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Abstract
Previous research suggests animals may integrate temporal information into mental
representations, or temporal maps. We examined the parameters under which animals integrate
temporal information in three appetitive conditioning experiments. In Experiment 1 the temporal
relationship between 2 auditory cues was established during sensory preconditioning (SPC).
Subsequently, rats were given first order conditioning (FOC) with one of the cues. Results showed
integration of the order of cues between the SPC and FOC training phases. In subsequent
experiments we tested the hypothesis that quantitative temporal information can be integrated
across phases. In Experiment 2, SPC of two short auditory cues superimposed on a longer auditory
cue was followed by FOC of either one of the short cues, or of the long cue at different times in
the cue. Contrary to our predictions we did not find evidence of integration of temporal
information across the phases of the experiment and instead responding to the SPC cues in
Experiment 2 appeared to be dominated by generalization from the FOC cues. In Experiment 3
shorter auditory cues were superimposed on a longer duration light cue but with asynchronous
onset and offset of the superimposed cues. There is some evidence consistent with the hypothesis
that quantitative discrimination of whether reward should be expected during the early or later
parts of a cue could be integrated across experiences. However, the pattern of responding within
cues was not indicative of integration of quantitative temporal information. Generalization of
expected times of reward during FOC seems to be the dominant determinant of within-cue
response patterns in these experiments. Consequently, while we clearly demonstrated the
integration of temporal order in the modulation of this dominant pattern we did not find strong
evidence of integration of precise quantitative temporal information.
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Introduction
Learning about time is an integral part of associative learning (Balsam, Drew, and Gallistel
2010; Diaz-Mataix et al. 2013). Whether one considers such learning as the acquisition of a
temporal map (Balsam and Gallistel 2009; Honig and Urcuioli 1981) or as the encoding of
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an attribute of the conditioned stimulus (CS) (Arcediano and Miller 2002; Denniston and
Miller 2007; Molet and Miller 2013) it is clear that temporal parameters have a large impact
on learning and performance. The timing of events alters the speed with which anticipatory
conditioned responses (CRs) emerge (Balsam and Gallistel 2009; Gallistel and Gibbon
2000; Gibbon and Balsam 1981), the pattern of CR expression within the CS (Balsam,
Drew, and Yang 2002; Brandon, Vogel, and Wagner 2003; Bitterman 1965; Drew et al.
2005; Kirkpatrick and Church 2003), and even the topography of the CR itself (Silva and
Timberlake 1997; Vogel, Brandon, and Wagner 2003; Smith 1968; Holland 1980).
Additionally, once this temporal learning has occurred the information can be used in
flexible ways. One feature of this flexibility makes it analogous to spatial maps; subjects can
integrate temporal information across separate experiences when there are common
elements in the learning episodes (Molet et al. 2012). Spatial maps of large areas are built up
through sequential experiences of overlapping subsets of the total map (Collett, Harland, and
Collett 2002; Gallistel and King 2009; O’Keefe and Nadel 1978; Shapiro, Tanila, and
Eichenbaum 1997). Though acquired sequentially, an integrated representation of the
information can guide behavior to new locations (Blaisdell and Cook 2005) or be used to
infer novel routes to a goal (Foo et al. 2007; Foo et al. 2005; Gallistel 1990; Tolman 1948).

Evidence for a similar ability to integrate temporal information across separate experiences
comes primarily from both second-order conditioning (SOC) and sensory pre-conditioning
(SPC) studies which have shown that animals have the ability to superimpose temporal maps
from different training phases provided there are common elements in each phase (Molet et
al. 2012). In a sensory preconditioning experiment animals are first presented with forward
pairings of two neutral CS’s, A and B, where A immediately precedes B (A → B). In the
next phase the value of one of these stimuli (B) is changed by pairing it with a
motivationally significant event, for example a food unconditioned stimulus (US), B →
Food. Once the CR has been established to B (B → CR), the integration of information
across phases is evident when the changed value of B is reflected in a change in the value of
A, even though A has never been directly associated with the US (A → CR). This
integration reflects the animal’s knowledge of the order and perhaps timing of events. For
example, in a variant of the SPC procedure Miller and colleagues (Arcediano, Escobar, and
Miller 2003; Cole, Barnet, and Miller 1995; Molet et al. 2012) showed that when B is
backward paired with the US, B is not excitatory. Nevertheless, A controls a strong
excitatory response as would be expected if subjects can infer that a US that comes before B
would be expected just after A. Data like these encourage the view that animals are capable
of integrating temporal information across experiences. Most studies have employed
aversive conditioning paradigms and demonstrated that subjects can integrate order
information. However the encoding and use of order information does not necessarily
require a quantitative appreciation of time. The integration of temporal order and integration
of quantitative temporal information may be separable processes mediated by different
neural substrates (Buhusi and Meck 2005; Eichenbaum 2013; MacDonald et al. 2011; Ivry
and Schlerf 2008; Shapiro and Eichenbaum 1999). Thus it is important to explore in more
detail whether quantitative temporal information, like metric spatial information, can be
integrated across experiences.

