and the rate of
reward in the experimental context (A.) that determines the rapid-
ity and depth of conditioning. This ratio has been described as the
informativeness statistic, that is the ratio of the two rates of
reinforcement (Balsam et al., 2006; Balsam & Gallistel, 2009).

We defined the depth of discrimination as a ratio of the rate of
responding during the S™ to the rate of responding during the ITI.
Therefore, if either the rate of responding during the S~ decreases
relative to the first day of training or the rate of responding during
the ITI increases relative to the first day of training or a combi-
nation of the two, the ratio will decrease. We determined that the
rate of responding during the ITI increased across sessions in all
experimental conditions which is consistent with the idea that the
ITI became more excitatory over the course of discrimination
learning. However, only in experimental conditions in which the
ratios of the S~ duration to RI duration were greater than 1 was
there a decrease in pressing during the S™ across sessions. Thus, in
groups with ratios equal to 1, animals did not reduce their re-
sponses in S~ as might be expected from an inhibitory learning
point of view. These results are slightly different than the previous
study by Andrzejewski et al. in which they observed a decrease in
responding during the CS when the CS:RI ratio was 1 or 0.5 but,
similar to this study, they observed a dependence on both the CS
duration and the reward rate on the depth of discrimination (An-
drzejewski et al., 2007).

In addition to looking at the average responding across sessions,
we examined the pattern of responding during S~ presentations.
We found that in all groups with an S™ of 40 seconds or longer, the
distribution of pressing during the S™ changed throughout training.
The flat distribution that was observed early in training often
developed into a U-shaped distribution by the end of training,
indicating that the subjects anticipated the end of the low-
reinforcement state (the fixed duration inhibitory S™). In Group
S-80.RI20, approximately half of the animals showed some antic-
ipatory pressing toward the end of the cue but, in the average, this
was absent. In subsequent experiments, we have observed variable
press distributions during the cue, with some animals having
strong anticipatory responses and others not.

In all the groups that showed discrimination learning, the min-
imum amount of pressing occurred at approximately 20 seconds
following onset of S~ indicating that it takes the animals about 20
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seconds on average to inhibit their pressing. Interestingly, even in
Group S-40.RI40 where the average press rate (presses per second)
across the whole S™ did not change across sessions (see Figure 4),
the distribution of presses during S™ did change across training
(see Figure 5) with a minimum at about 20s by the end of training.
Perhaps, in the group with S~ of 20 seconds, and RI of 20 seconds
the slow decline in responding may have been offset by the slow
increase of responding in anticipation of the end of the S™. Under
this hypothesis, a flat distribution of lever pressing throughout
training is expected and this is what we observed.

Informativeness and Information-Theoretic
Contingency in Excitatory and Inhibitory Conditioning

Balsam, et al. defined the informativeness of an excitatory
Pavlovian CS as the ratio of rate of reinforcement predicted by CS
onset (Acs ¢ ) to the contextual rate of reinforcement (Ac) (Balsam
et al., 2006; Balsam & Gallistel, 2009). The rate of reinforcement
is the reciprocal of the average wait for reinforcement. Thus, this
rate ratio is the factor by which the onset of the CS reduces the
expected wait to the next reinforcement.

The natural extension of this definition to inhibitory case is that
the informativeness of an inhibitory S™, which we denote by Ig |,
is the ratio of the rate predicted by S~ offset (\q+ = 1/RI) to the
contextual rate of reinforcement, which is 1/(RI + dg), where dg
denotes the duration of the S™. After algebraic rearrangement, we
have I | = 1+dg/RI. This is in accord with our experimental data
results in that there was greater information value due to greater
informativeness of the cue when either: i) the duration of the S™
increased (dg) or ii) the reward interval decreased (RI). Further-
more, when Ig |, was kept constant, the degree of learning was
constant. In other words, our results suggest that inhibitory con-
ditioning, like excitatory conditioning is time-scale invariant (Bal-
sam & Gallistel, 2009; Balsam & Gibbon, 1981; Gallistel &
Gibbon, 2000). It is time-scale invariant because it depends on the
ratios of the protocol’s temporal parameters.

We have previously suggested that contingency in excitatory
Pavlovian and operant conditioning be measured by information-
theoretic contingency, which is the normalized mutual information
(Gallistel & Balsam, 2014; Gallistel et al., 2014). The temporal
information conveyed by a cue for reinforcement is the amount of
uncertainty cue events dispel about when reinforcement will next
occur. The contextual uncertainty about when reinforcement will
next occur is—log N\ = —log(ng/T-), where A denotes the
contextual rate of reinforcement, ny denotes the number of rein-
forcements in that context and 7~ denotes the cumulative exposure
to that context. (The time intervals, such as cumulative exposure,
must be measured in a time unit much shorter than the average
interval between reinforcements for this to be true, and the ex-
pected wait for reinforcement is, of course, the inverse of the rate.
The cue-conditional uncertainty is—log Aoy = —log(nes/Tcs),
where n-g denotes the number of reinforcements that have oc-
curred in the state signaled by the CS event and T4 denotes the
cumulative duration of that state. In excitatory conditioning, the
reinforcement-richer state is signaled by the onser of the CS. In our
inhibitory conditioning protocol, the reinforcement-richer state is
signaled by the offset of the CS. We denote the rate of reinforce-
ment following CS offset, that is, the rate during the intertrial
intervals, by A, The uncertainty about when to expect the next
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reinforcement during those intervals is —loghi; = —log(nry/
Tir1)> Where n;1y denotes the cumulative number of reinforcements
during those intervals and 7y, denotes their cumulative duration.