Only one appetitive conditioning study indicates that integration of quantitative temporal
knowledge is possible (Leising, Sawa, and Blaisdell 2007). Here we explore this possibility
in more detail. Experiment 1 sought to demonstrate temporal order integration in appetitive
conditioning with a method similar to the aversive conditioning procedures of Arcediano, et
al. (2003). In subsequent experiments we explored the conditions that give rise to integration
of quantitative temporal information across experiences.
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Experiment 1
Experiment 1 sought to establish that temporal order information could be integrated across
experiences in appetitive conditioning as demonstrated in aversive conditioning. Subjects
were exposed to temporal information in two separate training phases as illustrated in Figure
1. During the first phase of training two auditory cues (A and B) were presented in
sequence. Two groups were exposed to these cues in forward order (A→B) as in a standard
SPC experiment, while two groups experienced backward pairings (B → A). First-order
conditioning occurred in the second phase, where B was presented either before or after the
delivery of a food pellet. One forward-ordered SPC group and one backward-ordered SPC
group received forward CS-US pairings (B → US) while the two remaining groups received
backward CS-US pairings (US → B) of B with food. From the traditional associative point
of view which assumes weak learning as a result of backward pairing, only the subjects that
received forward pairings in both phases of the experiment should show an excitatory
response when tested with A. However, if animals integrate temporal knowledge across
experiences, then each group of animals would each have different expected times of
reinforcement (Figure 1). Group Post-A received SPC of A→B followed by first order
conditioning of B →Food. If the animal is responding based on temporal expectation, there
may be little excitatory conditioning to A as the temporal expectation for food would be well
after the end of the A. However, Group Late-A, with identical SPC training (A→B),
received backward pairings of the food US and B (Food→B). In this case, the integrated
temporal information would lead to the expectation of food at the end of the A. The
prediction here is somewhat counterintuitive. We expected greater excitatory conditioning to
A, even though there is very little excitatory conditioning to B based on the backward
pairing of food and B (Food→B). In the groups given backward SPC training with B→A,
similar predictions follow. During FOC, Group Pre-A receives backward pairings of
Food→B, and the temporal expectation induced by the presentation of A is that the time for
the delivery of the food US has passed, as B precedes A in SPC and occurs after food is
delivered in FOC. Therefore, we expected to see very little response to A. In Group Early-A
animals are given forward paired B→Food during FOC, and the temporal expectation would
be for food to be available at the beginning of A. Consequently, if the animals integrate
temporal information across phases we predict higher responding when tested with A in
Groups Early-A and Late-A, both of which should expect food during A, and less
responding in groups Pre-A and Post-A, both of which should not expect the food to be
available during A. These predictions were tested in the first experiment.

Method
Subjects—Male Sprague Dawley rats (CD:Crl Charles River Laboratory, Raleigh, NC;
N=40) were pair housed in clear polycarbonate cages, and maintained on a 12:12-h light/
dark cycle in a controlled environment with temperatures of 22 ± 2° C. Animals were
acclimated to the animal colony for at least one week after arrival and were weighed and
handled at least 3 times prior to training. Beginning 3 days prior to training, rats were
restricted to 1 hour per day of food with unlimited access to water. Training consisted of one
session per day. All behavioral training occurred after light onset (7am), and feeding
occurred after all animals had completed the training for that day but prior to light offset.
These animal husbandry procedures were maintained for each of the experiments reported
here. All husbandry and testing procedures were approved by the Columbia University
Institutional Animal Care and Use Committee.

Behavioral Apparatus—In each experiment the subjects were trained and tested in
modular operant test chambers (MedAssociates, Georgia, VT, model ENV-008, 30 × 24 ×
21 cm). The chambers were individually housed inside light and sound-attenuating isolation
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boxes equipped with fans providing ventilation and a background noise level of
approximately 65 dB. The floor of the operant chamber consisted of stainless steel rods
spaced 15 mm apart. A food trough (5 × 5 cm) was centered in the right wall of the chamber,
2 cm above the floor. Head entries to the trough were detected by an infrared photocell. A
response lever, not used in this experiment, was located to the left of the food trough. The
chambers were dimly illuminated throughout the session by a red stimulus light located
above and to the left of the food trough, 8 cm above the floor and 2 cm from the back wall.
A speaker (6 × 7 cm) was mounted in the top rear corner of the left wall and a clicker
module (Med Associates, ENV-135M) was mounted in the top front corner of the left wall.

Procedure
Pretraining: All animals were trained during one daily session occurring at approximately
the same time each day. Subjects were first trained to retrieve pellets from the food trough
over three daily sessions during which twenty 45 mg food pellets (Dustless Precision Pellets,
BioServ, Frenchtown, NJ) were delivered on a variable time (VT-45 s) schedule. Rats were
subsequently trained to make a head poke into the trough during the presentation of a cue.
Pilot studies indicated that the response rates of the rats increased more rapidly during
training and remained at higher levels when a response requirement was imposed on the
delivery of a reward. By increasing the overall response rate we were able to both decrease
the number of first order conditioning (FOC) training sessions and minimize the delay from
sensory preconditioning (SPC) to the test. A flashing light was used as the head poke
training cue to decrease the possibility of generalization to the focal auditory cues. For
Sessions 1 through 3 of training animals were exposed to a 12 s flashing white stimulus light
cycling on and off at a rate of .3s followed by delivery of the food US consisting of two 45
mg pellets. In the next phase, the US was immediately delivered if the rat poked during the
last 4 s of the flashing light. If no head poke occurred the food was delivered at the end of
the cue. Once rats earned 50% of the pellets by head poking (typically within 2 sessions),
the criterion changed such that a head poke during the last 4 s of the flashing light cue was
required for reward; this training continued for 5 sessions. Each session during the head
poke training phase consisted of 10 trials separated by a variable inter-trial interval (ITI)
with a mean duration of 300 s. By the end of training (a total of 10 sessions) all rats were
receiving pellets on at least 9 out of 10 trials.

Cue Training: Rats were randomly assigned to one of four training procedures, (n=10/
group): Pre-A, Early-A, Late-A and Post-A (Figure 1), where A represents the cue tested for
temporal information integration and the prefix represents the putative expected US delivery
relative to the cue presentation. In the SPC phase, each group was given either forward
paired, A→B (Post-A and Late-A) or backward paired, B→A (Pre-A and Early-A) cues. A
was a 16 s 80 dB white noise, and B was a 12 s click train consisting of 5 clicks/s. Each
session consisted of 4 trials of paired A and B presentations with trials separated by a
variable ITI with a mean duration of 446 s. SPC training lasted for 2 sessions, totaling 8
trials.

The FOC phase began on the day following SPC training. All groups were trained with 2
auditory cues separated by a 4 s empty period. Two groups receive forward pairings (B →
Food), and two groups received backward pairings (Food → B). Groups Early-A and Post-A
received forward pairings of B→ Food followed by a 4 s delay when the US was available,
then a 12 s presentation of a novel 12 s 80 dB tone (C). Groups Pre-A and Late-A received
backward pairings of Food→ B by presenting C followed by 4 s delay then B. C was used to
signal the animal about the impending reinforcement opportunities in the backward
condition. In all conditions rats were reinforced only if they made a head poke into the food
trough during the 4 second period between the two auditory cues. Each session consisted of
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10 trials with a mean ITI of 305 s. FOC training continued for 15 sessions and all rats were
consistently earning pellets on at least 9 trials per session by the end of FOC.

Beginning on the day after the completion of FOC, all groups were tested on each of the
cues presented during SPC and FOC across three consecutive days with A presented on Day
1, B on Day 2 and C on Day 3. Each of these test sessions consisted of 10 presentations of
one auditory cue but no food delivery. Cue presentations were separated by avariable ITI
with a mean of 420 s.