We denote the mutual information between CS offset and rein-
forcement by Hg | . The mutual information between CS offsets
(here denoted by CS | ) and the reinforcements (here denoted by
R) is the contextual or unconditional uncertainty, (in this case,
—log N\c) minus the conditional uncertainty (denoted —log\,;).
Thus, we have:

Heslr = —loghc — (—loghcsy)
= loghcs) — loghc
= log(\csi/A¢)
= log(\ir/N o),

from which we see that the mutual information in our inhibitory
conditioning protocol is the log of the informativeness of the CS
offset.

Contingency is the mutual information normalized by (that is
divided by) the available information. The available information is
another term for the contextual or unconditional uncertainty, be-
cause the greater this uncertainty is, the more there is to be learned
from a cue that reduces it. Thus, the information-theoretic measure
of temporal contingency is the fraction by which cue events could
reduce a subject’s uncertainty about the wait for reinforcement.
Note that this temporal contingency is an objective quantitative
fact about the protocol. It is computed purely from the values of
the protocol parameters without any assumptions about processes
in a subject’s brain.

Ever since Rescorla’s classic experiment (Rescorla, 1968), con-
tingency has been recognized as a causal factor in associative
learning (e.g., Schultz, 2015), but, as we noted in the introduction,
it has resisted objective definition; hence, measurability. By adopt-
ing the information-theoretic measure of contingency we make it a
measurable property of both Pavlovian and operant conditioning
protocols (Gallistel et al., 2014).

The Explanatory Power of Contingency

From their inception (Gibbon, 1977) to their most recent instan-
tiations, timing theories have assumed that brains form metric
(Guilhardi et al., 2007; Wilkes & Gallistel, 2016, 2017)—or at
least ordinal (Arcediano, Escobar, & Miller, 2003; Savastano &
Miller, 1998)—temporal maps of the distribution of events in time
(Balsam & Gallistel, 2009). They assume that brains store interval
durations in a form to which arithmetic operations apply (at the
very least, ordination). Adding to this assumption, the assumption
that temporal contingency drives conditioning extends timing the-
ory in the directions called for by Luzardo et al. (2017). They
stress the desirability of integrating theories that explain three
different aspects of conditioning: the timing of the conditioned
response, the acquisition and extinction of the conditioned re-
sponse, and cue competition (e.g., blocking).

As just explained, temporal contingency is normalized mutual
information. In Pavlovian conditioning, the mutual information
between a CS event (onset or offset) is the log the informativeness,
which is the ratio of the rate during the state cued by the event to
the contextual rate. A striking quantitative property of acquisition,

whose theoretical importance has long been recognized (Gibbon &
Balsam, 1981; Rescorla, 1988), is that trials to acquisition is
proportional to the ratio between the CS-US interval and the
US-US interval. This fact implies a fully metric representation. It
also suggests a simple, parameter free quantitative acquisition law:
Acquisition depends on the product of the informativeness of the
CS event (whether onset or offset) and the cumulative number of
reinforcements in the state signaled by that event. When this
product exceeds a subject-specific decision criterion, the condi-
tioned response abruptly appears (Gallistel, Fairhurst, & Balsam,
2004).

Finally, the hypothesis that temporal contingency drives condi-
tioning can be applied to other phenomena such as partial rein-
forcement, extinction, and cue competition phenomena (Balsam &
Gallistel, 2009; Gallistel et al., 2014; Gallistel, 2012). With respect
to contingency learning, when, the rate following CS onset is the
same as the contextual rate, as in Rescorla’s (1968) seminal
experiment, the ratio of the two rates is 1 and the log of that ratio,
which is the mutual information between CS onset and reinforce-
ment, is 0, so the contingency is 0. Similarly, in blocking exper-
iments, (e.g., Kamin, 1967, 1969) one cue is conditioned and, then
superimposed on a second cue. In that protocol, the already con-
ditioned cue is the context and the superimposed cue does not alter
the rate of reinforcement in that context. Therefore, reinforcement
is not contingent on the second cue, which is why a conditioned
response to that cue does not develop.

We conclude that Rescorla was correct when he concluded that
contingency drives conditioning. Here we show how an objective,
measurable temporally based calculation of contingency can be
applied to inhibitory conditioning. This frames a challenge for
neutrally oriented theories of conditioning and reinforcement
learning. They must provide mechanisms for the neural encoding
and representation of duration and number that make it possible for
brains to compute temporal contingency, the experiential variable
that drives conditioning.
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