Results
Head entries into the food trough were recorded during the sessions and accumulated in 1 s
bins. Responding to the test cues was measured using elevation scores computed by
subtracting the mean rate of head entries during 16 s of ITI preceding each cue presentation
from the rate of head entries during cue presentation in each of the 1 s bins. Total elevation,
the sum of the elevations scores from each second, was analyzed by one-way ANOVA with
planned comparisons. Contrasts were selected to compare groups based on the predicted
response during the presentation of A (Figure 1); groups Early-A and Late-A were expected
to respond at a higher rate than Groups Pre-A and Post-A. Additional contrasts were used to
compare responding between groups expected to respond more to A: Groups Early-A vs.
Late-A and the groups expected to show little responding to A: Groups Pre-A vs. Post-A.

A One-way ANOVA of total responding to A showed a significant effect of Group
[F(3,39)=3.238, p<. 05] (Figure 2). Planned contrasts indicated that there was significantly
greater responding in the Early-A and Late-A groups, [t(36)= 3.082, p<.01] compared to
Pre-A and Post-A groups, but no difference between Early-A vs. A Late [t(36)=0.123, NS]
and no difference between Pre-A vs. Post-A [t(36)=0.123, NS].

Tests of B and C reveal that the groups did learn which cues predicted the availability of
food in FOC. There was a significant effect of FOC training on responding to the B
[F(3,39)=9.232, p<.05] and C [F(3,39)=13.525, p<.05], Table 1. Planned comparisons show
more responding to B in groups Post-A and Early-A, the groups trained with forward
pairings of B→ Food as compared to groups Pre-A and Late-A, who received backwards
pairing of Food→ B [t(36)=5.023, p<. 01]. The inverse pattern of responding to C was also
found [t(36)=6. 311, p<. 01]. There were no differences in responding to B in Post-A vs.
Early-A Early and no difference in responding to C between Pre-A and Late-A groups.

If the subjects were able to integrate quantitative information about the expected time of the
US across phases then we expected that the Early-A and Late-A groups would show a
different pattern of responding across the duration of the cue. The Early-A group should
show responding early in the cue that decreases over time, while the Late-A group should
show a ramping up of responding with maximal responding near the end of the cue. We
tested this prediction by examining responding in each second of A and comparing the two
groups with a two-way (Group X Time) repeated measures ANOVA. There was no
significant difference between groups [F(1,18)=0. 012, NS], and no significant interaction
[F(15,270)=0. 587, NS], however, there was a significant effect of time [F(15,270)=2. 272,
p<. 05], data not shown. Both groups began responding with approximately the same latency
and showed elevated responding for the remainder of the cue. We looked for further
evidence of quantitative temporal encoding by examining responding in the ITI after the
presentation of the cue. Groups Pre-A Post-A could have formed a temporal expectation of
US delivery relative to A, with the expectation in Pre-A that the reinforcer would be
delivered prior A and the expectation in Post-A that the US would be delivered after A (see
Figure 1). Given the variable ITI, Pre-A would be unable to predict the delivery of the US,
however Post-A could show an increase in responding after the offset of A. However there
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were no differences in responding in the ITI before or after cue presentation in any group. It
appears that subjects in these groups were able to infer that food could be expected during A
but there is no strong evidence that any knowledge of the specific interval at which the US
had been presented was manifest in the test performance. Had the subjects used specific
quantitative information to infer an expected time of the US subjects in Group Early-A and
Late-A should have differed in the within-CS pattern of responding to A. Instead both
groups responded more during A than the other groups but the within-CS response pattern
did not differ.

Experiment 2
While the results of the previous experiment provide evidence of the integration of
information, we did not find evidence of integration of the quantitative temporal relationship
between the cues. Both Early-A and Late-A groups demonstrated similar high levels of
responding throughout A. While this argues that the temporal order of A and B was
preserved and integrated with the temporal location of the reward, it does not suggest that
the quantitative temporal location of reward within A was used to make the inference. One
possibility is that the 16s duration of A was not long enough to demonstrate the expected
increase in responses during the cue in the Late-A group compared to high responding early
in the cue expected in the Early-A group. In the next experiments we modified the procedure
in an attempt to provide us with a greater opportunity to see the integratation of quantitative
temporal information across experiences. Two auditory cues (A and B) were sequentially
superimposed onto a longer third cue (C) during SPC, as shown in Figure 3. In different
groups of subjects FOC consisted of US delivery early in C, late in C, or US delivery only
during A or B. If a rat integrated quantitative information about when the reward was
expected during C then rats trained to expect a reward early in C should respond more to A
than to B. This pattern should be reversed in subjects trained to expect reward at the end of
C. Similarly rats reinforced during A should show increased responding early in C which
would taper off towards the end of the cue and rats reinforced during B should come to
expect the food reward at the end of C, and thus show an increase in responding across the
duration of C. These predictions were tested in the experiments below.

Methods
Pretraining—This experiment was conducted in the same behavioral chambers as
described above and magazine training was performed as described in Experiment 1.
Following magazine training rats were trained to head poke for a reward during a flashing
white stimulus light. A food reward was delivered when a head poke occurred, or 12s after
cue onset if there was no head poke. The cue was terminated with reward delivery. Rats
were trained for 2 sessions with 10 rewards per session. For the next 2 training sessions the
reward was available during the flashing light cue on a variable interval schedule (VI) of
VI-8 and VI-16 on successive days. Rewards were delivered at the end of the cue light if the
rat had not made a head poke. All rats were consistently head poking by the end of training
on the flashing light cue.

SPC and FOC—The design of this experiment is presented in Figure 3. All rats in this
experiment (N=40, Charles River Breed Labs, Kingston, NY) received identical SPC
training across 2 sessions with 4 trials per session. Each presentation of C consisted of a 32 s
click train (5 clicks/s) with two additional cues superimposed on the longer cue. The shorter
cues consisted of a 16 s 85 dB 1000 Hz tone, and a 16 s 85 dB white noise. A (tone or noise,
counterbalanced) started synchronously with C. B (tone or noise, opposite to A) began
immediately at the end of A, and ended synchronously with C. Following SPC, animals
were randomly assigned to one of four FOC groups (n=10). Rats in Groups A-Plus and B-
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Plus received pellet deliveries during A or B, respectively. Rats received a pellet if a head
poke into the food trough was made during seconds 6–10 of the 16s cue. Pellets were
delivered 10 s into the cue presentation in the absence of a head poke. Rats in Groups C-
Early and C-Late received pellets during C. Group C-Early subjects were rewarded for the
first head poke during seconds 4–8 and Group C-Late subjects were rewarded for the first
head poke during seconds 24–28 of the 32 s clicker. Pellets were delivered at the end of the
availability period if no head poke was made. Training consisted of 15 sessions with 10
trials per session and each trial was separated by a variable ITI with a mean duration of
305s.

Test—The test phase consisted of two sessions across consecutive days. The first test
session consisted of 10 trials of C (Groups A-Plus and B-Plus) or 10 randomly ordered
presentations of A and B (Groups C-Early and C-Late). In the second test session all animals
were tested on the cues that had not been presented during the first test. Test trials were
separated by a variable ITI with a mean of 420 s.

Results
The number of head pokes into the food trough was recorded throughout the session and
accumulated in 1 s bins. The ITI response rate was calculated across an interval equivalent
to the duration of the test cue immediately preceding the cue presentation. Elevation scores
were calculated by subtracting the mean ITI response rate from responding during each
second of the cue. If animals can integrate quantitative temporal information then the pattern
of responding during cues should be different in the different groups. Consequently, we
compared responding during C between A Plus and B Plus in a Group x Time repeated
measures ANOVA. There was a significant change in responding over time [F(31,
558)=20.518, p<.05]. However, contrary to predictions there was no Group x Time
interaction and no difference between groups. Both groups showed their highest response
rates soon after the onset of C and response rate declined after about 10 s of the test stimulus
(Figure 4).

We predicted that the C-Early and C-Late would differ in their responding during A and B.
To test this prediction we summed the elevation scores within each trial type, and compared
the mean total elevation scores across groups. A Group x Cue repeated measures ANOVA
showed significantly greater responding by C-Early [F(1,18) = 7. 051, p<. 05], but no
significant difference in responding between A and B [F(1,18) = 2. 658, p=0. 12, NS] and no
Group x Cue interaction [F(1,18)=0. 286, p<. 05, NS] (Figure 5).

Discussion
Contrary to our predictions the subjects did not show integration of temporal information
across the phases of this experiment. In groups where food was paired with the shorter cue
(A-Plus and B-Plus) the pattern of responding during the test of C was identical and likely
reflects generalization across cues. When examining the responding of groups trained to
receive a reward in C (C-Early and C-Late) we expected to see an interaction in responding
to A and B during the test phase, with higher responding to A in C-Early and higher
responding to B in C-Late, and lower responding to the other short cue in both groups. The
increased responding in the C-Early group can be explained by a difference in learning
during FOC. Group C-Early learned to respond soon after the onset of the FOC cue, while
C-Late learned to respond later in the cue. The overall greater responding by C-Early than
C-Late reflects the level of responding that each group showed during the first 16s of C
during FOC. Thus as in the A-Plus and B-Plus groups, responding by the C-Early and C-
Late groups appears to reflect generalization from FOC.
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Experiment 3
Though Experiment 1 showed that animals could integrate temporal order information,
responding to the SPC cues in Experiment 2 appeared to be dominated by generalization
from the FOC cues. One possible reason for the difference between experiments may be the
differing relation between cue onsets and offsets. In Experiment 1 all cues were non-
overlapping, each with unique times of onset and offset. However in Experiment 2 A and B
were completely embedded in C; the time of onset is shared between A and C while offset
times are shared by B and C. These common attributes could promote generalization
between cues. Additionally, while rats may attend to the onsets of asynchronous cues, cues
with shared onsets (A and C) or cues that are entirely embedded in other ones (B and C)
may not be processed differently due to attentional competition. If this is the case then
making A and B begin and end asynchronously with C should promote the integration of
temporal maps. We tested this in the Experiment 3 by using asynchronous onset and offset
of the cues superimposed on a longer duration light cue.

Methods
Pretraining—This experiment was conducted in the same behavioral chambers as
described above, and rats (N=24) were magazine trained as described in Experiment 1.
Following magazine training, all animals were trained to perform a head poke into the food
during a click train. Rats were reinforced on a variable interval (VI) schedule and the click
train terminated with pellet delivery. If the rat did not make a head poke, the cue continued
for twice the VI duration and a reward was delivered 1 s prior to the termination of the click
train. Rats were trained for one session on VI-8 s, one session of VI-16 s and 2 sessions of
VI-32 s. By the end of training all rats were receiving pellets after head pokes on at least
90% of trials. Each session consisted of 10 trials separated by a variable ITI with a mean
duration of 300 s.

SPC and FOC—All rats in this experiment received two identical SPC training sessions
each consisting of 4 trials. Each trial consisted of the presentation of 3 cues. A and B were
10 s auditory cues (1000 Hz 85 dB tone or 85 dB white noise) superimposed on C, a 32 s
flashing white stimulus light cycling on and off every .3s. Trials were separated by a
variable ITI with a mean duration of 450 s. A (tone or white noise, counterbalanced) started
4 s prior to the onset of C, and terminated 10 s later. B began 26 s after the start of C and
terminated after 10 s (4 s following the termination of C). This timing of both auditory cues
resulted in a 6 s overlap with C, and 4 s of presentation without C.

Following sensory preconditioning, animals were randomly assigned to one of two first
order conditioning groups. Rats in Group C-Early and C-Late were trained to expect a
reinforcer if a head entry was made during seconds 4–8, or 24–28 of the 32 s flashing light
cue, respectively, according to the procedures described in Experiment 2. FOC was
conducted across 8 daily sessions with 15 trials per session, and variable ITI with a mean of
180 s. On the day following the final FOC session all rats were given an extinction test
consisting of 5 trials each of A and B presented in random order. Test trials were separated
by a variable ITI with a mean of 420 s.

Results
The number of head pokes into the food trough was measured throughout the session and
accumulated in 1s bins. Elevation scores were calculated by subtracting the mean
responding during an interval equal to the test cue duration immediately prior to the cue
presentation from the mean responding during the cue. A 2×2 repeated measures ANOVA
was used to compare responding to A and B. There was a significant Cue x FOC interaction
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[F(1,22) = 8.135, p<. 05], but no main effect of Cue [F(1,22) = 0.110, NS] or FOC
[F(1,22)=0.050, NS]. One-tailed, post hoc comparisons indicate significantly greater
responding to A in the C-Early group [t(22)=1. 74, p<. 05;] and greater responding to B in
the C-Late group [t(22)=1. 91, p<. 05; one-tailed] as predicted (Figure 6).

Discussion
Previous research in aversive conditioning suggests that animals are capable of forming
temporal maps and integrating information from different experiences to update those maps
(Balsam, Drew, and Gallistel 2010; Molet et al. 2012). The current studies along with
previous work (Leising, Sawa, and Blaisdell 2007) represent demonstrations that temporal
maps established from independent experiences with appetitive conditioning can also be
integrated when those experiences involve common cues. An alternative account of many
experiments, including the current ones, is based on the idea of representation mediated
conditioning (Holland 2008; Holland 1981). For example, in Experiment 3, this account
would posit that A and B become associated with the early and late parts of C, respectively.
In FOC the representation of A is reactivated by the early part of C. This representation
would be directly paired with the US in group C-Early. Similarly, the late part of C would
reactivate the representation of B which would then be directly paired with the US in group
C-Late. While the current experiments cannot rule out this explanation, recent experiments
(Balsam, Drew, and Gallistel 2010; Molet et al. 2012) demonstrate that in experiments like
the ones conducted here the integration of information across experiences does not take
place during FOC, rather it occurs during the test session when only the test cue is present.

In the previous aversive conditioning experiments with rats (see (Molet and Miller 2013),
subjects clearly integrated the order in which cues occurred but these experiments were not
designed or suited to demonstrate the integration of quantitative temporal information across
experiences. Fear responses are often long lasting and thus not well suited for pinpointing
temporal expectations even when those expectations are shown to be quite specific in
transfer tasks (Amundson and Miller 2008; Denniston, Blaisdell, and Miller 2004; Diaz-
Mataix et al. 2013; Blaisdell, Denniston, and Miller 1998). Temporal expectations in
appetitive conditioning on the other hand, are fairly precisely manifest in anticipatory
behavior (Balsam, Drew, and Gallistel 2010; Molet, Jozefowiez, and Miller 2010). Thus we
hoped to show the integration of precise temporal information across different experiences.
The sensory pre-conditioning methods however, also appear to have pitfalls for revealing
integration of temporal information.

In appetitive experiments it appears that the dominant influence on the pattern of responding
evoked by the SPC cues is generalization of the pattern of responding established during
FOC. Thus any impact of the inferred temporal expectations established during SPC are
modulations of a response pattern established in FOC. In Experiment 1, subjects whose
inferred expectations occurred during the test cue responded more during the test cue than
subjects whose inferred expectations were for reward delivery before or after the test cue.
However, the pattern of responding in all groups was similar to the within-cue pattern
established in FOC. In Experiment 2, the pattern in all groups was determined completely by
generalization from FOC. As in Experiment 1, Experiment 3 demonstrated a modulation of
the FOC pattern by the inferred expectation. Subjects in C-Early responded more to A than
B and the opposite pattern was found in C-Late. This implies that subjects were able to
quantitatively discriminate the early and late portions of C and use that temporal knowledge
to infer whether reward could be expected in A or B. However, the general pattern of
responding within the A and B cues was similar. These results are much like those reported
by Leising et al. (2007). Their experiments employed methods very similar to those we used
in Experiments 2 and 3 and the pattern of responding in their test cues was largely
determined by the pattern of responding established during FOC. Like us, they found that an
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inferred expectation early or late in the test cue produced a slightly higher response rate at
the appropriate temporal portion of the test cue. Thus the dominance of the FOC pattern of
responding makes it difficult to see the use of precise temporal information established
during the SPC phase of these experiments.

Though the Leising et al. (2007) experiments and one experiment with human subjects
(Molet, Jozefowiez, and Miller 2010) show somewhat more precise temporal modulation
than those reported here, the most cautious conclusion that we can draw from all the
experiments is that subjects can integrate ordinal temporal information from different
experiences. Our Experiment 1 shows that subjects could infer that a reward could occur
during a pretrained cue as compared to either before or after the cue. Our Experiment 3, like
Leising et al. (2007), shows that information about whether a reward occurred early or late
in a cue can be integrated across experiences suggesting that quantitative temporal
information can be integrated in a manner similar to that seen in spatial maps. Future studies
will have to develop new methods that allow for the expression of very precise temporal
knowledge acquired through the integration of multiple experiences. Perhaps, transfer tests
that reinforce the animal for responding at a time that could be inferred to be appropriate
based on a number of past experiences would provide a more sensitive measure of the
capacity to integrate temporal maps.
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Highlights

• Rats can integrate temporal order information across learning experiences.

• Rats may integrate quantitative temporal information across learning
experiences.

• Generalization of learning appears to dominate responding across experiences.
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Figure 1. Procedure of Experiment 1
Four groups of animals were trained with procedures depicted in the figure.
Rats were given sensory pre-conditioning (SPC) training with Cue A and Cue B. In groups
A Early and Pre A B precedes A. In other groups the order was reversed. All groups then
experienced first order condition (FOC) in which cue B was either forward or backward
paired with food. Cue C was used to bracket the food during FOC. The groups are named to
indicate where the subjects might come to expect food relative to the Cue A if they integrate
temporal information across the two phases. The potential inferred time of food is indicated
by the bracketed asterisk in the third row references the test phase for each group.

Taylor et al. Page 14

Behav Processes. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Results of Experiment 1
Total elevation scores represent the rate of head poking during the total cue presentation
after subtracting the rate of head poking during the 16 s of ITI immediately preceding each
trial. Bars represent the mean total elevation score for each group. Temporal integration of
cues was evidence by the significantly higher response to A in groups with a temporal
expectation of food during the A cue (Early-A and Late-A) as compared to groups without a
temporal expectation of food during the A Cue (Pre-A and Post A).

Taylor et al. Page 15

Behav Processes. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Procedure of Experiments 2 and 3
Experiments 2 and 3 employed similar procedures, with SPC followed by FOC and test. The
A and B cues were completely embedded in the C cue in Experiment 3, but had
asynchronous onset and offset in Experiment 3. In each experiment the groups only differed
with respect to their treatment during FOC as reflected in the group names.
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Figure 4. Experiment 2 Results
Responding to Cue C during the test phase in groups A-Plus and B-Plus. Cue C elevation
scores were calculated by subtracting the mean rate of responding during the 32 s of the ITI
(ITI rate) preceding from the mean rate of responding during each second of cueC
presentation. Based on the SPC training it was predicted that Group A-Plus would show
increased responding earlier in the C cue than group B-Plus. However the identical pattern
of responding within CS responding was observed in both groups suggesting that the pattern
was likely based on generalization from FOC rather than based on temporal integration.
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Figure 5. Experiment 2 results
Total elevation scores represent the total rate of head poking during the cue presentation
after subtracting the rate of head poking during the 16 s of ITI immediately preceding each
trial. Bars represent the mean total elevation for each group. There was a significant
difference in responding to the A and B cues in Group C-Early as compared to Group C-
Late. There were no significant differences between the A and B cues within each of the
groups. It appears then that responding to both the A and B cues was mainly determined by
the FOC treatments..
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Figure 6. Experiment 3 Results
Total elevation scores represent the total rate of head poking during the cue presentation
after subtracting the rate of head poking during the 16 s of ITI immediately preceding each
trial. Bars represent the mean total elevation for each group. When rats were trained to
expect food early in the C cue they responded significantly more to the A cue, while groups
trained to expect food later in the C cue responded significantly more to the B cue. This
pattern of results suggests that when the cue onsets and offsets are asynchronous the subjects
could integrate temporal information across the two phases of the experiment.
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Table 1

Total Elevation Responding to First Order Cues
Total elevation scores represent the rate of head poking during the cue presentation after subtracting the rate of
head poking during the 16 s of ITI immediately preceding each trial. Mean total elevation score for each group
is presented followed by the standard error of the mean. First order conditioning is demonstrated by
significantly higher responding to the B cue in Groups Early-A and Post-A (where B→Food→C) as compared
to Pre-A and Late-A. The opposite pattern was observed when C→Food→B as demonstrated by higher rates
of responding to the C cue in Groups Pre-A and Late-A.

Groups Cue B (SEM) Cue C (SEM)

Pre-A 0.69 (0.276) 3.21 (0.337)

Early-A 5.44 (1.200) 0.89 (0.196)

Late-A 2.27 (0.645) 3.70 (0.722)

Post-A 4.99 (0.723) 0.76 (0.312)
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